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Introduction 

 

“Life may succeed against all odds in molding the universe to its own purpose. And the design of the 

inanimate universe may not be as detached from the potentialities of life and intelligence as scientists 

of the twentieth century have tended to suppose.” 

 

Freeman Dyson, “Energy in the Universe” (1971) 

 

1.1 Structure of the argument 

This book is about the phenomenon of emergence and how it relates to the way nature organizes itself 

spontaneously. But it is also about methods suited  to come to an understanding of these connected 

phenomena. Thus, the argument is both dual and complementary, for it follows two distinct and 

equally important pathways, none of which is subservient to the other, but which are nevertheless 

mutually dependent on each other. The one path pertains to the content or substance of the argument, 

viz., the issue of emergent pattern-formation exhibited by self-organizing complex systems; it is in fact 

an elaborate case-study of self-organization in all its aspects. The other is about the form of the 

investigation and is methodological: it concerns the particular heuristic strategy, called abduction, 

employed in this inquiry to accomplish the task of reaching understanding of the above phenomena; 

but it also serves a larger purpose, i.e., it aims at demonstrating the effectiveness of this 

methodological principle, also called inference to the best explanation, under conditions when science 

is facing – sometimes unexpected or unusual – states of affairs in the world in need of explanation. 

   Nature has a strong tendency towards self-organization on all imaginable levels. Self-organization 

comes to expression through the emergent higher-order behaviour and properties of the whole gamut 

of complex systems undergoing change or transformation as well as through the birth of wholly new 

systems. Emergent patterns of self-organization are exhibited by both living and non-living  systems 

of completely distinct scales of size, mass and span of life, and of completely different material 

composition. Up till now the fundamental force laws, i.e. the quantum laws, Maxwell’s electro-

magnetic laws, the Newtonian laws, and the laws of Einstein’s relativity theory, appear to have failed 

to adequately explain and predict the collective emergent behaviour of complex configurations of 

matter. Both the terms “failed” and “adequately” are appropriate in this context, given the 

inadequately substantiated pretensions of radical reductionists to evidence to the contrary (see 

Chapters 2, 4, 5 and 12 for an elaborate explication). The fundamental laws’ deficiency in this respect 

calls for an alternative explanation. 
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 8

   Why should nature organize itself? The received wisdom among most natural scientists has it that 

nature does not deliberately want or pursue something. The renowned molecular biologist and Nobel 

prize laureate Jacques Monod (1910-1976), a staunch opponent of the so-called teleological argument, 

holding that nature is goal-directed, famously declared that the first scientific postulate is the 

objectivity of nature: nature does not have any intention or goal (Monod, 1971). The question arises 

what the role is of the rather elusive notion of intentionality in the context of this investigation. It is 

commonly understood as the capacity of individuals to deliberately plan ahead actions and behaviour, 

and reflect on their consequences. As such it is usually only ascribed to humans. But animals cannot 

be denied intentionality inasmuch as it concerns actions regarding survival, hunting, feeding, mating, 

etc. Even the most primitive organisms seem to be able to anticipate, in that they are known to take 

adequate action so as to cope timely with sudden changes in their environment or the sudden threat of 

predators. Apparently the concept of intentionality needs to be differentiated into at least two sub-

types, viz., self-conscious intentionality involving the capacity for reflection, versus conscious 

intentionality, lacking that capacity but possessing the capability of goal-directed action; the former is 

to be reserved to humans, the latter applies to animals, ranging from primates and other highly 

developed mammals all the way to insects. Individually the latter can at any rate be attributed the 

ability to anticipate and respond to imminent danger or other challenges and, in many cases, the 

capability to hear, see and smell; collectively several species show highly efficient and goal-directed 

behaviour. This might point to a third sub-type, presumably lacking consciousness as meant above, but 

possessing capabilities that may be considered to be its primeval precursors (see also footnote 14, 

Subsection 2.2.1). 

 

   Leaving aside whether Monod’s statement actually holds true, it misses the point here. For the why 

of nature’s tendency towards self-organization is irrelevant in the context of this inquiry, because the 

notion of nature is too abstract to be of any use. If we wish to get a grasp of how self-organization 

relates to emergence a multi-level system’s approach is needed, i.e., the study of nature as a hierarchy 

of nested organizational levels of systems of ascending complexity. Such hierarchy would, from the 

bottom up, roughly read as follows: electrons/quarks � nucleons � atoms � molecules � genes � 

chromosomes � cells � organs � organisms � multicellular organisms � ecosystems � 

biospheres � planets � stars/solar systems � galaxies � clusters � universe. Thus the focus of our 

attention must be primarily upon complex systems constituting (a segment of) these nested levels. 

From top to bottom this structural hierarchy resembles a box including ever smaller drawers, of which 

the first, all-encompassing one, in fact the ultimate super-system, represents  the universe.   

   Self-organization on all these levels and in all its diversity happens spontaneously. The 

accomplishment of this remarkable feat does not need an overseer or coordinator stepping in. 

Spontaneous self-organization is an even more remarkable phenomenon bearing in mind that all 

systems, whether animate or inanimate, in obedience to the second law of thermodynamics, are 

 9

inexorably attracted to an ultimate ground-state of thermodynamic equilibrium, i.e. a state  devoid of 

order or organization. It is also characterized by the lowest possible energy, tantamount to a total lack 

of potential energy-difference with its environment. But in the real world many systems find 

themselves often far from thermodynamic equilibrium, at times facing unmanageable instability, while 

at the same time exhibiting a strong propensity for stability preservation. Stability and thermodynamic 

equilibrium are not the same thing, and indeed at first blush appear to be rather at odds with one 

another. For while stability is primarily the capacity of a system to withstand perturbations without 

becoming (seriously) disturbed, thermodynamic equilibrium taken to its extreme implies its death or 

termination, tantamount to the total absence of structure, and thus stability. But upon closer inspection, 

by virtue of the propensity for energy-efficiency inherent in all systems in nature, the two turn out to 

be intertwined in a highly subtle manner, and even, in some sense, to be dependent on each other. The 

clue to this peculiar hate-love relationship is a balancing act performed by so-called open systems, 

whether animate or inanimate. Living systems do it by operating metabolism; they  take in heat, food, 

or other stuff with a high content of potential high-grade energy, capable of generating work. while 

dissipating low-grade energy in the form of heat, and disposing of waste material, lacking that 

capacity. In the process two purposes are being served, preserving the system’s stability: the supply of 

energy from without replaces the energy consumed by physical exertions and spend by giving off heat 

to the environment; but it’s two-way traffic, for the dissipation of heat, needed to prevent the system 

from getting overheated, and the disposal of waste are necessary to regulate and optimize its energy 

through-flow. (Waste is a double-edged sword: oxygen is a waste product emitted by trees and plants, 

while it is taken in as a source of high-grade energy by oxygen consuming animals and humans; in 

turn, carbon-dioxide, waste given off by animals and humans, besides other major suppliers, serves, 

together with sunlight, as a source of high-grade energy taken in by plants). As will be shown in the 

chapters ahead certain types of open systems, provided a supply of energy and/or energy-rich material 

is maintained, can proceed from disorder to order and back, seemingly going against the second law 

but in fact leaving it wholly intact. Throughout the process they alternate between attractors of local 

thermodynamic equilibrium on the one hand, and prolonged or short-lived states of broken symmetry, 

order and stability on the other.     

   It turns out that, crucially, alternating states are conditional on the possibility of the breaking of a 

system’s symmetry. Symmetry as well as symmetry breaking are well-known abstract principles in  

physics, but their range of action in the real world far exceeds the limited world of purely theoretical, 

mathematical constructs. A system finds itself in a symmetric state if one or more of its macroscopic 

properties remain unchanged or invariant under specific transformations or manipulations. These may 

involve a system’s positional shift in space, or the permutation of a small sample of the system’s 

constituents, an observer’s shift in perspective, or a combination thereof. Symmetry breaking 

describes a process which, as a consequence of prolonged disturbances acting on a system from 

without, causes it to pass a critical transition threshold, thereby deciding its future state;  the system’s 
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new state, randomly selected from a pair or multitude of options, is not only almost always less 

symmetric, but also more organized, energy-efficient and stable than the previous one.  

    Examples of quite distinct complex systems undergoing this transition abound. A pan of liquid, 

when slowly heated, undergoes a transition from conduction to convection, thereby forming 

hexagonally shaped cells which constitute a less symmetric, more stable and less energy consuming 

configuration than the previous homogeneous isotropic state; note that these so-called Bénard cells are 

not impervious to disturbance; they are undoubtedly less sustainable and less stable than a grid of ice-

crystals but more stable than a comparable sample of unstructured water molecules, due to higher 

energy efficiency. By the same token, but in a somewhat different manner, this also happens with solid 

objects: the hexagon is not the ideal shape for an ice-crystal, because it is not the state of lowest 

energy consumption; instead its symmetry, by virtue of the same organizing principle, viz., symmetry 

breaking, is reduced to a star-shape. And the frog-embryo induces a transformation of the frog’s 

initially almost perfectly spherical stomach into a less symmetric dented shape without which the 

organism would not be viable. Flocks of migratory birds save energy by flying in a V-formation; the 

formation of flocks also keeps birds out of harm’s way when threatened by birds of prey, such as 

peregrine falcons or buzzards. Water freezes at and below 0 degrees C because at that temperature a 

lattice of ice-crystals is more stable than a fluid; the symmetry is broken because it is an impediment 

to the preservation of stability. An ants colony exhibits an astonishing degree of organization and 

stability, whereas isolated members behave chaotically. A thundercloud releases its pent-up energy 

either through a flash of lightning or the formation of raindrops or hailstones, thereby breaking its 

symmetry and continuing its short-lived existence in a radically reorganized form, that is, as a shower 

of rain or a hailstorm. The Earth’s western and eastern hemisphere, or more precisely put, all 

particular spots on its surface, are alternately endowed with high-grade energy by our Sun during the 

day, only to dissipate low-grade energy into space during the night; meanwhile a steady state far from 

thermodynamic equilibrium for the Earth as a whole is maintained. In this example the system, i.e. the 

particular part of the Earth’s atmosphere involved, alternates between a state of low entropy during the 

day and one of high entropy during the night, roughly preserving a local entropy balance during a 

period of 24 hours. And finally, a star, such as the Sun, preserves its prolonged stability by 

maintaining a dynamic balance between outward radiation pressure, caused by nuclear fusion in its 

core, and inwardly directed gravitation. In fact the origination of stars is a transition in itself, triggered 

when a contracting hydrogen-cloud reaches the critical mass required to produce a star capable of 

nuclear synthesis in its core. Though much of the Sun’s origin and of the processes in it’s core are to 

be understood in terms of the fundamental forces, the fact that its existence and behaviour depend on a 

multitude of constituting elements marks it as a prospective emergent phenomenon in need of 

explanation by organizing principles (see Subsection 2.1.2 on Philip Anderson’s famous essay “More 

is Different”, and further down this Section). 
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   As the force laws of physics presumably fail to adequately explain these higher order emergent 

phenomena pertaining to complex systems, there is an epistemic void in which still unknown or 

unidentified organizational principles may be presumed to operate. The above examples of self-

organizing behaviour exhibited by wholly distinct systems suggest that only a few principles are in 

play. Four reiterative features stand out: (i) emergent behaviour and properties depend on collectivity; 

a multitude, i.e. a certain (minimal) critical number of entities together constituting a particular kind of 

system, called complex, is required; (ii) all complex systems are layered: the micro-level represents the 

constituting subsystems, the macro-level the collective, or system as a whole; this in turn is embedded 

in the environment or supersystem; studied at a given moment in time, e.g., the present, as well as 

from the historical perspective, this leads up to a nested hierarchy of ever more complex systems; (iii) 

the systems’ behaviour seems to turn on the preservation or restoration of stability; at a critical 

threshold-value of certain parameters they tend to undergo a transition whereby almost invariably the 

symmetry gets broken or at least reduced, and the degree of organization increases; (iv) the higher- 

order self-organizing phenomena are emergent by virtue of their being novel and – presumably – 

inherently irreducible to the behaviour of the individual members of the collective.  

   Bearing the above in mind I argue that only two conjointly and complementarily operating principles 

underlie the wide variety of emergent forms and patterns in nature, i.e. the principle of symmetry 

breaking and the propensity for stability preservation. It appears that imminent instability threatening 

complex systems triggers abrupt transitions at a critical threshold, accompanied by a breaking of the 

systems’ symmetry to such good effect that their stability becomes restored or remains preserved. The 

organizing principles work in tandem. The process of symmetry breaking creates conditions under 

which stability can be restored, through enabling symmetry reduction to such extent as is compatible 

with lowest possible energy consumption. The propensity for stability preservation is closely 

associated with thermodynamics, i.e. the exchange of energy between a system and its environment, 

and is as such instrumental in effectively repairing stability. As we shall see later, this applies in 

particular to open systems that have got far away from thermodynamic equilibrium.  

 

   The claim pertaining to the two organizing principles, formulated above, represents the central thesis 

of this book. It is substantiated step-by-step by drawing on two strategies, fitting the methodological 

principle of abduction: (i) the reduction – by means of a process of elimination – of a set of rival 

hypotheses, in fact represented by rival candidate principles, to those principles which are arguably the 

ones most relevant to emergent pattern formation associated with complex systems (and which  will 

eventually turn out to be symmetry breaking and the propensity for stability preservation), and (ii) the 

integration of different elements into a coherent picture, representing the outline of a theoretical 

framework, through establishing analogies and commonalities among emergent patterns of behaviour 

of quite distinct complex systems. The latter strategy involves an extra corroborative step needed to 
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establish the credibility of the selected principles, with a view to countering the objection that our 

selection, representing the best explanation, may be just the best of a bad set. 

   The investigation draws on case-studies which bring to light six principles that appear to bear 

relevance to emergent pattern formation and that constitute the set of rival principles to be subjected  

to severe screening, viz., scaling, fractal formation, the tendency towards an organizational hierarchy 

in nature, natural selection, the propensity for stability preservation and symmetry/symmetry breaking. 

The case-studies are about the chaos- and fractal movement in the 1970s and ’80s – in recognition of 

their impact on the present research focus on complexity – as well as the work of contemporary 

authors. 

   Via a step-by-step built-up argumentation the investigation leads up to and concludes with a 

recapitulation in which the two selected principles are pronounced the most plausible and universal 

ones. In the context of abductive reasoning the postulation of organizing principles implies the 

presumption that they exist, albeit in a rather subtle and ambiguous manner. An ontological analysis 

leaves no doubt that organizing principles in the abstract, which are supposed to explain and predict 

future states of complex systems, are not themselves spatiotemporally bounded but are about 

spatiotemporal (emergent) phenomena; as such they cannot influence states of affairs in the world in 

the role of efficient or mechanistic causes. But I argue, by invoking Aristotle’s fourfold causal 

typology, that they can be viewed as their formal causes, and in that capacity they are closely 

associated with processes in nature, though not part of them in the materialist sense (see Section 4.1 

for an explication of the four kinds of causation distinguished by Aristotle). I introduce the concept of 

the hermeneutic circle, which transcends the purely mechanistic causal relationships; on the strength 

of this particular feature I propose seeing organizing principles as an integral and essential part of such 

a circle, representing a higher-order kind of meaningful, circular causal circuit peculiar to emergent 

self-organization.  

   Logic has it that we can only know things that exist. But, alas, a lot of things whose existence we are 

well aware of we actually do not know, although they may reveal themselves with time as our 

cognitive and/or computational powers increase. An illustrative example is the reverse side of the 

moon, which is always facing away from the earth during its orbit, and thus only became available for 

inspection once it could be viewed during lunar flights. One “known unknown”, particularly relevant 

in the context of this inquiry, is the intricate causal relationship between the macro-level of systems 

where the emergent phenomena come to expression, and the micro-level where rigidly operating 

fundamental laws or other rules reside. A phenomenon called “causal decoupling” by physicists is an 

impediment to making the connection from the macro-level behaviour to these fundamental laws and 

prevents us from entirely tracing back the causal chain to them, despite the fact that somehow it is 

produced as a consequence of obeying these laws. The complexity theorist Per Bak (1997) gave the 

following lucid exposition:  
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“… we believe that all the complex phenomena, including biological life, do indeed obey physical 

laws: we are simply unable to make the connection from atoms in which we know the laws are correct, 

through the chemistry of complicated organic molecules, to the formation of cells, and to the 

arrangements of those cells into living organisms. There has never been any proof of a metaphysical 

process not following the laws of physics that would distinguish living matter from any other. One 

might wonder whether this state of affairs means that we cannot find “general laws of nature” 

describing why the ordinary things that we actually observe around us are complex rather than 

simple.” 

 

   Besides Bak, the physicists Heinz Pagels (1986, p. 161) and Robert Laughlin (2006, pp. 19-20), and 

the mathematician Ian Stewart (1998, p. 240) have, each from a different point of view, discussed this 

particular issue. But all of them appear to refer to causal decoupling as one of the defining features of 

self-organization, complexity and emergence. Curiously though, all of them seem to have missed out 

by a hairbreadth on the chance to try and identify these “general laws of nature”, in fact standing for 

the organizational principles as proposed in this book. What might have kept them from taking their 

inquiry one crucial step further? Whatever the answer, it is here that the hypothesized organizing 

principles come to the rescue by providing a short-cut between the two disjointed levels.
1

  

  It is open to debate whether our inability to fully grasp the causal chain between micro- and macro-

level is in fact an ontological or epistemological issue. For the occurrence of emergent patterns in and 

of itself does not entail the absence of a causal chain, however intricate. This is why I choose to 

rephrase “causal decoupling” into the more restrained term “causal underdetermination” in the context 

of this inquiry. Dedicated reductionists might argue that the problem is epistemological on the ground 

that it is only due to the present lack of cognitive and computational power of humans and that an 

adequate reductionist explanation is in the offing. But this is clearly a disputed issue. Complexity 

theorist Stuart Kauffman makes a distinction between epistemological and ontological emergence 

which, given its close connection with the phenomenon of causal underdetermination, is indeed a very 

relevant distinction here; he defines “epistemological emergence” as “an inability to deduce or infer 

the emergent higher level phenomenon from underlying physics. “Ontological emergence” has to do 

with what constitutes a “real” entity in the universe”. Kauffman refers to a tiger as an example: “it is 

ontologically emergent with respect to the particles comprising it.” Contrary to the reductionist view 

Kauffman holds that such real entities are “both epistemologically and ontologically emergent with 

respect to physics.” (Kauffman, 2008, p.34). This leads him to claim that emergent phenomena, such 

as Darwinian pre-adaptations, are inherently irreducible to the micro-rules, governing the behaviour of 

fundamental particles or, on a higher level of order, that of genes and chromosomes (id., p. 5). Another 

                                                      

1

   An exception should probably be made for Margaret Morrison (2012, pp. 141/148/149/150/156) who in an  

article entitled “Emergent Physics and Micro-Ontology” designates symmetry breaking as a universal organizing 

principle explaining emergence, at least universally valid in the realm of physics. In this context she also refers 

to the phenomenon  of causal decoupling as described above, without explicitly using this phrase. 
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complexity theorist, Brian Goodwin, argues that this also applies to the level of the individual 

members of colonies of social insects, e.g. an ant colony, simply because one or more levels of order 

are missing (Goodwin, 1998, pp. 32-33). I wholeheartedly agree that emergent phenomena cannot be 

reduced to the behaviour of individual entities at the micro-level or deduced from the rules governing 

that behaviour. But it may be a moot point whether this is inherently the case. However, I find myself 

leaning towards the latter side, which considers it an ontological issue. For it seems to me that the 

epistemological view, held by reductionists, rests on nothing more than the faith that we will 

eventually overcome our cognitive shortcomings germane to the causal underdetermination. And, as 

the great economist John Maynard Keynes knew: “In the long run we are all dead.”  

 

1.2 Introducing the central thesis 

   Since about a decade a remarkable shift has been going on in research targets in many sciences, a 

transformation that has taken on the characteristics of a paradigm shift. Scientists worldwide now 

focus on the complex organization of matter partially driven by the ambition to gain full understanding 

of the origin of life on earth, but beyond that of emergent phenomena in general, as exhibited by all 

complex systems, of which living systems, however important, are just a special case. However, as I 

hope to show, this change is in fact in large part a renaissance of revolutionary new insights into non-

linear systems gained some thirty to forty years ago. The present shift in research, just like the chaos 

movement in the science of the 1970s, is accompanied by a radical change in metaphysical perspective 

and methodological approach. In the last century the predominant – and  impressively successful –  

research strategy, based on a reductionist world-view, has been to break down the systems under 

investigation into ever smaller parts. But while it is one thing to get a grasp of the latter’s interactions 

this way, it is quite another to reconstruct systems bottom-up from these components so as to gain an 

understanding of their collective behaviour and its implications for the system as a whole. Currently 

the investigative focus is first and foremost on the system level, which is where the phenomena in 

need of explanation emerge. But this approach necessarily involves a multi-level analysis, ranging 

from the system’s top via intermediary levels down to the bottom. The underlying metaphysics is the 

belief in a whole/parts approach as a guide to the deeper nature of complexity. 

   Surely, alongside of emergentism, applying the multi-level systems approach, reductionism as an 

investigative strategy, pre-eminently focused on solely the bottom-level, is still going strong. The 

central project of particle physics, the formulation of fundamental force laws with ever increasing 

generality, with a single Theory of Everything as the Holy Grail, is pursued with unabated energy and 

devotion. The Large Hadron Collider (LHC) at CERN, designed inter alia for the – meanwhile 

presumably accomplished – pivotal mission of finding the elusive Higgs particle, bears evidence of 

this fact. But many physicists suspected all along that fundamental force laws fail to adequately 

predict and explain the collective emergent behaviour of complex configurations of matter. If this 

holds true, there is an epistemic gap in which higher-order organizational principles can operate whose 
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discovery and identification may contribute crucially to attaining a profound and comprehensive 

understanding of complex systems and their behaviour.  

   My central thesis, for the present taking the above presumption as a point of departure, is that behind 

the stunning variety of emergent forms and patterns in nature only two universal organizational 

principles operate – in necessary conjunction – , viz. the principle of symmetry breaking and the 

propensity for stability preservation. Spontaneous and emergent self-organization can be observed in 

systems of ascending complexity, and of totally different material composition, constituting 

hierarchically ordered, nested levels. The abovementioned two principles, supposedly underlying the 

collective emergent behaviour of complex systems, may be expected to apply to the whole structural 

hierarchy in nature, encompassing the non-living as well as the living realms and ranging from the 

micro-, via the meso-, to the macro-cosmos. I shall substantiate this thesis with an analysis of the 

ontological and epistemological component of its philosophical significance in Chapters 4 and 5 

respectively. The following introductory remarks with respect to the two hypothesized principles are 

appropriate.  

   (1) Symmetry breaking in physics describes a process which, as a result of prolonged 

(infinitesimally) small perturbations acting on a system and forcing it to cross a critical transition 

threshold, decides the system’s future state, by determining which of a pair or multitude of 

theoretically possible stable states – called bifurcations – is actually chosen. The system’s new state is 

almost invariably more organized and stable than the previous one. Symmetry breaking is a universal 

principle not limited to physics, but equally relevant to self-organization in chemistry, the life 

sciences, cosmology and geology. In fact, as the creator of order, it equally applies to disciplines 

outside the realm of natural science, such as economics, sociology, and (social) psychology. In short, 

the above definition, used in physics, is applicable to all sciences which aim to attain an understanding 

of the emergent behaviour of complex systems. 

   The phrase “symmetry breaking”, used in the context of this investigation, may need some 

clarification at this point. To be sure, it is the current and common description of a reduction in the 

symmetry of forms and patterns in nature. For symmetry breaking – as we shall see in more detail in 

the following chapters – is not just an all-or-nothing affair: it is indeed mostly a reduction of a 

system’s symmetry to such an amount as is required to restore or preserve its stability. However, to be 

precise, symmetry – inasmuch as it pertains to complex systems and their behaviour – can go either 

way; it will, in the event of imminent instability, almost invariably decrease, but, for certain kinds of 

system, and under the appropriate environmental conditions, it may also increase. Nonetheless, as a 

matter of convenience, there are good reasons to stick to the term “breaking” here, because the phrase 

“symmetry breaking” has struck root to such an extent that it becomes awkward to deviate from the 

well-trodden path. 

   In order to render the notion of symmetry breaking intelligible we need to determine first of all what 

the concept of symmetry stands for. Very generally defined symmetry is a property of a system that 
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remains the same when the system is transformed in some manner. A sphere can be rotated in space 

without any change in its outward appearance. It can undergo symmetry operations, i.e. manipulations, 

such as rotations, translations and reflections, which leave it looking the same. What these operations 

have in common is that they either involve a shift in the position of an observer relative to a system in 

space, or a shift of an element of a system on its surface or within it, or both. Generally speaking, what 

remains the same under these manipulations are its macroscopic properties; for example, the 

(imaginary) positional exchange or permutation of a few water molecules leaves a sample of water in a 

glass as a whole unchanged; even the complete replacement of all water molecules by other 

watermolecules in a wave does not essentially affect its identity, however short-lived it may be. 

Symmetry operations concern transformations which are either observationally or experimentally 

feasible and verifiable, or purely mathematical constructs, transcending spatiotemporal existence. 

Symmetry is both a highly abstract and a subtle notion and mathematics will turn out to be a great help 

in explaining that there are degrees of it in the real world. Contrary to our intuitions, symmetry is 

neither equivalent to, nor a measure of order, organization, or, more precisely, complexity of a system. 

In fact, as we shall see later, the amount of symmetry is inversely proportional to the degree of order 

or structure. For example, a hexagon might look more symmetrical than a circle, while in turn a six-

pointed star might appear more symmetrical than a hexagon. But the fact is that a circle has the highest 

possible degree of symmetry for a flat, two-dimensional object, because there are an infinite number 

of rotational angles and reflection planes that leave it looking unchanged. “A very high degree of 

symmetry can thus seem to us to be featureless and bland – quite the opposite of what we might expect 

intuitively.”, to quote Philip Ball in the first book of his trilogy about emergent pattern formation in 

nature, entitled Shapes (Ball, 2009, p. 22). This is where symmetry breaking comes in: this insight 

opens the door to understanding that organization, as we perceive it in nature, is a matter of symmetry 

reduction rather than symmetry generation. It turns out that understanding the deeper nature of 

symmetry breaking can make sense of a whole lot of surprising patterns of form and behaviour. For in 

actual fact this process effectuates a short-cut between cause and effect, failing the force laws of 

physics, and often also the higher-ordered laws, thereby providing an adequate explanation of 

emergent phenomena. (This preludes to the earlier mentioned, presumed role of organizing principles 

as the formal causes of said phenomena, to be discussed in more detail in Chapters 3 and 4). 

Furthermore, the role of symmetry breaking in explaining ill-understood primeval cosmological 

phenomena has already been recognized decades ago by particle physicists and cosmologists: the 

spontaneous breaking of symmetry may have created the necessary and sufficient conditions under 

which the building blocks of nature obtained their masses. The insight that the process of symmetry 

breaking is triggered by the onset of instability has also gained ground among chemists, biologists and 

complexity theorists: the symmetry of the system is broken because it is an impediment to its reaching 

a new stable state. This strongly suggests that all the stable furniture in the universe may owe its 

existence and sustainability to the irreversible breaking of symmetries in the distant past. 
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   (2) The idea of a “propensity for stability preservation” that I wish to grant the status of a second 

universal organizing principle, aptly and accurately expresses the point at issue in this inquiry: 

stability is the key. In other words, self-organization by complex systems and the associated emergent 

phenomena, such as sustained pattern formation, turn on stability, or, by the same token, the lack 

thereof. Stability is a meaningless notion in itself; it only acquires meaning with reference to systems 

as part of their environment. Thus, designating stability as a central concept entails conceiving systems 

as embedded in their environment, more specifically called “super-system” in the course of this book. 

In principle a system’s state is considered stable if its relevant features remain undisturbed under 

certain prolonged, even violent perturbations; by contrast it is unstable if persistent disturbances can 

become amplified in such a way as to cause it to undergo an abrupt transition at a certain tipping point. 

Instability, induced by persistent destabilizing influences driving systems to such a transition, is 

almost invariably responded to by symmetry breaking, enabling the systems to proceed to a state of 

new stability which is also the state of the lowest possible energy consumption per unit mass. The 

phrase “propensity for stability preservation” thus also captures accurately the principle’s close link to 

the principle of symmetry breaking, which too, but in a different manner, turns on stability.  

   As stability preservation is a principle subtly entangled with the second law of thermodynamics, it is 

appropriate to dwell a little longer on the latter’s principal features. It states that in an isolated system 

the total entropy, a measure for the disorder or randomness of the distribution of its matter and energy, 

always increases or remains the same. However, as we shall see in the chapters ahead, in open systems 

the entropy may transiently decrease. Crucially, this doesn’t violate the second law which predicts that 

all closed or isolated systems inexorably converge towards the same universal attractor, a state of 

maximum entropy, equivalent to thermodynamic equilibrium. For this law does not exclude that this 

end-state can be reached through postponement: often complex open systems alternate between 

disorder and order, flipping from one attractor of local thermodynamic equilibrium to another, 

meanwhile passing through pockets of self-organization, preserving their steady state. The essence of 

the notion of entropy, the central quantity of the second law, is its relevance to energy, whose 

exchange between open systems is the key topic of this law. In this connection it also bears upon 

dynamic stability and with that on the propensity for stability preservation. The term “propensity”  

aptly expresses complex systems’ sometimes devious pathways towards sustained or short-lived 

stability; just like laws, propensities invariably involve constraints, capable of preserving or restoring 

the systems’ stability, be it that they are less strict than law-like constraints and as such agree better 

with non-idealized, real world conditions.
2

  

                                                      

2

 The notion of a “propensity” was first introduced by Karl Popper in his work Logic of Scientific Discovery 

(1959) and was discussed again in A world of Propensities (1990). He thought that it fitted better complex 

systems’ behaviour than the narrow notion of  “force” or “law”; he referred to the fall of an apple which does not 

perfectly obey Newton’s law of gravitation, but is conditional upon random disturbances and interferences. To 

make his point he declared: “Real apples are emphatically not Newtonian apples!” (from: Ulanowicz, 2009, p. 
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   The insight into the link between energy and stability is not new: physicists have since about mid- 

19
th

 century become increasingly aware of the fact that energy is the common “currency” among 

systems of entirely distinct orders of magnitude of mass, size and complexity. The first as well as the 

second law of thermodynamics, formulated by William Thomson, 1
st

 Baron Kelvin, in 1851, signified 

important steps towards a deeper understanding of energy, a term coined by Thomson. However, it 

wasn’t until the 1970s that physicists and chemists, notably Prigogine and his co-workers, succeeded 

in reconciling self-organizing behaviour of systems, seemingly at odds with the second law, with 

thermodynamics. This demanded a shift in perspective: a far-from-thermodynamic equilibrium state a 

system might possess is fully consistent with the second law, provided it is seen as a delay on the way 

to an ultimate end-state of thermodynamic equilibrium and maximum entropy, during which process 

non-equilibrium and equilibrium states alternate depending on whether energy is taken in or released.  

   Taking these earlier findings into consideration, there are good reasons to undertake a study in which 

the principle of symmetry breaking and the closely associated propensity for stability preservation are 

conceptually put to the test with respect to their power, in the role of universal organizing principles, 

to explain and predict emergent phenomena across the boundaries of various disciplines. Such an 

investigation, in which the diverse insights discussed above should at some point all come together, 

has, as far as I can see, not yet been undertaken. In light of the explanation given below this is, in my 

view, not only a feasible, but also a highly opportune philosophical enterprise. 

   Bearing in mind the above conditions, the use of a particular heuristic strategy, called abduction, is  

both justified and appropriate. Abduction is sometimes  be frowned upon for lack of deductive validity 

by logicians on account of the fact that it reasons backward from effect to cause, or, in fact, put in a 

broader perspective, from specific explananda to a more general explanans. It is nevertheless, and 

precisely for that reason, a perfectly admissible argument form and a widely accepted methodological 

approach. It assumes that a – frequently unusual – state of affairs, in need of explanation, is a special 

case of a general rule or law. The point of departure is a hypothesis, selected from a set of rival 

hypotheses, that offers the best explanation of observed and (as yet) unexplained, aberrant phenomena. 

In this case it would concern postulating initially unknown, elusive or ignored organizing principles 

which, once identified and recognized as being relevant, would render the observed ill-understood 

phenomena a matter of course. On these grounds I shall argue that there are good reasons for 

philosophers as well as scientists to aim their research effort at exploring, by means of abductive 

reasoning, the presumed link between organizing principles and emergent phenomena (see for further 

explication Chapter 6).  

   My inquiry’s aim is thus threefold: (1) to track down, identify and designate a set of promising 

candidate-principles, and to retain eventually the underlying universal organizing principles by means 

of elimination of rival candidates that fail to satisfy certain criteria; (2) to  clarify and render plausible 

                                                                                                                                                                      

52). Ulanowicz extensively refers to Popper’s propensities throughout his book A Third Window, referred to 

above. 
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the particular relevance of the hypothesized organizing principle(s) to emergent pattern formation 

associated with complex systems; this concerns the explanation and prediction of events and 

processes, inducing persistent self-organizing behaviour of such complex systems, as well as the 

emergence of wholly new systems themselves, and (3) to use this as a case for demonstrating the 

importance of abduction when, across the boundaries of disciplines, certain phenomena are in need of 

explanation. 

 

   The question may arise whether the above-mentioned project is rightly to be qualified as a 

philosophical rather than as a scientific enterprise. I hold that the former is the case on the following 

ground: seen from a methodological perspective the results of real scientific research programmes 

about self-organization or whatever other domain of science can, in principle, be reframed in such a 

way as to be conceived and interpreted as being relevant from a philosophical point of view. And this 

is precisely what I have done in the present case, namely, by reinterpreting said results in the 

framework of the search for organizing principles. For this purpose reference is made to authoritative 

scientists from various disciplines from whose works relevant case-studies are derived that provide 

either observational or model-based empirical evidence of the workings of organizing principles. But 

the book’s focus is also for a large part on conceptual issues, alongside empirical fact-finding. The 

inquiry aims to establish analogies and similarities between quite different complex systems and their 

emergent behaviour, residing on different organizational levels. It is in particular the methodological 

principle of abduction applied in this inquiry that is an appropriate and effective heuristic strategy in 

this respect. It enables us to make a clear-cut distinction between relevant and less relevant rival 

principles and to perform a thorough analysis of the nominated principles’ universal validity. The 

book studies at length the ontological and epistemological statuses of the key concepts, i.e., self-

organization, complexity, emergence and organizational principles in general. Finally, it makes a point 

of classifying, demarcating and connecting the key concepts, as well as widening their range of 

applicability where possible, necessary or opportune. Clarifying scientific concepts may be taken to be 

the main task of philosophy of science. Moreover, in so doing it can contribute meaningfully to 

scientific debates and through this to the way issues regarding the empirical adequacy of scientific 

theories, e.g., a general theory of emergence and self-organization, should be addressed. 

 

   As noted above, the task I have set myself requires substantial conceptual clarification. Several 

concepts, relevant to this inquiry, are often not univocally defined or described. For example, the term 

“chaos”, inasmuch as it pertains to chaos theory, is not equivalent at all to thermodynamic disorder or 

entropy, though the latter is often erroneously called “chaos” as well. Stephen Kellert, in his book 

Borrowed Knowledge (2008, p. 6) points out that “chaotic behaviour only occurs in non-linear 

systems, that is, systems in which the relevant variables are not related one to another according to 

strict proportionality.” And “chaos theory should be understood as a subfield of non-linear dynamics: 
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23

Introduction 



 20

all chaotic systems are necessarily non-linear, but not all non-linear dynamics exhibit chaos.” While 

Kellert has a point here, I prefer to rephrase his distinction as follows: “Chaos theory should be 

understood as a subfield of complexity theory, for all chaotic systems are necessarily complex, but not 

all complex systems exhibit chaos.” (see Section 2.2 for further explanation). I choose nonetheless to 

consider such terms as “chaotic”, “non-linear”, “dynamical”, and “non-equilibrium”, for all practical 

purposes, and in line with Wittgenstein’s “family resemblance” notion, largely equivalent. While 

bearing in mind the above-mentioned conceptual difference between chaos and complexity, I prefer to 

do this in virtue of the fact that all of these terms somehow relate to complexity and that they share 

such a large number of important features that it is hard to discern any meaningful difference between 

them. This seems all the more justified as the central object of this study is not primarily chaotic 

systems as such: the main focus is upon complexity, self-organization and emergence. Inasmuch as 

attention has been given to chaos theory, it is because chaos pioneers have had an undeniable impact 

upon present-day work on complex systems. Nevertheless some scientists and philosophers have 

shown undue disrespect for their performance, for example by claiming that chaos theory mistakenly 

pretends to be a theory. According to Kellert (id., p. 4), chaos theory lacks the tidy logical structure of 

Newton’s theory of gravitation. But why then should string theory, which is notoriously incomplete, 

be allowed the status of “theory”?  Not to put too fine a point upon it, I have no wish to concern 

myself with futile hair-splitting of a sort. Chaos theory has undoubtedly proven to be instrumental in 

acquiring an understanding of the relationship between complexity and emergence avant la lettre. 

What I am concerned with in this study is revealing the role of organizing principles in emergent self-

organizing behaviour of complex systems and that is what I shall set out to do.  

 

1.3 A reflection on the methodological approach of this book 

In Section 1.2 I argued that this dissertation is a philosophical, not a scientific enterprise. I emphasized 

that the results of real scientific research programmes can be reframed in such a way as to become 

relevant from a philosophical point of view. In this case this will be achieved by applying them in the 

context of the search for organizing principles, the central topic of this investigation. But the fact that 

the book calls largely on popular-scientific literature might give critics cause for calling into question 

the scientific standard of its sources as well as of the assertions derived from them. On the other hand, 

it appears justifiable to assume that, given the prominence of the authors, the sources duly satisfy 

scientific standards. But then the question remains whether, from a philosophical point of view, a 

proper use has been made of these sources and assertions. I do believe there are good reasons to 

maintain that this is the case, that is, that this study lives up to generally accepted – and acceptable – 

standards in terms of methodological soundness, given its pretension to be first and foremost a 

philosophical enterprise. However, to further substantiate this statement and the validity of these 

reasons it is appropriate to precisely and explicitly specify what I actually claim in terms of subsidiary 

theses, particularly relevant to the methodological approach applied, vis-à-vis what I do not claim.  
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   What I do claim is: 

(i) Following the chaos and fractal movement in the 1970s and 1980’s, a wave of renewed interest in 

complexity, self-organization and emergence has arisen since the turn of the century, manifesting itself 

in scores of often interdisciplinary research-projects.  

(ii) This resulted in numerous popular-scientific articles and books, mostly written by prominent 

scientists in the field.  

   Both claims, based on readily observable facts, are not likely to provoke refutation. This does not 

necessarily apply to the third claim: 

(iii) The coherent, synthesizing philosophical interpretation of said literature that I have construed, 

leads up, (more or less) naturally, to the idea of two universal and fundamental organizational 

principles constituting the central thesis of my dissertation.  

   I do not make claims with respect to the following:  

(i) I have not put to the test, and thus not verified their consistency with the observed facts, the 

relevant scientific assertions in that literature, with a view to establishing their empirical and/or 

theoretical adequacy.  

(ii) The synthesizing approach of this book does not permit a detailed test of all the philosophical 

assertions which I have derived from the literature dealing with the issues under discussion.  

Comparing each of them with the available technical-philosophical analyses in the philosophy of 

science literature falls outside the scope if this study.   

 

   It is important to sharply define the position I take with respect to these issues, if only because one 

cannot be challenged upholding or defending points of view which one does not lay claim to. 

However, the above disclaimers might suggest that, in the next chapters, I have primarily called on 

cases supporting the central thesis, rather than on counter-examples; yet the use of abductive 

inference, as argued below, refutes this suggestion. As far as the first disclaimer is concerned I take the 

view that I may confidently rely on the authority of the prominent scientists I quoted, apart from the 

fact that passing judgement on their assertions is outside my domain. As regards the second 

disclaimer, it is true that I did not engage in an extensive comparative analysis of relevant 

philosophical views to the contrary of those I actually called on and endorsed. But attending in detail  

to the numerous philosophical claims made in the literature about or associated with complexity and 

emergence would not suit the purpose of this book and, as said above, would be virtually impossible. 

Rather than elaborating upon what I do not claim, I prefer to focus the attention on what I do claim, in 

particular in (iii). What I did do in terms of the methodological approach applied in support of the 

claim made in (iii) – as pointed out in the previous sections – was exposing my central thesis to rival 

hypotheses in the context of the investigative strategy of abductive inference. In so doing I satisfied 

the methodological requisition of putting my convictions to the test by subjecting them to a rigorous 
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all chaotic systems are necessarily non-linear, but not all non-linear dynamics exhibit chaos.” While 

Kellert has a point here, I prefer to rephrase his distinction as follows: “Chaos theory should be 
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such a large number of important features that it is hard to discern any meaningful difference between 

them. This seems all the more justified as the central object of this study is not primarily chaotic 
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Newton’s theory of gravitation. But why then should string theory, which is notoriously incomplete, 

be allowed the status of “theory”?  Not to put too fine a point upon it, I have no wish to concern 

myself with futile hair-splitting of a sort. Chaos theory has undoubtedly proven to be instrumental in 

acquiring an understanding of the relationship between complexity and emergence avant la lettre. 

What I am concerned with in this study is revealing the role of organizing principles in emergent self-

organizing behaviour of complex systems and that is what I shall set out to do.  

 

1.3 A reflection on the methodological approach of this book 

In Section 1.2 I argued that this dissertation is a philosophical, not a scientific enterprise. I emphasized 

that the results of real scientific research programmes can be reframed in such a way as to become 

relevant from a philosophical point of view. In this case this will be achieved by applying them in the 

context of the search for organizing principles, the central topic of this investigation. But the fact that 

the book calls largely on popular-scientific literature might give critics cause for calling into question 

the scientific standard of its sources as well as of the assertions derived from them. On the other hand, 

it appears justifiable to assume that, given the prominence of the authors, the sources duly satisfy 

scientific standards. But then the question remains whether, from a philosophical point of view, a 

proper use has been made of these sources and assertions. I do believe there are good reasons to 

maintain that this is the case, that is, that this study lives up to generally accepted – and acceptable – 

standards in terms of methodological soundness, given its pretension to be first and foremost a 

philosophical enterprise. However, to further substantiate this statement and the validity of these 

reasons it is appropriate to precisely and explicitly specify what I actually claim in terms of subsidiary 

theses, particularly relevant to the methodological approach applied, vis-à-vis what I do not claim.  
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   What I do claim is: 

(i) Following the chaos and fractal movement in the 1970s and 1980’s, a wave of renewed interest in 

complexity, self-organization and emergence has arisen since the turn of the century, manifesting itself 

in scores of often interdisciplinary research-projects.  

(ii) This resulted in numerous popular-scientific articles and books, mostly written by prominent 

scientists in the field.  

   Both claims, based on readily observable facts, are not likely to provoke refutation. This does not 

necessarily apply to the third claim: 

(iii) The coherent, synthesizing philosophical interpretation of said literature that I have construed, 

leads up, (more or less) naturally, to the idea of two universal and fundamental organizational 

principles constituting the central thesis of my dissertation.  

   I do not make claims with respect to the following:  

(i) I have not put to the test, and thus not verified their consistency with the observed facts, the 

relevant scientific assertions in that literature, with a view to establishing their empirical and/or 

theoretical adequacy.  

(ii) The synthesizing approach of this book does not permit a detailed test of all the philosophical 

assertions which I have derived from the literature dealing with the issues under discussion.  

Comparing each of them with the available technical-philosophical analyses in the philosophy of 

science literature falls outside the scope if this study.   

 

   It is important to sharply define the position I take with respect to these issues, if only because one 

cannot be challenged upholding or defending points of view which one does not lay claim to. 

However, the above disclaimers might suggest that, in the next chapters, I have primarily called on 

cases supporting the central thesis, rather than on counter-examples; yet the use of abductive 

inference, as argued below, refutes this suggestion. As far as the first disclaimer is concerned I take the 

view that I may confidently rely on the authority of the prominent scientists I quoted, apart from the 

fact that passing judgement on their assertions is outside my domain. As regards the second 

disclaimer, it is true that I did not engage in an extensive comparative analysis of relevant 

philosophical views to the contrary of those I actually called on and endorsed. But attending in detail  

to the numerous philosophical claims made in the literature about or associated with complexity and 

emergence would not suit the purpose of this book and, as said above, would be virtually impossible. 

Rather than elaborating upon what I do not claim, I prefer to focus the attention on what I do claim, in 

particular in (iii). What I did do in terms of the methodological approach applied in support of the 

claim made in (iii) – as pointed out in the previous sections – was exposing my central thesis to rival 

hypotheses in the context of the investigative strategy of abductive inference. In so doing I satisfied 

the methodological requisition of putting my convictions to the test by subjecting them to a rigorous 
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comparative analysis, with a view to infer the best explanation for the phenomena in need of 

clarification. 

   Still, a brief meta-analysis of my approach to some topics of particular relevance to this investigation 

in comparison to the methods applied by other authors seems to fit the occasion.  This will be attended 

to in more detail in Chapters 4 and 5 respectively. In Section 4.5 I refer to Paul Davies’ appeal to the 

anthropic principle in the context of his idea that the existence of a bio-friendly universe as we know 

it, which enabled earthly life to arise, must have an effect on the past. On his view this effect does not 

only find expression in that it constrains the universe’s initial conditions, but more in particular in that 

the laws of physics are not perfectly immutable but have evolved with time. These ideas will be 

compared with Peter Kirschenmann’s critique of the anthropic principle in his article “Does the 

Anthropic Principle Live Up to Scientific Standards?” (Kirschenmann, 1992). Similarly, in Subsection 

5.3.3 I draw a parallel between my approach to and my view of complexity and emergence, and those 

of James Ladyman, James Lambert and Karoline Wiesner, as expounded in their article “What is a 

Complex System?” (2012).  

   The above can be characterized as a meta-analysis because the relevant differences are not just 

methodological by nature but also pertain to different metaphysical hypotheses which, by definition, 

concern assumptions being made about the world independently of empirically or theoretically based 

evidence. Consequently, they inevitably involve worldviews, frequently not enunciated, which, first of 

all, serve as a selection principle that prevents us from getting lost in the maze of overly improbable or 

unrealistic assumptions about the world. Thus, generally speaking, such metaphysical hypotheses are 

indispensable as an underlying general rule of conduct and compass for the direction of one’s research. 

For example, in the framework of a holistic worldview, I consider emergence a real phenomenon in 

need of explanation in a world where many real things are still unexplained; in contrast others may 

dismiss emergence as nothing but the interactions between micro-elements constituting a system, 

instead of something in its own right, because it doesn’t fit their reductionist worldview. However, the 

fact that there is a fundamental difference of opinion between the champions of emergentism and of 

reductionism with respect to the underlying, irrefutable metaphysics need not preclude a fruitful 

debate about the practical usefulness in specific scientific research projects of either of these 

approaches. 

 

1.4  The need for a theoretical framework explaining emergence  

The rather restricted notion of emergence as a physical phenomenon, which is central in my 

dissertation, refers principally to natural phenomena; this leaves out ontologically different notions 

such as consciousness, meaning, etc. For sure, the idea of emergent phenomena, arising spontaneously 

at levels of increasing complexity is not new. For a long time emergence, in particular conceived as 

non-physical, had a dubious pseudo-scientific status in the eyes of many scientists and philosophers; a 

philosophical concept of emergence as something unexplainable is always in danger of being caught 
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up by the progress of science. But in the late 1960s new insights into the higher-order behaviour of 

self-organizing, non-linear dynamic systems caused it to come back to the fore. The fast-growing 

interest in chaos as a deterministic, yet unpredictable phenomenon and in the fractal geometry of 

nature in the 1970s and 1980s demonstrates the break-through towards a new perspective on why and 

how things happen in nature. Physicists, chemists, biologists and other scientists, endorsing this 

movement, recognized that fundamental force laws lack the capacity to predict and explain 

phenomena of everyday experience like pendulum motion, fluids, waves, clouds or the heart rhythm. 

This view was and still is anathema to radical reductionists who hold that all of reality, including 

phenomena such as the emergent behaviour of complex configurations of matter, can ultimately be 

fully described, understood and explained in terms of the properties and interactions of elementary 

particles. In other words, no natural phenomena whatsoever go beyond the explanatory power of the 

known force laws of physics. It seems to me that somehow this deeply engrained reductionist belief 

caused the interest in chaos theory and fractals to wane in the 1990s, despite the enthusiasm at the 

outset. 

   However, since the turn of the century, as noted before, once more a remarkable shift has been going 

on in the research topics of science as exemplified by authoritative science journals, books, 

conferences, and activities of science institutes worldwide. Scientists all over the world again focus on 

complex organization of matter. They are not least motivated by the fervent desire to unveil the 

mystery of the origin of life on Earth so as to ultimately be able to synthesize living systems from the 

bottom up. But over and above this crucial project – and alongside high hopes placed on the LHC by 

particle physicists in pursuance of the Theory of Everything – there is another endeavour, not always 

explicitly articulated but nonetheless perceptible: the accomplishment of a grand unifying theory of 

emergence and self-organization. In my view this change has, like the one in the 1970s and ’80s, taken 

on the appearance of a paradigm shift. As pointed out before, it is accompanied by a radical 

methodological change as well as a change in metaphysical perspective. But much earlier on, the 

proponents of chaos theory and the fractal geometry of nature of the 1970s, following in the 

thermodynamics physicists’ steps, had recognized that perfect knowledge of the physics at the micro-

level of systems does not entail understanding organization at higher levels.  

   In fact, as discussed before in Section 1.1, a phenomenon called “causal decoupling” by physicists 

forbids tracing back the entire causal chain. This is because the causal influence exerted by the micro-

systems does not adequately explain all phenomena on the macro-level. I argued that I prefer to use 

the more restrained term “causal underdetermination” for this phenomenon because “causal 

decoupling” suggests the absence of any causal relationship, which in fact is not true, or at least, is 

logically and ontologically an untenable position. However, as I pointed out in Section 1.1 and 

elaborate in Sections 5.3 and 5.4, I tend towards ontologizing this serious gap in our knowledge, rather 

than interpreting it as just an epistemic deficiency. And for a good reason, for, given the fact that up 

till now no one has been able to come up with an adequate explanation of the missing links, there may 
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up by the progress of science. But in the late 1960s new insights into the higher-order behaviour of 
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how things happen in nature. Physicists, chemists, biologists and other scientists, endorsing this 
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This view was and still is anathema to radical reductionists who hold that all of reality, including 
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particles. In other words, no natural phenomena whatsoever go beyond the explanatory power of the 

known force laws of physics. It seems to me that somehow this deeply engrained reductionist belief 

caused the interest in chaos theory and fractals to wane in the 1990s, despite the enthusiasm at the 
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on in the research topics of science as exemplified by authoritative science journals, books, 
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be more to it than meets the eye. The chaos and fractal researchers mentioned above had realized that, 

failing fundamental force laws to provide a satisfying explanation of the emergent collective 

behaviour at the system’s level, higher-order organizing principles could operate in this lacuna. The 

present change of perspective, just like the previous one, dismisses reductionism as the pre-eminently 

valid methodological principle; instead it involves the intuitive presumption that a multitude of 

divergent emerging phenomena, which are not to be derived from fundamental force laws, are the 

consequence of organizing principles. However, concrete proposals putting forward principles that are 

designated for filling this explanatory gap have so far not been forthcoming. 

   The accomplishment of a new theoretical framework, aiming at attaining a better grasp of self-

organization in nature, would be at least helped along if the discovery and identification of higher- 

level organizing principles would rank higher on the research-agenda.  Such a framework – or model – 

should contain complementary conceptual and heuristic tools as well as an intelligible concept of 

organizing principles accounting for emerging phenomena. As stated before, there are good reasons to 

adopt abduction as its basic methodological strategy. This does not only apply to the final stage of 

empirical verification to be taken care of by scientists, but as much to the preliminary stage, 

concerning the conceptual interpretation of scientific experiments and models. This conceptualizing 

stage constitutes the theoretical foundation of the framework which is the eventual object of this 

inquiry. Abductive reasoning should aim at revealing the deeper principles underlying a broad range 

of emergent patterns of behaviour of complex systems. The central thesis of my abductive argument 

designates symmetry breaking and the propensity for stability preservation as the presumptive key 

principles. They are required to fill the gap in the explanatory and predictive power of fundamental 

force laws. The conceptual framework should also clarify how the eventually retained principles relate 

to other relevant key concepts. It is then up to disciplines such as the life sciences, physics and 

chemistry, preferably also including the cognitive sciences and economics, to put it on a firm 

evidence-based footing. Seen this way the notion of organizing principles is placed in the centre of a 

research project in the context of a worldwide paradigm shift challenging the traditional foundations of 

science. 

   Thus, clarifying the role of organizing principles in explaining and predicting emergent phenomena 

in nature, pertaining to both inanimate and animate matter, clearly serves an even larger purpose than 

forwarding the understanding and ultimate engineering of living systems (however ambitious this may 

be); it reflects my belief that nature is a continuum in which non-living and living systems, as seen in 

evolutionary perspective, seamlessly shade off into one another, rather than being separated by an 

unbridgeable rift. And alongside the above-mentioned goal, as I have emphasized in Section 1.1, this 

endeavour may serve as a case for demonstrating the importance of abduction, not only with respect to 

the matter in hand, but also as an effective heuristic strategy during a paradigm shift, when science is 

breaking new ground.  
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1.5  Outline of this book 

With the aforementioned aim in view this study  has been structured as follows:  

   Applying a top-down approach, the consecutive chapters can be grouped into five clusters: (i) three 

introductory and largely descriptive chapters, viz. Ch. 1, 2 and 3; (ii) three argumentative and 

particularly philosophical discussions conducted in Ch. 4, 5 and 6; (iii) four also argumentative, but 

especially taxonomical chapters, dedicated to classifying, demarcating and assessing key concepts, 

viz. Ch. 7, 8, 9 and 10; (iv) one chapter, Ch. 11, discussing primeval symmetry breakings insofar as 

relevant to the purpose of this investigation, and finally, (v) two concluding chapters, viz. Ch. 12 and 

13, the latter of which is of a more contemplative nature.  

   More in particular the successive chapters contain the following topics, each serving purposes 

relevant to the central thesis of the book: 

   Chapter 1, the Introduction, aims to explicate the structure of the argument meant to step-by-step 

substantiate the central thesis as well as the methods applied to accomplish that task. Chapter 2 serves 

two distinct purposes: (1) Principally it discusses studies of systems of widely divergent scales of size 

and mass, laying bare striking similarities between their behaviour. In that context a brief review is 

given of the chaos- and fractal movement in the 1970s and 1980s, as well as of the work of three 

prominent scientists, viz., Leo Kadanoff, Philip Anderson and Ilya Prigogine, not associated with said 

movement. This is meant to support the claim that contemporary scientists studying complex systems 

have benefitted largely from the discoveries made in the area of non-linearity thirty to forty years ago. 

The subsidiary claim that for a time now again a shift in both research domain and research 

perspective has been going on is substantiated by providing evidence of the focus on the complex 

organization of matter in authoritative scientific journals, books, and in the research projects of science 

institutes worldwide. Next come six contemporary case-studies of self-organization in nature, 

reviewed and explained by prominent scientists from various disciplines. To conclude and to highlight 

the importance of convergence in science, the work of a few other contemporary scientists of entirely 

different expertise is discussed. (2) With this, Chapter 2 is an important link in the argumentative 

chain of this inquiry, supplying evidence in the form of analogies and commonalities between real-

world and model-based emergent patterns of behaviour in support of the central thesis. Chapter 3 

reverts to and elaborates this thesis, breaking it down into sub-claims, which are to be substantiated in 

the following chapters. It also presents provisionally six candidate organizing principles which are 

subsequently nominated and further explored in Chapters 7 and 8. 

   Chapter 4 contains an ontological analysis of the key concepts of this investigation, in which, among 

other things, organizing principles are confronted with fundamental physical laws by making an 

appeal to the anthropic principle. The distinction between the synchronic and the diachronic approach 

to reality is discussed. Various kinds of causation, relevant to complex systems, are reviewed, while 

“good old” Aristotle’s fourfold causation typology is revisited to throw light on questions concerning 

intricate circular causal relationships within such systems. Chapter 5 deals with epistemological, 
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to reality is discussed. Various kinds of causation, relevant to complex systems, are reviewed, while 
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conceptual and methodological issues; the notions of self-organization and complexity are analysed 

and defined, and the epistemological and computational limits to our knowledge of emergent 

phenomena in general are explored. In this context the alleged explanatory deficiency of fundamental 

force laws in regard to the emergent behaviour of complex systems is critically examined and 

established. Defining properties of emergence are summed up, and computational modelling is 

recognized as a methodology pre-eminently suited to and indispensable for understanding complexity. 

Chapter 6 clarifies the role of abduction as a fitting heuristic strategy, already referred to in Sections 

1.1 and 1.2 of the Introduction. Some illustrative and spectacular examples of abduction, either 

successful or related to work in progress, are reviewed. This aims to support the argument that it 

makes sense for philosophers and scientists alike to explore, by means of abductive inference, the 

putative link between certain organizing principles and the emergence of self-organizing patterns. 

   Chapter 7 offers a general taxonomy of emergent phenomena and discusses in more detail, with the 

help of three tables listing illustrative examples, the distinctions between the various sub-classes. It 

proposes the six earlier suggested organizing principles which appear to be of particular importance to 

self-organization as candidates for final selection. In Chapter 8 these six principles are further 

examined in depth; their characteristics are described with a view to revealing and establishing their 

interrelationships, overlaps and universal applicability. To this end their particular relevance to the 

various subsidiary classes of emergence is also explored. This is achieved by relating them to the 

emergent phenomena listed in the abovementioned tables, for the purpose of finding a rough 

quantitative criterion by means of which the extent of their universality can be put to the test. 

Tentatively, three of them are retained. In Chapter 9 an intermediary, but, for the sake of conceptual 

clarity, necessary step is taken towards establishing the range of applicability of a number of key 

concepts, which involves exploring the potential for both widening and demarcating their scope and 

further classifying them where necessary. Eventually, in Chapter 10, through further elimination, two 

principles, i.e. symmetry breaking and the propensity for stability preservation, are retained as the 

most relevant to emergent pattern formation. The long reach of the two principles is highlighted and 

their predominance is further established. To achieve the optimal level of generalization of the 

phenomena to be explained the search for similar emergent patterns is extended to cosmological 

scales. On this basis it is argued that the principle of natural selection is in fact a special case of the 

propensity for stability preservation and thus does not qualify as a universal organizing principle in its 

own right. In this context also the role of altruism is discussed, on account of its contribution to the 

stable growth of populations, and because it bears out my claim about stability’s prevalence over 

biological fitness.  

   Chapter 11 is especially dedicated to exploring the origin of the so-called “arrow of time” and its 

deeper connection with symmetry breakings in the earliest moments of the universe’s existence. 

   In Chapter 12 the inquiry comes to a conclusion. The universality of both key principles, as 

compared to fundamental laws, is firmly established. Furthermore the relevance of law-like regularity, 
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predictability, determinism and contingency to these principles is analysed. To conclude the argument 

I present an outline of a theoretical framework with complementary conceptual and heuristic tools that 

may be seen as opportune in the case in hand, and, inasmuch as it draws on abductive inference, may 

be relevant to other puzzling phenomena in need of explanation. Essentially, the framework leads up 

to a recapitulation confirming the central hypothesis formulated in Sections 1.1 and 1.2 of this 

Introduction, and specifically designating the two retained organizing principles as the pre-eminently 

relevant ones.  

   The closing Chapter 13 contains some general reflections on the book’s substance seen in a wider 

perspective. The work done in the preceding chapters is viewed in retrospect from the philosopher’s 

viewpoint  In this context the use of abduction as a methodologically sound and heuristically effective 

strategy is reviewed. Special attention is paid to the growing tension and alienation between science 

and philosophy; in an attempt at easing that tension and at securing an identifiable field of operation 

for the discipline of philosophy of science ideas concerning its practical applicability with respect to 

problems facing our present-day society are presented. Furthermore the question why in this 

investigation the origin of earthly life, and of humankind and human consciousness, paradigmatic 

examples of emergence, have remained underexposed is attended to. Finally a plea is made for a 

treatment on equal footing of emergentism and reductionism, in the sense that they are taken to be 

mutually complementary research strategies considered subservient to heuristics as an effective 

method for scientific problem solving.   
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2 

 

Major developments in science since the 1970s and 80s 

 

Challenging traditional worldviews, a reiterative process in scientific history, has manifested itself 

anew since the turn of the century: the focus on and insights gained into non-linear dynamic systems 

in the 1970s and ’80s were the harbinger to the presently renewed interest in the self-organizing 

capacity of nature, be it that the motivation this time is different. Originally the wave of enthusiasm 

for chaos theory and fractals was driven primarily by the passion to ultimately understand everyday 

phenomena such as heating, freezing, pendulum motion, fluidity, turbulence, cloud formation, 

biological rhythms, lunar phases, etc. Currently the interest in emergent properties of complex systems 

appears to serve the more far-reaching purpose of developing an empirically adequate theory of 

emergence on all conceivable scales in nature. Alongside of this ambition, such a theory seems to be 

pursued as a means to the ultimate end of engineering life, the paradigmatic emergent phenomenon, in 

the laboratory. Be this as it may, there is no denying that the present research-programmes in this field 

benefit from and build on the insights acquired some thirty to forty years ago. Therefore it seems 

appropriate to review briefly the work done by prominent scientists in the field of chaos theory and 

fractals in the 1970s and ’80s.  

  

2.1 What was new in science in the 1970s and ’80s? 

Traditionally physicists have had little or no affinity to the idea that disorder in nature might be a 

source of order. The notion that small, simple causes can produce substantial and complex effects had 

not caught on until the first half of the 1970s: before, when physicists saw complex effects, they 

looked for complex causes. It was about that time that scientists from divergent disciplines, such as 

mathematicians, physicists, population biologists, meteorologists, astronomers, chemists, and 

economists, mostly unknown to one another, began to get interested in chaos. All of them, in their own 

peculiar way, were seeking connections between different kinds of irregularity. A decade later chaos 

theory, alongside of fractals, was at the core of a movement that transcended the lines separating 

scientific disciplines.  

 

2.1.1 The founding fathers of chaos- and fractal-theory
3

  

The godfather of chaos-theory was the American mathematician Edward Lorenz, who became famous 

 

 

                                                      

3

 This subsection is based in particular on source material derived from: James Gleick (1988). Chaos: Making a 

New Science. Benoit B.Mandelbrot (1977). The Fractal Geometry of Nature and from Hans Lauwerier (1987). 

Fractals: meetkundige figuren in eindeloze herhaling. (See also bibliography).  
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for the Butterfly Effect 
4

 and the Lorenz Attractor in the 1970s. Though also a meteorologist, both by 

education and by profession, it was with the aptitude of a mathematician that he approached natural 

phenomena such as the weather, turbulence, etc. His prime research object was non-linearity. He 

proved that non-linear systems, described by just three equations with three variables ultimately 

always converge to a “strange attractor”, a spiralling trajectory of never intersecting lines in three-

dimensional phase-space, resembling a butterfly’s wings. The trajectory, revealed both chaos and 

some kind of order. This means that – the chaotic aspect – a chaotic, though deterministic system 

eventually becomes unpredictable, but – the orderly side – at the same time it demonstrates order in 

the sense of structure as revealed by the attractors. Thus, chaos is to be conceived as unpredictability, 

in the sense that there is an element of randomness in which side or branch of the bifurcation, i.e., the 

“fork” representing different possible pathways, the system will take (see footnote 5 for a formal 

definition of the notion of bifurcation). The message was clear: chaotic systems, though wholly 

deterministic, are unpredictable, because on the longer term they are extremely susceptible to the 

slightest variation in the initial conditions. Though Lorenz focused his attention in particular on the 

phenomenon of convection, he in fact generalized his theory to the extent that it applied to all chaotic 

systems  (Gleick, 1988, pp. 11-39). 

 

   Other scientists who made ground-breaking discoveries in the field of non-linear systems were 

Robert May, Michel Hénon, Mitchell Feigenbaum and Benoit Mandelbrot.  

 

   The American population-biologist Robert May, who was a physicist as well as a mathematician by 

education, became a specialist in ecological issues and in that context studied the size changes of 

single populations over time. His particular research topic was a wildlife-population’s rate of change 

under different values of relevant parameters. (These are not specified by Gleick, but in all probability 

refer to environmental factors, such as increasing or decreasing food supply, imminent or diminishing 

danger from predators, different values of fertility, etc.). He used a so-called bifurcation diagram to 

gather as much information as possible in a single picture. By “driving” the system moderately at first 

and then harder and harder, removing it ever further from biological equilibrium (id, p. 71), he found 

that at low values the population became extinct, at higher values a rising steady-state level emerged, 

while further raised pressure caused the population to oscillate between two alternating size values 

every two years. Raising the parameter even more would produce two bifurcations or splits with the 

                                                      

4

 This thought experiment came from his paper “Predictability: Does the Flap of a Butterfly’s Wings in Brazil 

Set off a Tornado in Texas?”, an address at the annual meeting of the American Association for the 

Advancement of Science in Washington, 29 December 1979.  

  A basic and much more mundane example of a chaotic system is a pendulum operating under gravity and 

subject to frictional damping whose behaviour in the long run typically is unpredictable due to tiny changes in 

the initial conditions. Not all combinations of the parameters – e.g. length, gravity, drive amplitude, drive 

frequency, damping – will lead to chaos. For small oscillations the pendulum is linear, but it is non-linear for 

larger oscillations.  

32



 28

2 

 

Major developments in science since the 1970s and 80s 

 

Challenging traditional worldviews, a reiterative process in scientific history, has manifested itself 

anew since the turn of the century: the focus on and insights gained into non-linear dynamic systems 

in the 1970s and ’80s were the harbinger to the presently renewed interest in the self-organizing 

capacity of nature, be it that the motivation this time is different. Originally the wave of enthusiasm 

for chaos theory and fractals was driven primarily by the passion to ultimately understand everyday 

phenomena such as heating, freezing, pendulum motion, fluidity, turbulence, cloud formation, 

biological rhythms, lunar phases, etc. Currently the interest in emergent properties of complex systems 

appears to serve the more far-reaching purpose of developing an empirically adequate theory of 

emergence on all conceivable scales in nature. Alongside of this ambition, such a theory seems to be 

pursued as a means to the ultimate end of engineering life, the paradigmatic emergent phenomenon, in 

the laboratory. Be this as it may, there is no denying that the present research-programmes in this field 

benefit from and build on the insights acquired some thirty to forty years ago. Therefore it seems 

appropriate to review briefly the work done by prominent scientists in the field of chaos theory and 

fractals in the 1970s and ’80s.  

  

2.1 What was new in science in the 1970s and ’80s? 

Traditionally physicists have had little or no affinity to the idea that disorder in nature might be a 

source of order. The notion that small, simple causes can produce substantial and complex effects had 

not caught on until the first half of the 1970s: before, when physicists saw complex effects, they 

looked for complex causes. It was about that time that scientists from divergent disciplines, such as 

mathematicians, physicists, population biologists, meteorologists, astronomers, chemists, and 

economists, mostly unknown to one another, began to get interested in chaos. All of them, in their own 

peculiar way, were seeking connections between different kinds of irregularity. A decade later chaos 

theory, alongside of fractals, was at the core of a movement that transcended the lines separating 

scientific disciplines.  

 

2.1.1 The founding fathers of chaos- and fractal-theory
3

  

The godfather of chaos-theory was the American mathematician Edward Lorenz, who became famous 

 

 

                                                      

3

 This subsection is based in particular on source material derived from: James Gleick (1988). Chaos: Making a 

New Science. Benoit B.Mandelbrot (1977). The Fractal Geometry of Nature and from Hans Lauwerier (1987). 

Fractals: meetkundige figuren in eindeloze herhaling. (See also bibliography).  

 29

for the Butterfly Effect 
4

 and the Lorenz Attractor in the 1970s. Though also a meteorologist, both by 

education and by profession, it was with the aptitude of a mathematician that he approached natural 

phenomena such as the weather, turbulence, etc. His prime research object was non-linearity. He 

proved that non-linear systems, described by just three equations with three variables ultimately 

always converge to a “strange attractor”, a spiralling trajectory of never intersecting lines in three-

dimensional phase-space, resembling a butterfly’s wings. The trajectory, revealed both chaos and 

some kind of order. This means that – the chaotic aspect – a chaotic, though deterministic system 

eventually becomes unpredictable, but – the orderly side – at the same time it demonstrates order in 

the sense of structure as revealed by the attractors. Thus, chaos is to be conceived as unpredictability, 

in the sense that there is an element of randomness in which side or branch of the bifurcation, i.e., the 

“fork” representing different possible pathways, the system will take (see footnote 5 for a formal 

definition of the notion of bifurcation). The message was clear: chaotic systems, though wholly 

deterministic, are unpredictable, because on the longer term they are extremely susceptible to the 

slightest variation in the initial conditions. Though Lorenz focused his attention in particular on the 

phenomenon of convection, he in fact generalized his theory to the extent that it applied to all chaotic 

systems  (Gleick, 1988, pp. 11-39). 

 

   Other scientists who made ground-breaking discoveries in the field of non-linear systems were 

Robert May, Michel Hénon, Mitchell Feigenbaum and Benoit Mandelbrot.  

 

   The American population-biologist Robert May, who was a physicist as well as a mathematician by 

education, became a specialist in ecological issues and in that context studied the size changes of 

single populations over time. His particular research topic was a wildlife-population’s rate of change 

under different values of relevant parameters. (These are not specified by Gleick, but in all probability 

refer to environmental factors, such as increasing or decreasing food supply, imminent or diminishing 

danger from predators, different values of fertility, etc.). He used a so-called bifurcation diagram to 

gather as much information as possible in a single picture. By “driving” the system moderately at first 

and then harder and harder, removing it ever further from biological equilibrium (id, p. 71), he found 

that at low values the population became extinct, at higher values a rising steady-state level emerged, 

while further raised pressure caused the population to oscillate between two alternating size values 

every two years. Raising the parameter even more would produce two bifurcations or splits with the 

                                                      

4

 This thought experiment came from his paper “Predictability: Does the Flap of a Butterfly’s Wings in Brazil 

Set off a Tornado in Texas?”, an address at the annual meeting of the American Association for the 

Advancement of Science in Washington, 29 December 1979.  

  A basic and much more mundane example of a chaotic system is a pendulum operating under gravity and 

subject to frictional damping whose behaviour in the long run typically is unpredictable due to tiny changes in 

the initial conditions. Not all combinations of the parameters – e.g. length, gravity, drive amplitude, drive 

frequency, damping – will lead to chaos. For small oscillations the pendulum is linear, but it is non-linear for 

larger oscillations.  

33

Major developments in science since the 1970s and ’80s



 30

system oscillating between four different values, each returning every fourth year. As the “drive” 

further increased the bifurcations came quicker and quicker, producing period doublings
5

 of 4, 8, 16, 

32 …etc. Then suddenly, beyond a certain point, periodicity collapsed and chaos, in the sense of 

unpredictability, set in, with the population producing infinitely many different values in terms of size. 

Equally suddenly, in the midst of chaos a window of rest appeared in which the system showed a 

pattern alternating between order and chaos on a three or seven year cycle. Then the earlier observed 

regularity resumed, with faster period doublings like 3, 6, 12 …etc., or even 7, 14, 28, etc., only to 

collapse into chaos again. In fact, as we shall see, May’s bifurcation diagram had all the characteristics 

of a fractal with the scaling ratio of self-similarity roughly matching Feigenbaum’s number (id., pp. 

69-80; see also below). 

 

   The French astronomer Michel Hénon’s research object, stellar orbits, was as far removed from 

Lorentz’s and May’s as imaginable. In the 1960s he became known for an experiment which revealed 

both unpredictability and patterns in the dynamics of the orbits of stars around their galactic centre. 

His underlying assumption, which later turned out to be correct, was that the pattern in clustered stars 

remains self-similar on increasing scales, a feature peculiar to fractals (to be discussed further on in 

this subsection).He also assumed that on cosmological time scales stellar orbits are three dimensional 

in nature rather than flat ellipses: stellar clusters are an example of the notorious many-body problem, 

which, different from the much easier Newtonian two-body problem, cannot be solved analytically. By 

using an ingenious technique borrowed from Poincaré, Hénon got a grip on the problem of visualizing 

three-dimensional orbits. In the beginning he had to plot all the numerical data points of his model by 

hand, but later he used computers. The curves produced by his iterative model that emerged on the 

screen reflected a totally unexpected outcome. Contrary to the received wisdom among astronomers 

who took perfectly regular orbits for granted, some orbits suddenly became quite unstable as the level 

of energy in the computer simulation increased (just as turning up the heat in a fluid subject to 

convection causes instability to emerge). Thus, while for a considerable time the orbits can be 

computed and predicted with reasonable precision, they tend to become increasingly unpredictable on 

time scales of hundreds of million years. This result was wholly in line with the quintessence of chaos: 

unpredictability in the long run and extremely high susceptibility to the smallest changes in initial 

conditions (id., pp. 144-149). 

 

   Mitchell Feigenbaum, originally an electrical engineer, later a physicist, became famous in the 1970s 

for his discovery of the Feigenbaum number, a universal constant which applies to chaotic systems in 

general. But Feigenbaum broadened its range of action by applying it to all complex, non-linear 
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 One bifurcation equals one period-doubling: the former repeats itself, i.e. doubles, at half the frequency – or 

twice the period, a temporal quantity – of the previous one; the number of alternating values keeps pace with the 

doubling periods.     
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systems on varying scales of mass and length. It expresses the constant rate at which period doublings 

(see footnote 5 for explanation) occur ever faster in such a system under pressure from without. It 

exhibits the phenomenon of geometric convergence, an instantiation of the principle of scaling, 

implying that the ratio of convergence remains invariant at different scales (cf. the way a railway 

converges towards the horizon: the ratio of the gauge from the first sleeper to the second will be 

identical to the ratio of the gauge from the second sleeper to the third, etc.). It allowed mathematicians 

to recognize self-similarity across scales. Feigenbaum performed his experiment by means of a 

mathematical model of decelerating growth of successive generations of populations of, for example, a 

particular species of insects. As the population approached biological equilibrium Feigenbaum found 

that the differences between two consecutive measurements (with the same time interval) of the size of 

the population decreased by the same ratio. The constant was measured with ever increasing 

exactitude to be 4.669 and another 7 decimals. It proved to be a universal number that emerged 

whenever it concerned period doublings, irrespective of the research object or the phenomenon under 

scrutiny. Repeated experiments produced time and again the same outcome with ever increasing 

precision; this is an indication that the model’s results in this case have been empirically confirmed.
6

  

Feigenbaum’s theory expressed a natural law, or rather, an organizing principle, about systems at the 

point of transition between orderly and turbulent. Seemingly unrelated transitions, such as the boiling 

of liquids and the magnetizing of metals, are evidently governed by the same principles in nature. 

What’s more, this showed that the organizing principles ruling the behaviour of complex, non-linear 

systems do not care at all for the details of a system’s constituent elementary particles or atoms. The 

crucial point here is that chaos theory and fractals are based on one major common principle: self-

similarity on all spatial and/or temporal scales (id., pp. 172-177). Self-similarity is a special kind of 

symmetry which, as explained further on in this subsection, is a characteristic of fractals and, in 

general, of fractal-like systems occurring in nature. 

 

   The work of the French-American mathematician Benoit Mandelbrot is another interesting example 

of convergence in science: his insights and those of Lorenz, May, Hénon, Feigenbaum and others, who 

came from totally different scientific disciplines but, unbeknownst to each other, shared their interest 

in the behaviour of non-linear systems, converged to the same fundamental discoveries. These turn on 

the fact that non-linear systems, though behaving chaotically at first glance, reveal a pattern of 

symmetry across scales. In fact Mandelbrot discovered of his own accord the same universal constant 

as did Feigenbaum, denoting that the degree of variation of the behavioural variables of a chaotic 

system are independent of scale and remain constant over time. Mandelbrot came to this conclusion 

while plotting cotton-price data using main-frame computers. It turned out that, while each individual 

                                                      

6

 It is interesting to note that the Nobel-laureate Robert Laughlin, some thirty years later, in his book A Different 

Universe, claims that “…exactness [of universal constants] is a collective effect that comes into existence 

because of a principle of organization.” (Laughlin, 2006, p. 15). 
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price change was random and unpredictable, the sequence of changes was scale invariant: curves for 

daily and monthly price changes matched perfectly. Mandelbrot’s insight was that the phenomenon of 

scaling, or more precisely, scale symmetry, i.e., the invariance of patterns occurring across a variety of 

scales, was a universal organizing principle that deserved further exploration. He generalized the 

concept of fractional dimension, as shown by the variation of cotton prices, to the extent that it applied 

to a broad spectrum of objects and phenomena that showed patterns of irregularity. One object of 

research were coastlines. In 1975 Mandelbrot coined the term fractal for geometric shapes which 

reflect self-similarity on all scales, in particular going from a large to an infinitesimally small scale. It 

refers to the mathematical approach that he applied and that is based on fractions. Mandelbrot argued 

that the dimensions of an object are relative to the observer and thus fractional: a 3-dimensional ball 

when viewed from faraway is 0-dimensional, a 2-dimensional curved strand, e.g. of wool, rope or hair, 

is 1-dimensional. According to Mandelbrot the geometry of nature is fractal. A typical feature of a 

fractal is that an infinitely long outline encloses a finite area. Self-similarity is an inherent and largely 

hidden quality of nature; it needed the mathematical technique that Mandelbrot used to bring it to 

light. The paradigmatic example of his fractal geometry is the Mandelbrot set, a wonderfully rich and 

intricate shape of self-similarity on infinitely smaller scales, shown and clarified in his remarkable 

book The Fractal Geometry of Nature (Mandelbrot,1977). However, in nature self-similarity is never 

as perfect as in abstract mathematical constructs. Researchers use models with stochastic fractals 

whose parts share the same statistical features with regard to their shape, which indicates that the 

mathematical models used are realistic. This proved the key to important practical applications. 

Physicists at corporate research centres, for example at Exxon and General Electric, applied 

Mandelbrot’s ideas to the study of polymers and the safety of nuclear reactors. Fractals were identified 

as an organizing principle governing the structures of non-linear dynamics (Gleick, 1988, pp. 221-

232). 

 

   Four characteristics stand out in the chaos and fractal movement described above: 

 

(a) The initial researchers, while coming from widely divergent disciplines, were either (also) 

mathematicians by education or at any rate had the attitude of mathematicians as far as it concerned 

their approach to problems of non-linearity.  

(b) Either by accident or deliberately they frequently joined forces so as to form ad-hoc research teams 

and to constitute the first true transdisciplinary scientific movement in history; since chaos theory is 

border crossing by nature it inevitably brought together scientists of widely separated fields.  

(c) They recognized that understanding nature’s laws solely in terms of particle physics, a view 

strongly supported by prominent physicists, among them Nobel-prize laureate Steven Weinberg, left 

unanswered the question of how to apply those laws to everyday emergent phenomena. Therefore, all 

of them, more or less intuitively, were in search of universal organizing principles in nature which 
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could account for the macro-level behaviour of non-linear dynamic systems across scientific 

disciplines. This came down to turning back a methodological trend in science towards reductionism: 

rather than trying to understand systems in terms of their fundamental constituent parts the 

predominant strategy became to understand how nature organizes itself by looking at the whole of 

systems.  

(d) Their insights converged to the same fundamental discoveries: non-linear systems, though 

appearing to behave chaotically, reveal a pattern of scale symmetry expressed by Feigenbaum’s 

number and self-similarity exhibited by fractals, in other words of invariance of some feature on 

varying scales. Scale symmetries, i.e., invariance and self-similarity across scales, are special cases of 

the general phenomenon of symmetry. 

 

   Scale symmetry regarding mass and size does not obtain limitlessly in all physical systems, in 

particular living systems; for example, a human body enlarged to gigantic proportions would collapse 

under its own weight. Even trees cannot gain height unboundedly. Here the scale symmetry becomes 

broken beyond a well-defined limit. Fractals such as clouds are approximately self-similar 

instantiations of the phenomenon “cloud” at different scales of size and viewing distance. They remain 

recognizable as clouds under external influences – wind, and temperature and pressure changes – 

bringing about transformations. Self-similarity in nature is never perfect because fractals such as 

clouds, if they would take on an idealized mathematical shape, would not be stable. 

  

   As for the scientific status of the methods applied by the chaos and fractal scientists, it remains 

somewhat unclear whether, and to what extent, the results of their research have been empirically 

confirmed, or whether they are the outcome of a purely mathematical model. This proviso must be put 

in for most, if not all of the cases discussed heretofore. If we remain on the safe side and assume that 

purely computational models – inevitably of an inchoate nature – apply here, then, of course, the 

question whether these results are scientifically relevant depends largely on the extent to which the 

models faithfully describe and simulate reality. But this implies that the researchers have some notion 

of how and to what degree their assumptions tie in with the real world. A greater or lesser degree of 

idealisation is not necessarily an obstacle on the pathway to the truth, nor is it an impediment to an 

empirically adequate theory or model.  

   The above caveat should, in principle, also be entered with respect to the contemporary cases 

discussed in Subsection 2.2, despite the fact that since the 1970s and ‘80s much more advanced 

modelling techniques have been put into use. But there is no doubt that the scientists reviewed above 

and hereafter are all of them of scientifically high stature. However, should concrete answers as to the 

realistic nature of their assumptions not be forthcoming, it is, in my view, up to the scientists active in 

this field to satisfactorily clear up the matter. I restrict myself to interpreting the claims made by them 

from a philosophical perspective, in the context of the search for organizing principles.   

36

Chapter 2



 32

price change was random and unpredictable, the sequence of changes was scale invariant: curves for 

daily and monthly price changes matched perfectly. Mandelbrot’s insight was that the phenomenon of 

scaling, or more precisely, scale symmetry, i.e., the invariance of patterns occurring across a variety of 

scales, was a universal organizing principle that deserved further exploration. He generalized the 

concept of fractional dimension, as shown by the variation of cotton prices, to the extent that it applied 

to a broad spectrum of objects and phenomena that showed patterns of irregularity. One object of 

research were coastlines. In 1975 Mandelbrot coined the term fractal for geometric shapes which 

reflect self-similarity on all scales, in particular going from a large to an infinitesimally small scale. It 

refers to the mathematical approach that he applied and that is based on fractions. Mandelbrot argued 

that the dimensions of an object are relative to the observer and thus fractional: a 3-dimensional ball 

when viewed from faraway is 0-dimensional, a 2-dimensional curved strand, e.g. of wool, rope or hair, 
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the general phenomenon of symmetry. 
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particular living systems; for example, a human body enlarged to gigantic proportions would collapse 

under its own weight. Even trees cannot gain height unboundedly. Here the scale symmetry becomes 

broken beyond a well-defined limit. Fractals such as clouds are approximately self-similar 

instantiations of the phenomenon “cloud” at different scales of size and viewing distance. They remain 

recognizable as clouds under external influences – wind, and temperature and pressure changes – 

bringing about transformations. Self-similarity in nature is never perfect because fractals such as 

clouds, if they would take on an idealized mathematical shape, would not be stable. 
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confirmed, or whether they are the outcome of a purely mathematical model. This proviso must be put 

in for most, if not all of the cases discussed heretofore. If we remain on the safe side and assume that 

purely computational models – inevitably of an inchoate nature – apply here, then, of course, the 

question whether these results are scientifically relevant depends largely on the extent to which the 

models faithfully describe and simulate reality. But this implies that the researchers have some notion 

of how and to what degree their assumptions tie in with the real world. A greater or lesser degree of 

idealisation is not necessarily an obstacle on the pathway to the truth, nor is it an impediment to an 
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discussed in Subsection 2.2, despite the fact that since the 1970s and ‘80s much more advanced 
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from a philosophical perspective, in the context of the search for organizing principles.   
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2.1.2 Three other famous researchers of non-linearity  

Three prominent scientists who do not form part of the inner circle of the chaos movement but have 

each made important contributions to understanding complex, non-linear systems in the 1970s and 

’80s are worth mentioning and briefly discussing: Leo Kadanoff, Philip Anderson en Ilya Prigogine.  

 

   The physicist Kadanoff studied phase transitions in the 1960s and ’70s. This concerns the behaviour 

of matter near the point of transition from one state to another, for example from liquid to gas, or from 

a non-magnetized to a magnetized state. Phase transitions are manifestations of the concept of 

symmetry breaking. With regard to the magnetizing of metals the problem to be addressed was: how 

do the atoms orient themselves one way or the other? Kadanoff’s brilliant idea, framed as a true 

thought experiment, was to imagine that a block of metal represents a fractal structure with boxes of 

different sizes. The way each box communicates with its neighbours is analogous to the 

communication between each individual atom and its neighbours and can be described in terms of 

scaling, hence the differently sized boxes. Before the symmetry breaking the atoms are positioned in a 

metal lattice structure, whereas thereafter they become aligned with the magnetic field. The broken 

symmetry is to be regarded as a permutation symmetry, implying that atoms can interchange places 

without any consequence for the overall structure. This is no longer the case after the transition (see 

also the discussion of Laughlin (2006) in Subsection 2.2.1 and of Penrose (2004) in Subsection 8.2.6 

on spontaneous symmetry breaking). Kadanoff’s thought experiment is a particular mathematical 

representation, based on the idea of renormalization, a strategy originally applied to circumvent the 

problem of awkward infinities in quantum mechanics. It implies that the size or mass of quantum 

particles or classical objects cannot be measured independently of scale, which, in turn, depends on the 

position of the observer (Gleick, 1988, pp. 160-161). The phenomenon of magnetization as described 

above is well understood from the physicists’ point of view and its mathematical modelling is entirely 

realistic. But the point here is that this kind of self-organization in nature, where atoms spontaneously 

acquire preferred positions, is a property not inherent in the underlying quantum-mechanical laws.  

   The other example concerns the laws of hydrodynamics, i.e. the Navier-Stokes equations for fluid 

flow (Kadanoff as quoted by Kauffman, 2008, p.25). These equations are in fact conservation laws 

and are based on the conservation of three fundamental quantities, namely mass, momentum and 

energy. According to the received reductionist wisdom, they are presumed to be derivable from 

quantum mechanics, although physicists have not been able to show how. They are in principle also 

applicable to aerodynamics. Kadanoff demonstrated that not only can the phenomenon of fluidity be 

understood without invoking quantum laws; it can in fact only be made intelligible by invoking 

higher-order laws of hydrodynamics. For an appeal to the laws describing the behaviour of water’s 

constituent elements, hydrogen and oxygen atoms, simply does not deliver an adequate explanation of 

the behaviour of a sample of water molecules. He used the same technique as in the case of 

magnetization and showed that the Navier-Stokes equations can be derived from an imaginary fractal-
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like hexagonal lattice by applying the principle of scaling. This describes exactly the striking self-

organization a liquid suddenly exhibits at a phase transition from heat conduction to convection. The 

laws of hydrodynamics seem to be emergent at their own level of organization, transcending the 

fundamental laws of physics, i.e., the force laws (see also Kauffman, 2008, p. 25). 

   Underlying these phase transitions are organizing principles which are emergent phenomena in their 

own right and as such insensitive to, though not in defiance of, the fundamental physical laws. 

Processes such as phase transitions strongly suggest that symmetry breaking somehow reflects a 

universal organizing principle that governs totally unrelated kinds of transitions and is wholly 

substrate-neutral.  

 

   Philip Anderson, Nobel-prize laureate physicist, became famous for an essay entitled “More Is 

Different” in Science in 1972 (Anderson, 1972, pp. 393-96). Just like Kadanoff’s, his object of 

research was symmetry breaking and the principle of scaling in nature, be it in a different context. 

Anderson studied in particular the phenomenon of handedness – also called chirality – at the 

molecular level, which only emerges beyond a certain degree of complexity of the atomic 

configuration of molecules. A relatively simple molecule such as ammonia has one nitrogen atom 

attached to three hydrogen atoms which form a tetrahedron, a four sided pyramid with the nitrogen at 

the top and the hydrogen atoms at the base. But there is an underlying reflection symmetry which 

allows the nitrogen also to be below the three hydrogen atoms, turning the pattern inside out into a 

converted tetrahedron. Through a quantum-mechanical tunnelling effect the ammonia molecule keeps 

oscillating between these two configurations at an incredibly fast pace, which effectively impedes it to 

choose permanently between them. According to Anderson “this is the so-called inversion, which 

occurs at a frequency of about 3 x 10 raised to the 10
th

 power per second.” (id., p. 394). Thus the stable 

state of the pyramid is limited to a timescale roughly derived from the inversion frequency. But a more 

complex molecule such as glucose, a six-carbon sugar molecule synthesized in human cells, can be 

persistently left- or right handed. Such a glucose-molecule could, in principle, also quantum-tunnel 

from left- to right-handed, but it would need more time than the life of the universe to do so. Chirality 

is a particular form of mirror-symmetry, or left-right symmetry, that can be broken when more atoms 

are involved. The fact that organisms enzymatically engineer only right-handed sugars attests to this 

particular kind of symmetry breaking. By contrast, the amino acids that produce proteins in humans 

are left-handed. At this higher-order level of organization nature provides for stability. Fundamental 

force laws do not predict which way the symmetry will be broken. Moreover, as Anderson infers: 

 

“…the state of a really big system does not at all have to have the symmetry of the laws which govern 

it: in fact it usually has less symmetry. The outstanding example of this is the crystal: built from a 

substrate of atoms and space according to laws which express the perfect homogeneity of space, the 

crystal suddenly and unpredictably displays an entirely new and very beautiful symmetry. … however 
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also the discussion of Laughlin (2006) in Subsection 2.2.1 and of Penrose (2004) in Subsection 8.2.6 
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energy. According to the received reductionist wisdom, they are presumed to be derivable from 

quantum mechanics, although physicists have not been able to show how. They are in principle also 

applicable to aerodynamics. Kadanoff demonstrated that not only can the phenomenon of fluidity be 

understood without invoking quantum laws; it can in fact only be made intelligible by invoking 

higher-order laws of hydrodynamics. For an appeal to the laws describing the behaviour of water’s 
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   Underlying these phase transitions are organizing principles which are emergent phenomena in their 

own right and as such insensitive to, though not in defiance of, the fundamental physical laws. 

Processes such as phase transitions strongly suggest that symmetry breaking somehow reflects a 

universal organizing principle that governs totally unrelated kinds of transitions and is wholly 

substrate-neutral.  
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Different” in Science in 1972 (Anderson, 1972, pp. 393-96). Just like Kadanoff’s, his object of 

research was symmetry breaking and the principle of scaling in nature, be it in a different context. 

Anderson studied in particular the phenomenon of handedness – also called chirality – at the 

molecular level, which only emerges beyond a certain degree of complexity of the atomic 

configuration of molecules. A relatively simple molecule such as ammonia has one nitrogen atom 

attached to three hydrogen atoms which form a tetrahedron, a four sided pyramid with the nitrogen at 

the top and the hydrogen atoms at the base. But there is an underlying reflection symmetry which 

allows the nitrogen also to be below the three hydrogen atoms, turning the pattern inside out into a 

converted tetrahedron. Through a quantum-mechanical tunnelling effect the ammonia molecule keeps 

oscillating between these two configurations at an incredibly fast pace, which effectively impedes it to 

choose permanently between them. According to Anderson “this is the so-called inversion, which 

occurs at a frequency of about 3 x 10 raised to the 10
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 power per second.” (id., p. 394). Thus the stable 

state of the pyramid is limited to a timescale roughly derived from the inversion frequency. But a more 

complex molecule such as glucose, a six-carbon sugar molecule synthesized in human cells, can be 

persistently left- or right handed. Such a glucose-molecule could, in principle, also quantum-tunnel 

from left- to right-handed, but it would need more time than the life of the universe to do so. Chirality 

is a particular form of mirror-symmetry, or left-right symmetry, that can be broken when more atoms 

are involved. The fact that organisms enzymatically engineer only right-handed sugars attests to this 
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are left-handed. At this higher-order level of organization nature provides for stability. Fundamental 
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crystal suddenly and unpredictably displays an entirely new and very beautiful symmetry. … however 
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[…] the [crystal] is less symmetrical than the underlying structure would suggest. […] This 

asymmetry is a spontaneous effect of the crystal’s seeking its lowest energy state.” (id., p. 395). 

 

(This strange discrepancy, also referred to at the end of the next paragraph, will be further discussed in 

Sections 5.5 and 6.2, and in Subsection 8.2.6; see also Kauffman, 2008, pp. 19-20). 

   Symmetry breaking in Anderson’s “More is Different” is a particular form primarily associated with 

scaling up. But when discussing the phenomenon of symmetry breaking in general it is important to 

sharply distinguish between the so-called diachronic and synchronic approach (see for further 

discussion Section 4.2). The former approach is needed to describe a process, a sequence of 

consecutive “snapshots” of states a system is undergoing, whereas the latter suffices to describe a 

single “snapshot”, i.e., the status quo of a system at one particular point in time. Since symmetry 

breaking is a process, accompanied by a transition, the diachronic approach is required to observe and 

measure the change between two consecutive “time-slices”. On the one hand there is always the 

occurrence of one of two (or more) asymmetrical states, that is, in this case, left- or right-handedness 

as a consequence of a critical transition towards more complex molecules. On the other hand 

symmetry breaking always concerns the sudden “breaking” between two consecutive states, a 

(relatively) symmetric state versus an asymmetric or less symmetric state. Often symmetry breaking 

leads to the emergence of radically reorganised or wholly new systems. Anderson’s molecular 

symmetry breaking, just like magnetization, is an example of spontaneous symmetry breaking, 

implying that the equations describing the processes are themselves symmetric, but the solutions 

describing the reality are not. This is in the context of my investigation by far the most relevant form 

of symmetry breaking (see for further discussion Subsection 8.2.6).     

   Anderson’s insights into the relationship between symmetry breaking and scaling, in the sense of 

scaling up in terms of complexity, mass, length and size, led him to the following important statement: 

“The ability to reduce everything to simple fundamental laws does not imply the ability to start from 

those laws and reconstruct the universe.” (1972, p.393). Thus, while accepting the reductionist thesis 

that all matter is composed of elementary particles whose interactions are governed by a limited 

number of fundamental laws, Anderson rejects the constructivist consequence of that thesis that the 

universe can be reconstructed from those laws. What’s more, on his view, reductionism and 

emergentism clearly are not incompatible, provided the reductionist hypothesis does not imply a 

constructionist one. There is no mistaking his firm belief in the power of emergentism when it comes 

to explaining complexity:  

 

“The constructionist hypothesis breaks down when confronted with the twin difficulties of scale and 

complexity. The behaviour of large and complex aggregates of elementary particles, it turns out, is not 

to be understood in terms of a simple extrapolation of the properties of a few particles. Instead, at each 
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level of complexity entirely new properties appear, and the understanding of the new behaviours 

requires research which I think is as fundamental in its nature as any other.”(id., p. 393). 

 

   It is important to distinguish scaling, in the sense of scaling up or down, from scale symmetry or 

invariance. In the case of fractals scaling reveals scale symmetry, because certain properties, such as 

structure or shape, remain the same under enlargement or diminution. But for Anderson scaling 

involves change, casu quo critical transitions and symmetry breakings towards a new state. Thus 

scaling, seen as an organizational principle, can have entirely different consequences, depending on 

the kind of complex systems under scrutiny (see Subsections 2.2.1 and 8.2.6 for further explication).      

 

   The Belgian chemist Ilya Prigogine won the Nobel Prize in 1977 for his work on the 

thermodynamics of non-equilibrium systems and on dissipative structures arising out of non-linear 

processes. His theory turned out to be applicable to a broad range of different disciplines besides 

chemistry and physics, such as biology, meteorology, economics and sociology. 

   Non-equilibrium systems, contrary to closed, machine-like systems, are open, exchanging energy 

and matter with their environment. All of them contain subsystems which are continually fluctuating. 

If the system is driven into a far-from-thermodynamic equilibrium condition by, for example, solar 

radiation – as opposed to remaining in a state of equilibrium or near-equilibrium – a single fluctuation 

or perturbation may cause a bifurcation which shatters the existing organization. At the moment the 

critical transition occurs it is impossible to predict which direction the change will take. There is a 

choice between two possibilities: the system may disintegrate into chaos or jump to a higher level of 

order or organization, which is called a “dissipative structure”. (Such structures are termed dissipative 

because, compared with the systems they replace, they require more energy, and thus dissipate more 

energy to sustain them). Depending on the value of the control parameter, e.g. heat, food, or oxygen 

supply, also two stable states may emerge at the bifurcation point. How does the system choose 

between left and right? There is an irreducible random element here; appealing to a microscopic 

description will not tell us which path the system will take.
7

 (Note that Prigogine’s dissipative 

structures do not form part of a deterministic theory: they pertain to non-linear, open, complex systems 

of whose behaviour unpredictability is an inherent feature, which is much more than just a practical 

problem). Thus, order and organization can arise spontaneously out of chaos through a process of self-

organization in nature (Order out of Chaos, Prigogine and Stengers, 1984, pp. xii, xxiii, xv, 12-14, 

142-43, 160-61, 176,189, 275, 300). 

                                                      

7

 Prigogine and Stengers (1984, pp. 178-179) point out that, contrary to the received belief, by analogy with 

Heisenberg’s uncertainty principle in quantum theory, the inherently probabilistic behaviour of far-from-

equilibrium systems at a bifurcation point proves that randomness remains essential on the macroscopic level as 

well. (That is not to say that quantum mechanics gives a clue as to whether a classical system chooses between 

left or right). Another interesting analogy with quantum mechanics they point out is that chemical clocks as 

mentioned below, in some sense, demonstrate the coherent wave-behaviour assigned to elementary particles. 
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as a consequence of a critical transition towards more complex molecules. On the other hand 
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symmetry breaking, just like magnetization, is an example of spontaneous symmetry breaking, 
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describing the reality are not. This is in the context of my investigation by far the most relevant form 

of symmetry breaking (see for further discussion Subsection 8.2.6).     

   Anderson’s insights into the relationship between symmetry breaking and scaling, in the sense of 

scaling up in terms of complexity, mass, length and size, led him to the following important statement: 

“The ability to reduce everything to simple fundamental laws does not imply the ability to start from 

those laws and reconstruct the universe.” (1972, p.393). Thus, while accepting the reductionist thesis 

that all matter is composed of elementary particles whose interactions are governed by a limited 

number of fundamental laws, Anderson rejects the constructivist consequence of that thesis that the 

universe can be reconstructed from those laws. What’s more, on his view, reductionism and 

emergentism clearly are not incompatible, provided the reductionist hypothesis does not imply a 

constructionist one. There is no mistaking his firm belief in the power of emergentism when it comes 

to explaining complexity:  

 

“The constructionist hypothesis breaks down when confronted with the twin difficulties of scale and 

complexity. The behaviour of large and complex aggregates of elementary particles, it turns out, is not 

to be understood in terms of a simple extrapolation of the properties of a few particles. Instead, at each 
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level of complexity entirely new properties appear, and the understanding of the new behaviours 

requires research which I think is as fundamental in its nature as any other.”(id., p. 393). 

 

   It is important to distinguish scaling, in the sense of scaling up or down, from scale symmetry or 

invariance. In the case of fractals scaling reveals scale symmetry, because certain properties, such as 

structure or shape, remain the same under enlargement or diminution. But for Anderson scaling 

involves change, casu quo critical transitions and symmetry breakings towards a new state. Thus 

scaling, seen as an organizational principle, can have entirely different consequences, depending on 

the kind of complex systems under scrutiny (see Subsections 2.2.1 and 8.2.6 for further explication).      

 

   The Belgian chemist Ilya Prigogine won the Nobel Prize in 1977 for his work on the 

thermodynamics of non-equilibrium systems and on dissipative structures arising out of non-linear 

processes. His theory turned out to be applicable to a broad range of different disciplines besides 

chemistry and physics, such as biology, meteorology, economics and sociology. 

   Non-equilibrium systems, contrary to closed, machine-like systems, are open, exchanging energy 

and matter with their environment. All of them contain subsystems which are continually fluctuating. 

If the system is driven into a far-from-thermodynamic equilibrium condition by, for example, solar 

radiation – as opposed to remaining in a state of equilibrium or near-equilibrium – a single fluctuation 

or perturbation may cause a bifurcation which shatters the existing organization. At the moment the 

critical transition occurs it is impossible to predict which direction the change will take. There is a 

choice between two possibilities: the system may disintegrate into chaos or jump to a higher level of 

order or organization, which is called a “dissipative structure”. (Such structures are termed dissipative 

because, compared with the systems they replace, they require more energy, and thus dissipate more 

energy to sustain them). Depending on the value of the control parameter, e.g. heat, food, or oxygen 

supply, also two stable states may emerge at the bifurcation point. How does the system choose 

between left and right? There is an irreducible random element here; appealing to a microscopic 

description will not tell us which path the system will take.
7

 (Note that Prigogine’s dissipative 

structures do not form part of a deterministic theory: they pertain to non-linear, open, complex systems 

of whose behaviour unpredictability is an inherent feature, which is much more than just a practical 

problem). Thus, order and organization can arise spontaneously out of chaos through a process of self-

organization in nature (Order out of Chaos, Prigogine and Stengers, 1984, pp. xii, xxiii, xv, 12-14, 

142-43, 160-61, 176,189, 275, 300). 

                                                      

7

 Prigogine and Stengers (1984, pp. 178-179) point out that, contrary to the received belief, by analogy with 

Heisenberg’s uncertainty principle in quantum theory, the inherently probabilistic behaviour of far-from-

equilibrium systems at a bifurcation point proves that randomness remains essential on the macroscopic level as 

well. (That is not to say that quantum mechanics gives a clue as to whether a classical system chooses between 

left or right). Another interesting analogy with quantum mechanics they point out is that chemical clocks as 

mentioned below, in some sense, demonstrate the coherent wave-behaviour assigned to elementary particles. 
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   This process, just like chirality, Anderson’s research topic discussed above, is a manifestation of the 

concept of symmetry breaking. Prigogine himself referred to DNA, the paradigmatic example of 

preferential handedness, which reveals itself in the form of a left-handed helix.  

   Another striking example of such a symmetry breaking (which in fact is related to Edward Lorenz’s 

research-object, viz. convection) is the so-called “Bénard instability”, concerning heat moving evenly 

through a liquid. Suddenly, at a critical threshold value, the fluid becomes unstable and its state of rest 

in which heat is conveyed by conduction alone is converted into a convection motion that radically 

reorganizes the system. Billions of molecules move coherently to form themselves into hexagonal 

cells (id., pp. 142-44; see also Kadanoff, as quoted by Gleick, 1988, pp. 160-161). Such spectacular 

self-organization is also exhibited by “chemical clocks”, a chemical process whose periodic behaviour 

is stable, a phenomenon emerging beyond a critical threshold of chemical instability. At regular time 

intervals the system changes, in that all at once billions of molecules change “colour”, revealing an 

incredible degree of order and capacity to “communicate” (Prigogine et al., 1984 , pp. xvi, 13, 147-48, 

179, 307). The famous Belousov-Zhabotinsky reaction, to be further discussed in Section 9.2, 

exhibiting such temporal oscillations, is a classic example of a chemical clock (id., pp. 151-53, 168).    

   Finally Prigogine’s interesting view on the second law of thermodynamics as a symmetry breaking 

selection principle deserves attention. Most systems, events and processes at the macroscopic level are 

time-irreversible. To make time flow backward we would have to overcome an infinite entropy 

barrier. On Prigogine’s view, far from being an “illusion”, as will be further discussed in Section 11.6, 

this expresses a broken symmetry on the microscopic level as well and as such is the starting point of 

other symmetry breakings. Irreversible processes, seemingly going against the grain of the second law, 

are in fact the source of order and organization  (id., pp. 285-286/297). 

   All along it has been Prigogine’s ambition to reconcile two seemingly incompatible scientific 

worlds, viz. the theory of classical dynamics and the theory of thermodynamics; while the aim of the 

former is to predict changes in systems in terms of the interaction among particles, the latter aims to 

predict how the system will react to modifications imposed from the outside. It appears that, among 

other things, it is precisely that which contemporary complexity theorists, following in the footsteps of 

Prigogine, have pursued and accomplished (id., p. xxix; see also Section 5.9, on dynamical 

computational modelling).  

   It is quite clear that Prigogine sees no explanatory role for the fundamental laws of physics in regard 

to the emergence of dissipative structures. Together with co-author Isabelle Stengers, he makes the 

sweeping statement that “the known universal laws are not universal at all, but apply only to local 

regions of reality.” (id., p. xiv). This idea will be further pursued in the chapters ahead.
8

   

 

                                                      

8

 It is interesting to note that a prominent supporter of this far-reaching claim is the earlier mentioned physicist 

Laughlin whose ideas will be discussed in Subsection 2.2.1.  
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   The three scientists, whose work I reviewed above, are important because, alongside of the chaos 

and fractal theorists of the 1970s, they have each had an undeniable impact on contemporary insights 

into complexity and non-linearity. Interestingly, it concerns two physicists and a chemist of first-rate 

standing and repute, who as early as forty years ago began to question the predominant role of 

reductionism within their own discipline. They shared the belief that the fundamental laws of physics 

can’t predict and explain scores of emergent phenomena connected with self-organization in nature. It 

is also noteworthy that all three, in order to acquire an understanding of these disparate kinds of 

emergences, focused their attention especially on two related principles, i.e. scaling, inasmuch as it 

regards scaling up in terms of complexity and size, and symmetry breaking. But by implication their 

focus must also have been on the propensity for stability preservation since this latter principle is 

closely linked to the others. These principles, albeit not always specifically identified or designated, 

are gradually gaining more interest now from contemporary complexity theorists studying self-

organization, and, as we shall see in the next chapters, for a good reason.  

 

2.2 Present-day scientific topics: the 1970s revisited? 

As I pointed out earlier it stands to reason that contemporary scientists whose research object is the 

complex organization of matter have taken advantage of the discoveries made by scientists in the field 

of chaotic and fractal systems in the 1970s. Thus, the present shift is not incompatible with the insights 

gained some thirty to forty years ago into the behaviour of complex, self-organizing non-linear 

systems. Scientists partaking in that movement made it abundantly clear that their primary motive was 

identifying universal organizing principles that could explain the emergence of all kinds of everyday 

phenomena where fundamental laws of physics fail.  

 

   What then is new? 

 

   According to a brochure published by NWO (the Netherlands Organisation for Scientific Research) 

in 2008 one strategic prominent program theme put forward for the years 2007-2011 was the dynamics 

of complex systems. The ambition was to start up a national research program on complexity, to be 

carried out by an established scientific national community that crosses existing disciplinary 

boundaries, and participates in European initiatives in this field. The proposal pointed out that 

complexity research is an intrinsically transdisciplinary enterprise. Thus, research projects in the field 

of complex systems, by their very nature, require multidisciplinary collaboration (NWO, 2008, 

Complexity, p.8). (Note that this kind of cooperation across disciplines had already occurred in the 

1970s, be it that interdisciplinary cooperation was the result of spontaneous and accidental teamwork 

rather than a deliberate strategy). A whole array of initiatives and activities, in the Netherlands, Europe 
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of complex systems. The ambition was to start up a national research program on complexity, to be 

carried out by an established scientific national community that crosses existing disciplinary 

boundaries, and participates in European initiatives in this field. The proposal pointed out that 

complexity research is an intrinsically transdisciplinary enterprise. Thus, research projects in the field 

of complex systems, by their very nature, require multidisciplinary collaboration (NWO, 2008, 
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1970s, be it that interdisciplinary cooperation was the result of spontaneous and accidental teamwork 

rather than a deliberate strategy). A whole array of initiatives and activities, in the Netherlands, Europe 
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and the US in the field of complex systems, was mentioned to emphasize the necessity of such 

undertaking by the NWO. 
9

 

   The proposal went on to try and define complexity and complex systems as follows: 

 

“There are a number of characteristic features that are shared by almost all complex systems. A 

complex system can often be seen as a large collection of small elements that interact with each other 

at a micro-level. […] However, ‘More is Different’ (Anderson, 1972) in complex systems. Phenomena 

observed at a global, macro-level, typically cannot be reduced to the properties of the constituent 

elements: these are emergent properties that arise through ‘self-organizing’ local interactions. This is 

in sharp contrast to the classical reductionistic idea that nature can only be understood by reducing or 

decomposing its processes into elementary building blocks that can be studied independently. The 

concept of ‘Complexity’ has been introduced as the associated paradigm shift in the study of natural 

phenomena.” (NWO , 2008, p.7).  

  

   Other interesting features and observations are: 

 

“Complex systems are, without exception, non-linear and have a strong multiple-scales or even scale-

free character, in time as well as in space. The formation, the structure and the dynamics of clouds is a 

prototypical example of a – largely not understood – complex process. The spatial scales involved 

range from micrometers to thousands of kilometres. In fact, cloud formation is in itself only one of the 

components of the complex system formed by our climate, a slow time process at the global scale that 

is driven by the ‘fast’ dynamics of day-to-day weather.” (id., 2008, p. 8). 

 

   The proposal fully acknowledges that “… the impact of the work by the meteorologist Edward 

Lorenz on the (mathematical) field of dynamical systems can hardly be overestimated.” (id., 2008, p. 

9), witness the following statement:  

 

“In fact, the ‘butterfly effect’, associated with one of the first examples of  a chaotic system (Lorenz, 

1963) has become a well-known metaphor for the inherent limitations of the predictability of nonlinear 

processes” (NWO, 2008, p. 22).  

 

                                                      

9

 From information gathered from the NWO it appears that their brochure of 2008 has been their only 

publication of a general nature so far. But the ambitions mentioned therein have, at least partially, been 

implemented in the form of many research projects which aimed to explore and tackle specific problems, e.g., 

complexity in public transport, critical transitions and early warning signals in spatial ecosystems, and 

understanding financial instability through complex systems. Furthermore there are a number of still unfulfilled 

ambitions, such as taking up projects in nano science, the Earth as a complex, sustainable system, dynamical 

complex systems in general, etc., which call on diverse NWO departments engaged in various disciplines. 
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   The NWO-proposal focused on three research-themes within the field of complexity (id., 2008, p. 

13):  

   (1) Micro-Macro concerns the relationship between the micro-components and the macro-behaviour 

of complex systems.  

   (2) Networks highlights the role of the topology and strengths of spatial connections between the 

components of a complex system. 

   (3) Predictability concerns the behaviour of complex systems and the extent to which this behaviour 

can be predicted or controlled.  

 

   The proposal made it perfectly clear that the insights into non-linearity gained in the 1970s and ’80s 

have had a great impact on contemporary views on this score. It even avows explicitly the merits of 

Lorenz, Anderson and Prigogine. Thus, a point not always acknowledged, even if we stick to the belief 

that the present wave of interest in complexity counts for a true paradigm shift, it is also a 

continuation, or rather, a renaissance of ideas developed some thirty to forty years ago. 

   What’s more, complex systems as defined by the NWO, and non-linear systems as studied in the 

1970s and ’80s obviously have so many common characteristics that it is hard to discern any 

meaningful difference between them. On these grounds the two can be viewed as largely equivalent. 

But this does not simply apply to chaotic systems. While the latter may be considered to be complex 

as well, by virtue of the fact that they share a large number of defining properties, chaotic systems’ 

behaviour is taken to be deterministic, which is not the case with another sub-category of complex 

systems, viz., non-linear probabilistic systems. Therefore, as pointed out before in Section 1.2, chaotic 

systems are in fact a special case of complex systems in general. Nevertheless they are, for all 

practical purposes,  routinely considered roughly equivalent.  

 

   The ultimate ambition of complexity theorists in the 1970s and ’80s, which – I daresay – was to 

obtain full understanding of emergent phenomena across boundaries between divergent disciplines, 

may have been equally far-reaching as that of contemporary scientists, among them those of NWO. 

But in the meantime two important changes have taken place, the one undoubtedly for the better, the 

other, in the eyes of many scientists, for the worse. Present-day complexity research surely benefits 

greatly from considerably advanced computational and technological expedients and resources, and 

from grown insights into the use of models. But at the same time scientists, among them fundamental 

complexity researchers, have come under ever-increasing political and social pressure to produce 

optimal results in terms of practical contributions to the solution of a wide range of challenges faced 

by our current society. Alas, scientific breakthroughs, whether or not leading to socially or politically 

wished-for and useful applications, cannot be planned or ordered; often they are the unintended, 

serendipitous spin-offs of fundamental research initially aiming at other results. This should make us 

aware of the necessity to distinguish sharply between two functions of science, namely science as a 

44

Chapter 2



 40

and the US in the field of complex systems, was mentioned to emphasize the necessity of such 

undertaking by the NWO. 
9

 

   The proposal went on to try and define complexity and complex systems as follows: 

 

“There are a number of characteristic features that are shared by almost all complex systems. A 

complex system can often be seen as a large collection of small elements that interact with each other 

at a micro-level. […] However, ‘More is Different’ (Anderson, 1972) in complex systems. Phenomena 

observed at a global, macro-level, typically cannot be reduced to the properties of the constituent 

elements: these are emergent properties that arise through ‘self-organizing’ local interactions. This is 

in sharp contrast to the classical reductionistic idea that nature can only be understood by reducing or 

decomposing its processes into elementary building blocks that can be studied independently. The 

concept of ‘Complexity’ has been introduced as the associated paradigm shift in the study of natural 

phenomena.” (NWO , 2008, p.7).  

  

   Other interesting features and observations are: 

 

“Complex systems are, without exception, non-linear and have a strong multiple-scales or even scale-

free character, in time as well as in space. The formation, the structure and the dynamics of clouds is a 

prototypical example of a – largely not understood – complex process. The spatial scales involved 

range from micrometers to thousands of kilometres. In fact, cloud formation is in itself only one of the 

components of the complex system formed by our climate, a slow time process at the global scale that 

is driven by the ‘fast’ dynamics of day-to-day weather.” (id., 2008, p. 8). 

 

   The proposal fully acknowledges that “… the impact of the work by the meteorologist Edward 

Lorenz on the (mathematical) field of dynamical systems can hardly be overestimated.” (id., 2008, p. 

9), witness the following statement:  

 

“In fact, the ‘butterfly effect’, associated with one of the first examples of  a chaotic system (Lorenz, 

1963) has become a well-known metaphor for the inherent limitations of the predictability of nonlinear 

processes” (NWO, 2008, p. 22).  

 

                                                      

9

 From information gathered from the NWO it appears that their brochure of 2008 has been their only 

publication of a general nature so far. But the ambitions mentioned therein have, at least partially, been 

implemented in the form of many research projects which aimed to explore and tackle specific problems, e.g., 

complexity in public transport, critical transitions and early warning signals in spatial ecosystems, and 

understanding financial instability through complex systems. Furthermore there are a number of still unfulfilled 

ambitions, such as taking up projects in nano science, the Earth as a complex, sustainable system, dynamical 

complex systems in general, etc., which call on diverse NWO departments engaged in various disciplines. 

 41

   The NWO-proposal focused on three research-themes within the field of complexity (id., 2008, p. 

13):  

   (1) Micro-Macro concerns the relationship between the micro-components and the macro-behaviour 

of complex systems.  

   (2) Networks highlights the role of the topology and strengths of spatial connections between the 

components of a complex system. 

   (3) Predictability concerns the behaviour of complex systems and the extent to which this behaviour 

can be predicted or controlled.  

 

   The proposal made it perfectly clear that the insights into non-linearity gained in the 1970s and ’80s 

have had a great impact on contemporary views on this score. It even avows explicitly the merits of 

Lorenz, Anderson and Prigogine. Thus, a point not always acknowledged, even if we stick to the belief 

that the present wave of interest in complexity counts for a true paradigm shift, it is also a 

continuation, or rather, a renaissance of ideas developed some thirty to forty years ago. 

   What’s more, complex systems as defined by the NWO, and non-linear systems as studied in the 

1970s and ’80s obviously have so many common characteristics that it is hard to discern any 

meaningful difference between them. On these grounds the two can be viewed as largely equivalent. 

But this does not simply apply to chaotic systems. While the latter may be considered to be complex 

as well, by virtue of the fact that they share a large number of defining properties, chaotic systems’ 

behaviour is taken to be deterministic, which is not the case with another sub-category of complex 

systems, viz., non-linear probabilistic systems. Therefore, as pointed out before in Section 1.2, chaotic 

systems are in fact a special case of complex systems in general. Nevertheless they are, for all 

practical purposes,  routinely considered roughly equivalent.  

 

   The ultimate ambition of complexity theorists in the 1970s and ’80s, which – I daresay – was to 

obtain full understanding of emergent phenomena across boundaries between divergent disciplines, 

may have been equally far-reaching as that of contemporary scientists, among them those of NWO. 

But in the meantime two important changes have taken place, the one undoubtedly for the better, the 
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serendipitous spin-offs of fundamental research initially aiming at other results. This should make us 

aware of the necessity to distinguish sharply between two functions of science, namely science as a 
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means to understanding nature, and science as a promoter and furtherer of technology. It is herein that 

the fundamental difference lies between what went on in science in the 1970s and ’80s and the present 

situation: while many contemporary scientists whose research object is complexity seem to employ 

science primarily as a facilitator of technology, leading to useful applications, thirty years ago chaos 

researchers saw science first and foremost as a way to understand nature, however much their 

discoveries finally resulted into practical contributions. Still, as the next subsections will show, not all 

contemporary scientists share the pragmatic, result-oriented ethos mentioned above.  

 

2.2.1 The search for organizing principles: six  contemporary cases of self-organization  

In this section six important cases of self-organization, reviewed and explained by prominent 

contemporary scientists from distinct disciplines, will be presented. Four of these cases, the second, 

the third, the fifth and the sixth, are descriptions of concrete research projects; the first and the fourth, 

however, are the reflection of more abstract, comprehensive ideas about self-organization contained in 

books. Interestingly, as will be shown, all the scientists involved, initially unbeknownst to one another, 

set out to attain an understanding of the emergent behaviour of self-organized complex systems by 

invoking universal organizing principles.   

 

   (1) The first case concerns the ideas of Robert Laughlin, a solid state physicist and Nobel Prize 

laureate. In his book A Different Universe (2006), Laughlin makes four far-reaching and rather 

controversial claims about the role of fundamental laws on the one hand and organizing principles on 

the other:  

   (i) Fundamental laws, far from being universal, only apply to a limited range of circumstances in 

nature; beyond this range they become irrelevant.     

   (ii) Newton’s laws are not fundamental at all, but are an emergent phenomenon and the consequence 

of collective self-organization. 

   (iii) Nature, by virtue of principles of organization, has a powerful tendency to form a hierarchy of 

physical laws.  

   (iv) Newton’s laws derive their ill-conceived status of universality only from the fact that the so- 

called universal constants can be measured with great precision.  

   With regard to (i) Laughlin writes: 

 

“Newton’s laws […] are wrong at the scale of atoms. […] [They] make profoundly false predictions at 

this scale, such as […] [a] beam of helium atoms projected onto an atomically perfect solid surface 

does not bounce off in all directions, […] but diffracts into rainbows as a beam of light would do.” 

(Laughlin, 2006, p. 31). 
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   This does not imply that higher-order laws or principles can be at odds with Newton’s laws or the 

principles underlying Einstein’s special and general relativity theory; it just means that they can be 

independent of these deeper laws, in that the processes they rule would be the same even if the deeper 

laws were changed. 

  

   Concerning (ii) he says:  

 

“…Newton’s legendary laws have turned out to be emergent. They are not fundamental at all but a 

consequence of the aggregation of quantum matter into macroscopic fluids and solids – a collective 

organizational phenomenon.” (ibid.).  

 

The above argument is closely related to (iv) below. In regard to (iii) Laughlin writes:  

 

“The laws of electron motion beget the laws of thermodynamics and chemistry, which beget the laws 

of crystallization, which beget the laws of rigidity and plasticity, which beget the laws of engineering. 

[…] This organizational tendency is so powerful that it can be difficult to distinguish a fundamental 

law from its progeny.” (id., p. 7). 

 

   Pertaining to (iv) Laughlin writes:  

 

“…exactness [of universal constants] is a collective effect that comes into existence because of a 

principle of organization.” (id., p.15). 

 

   Laughlin refers to the principle of scaling (see also Subsections 2.1.2 and 8.2.1) and the phenomenon 

of scale-invariance when he claims that:  

 

“Like the laws of rigidity in solids the laws of hydrodynamics [in fluids] become more and more exact 

as the length and time scales on which they are measured increase, and they fail in the opposite limit.” 

(id., pp. 40/41). 

 

   Here the principle of scaling manifests itself in an dualistic manner: on the one hand it exposes 

scale-invariance insofar as the constants of physical laws not only remain the same, but become more 

exact when measured on increasing scales; on the other hand it reveals the changes as a result of 

scaling up an down: scaling up causes the phenomenon of hydrodynamics to emerge at the size of a 

large collection of constituent parts, but scaled down to the size of atoms, given expectations of 

universal applicability, the laws of hydrodynamics do not apply and a fortiori fail to have predictive 

and explanatory power. Thus, the higher-ordered laws describing the behaviour of systems consisting 
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In this section six important cases of self-organization, reviewed and explained by prominent 

contemporary scientists from distinct disciplines, will be presented. Four of these cases, the second, 

the third, the fifth and the sixth, are descriptions of concrete research projects; the first and the fourth, 

however, are the reflection of more abstract, comprehensive ideas about self-organization contained in 

books. Interestingly, as will be shown, all the scientists involved, initially unbeknownst to one another, 

set out to attain an understanding of the emergent behaviour of self-organized complex systems by 

invoking universal organizing principles.   

 

   (1) The first case concerns the ideas of Robert Laughlin, a solid state physicist and Nobel Prize 

laureate. In his book A Different Universe (2006), Laughlin makes four far-reaching and rather 

controversial claims about the role of fundamental laws on the one hand and organizing principles on 

the other:  

   (i) Fundamental laws, far from being universal, only apply to a limited range of circumstances in 

nature; beyond this range they become irrelevant.     

   (ii) Newton’s laws are not fundamental at all, but are an emergent phenomenon and the consequence 

of collective self-organization. 

   (iii) Nature, by virtue of principles of organization, has a powerful tendency to form a hierarchy of 

physical laws.  

   (iv) Newton’s laws derive their ill-conceived status of universality only from the fact that the so- 

called universal constants can be measured with great precision.  

   With regard to (i) Laughlin writes: 

 

“Newton’s laws […] are wrong at the scale of atoms. […] [They] make profoundly false predictions at 

this scale, such as […] [a] beam of helium atoms projected onto an atomically perfect solid surface 

does not bounce off in all directions, […] but diffracts into rainbows as a beam of light would do.” 

(Laughlin, 2006, p. 31). 
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   This does not imply that higher-order laws or principles can be at odds with Newton’s laws or the 

principles underlying Einstein’s special and general relativity theory; it just means that they can be 

independent of these deeper laws, in that the processes they rule would be the same even if the deeper 

laws were changed. 

  

   Concerning (ii) he says:  

 

“…Newton’s legendary laws have turned out to be emergent. They are not fundamental at all but a 

consequence of the aggregation of quantum matter into macroscopic fluids and solids – a collective 

organizational phenomenon.” (ibid.).  

 

The above argument is closely related to (iv) below. In regard to (iii) Laughlin writes:  

 

“The laws of electron motion beget the laws of thermodynamics and chemistry, which beget the laws 

of crystallization, which beget the laws of rigidity and plasticity, which beget the laws of engineering. 

[…] This organizational tendency is so powerful that it can be difficult to distinguish a fundamental 

law from its progeny.” (id., p. 7). 

 

   Pertaining to (iv) Laughlin writes:  

 

“…exactness [of universal constants] is a collective effect that comes into existence because of a 

principle of organization.” (id., p.15). 

 

   Laughlin refers to the principle of scaling (see also Subsections 2.1.2 and 8.2.1) and the phenomenon 

of scale-invariance when he claims that:  

 

“Like the laws of rigidity in solids the laws of hydrodynamics [in fluids] become more and more exact 

as the length and time scales on which they are measured increase, and they fail in the opposite limit.” 

(id., pp. 40/41). 

 

   Here the principle of scaling manifests itself in an dualistic manner: on the one hand it exposes 

scale-invariance insofar as the constants of physical laws not only remain the same, but become more 

exact when measured on increasing scales; on the other hand it reveals the changes as a result of 

scaling up an down: scaling up causes the phenomenon of hydrodynamics to emerge at the size of a 

large collection of constituent parts, but scaled down to the size of atoms, given expectations of 

universal applicability, the laws of hydrodynamics do not apply and a fortiori fail to have predictive 

and explanatory power. Thus, the higher-ordered laws describing the behaviour of systems consisting 

47

Major developments in science since the 1970s and ’80s



 44

of a multitude of subsystems are scale-invariant in a fundamentally lop-sided manner. Another 

example of lop-sided invariance of scale, offered by Laughlin, concerns the relationship between 

pressure, volume and temperature of a gas such as air:  

 

“The universal number characterizing the dilute gas law is known to an accuracy of one part in a 

million, yet it acquires huge errors in gas samples that are too small, and ceases to be measurable at all 

at the level of a few atoms. The reason for this size sensitivity is that temperature is a statistical 

property […] which requires a large sample to be defined.” (id., pp. 15-16). 

 

   Indeed, the concept of temperature is not only useless as a measure for the agitated state of a system 

on the scale of a singular atom or molecule, it is also meaningless. Laughlin’s statements clearly 

reflect the ideas developed by Anderson in “More Is Different” (1972).  

   Laughlin then goes on to apply these views to phase transitions: “The phases of matter – among 

them the familiar liquid, vapour and solid – are organizational phenomena.” (Laughlin, 2006, p. 34). 

“Phases are a […] well-studied case of emergence … .” (id., p.35). At this point he makes the 

following important observation: “The simplest prototype of emergent exactness, […], is the regularity 

of crystal lattices, the effect ultimately responsible for solid rigidity.” (id., p. 37). And, even more 

profound:  “By far the most important effect of phase transition is to cause objects to exist.”(id., p.42). 

The profoundness lies in the fact that Laughlin’s observations concern everyday things, such as solid 

objects, which are taken for granted by almost anybody.   

  Why are phase transitions abrupt? Laughlin’s answer:  

 

“Since the behavior is exact it cannot change continuously as one varies external conditions such as 

pressure or temperature but can change only abruptly at a phase transition. One unambiguous 

signature of an organizational phenomenon is therefore a sharp phase transition. The transition itself, 

however, is only a symptom. The important thing is not the transition but the emergent exactness that 

necessitates it.” (id., p. 40). 

 

   Laughlin then makes the connection between phase transitions and symmetry breaking:  

 

”The crystalline and super-fluid [and superconductive] phases, […],are specific examples of an 

important abstract idea in physics called spontaneous symmetry breaking. […] The idea of symmetry 

breaking is simple: matter collectively and spontaneously acquires a property or preference not present 

in the underlying rules themselves. For example, when atoms order into a crystal, they acquire 

preferred positions, even though there was nothing preferred about these positions before the crystal 

formed. When a piece of iron becomes magnetic, the magnetism spontaneously selects a direction in 
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which to point.” (id., p. 44; see also Kadanoff (cited in Gleick, 1988, pp. 160-161) and Prigogine 

(1984), Subsection 2.1.2). 

  

   For clarity’s sake a brief side-step seems appropriate here. To understand the changes symmetry 

breaking brings about in the system under investigation it is crucial that we know what the symmetry 

was before the breaking; in other words: what remains invariant under what kind of transformation? 

As we saw before in Subsection 2.1.2, in the case of a block of iron it concerns a set of macroscopic 

properties under a purely theoretical transformation, namely permutation: if we interchange a small 

sample of atoms with another sample of the same size the system as a whole remains unchanged. This 

is an instantiation of permutation or translation symmetry. Obviously more is needed to disturb 

drastically the system’s stability, e.g., radical rearrangement of atoms through crystallization, or 

through magnetization. Thus there are two kinds of transformations: (1) in case of symmetry, leaving 

the system unchanged, and (2) in case of symmetry breaking, radically changing the system (see also 

Subsection 8.2.6). 

  

   To return to Laughlin’s argument above: in metaphorical language he concludes: “These effects […] 

prove that organizational principles can give primitive matter a mind of its own and empower it to 

make decisions.” (Laughlin, 2006, p. 44). Thus: “ …organization can cause laws rather than the 

reverse.” (id., p. 45). 

   The rather slippery concept of “complexity” leads Laughlin to say: “When we say a shape is 

complex we really mean that the physical process by which it is formed is unstable and with a slight 

nudge could have generated one of many different shapes. Similarly, we say a shape is simple if it is 

guaranteed to be formed by a physical process the same way every time, even when nudged fairly 

violently.” (id., p.130). (This description is interesting because it directly relates complexity to 

stability, or rather, the lack thereof. However, we shall see that this relationship is more complicated 

than just that).   

   Finally, a few sweeping statements reflecting Laughlin’s stance with respect to the scientific status 

of the laws of physics and reductionism, undoubtedly quite relevant to the central theme of this book, 

deserve to be mentioned:  

 

“…all physical law we know about has collective origins… .[…] Physical law cannot generally be 

anticipated by pure thought, but must be discovered experimentally, because control of nature is 

achieved only when nature allows this through a principle of organization. One might subtitle this 

thesis the end of reductionism … .[…] [But] I do not wish to impugn reductionism so much as to 

establish its proper place in the grand scheme of things.” (id., p. xv, my italics).  
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   In fact though Laughlin rejects the metaphysics underlying reductionism, witness his claim that “… 

science has now moved from an Age of Reductionism to an Age of Emergence, a time when the 

search for ultimate causes of things shifts from the behavior of parts to the behavior of the collective”. 

[…] “… the dominant paradigm now is organizational.” (id., p. 208).  

 

   Laughlin applies his ideas to a broad range of subjects, such as quantum mechanics, the quantum 

computer, Einstein’s theory of relativity, and the origin and principles of life, which would take us too 

far afield. But the core of Laughlin’s views, as reviewed above, is of crucial importance to my 

argumentation.    

 

   (2) The second case of self-organization concerns an unsolved puzzle in biology, namely the 

question why and how a single species should split into two distinct branches of the evolutionary tree. 

It is the mathematician Ian Stewart who addresses this problem in an article entitled “Self-organization 

in evolution: a mathematical perspective” (Stewart, 2003a). Whereas species formation used to be 

explained primarily as the direct effect of crucial environmental and geographic changes, now the 

focus is on conditions under which speciation occurs in a single interbreeding population of the same 

species, without any dramatic external influences. The fact that almost all articles on speciation in 

Nature and Science in the period 1998-2003 deal with the non-dramatic situation attests to the shift 

away from the traditional view (Stewart, 2003b, p.33).  

   Stewart and his team apply mathematical models to non-dramatic cases of speciation; the result 

indicates that far from being abnormal, speciation is in fact a matter of course. Interestingly, on his 

view, speciation is just an instantiation of the workings of the universal principle of symmetry 

breaking, “the … process that filled the universe with matter, creating subatomic particles, planets, 

sand dunes and – ultimately – humans.” Stewart mentions the classic example of the Bénard instability 

– also discussed by Kadanoff and Prigogine – describing heat flowing through a fluid, a situation that 

occurs all the time in every-day life. At a certain critical temperature the existing order is broken into a 

complex pattern of hexagonal convection cells. The perfect symmetry is reduced to the lesser 

symmetry of a roughly hexagonal lattice (ibid.). 

   But what is the connection between symmetry breaking and non-dramatic speciation? Instead of 

using the commonly applied definition of “same species” as “able to interbreed” biologists are 

revisiting the old, intuitive idea that organisms belong to the same species if they are effectively 

indistinguishable. The degree of similarity can be measured by listing anatomical or behavioural 

features and observing how closely they match. A perfect match is to be understood as an indication 

that individual organisms constitute one species. This is tantamount to symmetry, albeit here it does 

not involve rotations or flips, as is the case with the symmetries of a sphere or hexagon, but 

permutations of individual members which leave the species unaffected. Thus, writes Stewart: “From 

this point of view the definition of a species is that it is symmetric, and speciation is then just a form of 
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symmetry-breaking.” The symmetry that is broken with speciation, i.e., permutation symmetry, 

“…describes how, why and when a given group of symmetries will typically break into subgroups –   

species, in this case.”(ibid.).  

   Non-dramatic speciation, as defined by Stewart, is practically identical to “sympatric” or same-

family speciation, as opposed to “allopatric” or different-family speciation. In the latter some major 

geographical separation splits the population in two, in the former a split occurs without such 

separation (id., p. 34). 

   But what causes the initial sympatric split? 

   A crucial factor, indicated by symmetry breaking models for speciation, seems to be the onset of 

some kind of instability in the population. Stewart defines “instability” here as follows: “…a species is 

called ‘stable’ if small changes in form or behaviour tend to be damped out in subsequent generations. 

It is unstable if they grow out of control as new generations shuffle the genes of their parents and 

natural selection discards combinations that don’t work so well.” (ibid.). Consequently, if a population 

of a particular species of, for example, birds, is subjected to subtle, gradual changes in environmental 

or population pressures, a sudden phase transition from one state to another can be triggered. At that 

point the single-species state may break down, “… so that if by chance a few birds diverge from the 

average phenotype, the divergence grows instead of damping down.” This may be followed by a 

relatively brief period in which interbreeding is still possible, that is, the two new species still 

procreate, but their offspring may be sterile. “The mathematical analysis shows that […] there is a 

collective pressure that rapidly drives the birds into two distinct types that don’t compete directly for 

food.” (ibid). This refutes the traditional argument that the populations ought to evolve in the same 

direction and strongly supports the argument for the regular occurrence of speciation in a uniform, 

interbreeding population. Continuing changes to the environment, for example in the availability of 

resources, may cause a sequence of sympatric splits, which could explain how the original single finch 

species on the Galapagos Islands became 13 (ibid). Stewart admits that this kind of modelling is still in 

its infancy, but is important for its focusing on the role of instability as the driving force behind 

symmetry breaking, which in turn operates as a mechanism for (sympatric) speciation  (id., p. 35).  

   Symmetry breaking puts the issue of species divergence in a new perspective. “…contrary to what 

many textbooks say [sympatric speciation] doesn’t require mutations within the DNA code. The 

population just reshuffles its existing genes into new arrangements.” (ibid.). Thus, this process 

represents a fascinating case of self-organization. Species split and diverge because of an 

unmanageable loss of stability, thereby acquiring a new state of stability that is superior to the 

previous one. (For, as we know by now, symmetry breaking is always the response to imminent 

instability and thus always involves a transition towards a new, more stable state. In this case the 

speciation effectuates a more stable state from the perspective of both new species). Details about the 

actual sequence of events – which gene does what, and in what order – are less important than the 
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behaviour of the whole. These details may seem to be the causes of speciation, actually they are the 

effects of instability (ibid.).
10

 

   Admittedly, Stewart’s outdated morphological definition of biological species deviates from the 

received view on the matter and does not play a central role in current explanations of species 

formation.  But it is for the specific purpose of coming to grips with non-dramatic speciation, here 

discussed, that this theory is revisited by biologists. In that context I consider it an important and 

convincing abductive argument in support of my general assertion about the crucial role of symmetry 

breaking in explaining emergent phenomena. After all, Stewart’s claim about the significance of 

imminent instability as the deeper initial cause of the process of sympatric split remains largely 

unchallenged. Moreover, as the philosopher Batterman (2005) shows, when it comes to explaining and 

predicting certain emergent phenomena, an appeal to older superseded theories is sometimes needed 

and justified in order to fill the explanatory gap that the current, often more fundamental theories leave 

(see also Section 5.7).  

 

   (3) The third remarkable example of self-organization concerns the work of three researchers, two 

ecologists and a high-energy physicist, Geoffrey West of Los Alamos National laboratory in New 

Mexico, and Jim Brown and Brian Enquist, both of the University of New Mexico in Albuquerque 
11

 

(West, et al., (1997). Their particular research topic is the precise mathematical relationship between 

the body mass of the members of a species and, for example, the number of offspring, longevity, 

heart-rate and metabolic rate. These relationships all obey the so-called law of quarter-power scaling: 

longevity increases in proportion to mass raised to the power of one quarter, heart rate at minus a 

quarter power, and metabolic rate – overall energy production – at three-quarters power. Such power-

                                                      

10

 The unabatedly ongoing controversy about what precisely causes speciation to occur dates back to 1972, when 

Niles Eldredge and Stephen Jay Gould published their illustrious article, entitled “Punctuated Equilibria, an 

Alternative to Phyletic Gradualism”. Their theory, fiercely contested by Maynard Smith and Dawkins, states that 

evolutionary change is characterized by short bursts of evolution followed by longer periods of stasis in which 

no change occurs. The controversy lies in the challenge it poses to classical Darwinian accounts of how species 

diverge. This bears on recent research by Mark Pagel, evolutionary biologist at the University of Reading, 

published in Nature, 9 December 2009, entitled “Phylogenies Reveal New Interpretation of Speciation and the 

Red Queen”. Pagel et al. investigated more than a hundred phylogenetic trees and found that new species appear 

to be the consequence of rare random events, such as environmental changes, changes in mating preferences, or 

genetic mutations, rather than of many small changes either adding up or multiplying until they reach a threshold 

of incompatibility. Neither of the latter mainstream explanations fitted the data. On the strength of these findings  

they claim that speciation does not occur due to natural selection but to unpredictable events; natural selection 

only comes into play in the next stage, i.e. adaptation, as a consequence of speciation and does not contribute as 

a cause. Although this view on speciation differs from Stewart’s theory of non-dramatic speciation in that in the 

latter’s model gradual changes in environmental or population pressure figure as parameters, they both point to 

the onset of instability, triggering speciation, as the deeper cause.  Critics of Pagel’s work point out that natural 

selection selects between different mutants and thus has itself a random distribution: so, what’s new? Be this as 

it may, what is indeed new and of importance is the greater and appropriate emphasis put on the role of variation 

alongside selection in the evolutionary process.        

11

 Their work was summarized in an article entitled “Ruling Passions” by Roger Lewin in New Scientist, 3 April 

1999. 
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laws are found in association with all sorts of phenomena throughout the physical world (Lewin, 1999, 

p.35). 

   What is the message this pattern is conveying?  

   The answer lies in the relationship between a species’ body size and its metabolic rate, that is, the 

rate of exchange of energy per unit mass between the organism and its environment. In the early 1930s 

Max Kleiber, an American veterinary scientist, already noticed that species become ever more energy 

efficient as they get bigger; in other words there is a steady fall in the rate of metabolism with 

increasing body size. If energy consumption of organisms, from mouse to elephant, is plotted against 

body mass on a logarithmic scale diagram a straight line emerges with a gradient close to 0.75. This 

three-quarter-power scaling law holds over no less than 27 orders of magnitude; it is true of the 

smallest micro-organism, even of sub-cellular organisms such as mitochondria and molecular 

configurations within mitochondria, as well as the blue whale. If simple geometry ruled these 

processes, the scaling relationship between body mass and metabolic rate would be a two-thirds power 

(reflecting the surface to volume ratio). But organisms use their surface to dissipate the heat produced 

during metabolism, so metabolic rate has to be lower in large species if they are to avoid burning up. 

Thus, nature’s three-quarter power is evidently better than straightforward geometry. The relationship 

does not just hold for animals but also for plants (id., p. 36). 

   It was West who saw the overall consequence of the quarter-power scaling laws, or rather, of their 

mutual coherence. He realized that because lifetime scales up in relation to mass to the one quarter, 

and heart rate decreases by mass to one quarter, the total number of heart beats during the life of an 

animal, large or small, is constant. It is scale-invariant. However, it varies depending on the group to 

which the species belongs; for mammals for example it amounts to about 1.5 billion beats.
12

 This is 

what he calls a “dimensionless number” which points to a very fundamental, general phenomenon. 

The idea occurred to West that what sustains a mammal during its life is the network of tubes, the 

circulatory system that feeds the cells throughout the body. Somehow the quarter-power scaling might 

be related to this network (id., p. 37). 

   Following this insight the researchers then produced a mathematical model that described a network 

of tubes with three properties: (1) the network reaches every part of the organism, because any part of 

an organism deprived of nutrients dies; (2) the diameter of the smallest tubes in the network is 

practically the same across all species, because cell-size is about the same in large and small species; 

and (3) the underlying assumption implies that evolution tends to maximize a species’ efficiency of 

energy consumption as fluids flow through the network. The model integrated network geometry with 
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 In fact humans live considerably longer than the number of heartbeats allows for. This is obviously due to the 

fact that we, other than animals, have been able to find ways of manipulating and controlling our natural 

environment. By applying technology and know-how, acquired through the progress of science, we have hugely 

improved general survival conditions, for example housing, hygiene, health care, etc. This increased our average 

life-expectancy far beyond that of other mammals. Yet this aberration does neither refute the scaling regularities 

discussed above nor the plausibility of a theoretically established amount of heartbeats between one and two 

billion for the other mammals. 
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behaviour of the whole. These details may seem to be the causes of speciation, actually they are the 

effects of instability (ibid.).
10
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formation.  But it is for the specific purpose of coming to grips with non-dramatic speciation, here 

discussed, that this theory is revisited by biologists. In that context I consider it an important and 

convincing abductive argument in support of my general assertion about the crucial role of symmetry 

breaking in explaining emergent phenomena. After all, Stewart’s claim about the significance of 

imminent instability as the deeper initial cause of the process of sympatric split remains largely 

unchallenged. Moreover, as the philosopher Batterman (2005) shows, when it comes to explaining and 

predicting certain emergent phenomena, an appeal to older superseded theories is sometimes needed 

and justified in order to fill the explanatory gap that the current, often more fundamental theories leave 

(see also Section 5.7).  
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11
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 Their work was summarized in an article entitled “Ruling Passions” by Roger Lewin in New Scientist, 3 April 

1999. 
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laws are found in association with all sorts of phenomena throughout the physical world (Lewin, 1999, 
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hydrodynamics. It accurately predicted all the quarter-power scaling properties associated with the 

mammalian cardiovascular system. It also predicted that this network in all organisms is fractal-like: 

in a hierarchy of repeated branching any part of the network looks like any other part, at all scales. A 

fractal-like structure can deliver nutrients to every part of the organism with greater efficiency than 

any other kind of network can (id., p. 38). Because the law of power-scaling remains intact in single 

cells and even in sub-cellular organelles there must be something fractal-like in their energy-

transportation system as well (id., p. 39). 

   West et al claim that “the fractal-like structure effectively creates a fourth dimension of life.” (ibid.). 

This is because as body size increases terminal tubes remain the same size. From the classical 

geometric point of view the surface area of the tubes encloses a volume that scales to the length-cubed. 

But the actual volume of the tubes effectively scales as the fourth power of length. “Through taking 

advantage of the fractal-like structure of resource-distributing networks, natural selection has created a 

fourth spatial dimension, as far as scaling is concerned.” The fractal-like geometry of the nutrient 

supply system provides for optimal energy efficiency. This is because fractals typically maximize the 

surface capacity of a system within a given, naturally imposed three-dimensional space; hence the 

fourth dimension (ibid.; see also Subsection 8.2.3 for further explication).   

   Because of the universality of the Kleiber law, Lewin quotes Brown as saying: “…it looks as if all of 

life has found a way to have absolute optimal scaling, effectively operating in four spatial dimensions, 

reaching the limits of what is possible.”(ibid.). 

 

   (4) The fourth case of self-organization deals with the views of biologist and complexity theorist 

Stuart A. Kauffman, contained in his book Reinventing the Sacred (2008). In this book Kauffman 

makes a very ambitious attempt, without invoking a supernatural Creator, at reconciling science with 

what he calls “the sacred”, characterized by qualities such as creativity, meaning, purposeful action; 

these qualities are to be understood as emergent properties of nature itself. While this topic goes 

beyond the purport of this investigation, the book contains ideas which do indeed bear particular 

relevance to the subject of self-organization in nature (and that evidently serve the purpose of 

supporting Kauffman’s far-reaching claims in regard to nature and the “sacred”). I shall confine 

myself to the passages pertaining to these ideas and associated assertions. 

   Reinventing the Sacred is first and foremost a persistent challenge of reductionism. Just like 

Laughlin, Kauffman considers reductionism alone to be inadequate, not only because it often fails as a 

heuristic strategy, but also because reductionism’s underlying metaphysics is at least questionable. On 

his view emergentism is a far better way of understanding reality and of doing science. Kauffman 

writes: “Emergence is […] a major part of the new scientific worldview. Emergence says that, while 

no laws of physics are violated, life in the biosphere [and] the evolution of the biosphere [… ] are not 

reducible to physics nor explicable from it… .” (Kauffman, 2008, p. x). The second, even more 

important element in this new worldview is what Kauffman calls “the breaking of the Galilean spell” 
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(id., p. xi). The Galilean spell is the faith that all aspects of the natural world can be described by 

universal (Newtonian) laws of motion. The deepest deterministic claim made by reductionism, i.e. that 

all events in the universe are “nothing but” the motion of particles, “…survived even after quantum 

mechanics did away with the determinism of Newton and Einstein.” (id., p. 15). Kauffman’s radically 

different view flies in the face of determinism: Darwinian pre-adaptations – incidental features with no 

selective significance in one environment that can have selective advantages in another environment – 

are not only emergent, they are fundamentally unpredictable. This claim is not just epistemological in 

that we simply lack sufficient knowledge or computational power to predict the future evolution of the 

biosphere. What new functional properties will arise is inherently beyond prediction (id., p. 5).
13

 

However, here the question crops up whether the definition of Darwinian pre-adaptations is adequate 

in those cases where a real adaptation never arises because the right selective environment is absent.   

   According to Kauffman natural selection is epistemologically and ontologically emergent as well: it 

cannot be deduced from underlying physics and it is a “real” phenomenon in the universe (id., p. 34). 

But Kauffman’s claim that biology is not reducible to physics, however important, is not the focal 

point of his argument: he writes “There is […] considerable doubt about the power and sufficiency of 

natural selection as the sole motor of evolution.” To underscore the import of this assertion he refers to 

“…my own efforts to find additional laws of self-organization in Chapter 8.” (id., p. 33). 

   Kauffman uses the example of the heart to make his point: hearts pump blood but also make 

thumping sounds. Yet the function of the heart is to pump blood, not to make thumping sounds. Would 

a physicist be able to deduce the function of the heart? The answer is no: even if he could deduce all 
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 Kauffman points out that this kind of unpredictability is fundamentally different from the unpredictability 

inherent in deterministic chaos (2008, p. 140). A chaotic system with differential equations for at least three 

variables converges in its state space onto an attractor. Once there the system is extremely sensitive to the 

slightest changes in the initial conditions. Since infinite precise knowledge of the initial conditions is 

unattainable the long term future of the system cannot be predicted. However, predicting Darwinian pre-

adaptations is impossible because, contrary to a chaotic system, we do not know all the relevant variables 

beforehand. The space of possible configurations of organic building blocks such as proteins is vastly larger than 

the space of realized proteins. Only a miniscule fraction of the proteins that could possibly be constructed is in 

fact instantiated. There is no way that all possible proteins could arise even just once during the lifetime of the 

universe since the Big Bang  (i.e., 13.7 billion years), given the fact that, for example, a typical protein is a chain 

molecule of about two hundred amino acids long and that there are twenty types of amino acids in biological 

proteins. The total number of possible proteins would amount to 10
260

, an order of magnitude which is 

completely beyond our comprehension. It turns out that it would take 10
67

 repetitions of the entire history of the 

universe to create all possible proteins just once. Thus, according to Kauffman, proteins that come into existence 

are truly unique; they are non-repeating or non-ergodic (id., p. 122). Kauffman’s claim that the emergence of 

new functionalities is a fundamentally random process, that, as opposed to deterministic chaos, is “inherently” 

beyond prediction and that this kind of unpredictability is thus not (just) epistemological but ontological raises 

questions (id., p.5). For this seems at odds with Kauffman’s argument that strongly suggests that the problem is 

due to a lack of computational power. His argument also presupposes that every possible protein is a pre-

adaptation. Is that plausible? Be this as it may, as we shall see in Chapters 4 and 5, this issue bears relevance to 

the emergentist view, strongly endorsed by Kauffman, that beyond a certain threshold of complexity “additional 

laws of self-organization” (read: organizing principles) are becoming predominant over micro-laws, giving rise 

to all kinds of emergent phenomena.  
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the properties of the heart from quantum-theory he would have no way of distinguishing the pumping 

of blood as its function from the thumping. For he would have no grasp of how the function of the 

heart arose by natural selection, not knowing how to analyse the whole organism in its environment 

and to give an evolutionary account of the selection of the heart. Thus, Kauffman concludes, the 

organization of the heart is an emergent phenomenon, irreducible to physics (id., pp. 34-36). 

   In a chapter titled “The Origin of Life” Kauffman presents a striking example of spontaneous self-

organization. It concerns “The Theory of Collectively Autocatalytic Sets” and it describes how 

complex polymer systems spontaneously organize into autocatalytic self-reproducing systems (id., pp. 

60/61/62/66/67/69). It is an example of how self-organization could arise in the pre-biotic world and, 

according to Kauffman, it proves that selection is not the sole source of order in biology; there are 

organizing principles in play as well (id., p. 60). On Kauffman’s view “…order in biology does not 

come from natural selection alone but from a poorly understood marriage of self-organization and 

selection.” (id., p. 101). 

   The theory asserts that when the diversity of molecules in a system and the ratio of reactions to 

molecules rise above a certain threshold “…the emergence of collectively autocatalytic systems 

becomes a near certainty.” (id., p. 60). At this point, in fact a phase transition, suddenly a giant 

catalyzed cluster is formed that signals the almost inevitable emergence of an autocatalytic set, i.e., a 

set of chemical reactions, maintaining circular feedback processes, some of which produce catalysts 

for enough of the other reactions to render the entire set self-sustaining, given an input of energy and 

food molecules (id., p. 66). This holds true for a wide variety of molecular species, reaction types and 

catalytic distributions. In other words, the emergence of such an autocatalytic set can be realized in 

multiple ways, because it is impervious to the kinds of chemicals that might constitute such sets and as 

such transcends any specific physics. Kauffman’s theory has been tested under both very general 

assumptions and in more complex mathematical models with the same result, i.e. the spontaneous 

occurrence of autocatalytic sets. Hence his reference to Laughlin, when he says: “This phase transition 

is emergent, is an organizational law of the Laughlin type, and depends upon mathematics, not 

physics.” (id., p. 62). However, mathematical testing is not enough, it still remains to be demonstrated 

that the theory applies to real molecules. “But”, says Kauffman “we can say at a minimum that it is 

scientifically plausible that life arose from non-life.”. Beyond that he even claims that it is also 

plausible that we will succeed in creating modestly complex self-reproducing chemical non-

equilibrium reaction systems capable of heritable variation and natural selection. “This would be a 

major scientific triumph.”(id., p. 71). This statement underscores the ambition of scientists worldwide, 

mentioned in the Introduction, to ultimately be able to create life experimentally. But Kauffman 

admits that it is not at all sure that this would give us the key to the way life actually originated on 

earth. For “…what we create as simple life […] will be far simpler than current life.” (id., p.46). 

   Kauffman’s approach to the issue of the origin of life is also an important topic in his earlier work At 

Home in the Universe: The search for Laws of Complexity (1995). Here he argues that life arose as a 
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critical transition in a chemical system involving a precisely sufficient number of connections between 

individual components constituting a network. Seen this way it is an all-or-nothing affair: if one or two 

connections are missing, there is no life, but add one or two and life becomes not only possible, but 

inevitable. Of course, the question remains why nature should prefer a precise number of connections 

above any other in order for life to arise. Disregarding the tricky problem how the right concoction of 

the right real raw materials could, under the right set of environmental conditions, have been 

produced, so as to enable the series of necessary interactions to occur, we know from previous case- 

studies that phase transitions always take place at or around exact thresholds of instability. And since 

it concerns a transition towards a markedly higher form of organization, with a larger flow of energy 

through the system, we may safely assume that the principle of symmetry breaking was in play, 

invariably in conjunction with the propensity for stability preservation. Thus Kaufmann’s theory, 

though still considered speculative by critics, fits the emergence of life nicely into the central category 

of complex systems whose behaviour obeys the same universal and unifying principles: life is an 

emergent phenomenon, among a multitude of emergent phenomena, which arose under far-from-

equilibrium conditions. Once in existence, it persisted and demonstrated remarkable perseverance ever 

since. 

   Another astonishing example of self-organization, in a chapter of Reinventing the Sacred, titled “The 

Cycle of Work” (2008, pp. 88-101), concerns the self-propagating organization of processes arising in 

non-equilibrium systems such as cells. Cells have evolved to do work by constraining the release of 

energy that in turn does further work, but also constructs more constraints on the release of energy, 

which, when released does further work, and so on. This self-propagating organization is the core of 

metabolism, called the citric acid cycle, and is billions of years old. It is not deducible from physics. It 

is visible in the development from a fertilized egg through the process of ontogeny (id., pp. 91/94).  

   What’s more, there is, according to Kauffman, tentative evidence that cells may be dynamically 

“critical”, poised between order and chaos, in fact at the edge of chaos. “Critical dynamical systems 

maximize the correlated behaviour of variables in systems of many variables. Also [they] appear to 

maximize the diversity of what they can “do” as they become larger. […] … cells would [then] be 

maximally efficient in carrying out the widest variety of tasks with the maximum total work 

accomplished, given energy resources available.”(id., p.100). These emergent properties of order, 

chaos and criticality, Kauffman claims, are, like autocatalytic sets, independent of specific physics. 

They are based on mathematics and the consequence of organizational principles, which he does not 

specify; but my strong conjecture is that the principles underlying these autocatalytic processes are, 

besides natural selection, symmetry breaking alongside of the propensity for stability preservation. 

This observation anticipates the argumentation in the chapters ahead. 

 

   (5) The fifth case-study concerns a research project undertaken by Nigel Franks, a British population 

biologist and ecologist of high stature who has become famous for his research on ants behaviour, in 
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critical transition in a chemical system involving a precisely sufficient number of connections between 
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connections are missing, there is no life, but add one or two and life becomes not only possible, but 

inevitable. Of course, the question remains why nature should prefer a precise number of connections 

above any other in order for life to arise. Disregarding the tricky problem how the right concoction of 
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chaos and criticality, Kauffman claims, are, like autocatalytic sets, independent of specific physics. 
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   (5) The fifth case-study concerns a research project undertaken by Nigel Franks, a British population 

biologist and ecologist of high stature who has become famous for his research on ants behaviour, in 
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particular army ants (Eciton burchelli). In an article, entitled “Army Ants: A Collective Intelligence” 

(1989) he describes and analyses the super-efficient behaviour of a colony of social insects which 

stands in sharp contrast to the total ignorance of the “overall-plan” that characterizes the individual 

members at the micro-level.  

   According to Franks the solitary army ant is behaviourally one of the least advanced insects. If, for 

example, 100 ants are placed on a flat surface they keep walking around in circles until they die of 

exhaustion. In extremely high numbers, however, they behave totally differently and a remarkable 

pattern of order, efficiency and purpose emerges. Franks points out that: 

 

“A colony of 500.000 Eciton army ants can form a nest of their own bodies that will regulate 

temperature accurately within limits of plus or minus 1 degree C. In a single day, the colony can raid 

200 meters through […] the tropical rainforest, all the while maintaining a steady compass bearing. 

The ants can form super-efficient teams for the purpose of transporting large items of prey.”(Franks, 

1989, p. 139). ”The mystery is how the colony can navigate with each of its workers having […] 

rudimentary eyesight.[…] Each ant has possibly only the slightest directional preference, but through 

tactile signals and trail pheromones these preferences might be collated and amplified through the 

swarm” (id., p. 144). 

 

   Initially just one individual ant may stimulate his neighbour tactually or through pheromonal signals, 

who then in turn affects his neighbour the same way, and so on and so forth, as a result of which the 

“message” propagates with striking speed throughout the colony. Army ants form super-efficient 

teams which are able to transport prey much heavier than each individual ant. Also they operate highly 

efficiently when it comes to colony propagation. In short, in colonies of army ants we see the 

emergence of an astonishing capacity for problem solving far exceeding the capabilities of the 

individual ant, the latter not having the faintest notion of sophisticated nest architecture, foraging 

systems or energy efficiency.  

   How is this possible? 

   The key to this amazing collective behavioural success is communication. Franks remarks:  

 

“[A] single-celled amoeba is arguably more ‘íntelligent’ than any one cell in the human brain. The 

processing power of the human brain is the result of the wiring together of 100 billion neurons, one of 

which alone could not process even the simplest thought. Similarly, problem solving by army ants 

colonies is achieved through communication among some 500,000 workers, each of which has fewer 

than 100,000 neurons.” (id., p. 139). 

 

   Its processing power exhibits a slower speed of communication, due to the fact that the chemical 

messengers (neurotransmitters) between human neurons act thousands of times faster than the 
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chemical messengers (pheromones) that transmit information between ants. Despite this difference the 

communication within the colony is extraordinarily efficient (ibid.). 

   Franks, upholding the view that “…intelligence is an emergent property of collective communication 

[…] [that] involves the rational manipulation of symbolic information.” (ibid.), points out that:  

 

“…army ants pass information from individual to individual through the “writing” and “reading” of 

symbols, often in the form of chemical messengers or trail pheromones, which act as stimuli for 

changing behaviour patterns.” (ibid.). 

 

  Biologists are wary of the notion of “intelligence” which seems to suggest intentionality, but there is 

consensus insofar as all intelligence is deemed to involve the goal-directed manipulation of symbolic 

information.
14

 According to Franks the order and purposeful behaviour of army ants can thus be 

qualified as collective intelligence, a phenomenon that manifests itself as an emergent property of 

collective communication.  

   It is interesting – and shouldn’t come as a surprise – that here, just as in the cases of self-

organization by systems consisting of inanimate matter we discussed earlier, collectivity is playing a 

                                                      

14

 It is a matter of debate among biologists and philosophers of science whether rational behaviour presupposes a 

value-judgement made by the agent. I believe that acting rationally is possible without such a reflection, but that 

depends entirely on the conceptual status of the notion of rationality. I prefer a value-free interpretation which 

merely measures the rationality of behaviour in terms of its effectiveness to the subject, devoid of judgements on 

moral correctness or truthfulness. Whether that also applies to acting intentionally again depends on the 

conceptual substance one wishes to attribute to the notions of intentionality and goal-directedness. But here also 

consciousness comes into play. I propose the following scheme: rationality, in the sense defined above, is the 

overarching concept of which goal-directed and non-goal-directed action are special cases. It follows that all 

goal-directed behaviour is necessarily rational, but the reverse does not hold. Goal-directedness, in turn, 

comprises two distinct versions: conscious intentionality, i.e. the weak interpretation of intentionality, versus 

self-conscious intentionality, the strong version, commonly reserved for humans. Thus, in this scheme goal-

directedness presupposes consciousness, but not self-consciousness. By contrast, non-goal-directed behaviour, 

though rational, is, by definition, not conscious. For example, a butterfly with intimidating colour patterns on its 

wings deterring natural enemies, exhibits, according to the value-free notion, rational behaviour which is 

certainly not intentional, let alone consciously intentional, (Of course, this does not entail that butterflies are 

wholly unconscious of their environment). Interestingly, this example involves one-way traffic, for predators get 

the message loud and clear and will in most cases act accordingly, i.e., fly. Lions, employing a successful 

hunting strategy, act rationally, goal-directed and with conscious intentionality, but their behaviour is decidedly 

not self-consciously intentional. Of course, not all living systems act rationally. But here levels of organization 

come into the picture. For example,as far as ants are concerned, while an individual ant, left to his own devices, 

may be taken to behave neither rationally, nor consciously goal-directed, a colony as a whole certainly does (see 

also further down this section). A moot point in this respect is the role of instinct, innate natural urge, which 

gives organisms that possess it a selective edge, but which seems to be impervious to mental capacities such as 

intentionality,  goal-directedness and free will in their own right. Some biologists and primatologists have 

suggested that humans may have simply been endowed by natural selection with the instinct to reflect on the 

consequences of their actions. In reducing our moral sense to instincts they have elevated the discussion to a 

higher level of abstraction, suggesting that both animals and humans can’t help but follow their evolutionarily 

determined urges whatever they are. It appears that the jury is still out on this issue. 

   The philosopher Colin McGinn (2013,  p.49) evidently endorses the views presented above: “…a great many 

animals can be said to be conscious, and in virtue of relatively primitive brain structures. Thus many species can 

be said to see and hear and smell, and these types of awareness are indicators of consciousness. There is 

certainly no agreement among students of mind and brain that consciousness only arises from the most complex 

brain structures (though perhaps self-consciousness does).” (my italics).  
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crucial role: emergent phenomena, whether it concerns non-living or living systems, only occur under 

the condition of large numbers of entities, in this case army ants.  

   Army ants have evolved to prey on large arthropods that can only be overwhelmed by large numbers 

of ants raiding in concert. (Hence the necessity of large colonies.) Success requires a complex system 

of division of labour which I won’t go into here. Suffice it to say that to avoid raiding areas the colony 

has already depleted, it follows a sophisticated spatial spiral foraging pattern. A raid consists of a 

dense phalanx of up to 200,000 workers who each do not have any knowledge of the architecture of 

the 200 m. long raid as a whole. Computer simulations, based on non-linear equations, have shown 

that the spatial structure of the swarm can be simulated by self-organizing interactions among the ants 

through trail pheromones; these models are a reasonably precise representation of real raids and 

demonstrate how this structure is propagated through the whole system in stages. No central 

coordination is needed, the communication between neighbouring ants suffices (id., p. 140). The 

transportation of prey is another striking example of highly efficient behaviour that does not require 

any central control: through the application of a simple algorithm ants carrying a prey item move at a 

standard removal speed. Helpers join the team until this speed is achieved. The ants are not assigned, 

they select themselves, stimulated by pheromonal and physical interactions (id., pp. 140/142). As the 

colony has to move at least some 30,000 prey items for a distance of 100 m. or more in a single day, it 

faces extremely high transport costs. In order to reduce these costs army ants use a caste of very large 

workers as porters. Army ants appear to apply the economic principle that the costs of transport, 

defined as the energy-cost of moving a unit weight a unit distance, decline with increasing vehicle size 

(id., p. 140).  

   Franks also notes that new colonies are not created by solitary queens but rather by splitting old 

colonies into two. This is because only very large colonies can operate the way described above. This 

allows the workers exceptional control over reproduction and sexual selection. The parental colony 

divides when it reaches an optimal size in terms of maximizing the evolutionary fitness of all colony 

members. Franks explains:  

 

“The largest colonies split to produce two colonies with equal worker populations whose combined 

growth rate just exceeds the potential growth rate of the parent colony. In this way the parental colony 

produces daughter colonies that should themselves most rapidly succeed in producing daughter 

colonies. This strategy serves to maximize the evolutionary fitness of all colony members.” (id., p. 

145). 

 

   From this and earlier mentioned examples of amazingly efficient collective behaviour of a very 

complex, non-linear, self-organizing system that an army ants colony represents, the following can be 

inferred: while emergent properties such as order, purpose and efficiency arise out of the collective 

interactions of the constituent entities of the system, i.e. the individual ants, the system as a whole 

 57

constrains these interactions so as to render them compatible with the “overall plan”. The analogy, as 

far as the latter aspect is concerned, with the behaviour of inanimate complex systems, such as heated 

fluids, is striking. Clearly, four organizational principles are involved here: (1) The energy flow 

through the system and the drive for energy efficiency reflect the propensity for stability preservation. 

(2) The splitting of colonies is a manifestation of the principle of symmetry breaking through a phase 

transition, in response to the onset of instability. The symmetry before the splitting is again an 

instantiation of permutation symmetry, for the exchange of one or more ants with one another has no 

consequences from the perspective of the colony as a whole; in other words, the macroscopic 

properties of the collective are invariant to microscopic permutations. But as a consequence of the 

breaking two new colonies arise with different habitats and hunting grounds, and thus different 

macroscopic features. What’s more, over several generations they may not be capable to interbreed 

any more. (3) Of course, natural selection is involved, with fitness optimization as a consequence. (4) 

Finally, the principle of scaling reveals the otherwise invisible emergent properties of the colony as a 

whole.  

   The fact that Franks ascribes collective intelligence to a colony of social insects does not imply that 

he also attributes conscious intentionality to it. At any rate, I don’t think that his teleological use of 

language should be interpreted that way. Biologists know that, from an evolutionary perspective, 

notions such as the above-mentioned are superfluous. But in the “here and now” they become, as it 

were, a reality which renders such language quite natural. However, it is not as if Franks’ use of the 

term “intelligence” should be interpreted as “as if” intelligence. In fact he characterizes the colony’s 

behaviour as genuinely rational and goal-directed by the scheme explicated in footnote 14. This can be 

inferred from the fact that he defines collective intelligence solely in terms of clearly observable 

behavioural phenomena such as order, efficiency and communication. Be this as it may, there is little 

doubt that none of these phenomena are ontologically reducible to the properties and the behaviour of 

the constituent entities, i.e. the individual ants, their genes, or – even more remote from the relevant 

organizational level – their chemical and physical building blocks, i.e. their constituent molecules, 

atoms or subatomic particles.  

 

   It is interesting to compare Franks’ conclusions with the ideas of the leading British biologist and 

complexity theorist Brian Goodwin who has also studied intensively the behaviour of social insects. 

Though Goodwin approaches the phenomenon of collective intelligence of ants from a different 

perspective, his conclusions show a striking resemblance to Franks’ views, despite the fact that 

Goodwin’s research object is a different species of ant (Goodwin, 1998). Goodwin’s starting point is 

the question whether, on the one hand, an ants colony’s behaviour is just the sum of the activities of its 

individual members, or, put even more strongly – the reductionist’s view – of their genes, or, on the 

other hand, whether the colony is a super-organism whose properties can neither be reduced to nor 

predicted from their constituents. Goodwin, tending to the latter view, puts this example of emergent 
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order in a wider, universal context by referring to the properties of hydrogen and oxygen in 

comparison with the properties of water: while the former are perfectly understood in themselves, 

nobody has as yet succeeded in predicting the properties of the latter from the knowledge of its 

constituent elements. What is needed is a theory of fluids, representing a level of organization above 

that of individual atoms (id., pp. 32-33). 

   As for ant colonies, reductionists like Hamilton and Dawkins hold that the seemingly cooperative 

behaviour of ants we are seeing is just selfish genes exploiting the colony for their own ends. But this 

argument contains a logical and causal gap: it is not genes that interact in a colony, but individual 

organisms. Genes – and even individual ants – alone cannot explain cooperative behaviour.
15

 A level 

of order is missing. Hence Goodwin’s question “What particular form of interaction between ants can 

generate a particular type of collective behaviour?” For the answer Goodwin refers to Blaine Cole, a 

researcher at the University of Houston, Texas, who concluded that isolated individuals demonstrate a 

pattern of activity-inactivity known as deterministic chaos that is impossible to predict. But when the 

density of ants reaches a certain level the group displays a collective activity-inactivity rhythm of 

about half an hour. How can collective order arise from chaotic individuals? It must somehow be the 

effect of the way they interact (id., p. 33). 

                                                      

15

 The philosopher J. Epstein ([1999] 2007, 36-37) argues against this so-called part-whole approach of 

emergence by means of a comparison with the self-organization of another kind of social insects, i.e. the 

bee/beehive structure. Contrary to the typical classical emergentist claim: “No description of the individual bee 

can ever explain the emergent phenomenon of the hive”, he holds that “…it is precisely the adequate description 

of ‘the individual bee’ that explains the hive.” After all, he argues, an adequate description must include the 

bee’s rules for interacting with other bees. The bee’s interacting rules are what make it a bee. According to 

Epstein there is either (i) no emergence because there is no novelty in the so-called emergent pattern compared 

to the ensemble of all individual behaviours, or (ii) everything is emergent, because if you say that the beehive 

“emerges”, the same applies to any outcome of a complete description of a collection of entities. The latter claim 

thus renders itself trivial (see also Huneman (2008), pp. 604-605). 

    This reductionist argument, however plausible it may sound, fails to appreciate the fact that a crucial level of 

order is missing when it comes to explaining and predicting the beehive’s properties from basic behavioural 

rules of the individual bee. A sole description of the way individual bees interact does not help at all because the 

chaotic behaviour of a single bee does not give any clue to the highly efficient overall behaviour of the colony. 

The very point Epstein is missing is that indeed the whole is more than the mere sum of the individual 

interactions, while, at the same time, it is only by virtue of the collective interactions of a large number of bees 

that that “more”, i.e., the ordered pattern, is revealed. Causal underdetermination prohibits us from tracing back 

the systems’ emergent behaviour to the underlying interacting rules, despite the fact that the overall behaviour is 

in part produced as the result of obeying these rules. But the recognition of the latter fact provides no explanation 

at all. The emergent properties of a complex self-organized system such as a beehive are the result of both the 

collective interaction of its constituent members, in this case the bees – upward causation – and the way the 

colony restrains these interactions, or employs other inhibitory feedback mechanisms, through downward 

causation. The former is at best an enabling condition for the behaviour on the beehive’s level, the latter is a 

constitutive condition. To insist that the former, the reductionist explanation could stand alone, is to mistake an 

enabling condition for a constitutive one. And to claim that the whole is no more than just the sum of the 

components is to deny all of these well-established facts. If, following Epstein et al., we define emergence, 

among other things, as a phenomenon that counts as a novelty, and we define a novelty as something that 

distinguishes the whole from the sum of the parts, then there is no doubting that Epstein is wrong on both counts: 

(i) the beehive is an emergent phenomenon, and (ii) this does not at all render the overall behaviour of any set of 

entities emergent, unless a novel property is in play. Clearly, the emergence of a novelty arising from a 

collection of entities appears to be a universal phenomenon, common to both the animate and the inanimate 

world: e.g., fluidity is a property of water which is inherently irreducible to the properties of individual water 

molecules, or – a fortiori – to the properties of the constituent hydrogen and oxygen atoms. 
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   It turns out that active ants may stimulate inactive ants into action when they meet, communicating 

via antennae. Computer models, simulating the behaviour of real ants, suggest that these, though 

behaving chaotically, can generate a collective rhythm throughout a colony through stimulation. 

Goodwin concludes: “This is a clear case of emergent behaviour: it was impossible to predict the 

collective, rhythmic pattern just from a knowledge of the chaotic behaviour of the individuals. […]   

…we worked backwards from an unexplained behaviour of a system to its possible origins within the 

pattern of interaction between the system’s components.” (id., p. 34). (This is also a clear case of 

abduction, a heuristic strategy which will be further discussed in Chapter 6). The rhythmic pattern that 

emerges suddenly above a critical density, corresponding to a precise amount of stimulation, has the 

characteristics of a phase transition, an abrupt change from one state of order to another. Goodwin 

compares this with the sudden appearance of magnetic properties in iron as it cools below a critical 

temperature. In the latter case too the principle of symmetry breaking is in play, following the onset of 

instability, be it under different circumstances than was the case with the army ants. For there it is 

density instead of temperature which is the critical parameter. What began as a group of individuals 

going their own erratic way transforms into global order through activation waves propagating through 

the entire colony. Goodwin refers to Franks et al., who have shown that the collection of ants regulates 

the density of the colony so as to achieve a preferred density which appears to be near the edge of 

chaos. Here we see another example of how a top-down causal mechanism in a complex system – 

whether living or non-living – constrains the interactions between the components at the micro-level in 

the interest of the system as a whole. 

   Goodwin holds that an explanation of these striking emergent phenomena in terms of fitness alone 

does not suffice. He concludes:  

 

“…fitness explanations explain only why a particular pattern of behaviour persists, not how it is 

generated and how difficult or easy it is to produce. This is where the science of complexity and the 

study of emergent phenomena come into play. They bridge a serious gap in evolutionary thinking. In 

the process, they are shifting the emphasis from genes and fitness to emergent order as a primary 

source of evolutionary novelty.” (id., p.35). 

 

   (6) Last, but surely not least, there is the sixth case-study to attend to. It brings us to the symbiotic 

relationship between life and our Earth. All previous case-studies lend support to the idea that the key 

to the emergence of order is the imminence of instability as a system deviates from (thermodynamic) 

equilibrium towards the edge of chaos. This claim gains further credibility by the well-established fact 

that the Earth is itself a self-organized, self-regulating system in a state far from thermodynamic 

equilibrium which it is capable of sustaining itself for billions of years. This idea, widely known now 

as the Gaia hypothesis, was first put forward by the famous British scientist James Lovelock in 1979 

and further developed in his best known work The Ages of Gaia (1988).The Gaia hypothesis, 
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that the Earth is itself a self-organized, self-regulating system in a state far from thermodynamic 

equilibrium which it is capable of sustaining itself for billions of years. This idea, widely known now 

as the Gaia hypothesis, was first put forward by the famous British scientist James Lovelock in 1979 

and further developed in his best known work The Ages of Gaia (1988).The Gaia hypothesis, 
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meanwhile upgraded to the status of a full-fledged theory, has over the years gained general 

acceptance among scientists, despite fierce opposition and undue ridicule from biologists in the 

beginning who, as Lovelock put it, “could not see how organisms might have evolved to behave in a 

way that regulates the planet.” 
16

 (Lovelock, 1988, p. 33). Going into the details would carry us too far. 

Suffice it to point out that Lovelock’s theory further accentuates the credibility of the complexity 

theorists’ claim that emergent behaviour of complex systems – including very large systems such as 

the Earth, or more precisely, its oxygen- and nitrogen-rich atmosphere – , seemingly going against-

the-grain of the second law of thermodynamics, only occurs when they are being maintained in a state 

far from equilibrium. According to Lovelock, life is a part of a self-regulating system that determines 

the physical disposition of the surface of the Earth. His famous  model “Daisy World” showed how the 

Earth, despite the gradual increase of the heat output of the Sun, could maintain a uniform temperature 

for billions of years, through feedback mechanisms that regulated the amount of greenhouse gases 

such as carbon dioxide. Other important feedback effects concern his discovery of how cloud cover 

and biological activity in the oceans are connected. The Earth is thus a complex, self-organizing 

system maintained far from equilibrium by both a flow of solar energy through its atmosphere and 

across its surface, and constraints imposed by inhibitory feedback mechanisms. (This description 

disregards the fact that the Earth is itself a nuclear-power station, generating energy from radioactive, 

unstable isotopes in its core, accountable, among other things, for plate tectonics, volcanism and 

earthquakes; these factors are probably, in their own particular way, relevant to the Earth’s stamina 

and symbiotic relationship with life). I suggest that the relationship between the inanimate Earth and 

its living systems can be considered to be an important example of a hermeneutic circle: while life 

arose some 3,8 billion years ago under a particular coincidence of conditions, among them the far from 

equilibrium, low entropy state as a consequence of the Sun’s heating up the Earth’s surface, life in turn 

evolved to constitute a balancing influence which sustained the low entropy state through an intricate 

pattern of circular causal chains and constraining feedbacks (see Section 4.6 for further explication of 

the notion of a “hermeneutic circle”). Gaia theory predicts that the Earth’s climate and chemical 

composition remain in homeostasis for long periods until a sudden phase transition, following the 

onset of instability due to external or internal influences, drives the planet to a new stable state.
17

 As 

                                                      

16

 The misconception that (sustained) order out of chaos, whether it concerns life or some other self-organizing 

phenomenon, must be a violation of the second law of thermodynamics prevailed throughout the 20
th

 century. 

There were exceptions though. The British physicist J.D.Bernal, in an effort to reconcile the inviolable second 

law with a seemingly incompatible oddity such as life, wrote as early as 1951: “Life is one member of a class of 

phenomena which are open or continuous reaction systems able to decrease their internal entropy at the expense 

of free energy taken from the environment and subsequently rejected in degraded form.” (quoted in Lovelock, 

1988, p. 25). As we shall see in the chapters ahead Bernal ‘s observation turned out to be right on the mark.  

17

 Despite its meanwhile well-established status Gaia theory occasionally meets with sharp criticism. In a fairly 

recent article in New Scientist, entitled “Gaia’s Evil Twin”, the American biologist Peter Ward holds that the 

Earth does not at all behave in conformity with what Lovelock’s theory predicts; he even goes as far as claiming 

that life in fact devastates itself and drives the Earth inexorably towards a state comparable to that of Mars or 

other planets that are devoid of life. His argument in support of these claims are: (i) the constancy of temperature 

abetted by life that Gaia theory predicts is blown out of the water by the study of ancient rocks which show that 
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for entropy, as we know by now, a non-living complex system can generate entropy reduction just as 

well as a living system; but conversely, a living system must generate negative entropy, in order to 

count as being alive. The Earth is interesting in this respect, because it is a special combination of 

interacting animate and inanimate matter.  

   We can now see why and how Lovelock’s theory, meanwhile borne out by sufficient evidence, is a 

powerful argument in support of the central hypothesis of this inquiry. Clearly, in this wonderful 

symbiosis, facilitating a stable, but at the same time far-from-equilibrium state, both hypothesized 

organizing principles, symmetry breaking and the propensity for stability preservation, must have been 

and still are prominently in play. But we owe it to Lovelock’s insight that we can see how this 

symbiosis, a pur sang emergent phenomenon, if ever there was one, is a special case of these 

principles. For it required a shift in perspective, in fact a leap of the imagination by Lovelock, to 

render seemingly obscure things intelligible when seen as coherent features of a symbiosis between 

living and non-living things on Earth.           

 

   2.2.2 Commonalities and differences between the six cases 

What do the cases discussed above have in common and in which respects are they different? This 

subsection, in dealing with that issue, also aims to settle the question why they should be considered 

the most relevant with respect to the central thesis of this book and why in particular the six principles 

derived from them and specified below should make up the initial set of rival principles.      

                                                                                                                                                                      

there have been frequent temperature changes “…caused by the evolution of new kinds of life.” (Ward, 2009, p. 

30) ; rather than a continuum of steady temperatures a run away heating up of the Earth is to be expected in the 

long run, and (ii) life on Earth has repeatedly endured mass extinctions driven by life itself rather than caused by 

extra-terrestrial events (id.,  pp. 30-31).  

   While the facts adduced by Ward are in all likelihood correct it is at least doubtful whether they count as 

convincing arguments against Gaia theory. They are at best trivial, because they do not add anything new. In fact 

arguments concerning frequent (severe) deviations from equilibrium, be it prolonged ice-ages, droughts, periods 

of global warming, or major irreversible transitions such as the relatively sudden oxidation of the atmosphere, 

mass extinctions, episodes of sudden evolutionary development, etc., attest to the validity of Lovelock’s thesis 

that interesting things  only occur in a state far from chemical or thermodynamic equilibrium. It is this state that 

also creates feedbacks which are instrumental in maintaining the Earth’s homeostasis. To the best of my 

knowledge Lovelock has never claimed that even large temperature changes are inconsistent with his theory, 

provided they keep fluctuating around bio-friendly mean values over long periods (which is exactly what they 

have done to this day); nor has he denied that biodiversity could repeatedly drop and that life forms could 

become extinct or be prevented to develop either as a consequence of environmental changes or of Darwinian 

competition for scarce resources between species or of incompatibility between larger classes of animals such as, 

for example, mammals and dinosaurs. Neither does Gaia theory exclude that humans might ultimately wipe out 

themselves and other livestock, nor that on a time scale of billions of years a sudden transition following the 

onset of instability might drive the Earth towards a new stable state. (This is not to say that humanity should be 

unconcerned about the short-run warming up of the atmosphere, presumably as the result of our doings). But 

where is the proof that the (efficient) cause of such a state, whether or not sterile like Mars’s, is life? Even if 

Ward is right in that some life forms are a lethal danger to others and that most mass extinctions are not due to 

extra-terrestrial factors but to “microbial” onslaught, the facts are that life has so far survived all challenges and 

the Earth’s temperature, though fluctuating, has maintained a steady average since life emerged. Finally, to 

depict photosynthesis “as a weapon of mass destruction” rather than as a major step in evolution, exhibiting a 

new state of biological stability that created chances for new oxygen-tolerating and oxygen-consuming life 

forms, is to distort the facts to the extent that it undermines the credibility of the whole of Ward’s argument. In 

short, his argument seems a serious misrepresentation of what Gaia theory pretends and predicts. 
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   Obviously all of the cases have in common that they pertain to complex systems, albeit of wholly 

distinct mass, size, sustainability, behaviour and material composition, across the boundary between 

the animate and inanimate realm. But either the systems themselves, or their properties and behaviour, 

or both, exemplify emergent phenomena, expressing various kinds of pattern formation in space or in 

time. Furthermore, one way or another, in all cases the same six organizational principles stand out 

pre-eminently, i.e., scaling, fractal formation, the tendency in nature to form a hierarchy of 

organizational levels, natural selection, symmetry/symmetry breaking and the propensity for stability 

preservation. Of decisive importance is the fact that these principles prevail to the extent that 

considering other or adding more possible candidates doesn’t yield sufficient surplus value. Thus, they 

justifiably represent the set of rival hypotheses which, in the context of abductive inference, are to be 

subjected to rigorous testing for their particular relevance to emergent pattern formation; regardless of 

the claim made in the central thesis with respect to two of them, this examination aims to objectively 

search for counter-evidence of said relevance of each of them. Only in case of the absence of evidence 

to the contrary can it serve as a substantiation of that claim and of the affirmative conclusion drawn in 

Chapter 12. The analysis, to be implemented in Chapter 8, is not only meant to infer the best 

explanation of the phenomenon of emergence, but should above all provide a plausible explanation in 

its own right (see for further discussion Chapters 3 and 7). As for the methodological aspect, in all six 

case-studies the scientists, although only one of them is a mathematician by profession, approach their 

subject with the aptitude of a mathematician and a statistician; in case-studies two, three, four, five and 

six mathematical modelling turns out to be a highly effective road to understanding emergent features. 

The sixth study, devoted to Gaia theory, is different in that Lovelock was – and still is – a “loner”, 

who, probably on account of the controversial nature of his hypothesis, preferred to work in seclusion; 

his methodology, however, reflected the same aptitude to computational modelling. 

   As said above, the cases differ in that the various objects of study are systems representing entirely 

different scales of size, mass and persistence, and possessing entirely different properties and material 

make-up, only sharing the fact that all of them belong to the general class of complex systems, 

exhibiting emergent features; hence they represent quite different topics within physics, chemistry and 

biology, the scientists involved being physicists, a mathematician, ecologists, biologists and a 

geologist. But they have in common their interest in complex systems. Since complexity is an 

inherently transdisciplinary enterprise it is not surprising that scientists from these diverse disciplines 

joined forces to form teams as the circumstances of their research projects required. What it shows is 

that a systematic search for universal organizing principles is timely and needed.  

   Finally, five of the six cases bear witness to the fact that it is in particular in the life sciences that 

since some time now a strong tendency towards a more holistic or systems-oriented perspective on 

living and prebiotic systems has become manifest.  Therefore it is intriguing to note that a physicist of 

the stature of Laughlin has joined this programme.  
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2.2.3 Convergence in science: multiple discoveries 

This subsection aims to accentuate the importance of discoveries which are the consequence of 

entirely different research programmes, but nonetheless converge to, principally, the same outcome. It 

concerns the work of two contemporary scientists in the study of complexity, engaged in wholly  

distinct disciplines. 

   The first study, performed by the Dutch Spinoza-prize laureate Marten Scheffer, is about the 

behaviour of ecosystems, published in his book Critical Transitions in Nature and Society (2009). The 

other study is in the field of astronomy and concerns the work of the French researcher Jacques Laskar 

and his co-writers of the Observatoire de Paris on the long-term prospect of our solar system (Laskar, 

1994, and Laskar et al., 2004). Again, these studies are all the more interesting because, while they 

concern wholly different kinds of complex systems in different disciplines, they are exemplary of how 

the research of scientists from quite diverse fields within the natural sciences can converge to the same 

fundamental insights. Both ecosystems and solar systems are non-linear, dynamical systems, which, 

following uncontrollable instability, can land in chaos, and at a critical limit, through an abrupt phase 

transition, move to a new state of stability. Sweet-water lakes, one of Scheffer’s research objects, 

appear to oscillate between two states of dynamical order, i.e. the water changes from quite clear to 

highly troubled and back, a phenomenon we shall come across in different contexts in the chapters 

ahead. Both states are transiently stable by dint of feedback mechanisms: water-plants need light and 

thus clear water but in turn they keep the water clear. But phosphorus-rich and nitrogen-rich fertilizer, 

washing in from the land, can pollute the water to the extent that instability sets in and abruptly turns it 

opaque. Scheffer (2009, p. 110) writes: “However, restoration efforts at reducing the nutrient content 

have been puzzlingly unsuccessful in such [mostly shallow] lakes.” Remarkably, a temporary 

reduction of the fish stock may turn the system over to its previous clear state. It appears that there is a 

strong propensity in the system to stabilize these sharply contrasting states through feedback 

mechanisms.  

   The French astronomers have elaborated on a well-known theory, claiming that, contrary to the 

prevailing view in the 19
th

 century, our solar system is neither perfectly predictable nor stable from 

here to eternity; instead it is prone to unpredictability and chaos on a time-scale of some five billion 

years into the future. The underlying factor is the notorious many-body problem which was well-

known to Newton: the gravitational interplay between our Sun and the planets as well as among the 

planets themselves is just too complex to be analysed mathematically, as Poincaré finally confirmed in 

1889. This many-body problem is the hallmark of a chaotic system which, though in principle 

deterministic, is extremely susceptible to even the slightest variations in the initial conditions. And 

since the precise initial conditions are forever beyond our reach all that is left to researchers is to 

approach the problem by means of scenarios with different degrees of probability. The most likely 

scenario predicts some five billion years from the present – with a chance of 1 in 100 – the onset of 

instability and a phase transition at a critical limit in which the system passes through chaos and 
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destruction, so as to to proceed towards a new state of stability. These processes thus occur on a time-

scale of astronomical proportions, far beyond the comprehension of human beings. By contrast, in the 

case of the sweet-water lakes the same processes take place on a time-scale much more 

comprehensible from the human perspective. But that is not to say that the cases are incomparable; on 

the contrary, while they are both examples of totally different complex systems as for scale of mass 

and time, their behaviour obeys the same universal organizational principles, more precisely 

designated in the previous section and in the next chapter. An appeal to fundamental force laws will 

not provide an explanation, despite the fact that somehow an intricate chain of causality exists between 

these laws and the emergent behaviour at the overall system’s level.  

   Scheffer’s approach, whose starting point was to try and reconcile the mathematics describing phase 

transitions of complex systems with the real ecoworld, strongly suggests that he believes in universal 

principles governing the lakes’ flipping between clear and troubled, and that he considers this a special 

case of such general laws or principles. His attempts at applying his theory of abruptly changing 

complex systems to various distinct fields outside ecology further accentuates this belief.
18

 It 

underscores once again that the future is to the formation of multidisciplinary research teams,  

however far removed from one another the involved disciplines  may be.  

   As to the organizing principles that appear to be in play in both studies: convincing evidence that 

imminent instability triggers the phase transitions and that thermodynamical equilibrium is the 

attractor to which both systems (ultimately) converge, seems to point to at least three of them: scaling, 

symmetry breaking and a propensity for stability preservation. This brings us back to the central thesis 

of this inquiry in the next chapter.  

                                                      

18

 The extent of Scheffer’s intuitive belief in something like organizing principles can be inferred from the 

following statements: “Computer simulations show that striking patterns and dynamics may emerge in networks 

of units that individually have very simple rules for responding to each other. This emergent behaviour cannot be 

understood from the properties of the units. It can be observed only if we simulate what happens in the entire 

network.” (Scheffer, 2009, p. 55). And: “The explanation of this generic character [of early warning signals of 

critical transitions] is probably that indeed these transitions are somehow related to bifurcations, where universal 

laws of dynamical systems rule the pattern.” (id., p. 294; my italics). Curiously, while Scheffer rightly notices 

that micro-rules leave an explanatory gap (which indicates the need for an alternative explanation) and even 

explicitly refers to universal higher-order laws ruling the emergent behaviour of complex systems, he apparently 

does not feel the need to pursue this issue any further, even though it might be a rewarding research-project. 

 65

3 

 

Elaborating the central thesis 

 

In the Introduction I presented as my central thesis that only two principles of organization are 

underlying the emergent forms and patterns exhibited by both non-living and living complex systems 

on all conceivable scales of length, mass, size and time: symmetry breaking and the propensity for 

stability preservation. I intend to substantiate this far-reaching claim in the next chapters step by step 

by means of the simultaneous application of two strategies:  

(1) The reduction of  a set of rival hypotheses and corresponding rival candidate-principles by means 

of elimination such that only the most relevant and plausible ones remain; this is in line with the 

heuristic strategy of abduction – also called “inference to the best explanation” – that I deem 

opportune in inquiries such as these. Of course, as Bas van Fraassen points out (1989, p.143):  “…our 

selection may well be the best of a bad lot. So [the best explanation] requires a step beyond the 

comparative judgment that this hypothesis is better than its actual rivals.” This extra, corroborative, 

step, solidifying the belief that the best of the set of hypotheses is at least close to the truth, is taken in 

(2) below. 
19

    

   (2)The integration of seemingly different elements, through establishing analogies and 

commonalities among properties and behaviour of wholly distinct complex systems, into a coherent 

picture, representing a theoretical framework which reveals the relevance, universality and deepest  

meaning of the above principles. Acknowledging and using the explanatory power of analogies in this 

way is another main characteristic of abduction (see also Chapter 6). 

   As for (1): the cases studied by authors discussed in Chapter 2, the ones dating back to the 1960s and 

’70s as well as the contemporary ones, are helpful in that they give clues to the principles that might 

be in play: six principles emerge which appear to be somehow involved in almost all of the reviewed 

cases, viz.:  

Scaling 

Fractal-formation 

The tendency towards an organizational hierarchy 

Natural selection 

The propensity for stability preservation 

Symmetry/symmetry breaking 

                                                      

19

 Van Fraassen may well object that this statement is untenable, given his remark that this kind of reasoning 

“…requires a priori belief that the truth is already more likely to be found in X [the set of rival hypotheses], than 

not.” (Van Fraassen, 1989, p. 143).These objections are well known and quite valid on purely logical grounds. 

However, they also apply to induction, a strategy which as well requires an imaginative leap in order to attain 

new insights that bring us “close to the truth”, but which leap often stems from some a priori belief in the way 

the world has come to have the structure that it has. Abduction, or “inference to the best explanation”, is 

primarily a heuristic strategy, forming part of the theory of inquiry, rather than of logic or justification. I venture 

to say that without this deductively invalid, but methodologically perfectly admissible strategy science would 

come to a grinding halt (see also footnote 50, Chapter 6). 

68

Chapter 2



 64

destruction, so as to to proceed towards a new state of stability. These processes thus occur on a time-

scale of astronomical proportions, far beyond the comprehension of human beings. By contrast, in the 

case of the sweet-water lakes the same processes take place on a time-scale much more 

comprehensible from the human perspective. But that is not to say that the cases are incomparable; on 

the contrary, while they are both examples of totally different complex systems as for scale of mass 

and time, their behaviour obeys the same universal organizational principles, more precisely 

designated in the previous section and in the next chapter. An appeal to fundamental force laws will 

not provide an explanation, despite the fact that somehow an intricate chain of causality exists between 

these laws and the emergent behaviour at the overall system’s level.  

   Scheffer’s approach, whose starting point was to try and reconcile the mathematics describing phase 

transitions of complex systems with the real ecoworld, strongly suggests that he believes in universal 

principles governing the lakes’ flipping between clear and troubled, and that he considers this a special 

case of such general laws or principles. His attempts at applying his theory of abruptly changing 

complex systems to various distinct fields outside ecology further accentuates this belief.
18

 It 

underscores once again that the future is to the formation of multidisciplinary research teams,  

however far removed from one another the involved disciplines  may be.  

   As to the organizing principles that appear to be in play in both studies: convincing evidence that 

imminent instability triggers the phase transitions and that thermodynamical equilibrium is the 

attractor to which both systems (ultimately) converge, seems to point to at least three of them: scaling, 

symmetry breaking and a propensity for stability preservation. This brings us back to the central thesis 

of this inquiry in the next chapter.  

                                                      

18

 The extent of Scheffer’s intuitive belief in something like organizing principles can be inferred from the 

following statements: “Computer simulations show that striking patterns and dynamics may emerge in networks 

of units that individually have very simple rules for responding to each other. This emergent behaviour cannot be 

understood from the properties of the units. It can be observed only if we simulate what happens in the entire 

network.” (Scheffer, 2009, p. 55). And: “The explanation of this generic character [of early warning signals of 

critical transitions] is probably that indeed these transitions are somehow related to bifurcations, where universal 

laws of dynamical systems rule the pattern.” (id., p. 294; my italics). Curiously, while Scheffer rightly notices 

that micro-rules leave an explanatory gap (which indicates the need for an alternative explanation) and even 

explicitly refers to universal higher-order laws ruling the emergent behaviour of complex systems, he apparently 

does not feel the need to pursue this issue any further, even though it might be a rewarding research-project. 

 65

3 

 

Elaborating the central thesis 

 

In the Introduction I presented as my central thesis that only two principles of organization are 

underlying the emergent forms and patterns exhibited by both non-living and living complex systems 

on all conceivable scales of length, mass, size and time: symmetry breaking and the propensity for 

stability preservation. I intend to substantiate this far-reaching claim in the next chapters step by step 

by means of the simultaneous application of two strategies:  

(1) The reduction of  a set of rival hypotheses and corresponding rival candidate-principles by means 

of elimination such that only the most relevant and plausible ones remain; this is in line with the 

heuristic strategy of abduction – also called “inference to the best explanation” – that I deem 

opportune in inquiries such as these. Of course, as Bas van Fraassen points out (1989, p.143):  “…our 

selection may well be the best of a bad lot. So [the best explanation] requires a step beyond the 

comparative judgment that this hypothesis is better than its actual rivals.” This extra, corroborative, 

step, solidifying the belief that the best of the set of hypotheses is at least close to the truth, is taken in 

(2) below. 
19

    

   (2)The integration of seemingly different elements, through establishing analogies and 

commonalities among properties and behaviour of wholly distinct complex systems, into a coherent 

picture, representing a theoretical framework which reveals the relevance, universality and deepest  

meaning of the above principles. Acknowledging and using the explanatory power of analogies in this 

way is another main characteristic of abduction (see also Chapter 6). 

   As for (1): the cases studied by authors discussed in Chapter 2, the ones dating back to the 1960s and 

’70s as well as the contemporary ones, are helpful in that they give clues to the principles that might 

be in play: six principles emerge which appear to be somehow involved in almost all of the reviewed 

cases, viz.:  

Scaling 

Fractal-formation 

The tendency towards an organizational hierarchy 

Natural selection 

The propensity for stability preservation 

Symmetry/symmetry breaking 

                                                      

19

 Van Fraassen may well object that this statement is untenable, given his remark that this kind of reasoning 

“…requires a priori belief that the truth is already more likely to be found in X [the set of rival hypotheses], than 

not.” (Van Fraassen, 1989, p. 143).These objections are well known and quite valid on purely logical grounds. 

However, they also apply to induction, a strategy which as well requires an imaginative leap in order to attain 

new insights that bring us “close to the truth”, but which leap often stems from some a priori belief in the way 

the world has come to have the structure that it has. Abduction, or “inference to the best explanation”, is 

primarily a heuristic strategy, forming part of the theory of inquiry, rather than of logic or justification. I venture 

to say that without this deductively invalid, but methodologically perfectly admissible strategy science would 

come to a grinding halt (see also footnote 50, Chapter 6). 

69



 66

   Indeed, all of the scientists discussed so far, in search of a general theory of emergence and self-

organization transcending the specific cases reviewed by each of them, invoke, either explicitly or 

implicitly, universal organizing principles to that end. Thus, all of them, more or less intuitively, seem 

to presume these principles’ capacity to explain and predict certain future states and properties of 

complex systems, failing the fundamental force laws. However, neither Laughlin nor Kauffman (nor 

Davies, to be discussed later) who refer in the abstract to such principles, appear to have undertaken 

any effort to clearly and precisely identify and designate them. (On the other hand, Ulanowicz,  

(2009), Penrose (2004), Greene (2004) and Icke (1999), also  referred to in the chapters hereafter, have 

paid tribute to symmetry breaking inasmuch as it bears upon the preservation or recovery of stability 

of systems, either ecological or thermodynamical). Furthermore, both Laughlin’s and Kauffman’s 

books discussed in Chapter 2 show that the two concepts, i.e. organizing principles vis-à-vis emergent 

phenomena, are in danger of becoming conflated so as to render them practically indistinguishable as 

clearly defined terms. Finally, no attempt has been made by any of these authors at critically 

examining and assessing the logical and conceptual tenability of a presumed link between principles 

and emergences. As a result this link’s ontological and epistemic status, as well as its methodological 

admissibility have remained obscure. Chapters 4 and 5 aim at clarifying them.  

   With respect to (2), the second strategy mentioned above, it must be stressed that the evidence 

supporting my central thesis, derived from analogies between emergent phenomena exhibited by 

entirely different systems as discussed in the six case-studies,  is partly empirical, namely inasmuch as 

it rests on references to research projects and experiments undertaken by various scientists. Please note 

that “empirical” here includes observationally as well as model-based obtained evidence in support of 

the thesis; I endorse the view that models are not only methodologically fully admissible in science as 

well as in philosophy of science, but have in fact become indispensable, provided they are empirically 

adequate, i.e. agree with the observations and have predictive power.
20

 However, a large portion of the 

evidence supporting the argumentation is non-empirical, i.e. conceptual, since this inquiry is first and 

foremost a philosophical enterprise. This holds true, if only for the fact that interpreting the 

empirically derived analogies as meaningful in the context of this study is a purely conceptual matter. 

 

   So much for the book’s methodological structure at this point. But the claim about the pre-eminence 

of the two hypothesized organizing principles needs some further elaboration in the way of substance.  

   At this stage of the inquiry it is expedient to break down the central thesis into a number of sub-

claims which pertain to the defining properties of both principles. These sub-claims will be further 

dealt with and substantiated in the following chapters.  

 

                                                      

20

 Postulated objects or phenomena need not be directly observable in order to serve as useful models. As 

Hawking and Mlodinow claim (2010, p. 49):, “Quarks, which we […] cannot see, are a model to explain the 

properties of the protons and neutrons in the nucleus of an atom.” In other words”, quarks’ “existence” is 

established indirectly by their behaviour; they are part of a model-based reality. 
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   In regard to the principle of symmetry breaking I shall argue that:  

(i) Symmetry breaking always involves the transition of a system towards a state, either transient or 

sustained, of increased complexity, organization – in terms of either structure or behaviour – and  

stability; broken symmetry is always a more organized as well as a more stable state than the previous, 

more symmetric one.  

(ii) The breaking of symmetry is not an all-or-nothing affair: it is mostly only a reduction of the 

amount of symmetry of a system; for example, an ice-crystal may change its shape from a flat-sided 

hexagon to a six-pointed star, which exhibits still symmetry, but less than before; this phenomenon is 

known as “tip-splitting instability”.  

(iii) Symmetry breaking is always the consequence of, and an adequate response to the onset of 

instability in a system, though not all instabilities trigger off symmetry breaking (for example, the 

transition from ice to water is, as will be clarified in more detail in Chapter 9, the consequence of 

instability, but does not involve symmetry breaking); instability, in turn, is the result of the continuous 

supply of energy (e.g. heat) and/or material to a system, or the lack or deprivation thereof, or of other 

pressures, either generated from without or from within; even the slightest perturbation may, at a 

certain threshold, trigger a phase transition, that is,  the evolution of a system from one phase or state 

to another, e.g. solid � liquid � gaseous (see Section 9.2 for further explanation). Instability is to be 

considered the necessary condition here, while the perturbation counts as the sufficient condition (as 

we shall see later, it may also be conceived as the efficient cause).  

(iv) Symmetry breaking always leads to new phenomena, either patterns of form or of flow, pertaining 

to the behaviour or properties of systems which were absent in the previous state; these phenomena are 

called emergent and are illustrative of the capacity for self-organization of complex systems. Even if 

they are short-lived but recurrent, they are stable in terms of their consistency with respect to 

reiteration and form.  

(v) Emergent phenomena occur when a complex system, containing a multitude of constituent 

subsystems, exhibits novel collective behaviour or properties on the macro-level which cannot be 

derived from the individual components’ behaviour down to the level of elementary particles, any 

more than they can be deduced from the rules governing this behaviour. This cognitive impediment is 

due to the causal underdetermination of the relationship between the two levels: there is somehow a 

chain of causation but its intricacy forbids it to be traced in its entirety.  

 

   Listing the defining characteristics of the other key principle, the propensity for stability 

preservation, will reveal that this principle almost invariably operates in conjunction with the principle 

of symmetry breaking; hence they seem all but inseparable. The two principles, though fundamentally 

different, appear to be operationally closely intertwined to such a degree that it is often difficult to 

clearly distinguish them. I base my claim that the principle of symmetry breaking always operates in 
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of the two hypothesized organizing principles needs some further elaboration in the way of substance.  

   At this stage of the inquiry it is expedient to break down the central thesis into a number of sub-

claims which pertain to the defining properties of both principles. These sub-claims will be further 

dealt with and substantiated in the following chapters.  

 

                                                      

20

 Postulated objects or phenomena need not be directly observable in order to serve as useful models. As 

Hawking and Mlodinow claim (2010, p. 49):, “Quarks, which we […] cannot see, are a model to explain the 

properties of the protons and neutrons in the nucleus of an atom.” In other words”, quarks’ “existence” is 

established indirectly by their behaviour; they are part of a model-based reality. 
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   In regard to the principle of symmetry breaking I shall argue that:  

(i) Symmetry breaking always involves the transition of a system towards a state, either transient or 

sustained, of increased complexity, organization – in terms of either structure or behaviour – and  

stability; broken symmetry is always a more organized as well as a more stable state than the previous, 

more symmetric one.  

(ii) The breaking of symmetry is not an all-or-nothing affair: it is mostly only a reduction of the 

amount of symmetry of a system; for example, an ice-crystal may change its shape from a flat-sided 

hexagon to a six-pointed star, which exhibits still symmetry, but less than before; this phenomenon is 

known as “tip-splitting instability”.  

(iii) Symmetry breaking is always the consequence of, and an adequate response to the onset of 

instability in a system, though not all instabilities trigger off symmetry breaking (for example, the 

transition from ice to water is, as will be clarified in more detail in Chapter 9, the consequence of 

instability, but does not involve symmetry breaking); instability, in turn, is the result of the continuous 

supply of energy (e.g. heat) and/or material to a system, or the lack or deprivation thereof, or of other 

pressures, either generated from without or from within; even the slightest perturbation may, at a 

certain threshold, trigger a phase transition, that is,  the evolution of a system from one phase or state 

to another, e.g. solid � liquid � gaseous (see Section 9.2 for further explanation). Instability is to be 

considered the necessary condition here, while the perturbation counts as the sufficient condition (as 

we shall see later, it may also be conceived as the efficient cause).  

(iv) Symmetry breaking always leads to new phenomena, either patterns of form or of flow, pertaining 

to the behaviour or properties of systems which were absent in the previous state; these phenomena are 

called emergent and are illustrative of the capacity for self-organization of complex systems. Even if 

they are short-lived but recurrent, they are stable in terms of their consistency with respect to 

reiteration and form.  

(v) Emergent phenomena occur when a complex system, containing a multitude of constituent 

subsystems, exhibits novel collective behaviour or properties on the macro-level which cannot be 

derived from the individual components’ behaviour down to the level of elementary particles, any 

more than they can be deduced from the rules governing this behaviour. This cognitive impediment is 

due to the causal underdetermination of the relationship between the two levels: there is somehow a 

chain of causation but its intricacy forbids it to be traced in its entirety.  

 

   Listing the defining characteristics of the other key principle, the propensity for stability 

preservation, will reveal that this principle almost invariably operates in conjunction with the principle 

of symmetry breaking; hence they seem all but inseparable. The two principles, though fundamentally 

different, appear to be operationally closely intertwined to such a degree that it is often difficult to 

clearly distinguish them. I base my claim that the principle of symmetry breaking always operates in 
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tandem with the propensity for stability preservation – though the reverse does not always hold, 

witness the thawing of ice into water – on the following arguments:  

(i) A phase transition towards less symmetry happens because symmetry is an impediment to a state of 

lowest energy consumption and thus to stability. As Anderson (1972, p. 394) observed: “This 

asymmetry [regarding crystals] is a spontaneous effect of the crystal’s seeking its lowest energy 

state.”.  

(ii) Symmetry, when broken, is always reduced to such a degree, neither more nor less, as is required 

by a new state of adequately restored stability of the system in question. (Hence the less symmetric 

ice-crystal formation discussed above). To quote Anderson again (id., p. 395) with regard to a crystal: 

“Symmetrical [and beautiful] as it is, a crystal is less symmetrical than perfect homogeneity.”     

(iii) The transition towards a state of less symmetry, along with increased complexity of a system, or 

the transformation into a wholly new, more complex system, is always the response to a state far from 

thermodynamical, chemical or ecological equilibrium, whether efficiently caused by internal impulses 

or external perturbations. All these processes and states have in common that they turn on stability (or 

the lack thereof), pertain to the energy flows through systems and/or the exchange of energy between 

systems, and are thus the expression of the propensity for stability preservation. 

 

   It may be a matter of debate whether it is symmetry or the absence of symmetry which is the deeper, 

more fundamental principle of the two: each concept can only be understood in the light of the other. 

There is a sense in which both may be deemed equally crucial in terms of their relevance to emergent 

pattern formation: no symmetry breaking without preceding symmetry. In fact, as we have seen above, 

perfect symmetry is an abstraction, a mathematical construct that does not occur in nature. But though 

there are degrees of symmetry and asymmetry in the real world which constitute a gliding scale, the 

two differ fundamentally inasmuch as they bear upon the emergent behaviour of complex systems; 

while symmetry is a constraint on the number of solutions that are physically possible, asymmetry 

allows of freedom, for in principle it gives rise to a wealth of different patterns. It is here that the role 

of mathematics in nature comes to light: for example, a frog embryo’s stomach is initially spherical, 

but will, under the influence of hormonal stimuli induced by the embryo, at a certain point in its 

development, become unstable as a result of which its symmetry will be broken. The symmetry 

reduction makes sense from the organism’s standpoint, as a frog with a spherical stomach would not 

be viable. The destabilizing influences triggering the symmetry breaking are thus to be seen as 

evolutionary adaptations giving the frogs who possess them a crucial selective edge over frogs without 

them. The spherical organ spontaneously takes on a less symmetric, buckled form, but it retains 

circular symmetry about some of the axes. It is not as if anything goes: throwing all the symmetry 

overboard is not an option for it appears there is an algorithm in operation which severely constrains 

the organs’ spatial freedom. But the – reduced – symmetry is imperfect for yet another reason: the real 

organ can’t be other than an unfinished reflection, i.e., a modified version, of the ideal buckled circular 
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model, lest it ruin the organism’s viability prematurely. By the same token the ice-crystal is not a 

perfectly symmetric flat-sided hexagon, but a six-pointed star which retains the hexagonal symmetry 

but is a less symmetric and more stable configuration. Yet, none of the ice-crystals in nature is exactly 

the same, they are all modified versions of the ideal model. So Plato wasn’t too far off the mark when 

he called all observable things adumbrations of an ideal form residing in some otherworldly realm, the 

realm of mathematics. However, actually for many of us the reality is not in that Platonic otherworld, 

and neither is mathematics: the latter may, just like the fundamental laws of nature, be the reflection of 

(self-organizing) natural processes in our universe, rather than reside in some otherworldly domain. In 

fact, for those who reject the transcendent existence of both mathematics and the associated laws of 

nature the former option appears to be the only logically admissible one (see Sections 4.3, 4.4, 12.2 

and 12.3 for further discussion and explication). Eventually it all comes down to the very fundamental 

question that a philosopher, in Plato’s vein, must ask: what makes things alike, and what makes them 

different? 

   Based on this insight I shall also argue that neither the principle of symmetry breaking, nor the 

propensity for stability preservation, or for that matter, none of the organizing principles mentioned 

above is a force or an agent. The paradigmatic example to bring this point home is a pencil balancing 

on its point on a flat surface; it is inherently unstable, and will without exception instantly topple over, 

in the process breaking the symmetry. Kauffman comments (2008, p. 19): 

 

“Before [the pencil] falls, physicists speak of [it] as having full 360-degree symmetry. After it falls in 

some direction, say to the north, it has broken that full 360-degree symmetry of the plane surface. A 

specific direction has emerged.[…] …the broken symmetry creates a new macroscopic condition… .”.  

 

   In this case the initial symmetry is twofold: (1) rotational symmetry: the object remains unchanged 

when rotated about its axis; (2) translational symmetry: with respect to its objective dimensions the 

object remains the same when viewed from various angles around its tip. (Of course this is not 

necessarily the case from the perspective of the observer: if his position changes the object may look 

closer by or further away, thus larger or smaller.) The pencil’s unavoidable immediate fall is not 

caused in any direct sense by the principle of symmetry breaking, but by a purely physical contingent 

influence, either a fractionally lop-sided positioning of the pencil or a slight external disturbance or 

fluctuation. But now a curious phenomenon comes to light: while the physical laws in play here are 

perfectly symmetric, the real-world situation they describe is not: the symmetric equations, referring to 

symmetric overall conditions, may produce an asymmetric solution (see also Anderson, 1972, p. 395, 

cited in Subsection 2.1.2). How can that be? In fact the symmetry, after having been broken, has been 

reduced into one of the numerous states the system can be in; in the case of the pencil a circular 

pattern of directions around its tip. But since only one of them ultimately prevails, the symmetry 

becomes broken, and, in a sense, hidden. The previous symmetric solution requires more energy than 
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the pencil resting on its side, which state is more stable. In the absence of reasons to the contrary it 

may be justifiably claimed that the principle of symmetry breaking operates as a selection principle; it 

does so not only in the case of a pencil falling over, but across the board, as does the propensity for 

stability preservation, creating conditions under which one of a number of possible states is realized.
21

 

This opens the door to linking these principles to emergent phenomena in a particularly subtle manner, 

namely not as an efficient cause, but in the role of formal cause.  

   In the next chapter I shall go more deeply into the nature of the link between organizing principles 

and emergent phenomena, as well as into important aspects of the ontology of both, also in 

comparison to the ontology of physical force laws. This requires the analysis to be raised to a meta-

level which allows a discussion about organizing principles in the abstract, instead of one concentrated 

on one or more principles in particular.  

                                                      

21

 Characterizing these two organizing principles as selection principles must not at all be taken to mean 

invoking a deity, intelligent designer, or some as yet unidentified or supernatural force, any more than is the case 

with calling natural selection a selection principle. Of course, it could be argued that the commonly used term 

“selection” is, in either case, a clear example of teleological language, which is at least ironical, given the fact 

that staunch opponents of ascribing any intention or goal to nature, are using it without batting an eyelid. 
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4 

 

An ontological analysis: “To be or not to be, that is the question” 

 

4.1 Introduction 

This chapter is about the ontological status of both emergent phenomena and organizational principles 

in general. In that context it deals with universals and particulars. Universals represent an abstract 

concept which pertains to properties in general, but also to universal laws and principles, or literary or 

musical compositions, i.e. “things” that exist, but transcend spatiotemporal restrictions. This in 

contrast to their instantiations, i.e. particular things – subsumed under a universal – that exist in space 

and time. In discussing causation this chapter calls on another ancient distinction, viz., Aristotle’s 

fourfold causation typology. All of these notions reside at the core of ontology. 

   This also applies to an important distinction between two different approaches to dynamical natural 

processes as well as to the structural hierarchy in nature, to be further discussed in Section 4.2. The 

one, the synchronic approach, concerns the status quo of systems at one particular point in time, the 

other, the diachronic approach, describes the dynamics of processes with respect to the passage of 

time. The latter perspective, though necessarily in combination with the former, is arguably 

indispensable for describing phase transitions as well as for understanding the underlying symmetry 

breaking, giving rise to emergent phenomena. Obviously both approaches are quite relevant to the 

ontology of the features mentioned in the paragraph above, if only because both of them are needed to 

address the dynamics of systems, possessing particular states or undergoing changes during processes 

towards a new state. Systems, properties of a system inherent in particular states, and processes – as 

explicated further down below – count as “things” that exist in space and time. Ontology, as a branch 

of philosophy, pertains to all that exists, whether or not spatiotemporally bound. But since the 

dynamics of things that exist in space and time, in the sense of complex systems and their behaviour, 

are the central object of study in this book, it stands to reason that an ontological analysis must 

account for the state these existents possess at one specific point in time, as well as for how they 

evolve with time. 

   In Chapter 2 an array of disparate emergent phenomena has passed in review. However different 

they may be, a common feature is that they are observable, either directly or indirectly, while many of 

them are experimentally reproducible, and even measurable. They show robustness and persistence. It 

is therefore reasonable to assume that they possess objectivity, independent of someone observing 

them or having knowledge of them. Still, some further explanation of their real nature seems 

appropriate. 

    For the purpose of this study I shall adopt the following definitions and distinctions, describing 

things that qualify as spatiotemporally bound, i.e., as requiring a location in space and time: (1) 

particulars, i.e., objects (both animate and inanimate things) as opposed to classes, species, etc., (2) 
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things that qualify as spatiotemporally bound, i.e., as requiring a location in space and time: (1) 
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properties and behaviour of some things, i.e., of some particular, and (3) happenings, i.e. events or 

processes. Facts, and properties and behaviour in and of itself,, e.g., red or heavy or tall, or 

aggressiveness (seen as the disposition to be aggressive), or peacefulness, are not spatiotemporal 

(although facts can be about spatiotemporal existents); neither are propositions (not to be equated with 

facts, since they are true because of facts). Note that “behaviour” does not fall under the heading 

“properties”, because the former is the expression of the latter and may be recurrent or transient, while 

the latter are taken to be more persistent (see Carr, 1987).  

   As pointed out above, in this book the focus is primarily on a particular kind of system, viz. complex 

systems. A complex system is to be conceived as a special case of the more general class of “systems” 

which in turn is a special case of the still more general class of “things”. Evidently all of these classes 

contain both animate and inanimate things. But, what is it that makes a “thing” a system in the first 

place? I propose the following definition: a system is a structure, either man-made or natural, of 

connected parts, either material – e.g., a motorcar or a tree – or immaterial – e.g., Beethoven’s 5
th

 

Symphony – by nature. A system is thus a composite by definition and the notion covers all 

imaginable particulars, except elementary particles, that is, quarks and electrons, which are, as far as 

we know now, not composites. But again, my focus in this study is not on systems in general, but on 

the sub-category of complex systems. Bearing that in mind the definition of systems must be further 

narrowed down to complex systems. This will be attended to in more detail in Section 5.3. The 

deliberate consequence of this limited definition is that it facilitates a clear-cut distinction between the 

systems, that is, the bearers of certain emergent properties on the one hand, and these properties and 

the related behaviour on the other. 

   Our research-domain is a class called “emergent phenomena”, whose emergent character either 

originates in complex systems or pertains to properties and the behaviour shared by these systems. 

Therefore we may assume that these phenomena exist, albeit not necessarily as spatiotemporal entities. 

We are thus ontologically committing ourselves to their existence, though not unconditionally, but in a 

presumptive manner. Presuming the existence of the emergent phenomena constituting our domain of 

interest seems all the more justified as most of them may be taken to satisfy the abovementioned 

required conditions for having a spatiotemporal status. As an example may serve the properties and 

behaviour of a system such as a star,  itself an emergent phenomenon (see Section 10.4). This involves 

events or processes such as internal nucleosynthesis, outward radiation pressure during the star’s 

existence, and, in some cases, violent death through a supernova. However, the ontological 

commitment also applies to immaterial systems, such as, for example, Beethoven’s 5
th

 Symphony, 

despite the fact that they do not require a location in space and time. But their instantiations, the 

various local performances, certainly do. 

 

   Organizing principles, to be discussed in Section 4.3, are a different kettle of fish. They do not so 

easily fit this scheme: it is one thing to also ontologically commit ourselves to their existence, and 

 73

quite another to subject them to spatial-temporal strictures.
22

 They are not material by nature and thus 

neither observable nor measurable. But I hold that in the context of an abductive heuristic strategy – to 

be further discussed in Chapter 6 – it is justifiable to postulate organizing principles, that is, to adopt 

the working hypothesis that they exist. This should be taken to mean that their existence is inextricably 

bound up with observable and measurable processes of self-organization in nature. But since they 

cannot be classified as spatiotemporally bound – at least not according to the exhaustive taxonomy 

presented above – it is logically and ontologically untenable to allow them the role of causal power or 

agent, bringing about physical changes in systems or in their properties and behaviour, or, to put it in 

more general terms, physical changes in states of affairs in the real world. However, Aristotle’s  

doctrine of the four essential kinds of causation, i.e., the material, efficient, formal and final cause, 

offers a way out. In his example of the production of a statue the material cause is the stuff that 

constitutes the object; the efficient cause is the artist putting the material elements together so as to 

produce the statue; the formal cause is the blueprint or design determining its ultimate form; and the 

final cause is the larger purpose that is served by the creation of this work of art. How should 

organizing principles be positioned in this scheme? Obviously the role of the material as well as of the 

efficient cause is denied to them. But I shall argue that it is appropriate to assign them the role of 

formal cause of emergent phenomena in the widest sense. Of course, the analogy with the creation of a 

statue is imperfect, for self-organization exhibited by complex systems happens spontaneously, 

definitely not according to an intelligent design. But in the context of this analysis a blueprint may be 

seen as a metaphor for the constraints mathematics imposes upon the freedom of a system to take on 

any form imaginable; there are only a limited number of sustainable physical states or forms a system 

can possess. And since there is no denying the relevance of mathematics to self-organization in nature, 

my assertion that certain organizing principles are particularly relevant to pattern formation on account 

of their role as a formal cause gains in plausibility. (While the distinctions between the causes in cases 

such as the above are clear-cut, in practice the formal and final causes tend to be often conflated; 

therefore, for the sake of conceptual clarity, I wish to stick to the abovementioned definition of formal 

cause, as reinterpreted in the context of this investigation). 

    In Section 4.4 Paul Davies’ views on the metaphysics of fundamental physical laws are discussed, 

in support of my claim that these laws cannot make pretensions to universality any more than 

                                                      

22

 The principle of ontological commitment was first introduced by the American philosopher and logician 

Willard van Orman Quine (1908-2000) in his work Methods of Logic (1952). It does not tell us what things exist, 

but says that to be is to be the value of the variables of our theory, i.e. the class of objects constituting the 

domain of interest, thus determining what things this theory assumes. According to Quine we are ontologically 

committed to the value the variables of our theory must have in order for a properly regimented theory to be true. 

Put in plain language, in the philosophy of language or in metaphysics, an ontological commitment is deemed 

necessary with respect to a proposition in which the existence of one thing is presupposed or implied by 

asserting the existence of another. The secondary entities to which we are ontologically committed are variables 

which do not represent individual objects but are typically sets, classes, universals. In the present case it 

concerns the class of emergent phenomena which constitute our research domain. I should emphasize that I 

apply a much wider interpretation of ontology than does Quine; this is, among other things, in particular due to 

the fact that my ontology acknowledges the existence of immaterial systems. 
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properties and behaviour of some things, i.e., of some particular, and (3) happenings, i.e. events or 
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th

 

Symphony – by nature. A system is thus a composite by definition and the notion covers all 
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   Our research-domain is a class called “emergent phenomena”, whose emergent character either 
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th

 Symphony, 

despite the fact that they do not require a location in space and time. But their instantiations, the 

various local performances, certainly do. 

 

   Organizing principles, to be discussed in Section 4.3, are a different kettle of fish. They do not so 

easily fit this scheme: it is one thing to also ontologically commit ourselves to their existence, and 
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quite another to subject them to spatial-temporal strictures.
22

 They are not material by nature and thus 

neither observable nor measurable. But I hold that in the context of an abductive heuristic strategy – to 
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cause, as reinterpreted in the context of this investigation). 
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organizing principles can. His anthropic ideas about a bio-friendly universe that has an impact on the 

past also lend support to my claim that these principles, as much as the laws of physics, are inherently 

ambiguous and Janus-faced: one face reflects their close association with processes in nature, the other 

represents their being only about these processes in an explanatory and descriptive role. Furthermore 

Davies’ unorthodox views come to the rescue in making this ambiguity less problematic.  

   Section 4.5 compares the methodological approach applied in Section 4.4 to Davies’ anthropic ideas 

in relation to the deeper nature of the laws of nature, with the approach of a skeptic of the anthropic 

principle, viz., Kirschenmann (1992). This is done in order to sharply portray the differences and 

commonalities in approach where it concerns a still debated metaphysical assumption about the origin 

of the universe. 

   The issue of different kinds of causation pertaining to complex systems is further elaborated in 

Section 4.6.  The relevance to emergent pattern formation due to multi-level causation within systems 

is demonstrated by means of a grossly simplified model, which can accommodate entirely different 

types of emergence. The household example of the Bénard instability – earlier mentioned in 

Subsection 2.1.2 and further discussed in Section 4.6 – illustrates how circular self-corrective causal 

relationships and feedback mechanisms are complementarily at work, effectuating the following 

sequence: heating up begets instability, which begets at a certain precisely determined threshold a 

phase transition, induced by the underlying breaking of symmetry, which begets a new stable state, 

equivalent to optimal energy efficiency. This process in turn shows the particular relevance of the 

principle of symmetry breaking and the propensity for stability preservation, operating in conjunction, 

to the emergence of new, emergent patterns. It also substantiates my claim, further elaborated in 

Section 4.7, that these principles can be seen to form part of a hermeneutic circle, an intricate circular 

sequence of causes and effects, in which they figure as formal causes of emergences. It finally shows 

that this process can only be properly described diachronically. 

 

4.2 The synchronic versus the diachronic approach  

In Section 4.1 I argued that the above distinction is a crucial methodological expedient for scientists 

who look at reality from a dynamical perspective, enabling them to explain and predict changes 

occurring with time in the complex systems that are the object of their research. In what follows in this 

section I aim to firmly establish the relevance of this distinction to the ontological analysis undertaken 

in this chapter. 

    As has become clear in the previous chapters complex systems tend to form “nested” hierarchies of 

levels of organization of ever-increasing complexity. A nested hierarchy is commonly conceived as a 

layered whole of interacting levels whose constituent entities are in turn composed of entities 

belonging to the level underneath it. These levels, which I grant a spatiotemporally determined 

ontological status, become manifest on different scales in space and time: electrons/quarks � 

nucleons � atoms � molecules � genes � chromosomes � cells � organisms � multicellular 

 75

organisms � ecosystems � biospheres � planets � stars/solar systems � galaxies � clusters � 

universe; another way to look at the nested hierarchy is to follow up the levels from organisms 

onwards with populations � societies. As pointed out before, there are two perspectives from which 

one can look at reality, which apply in particular to the structural hierarchy in nature, i.e., (i) the 

diachronic approach, describing the chronological order in which the organizational levels came about 

in the course of the evolution of the universe, versus (ii) the synchronic approach which describes the 

levels of organization at one particular point in time, e.g. the present. To put it more generally, just 

side-stepping levels, the diachronic approach deals with the dynamics of processes and the nature of 

their existence as extended in time, and is contrasted with the status-quo of the objects or systems 

undergoing these processes at a well-defined point in time, the latter representing the synchronic 

approach. To return to the levels of organization, constituting the structural hierarchy in nature: while 

the synchronic approach takes these levels as a given, the diachronic approach is concerned with why 

and how they came about.
23

 

   Now, processes such as phase transitions, leading to the emergence of systems of increasing 

complexity exhibiting new behavioural patterns, can, by definition, only be analysed and understood 

diachronically. But for all practical purposes the two approaches are inseparably linked: the diachronic 

picture is always a sequence of synchronic time-slices, representing consecutive states which a system 

possesses, in order that the change from one state to another can be determined and possibly measured.  

   While the diachronic approach thus duly counts systems as well as their properties and behaviour as 

emergent phenomena, it also tends to blur the distinction between the two. After all, the system’s 

properties are what make it the system that it is. Its emergence is always accompanied by the perfectly 

simultaneous emergence of all its initial properties; (“initial” because they may change with time). 

                                                      

23

  There is a distinction, viz., the structural versus the historical approach, which more or less parallels the one 

discussed above, and which bears on another pair of different perspectives from which organizational levels in 

nature can be perceived. This distinction is certainly not equivalent to the synchronic versus the diachronic 

distinction, for “synchronic” is a much wider notion than just “structural”; however, it carries commonalities 

interesting enough to refer to it here. The distinction “structural versus historical” is discussed by James W. 

McAllister in an essay entitled “Historical and Structural Approaches in the Natural and Human Sciences” 

(2002). In the structural approach the world and everything in it is the consequence of constraints and 

regularities, whereas in the historical approach it is the result of contingent historical events or processes 

(McAllister, 2002, p. 20). In fact both approaches are instrumental in understanding how the world has come 

about. Evidently the historical approach requires a diachronic perspective, because it describes the chronological 

order in which phenomena and events occurred. But on closer inspection it is not merely about contingent events 

and processes: as Diedel Kornet points out in her comments on McAllister’s essay, entitled “The Role of Laws 

and Contingency in History” (2002), not all historical events and processes are contingent. Inasmuch as they are 

the instantiations of general laws – McAllister’s structural element – , for example a total solar eclipse, they are 

just as historical and thus spatiotemporally bound as the introduction of the Euro in 2002 which is not an 

instantiation of such a law (Kornet, 2002, pp. 55-57). We shall see that, in line with Kornet’s reasoning, I also 

appeal to historical events which are instances of a general law or rule, in this case organizing principles, in order 

to explain the emergence of various phenomena, a process which primarily draws on the diachronic perspective. 

(See for example Subsection 8.2.2 on The tendency towards an organizational hierarchy and Subsection 8.2.6 

on Symmetry/Symmetry breaking, and Chapter 11 on The arrow of time: a broken symmetry). In fact the 

historical approach, while primarily resting on the diachronic viewpoint, requires the synchronic perspective as 

well, because the causal mechanisms and relationships underlying the events and processes which are 

instantiations of a general law or principle, are usually framed synchronically e.g. in terms such as “If – and only 

if – the sun shines when it rains, a rainbow emerges”, or, “y only if x”. 
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However, it is important to maintain a sharp conceptual distinction between (complex) systems, the 

bearers of properties, on the one hand and their properties on the other. In fact modern logic dictates 

that such distinction be made, i.e, the distinction between predicates, which express a condition or 

property that the entities referred to satisfy, and terms that stand for things or objects. Thus it is 

precisely the fact that the emergence of systems always occurs in conjunction with their properties, a 

process that can only be understood diachronically, that should make us all the more aware of the 

necessity to tell them apart for reasons of conceptual clarity. 

 

4.3 The ontology of organizing principles 

How do organizing principles fit into this scheme? The way they are supposed to govern states of 

affairs in the world is inherently ambiguous. On the one hand they are required and expected to 

correctly describe, explain and predict emergent phenomena where fundamental force laws fail. To 

make this more concrete: organizing principles are indissolubly associated with the concept of self-

organization (to be further discussed in Section 5.2), which is in turn invariably related to systems, in 

fact complex systems. Self-organization, in this book, is taken to be a fundamental property of a 

complex system instead of a property of its constituent individual parts. Thus, the required 

explanations and predictions pertain to the behaviour on the higher-order or macro-level of complex 

systems in general. They are framed in terms of causal and feedback relations between the collective, 

rather than the bilateral, interactions of their constituent parts on the micro-level, and the emergence 

of certain properties on the macro-level. In this capacity organizing principles presumably have ruling 

or governing power over these phenomena, as do fundamental force laws over fundamental entities’ 

interactions.
24

 They transcend the state of “being” of physical systems and processes and thus are not 

themselves spatiotemporal, but are about spatiotemporal “things”. In this respect they appear to be 

similar to the fundamental force laws, at least insofar as we follow the traditional view (which we do 

not necessarily have to do; see below and Section 4.4). On the other hand they differ fundamentally 

from the force laws – at least according to the mainstream view of these laws – in that they may be 

deemed to be an inherent part of the universe in virtue of their link with space and time-bounded 

events and processes. By contrast, the force laws assumedly transcend these processes, while their 

origin remains a mystery. 

                                                      

24

 Ruling and governing are in themselves notoriously ambiguous notions; they seem to suggest that if something 

happens according to a natural rule or law, this rule or law is itself the ruler, enforcing obedience on its own 

authority. At first natural laws only seem to cover phenomena, events and processes in nature in such a way as to 

both explain and predict them, contrary to laws enacted by humans which coercively require people to behave in 

a certain manner. However, on closer inspection natural laws do indeed themselves enforce obedience by virtue 

of their own authority; they simply do not need an enforcer (unless we regard nature as the legitimate ruler), 

whereas human laws need a ruling authority to be enforced. The ambiguity is principally caused by the 

inevitable use of metaphorical language: natural laws in fact do not require or enforce obedience in the sense 

these juridical terms are used in human societies, they just impose stone-hard constraints on our freedom to 

manipulate nature as suits ourselves. But even the latter more neutral terms are not free from metaphorical 

connotations.      
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   It is important to make a distinction between (1) laws, in the sense of immutable necessities in 

nature, and (2) law statements, which are just statements by humans about a certain type of 

“regularities” observed in reality. The mainstream view of fundamental force laws, subsumed under 

laws above, is in fact not much more than a metaphysical claim and as such hardly testable. To 

paraphrase the Oxford Dictionary of Philosophy (2008, p. 206): the phrase “law” suggests the dictate 

or fiat of a lawgiver or enforcer (see also footnote 24 below), which role, at least until the 18
th

 century, 

was by most thinkers ascribed to God. Lacking that authority the notion of law appeared to be reduced 

to just a succession of different events that happen to show regularities. But, as Hume claimed, the 

human mind, contemplating these regularities, selects some as fixed premises and calls them laws. 

Seen this way, they seem to fit neatly the notion of law statements. By contrast, realists would have 

none of this: they consider laws of nature to be real features of the world, describing events that not 

just happen but must do so. Science however has trouble making sense of this necessity. The question 

what kind of things the laws of nature are has been a matter of hot debate between philosophers of 

science since long. Some believe that the laws of physics are not exceptionless regularities, but instead 

are just the abovementioned statements that describe causal powers; this in fact comes down to 

claiming that there are no laws. Commonly only the fundamental laws of physics are deemed to be 

exceptionless and immutable, whereas the laws of the so-called special sciences – i.e. the higher-order 

sciences such as chemistry, biology, geology, economics, sociology, etc. – are considered to be just 

ceteris paribus laws that are only true under implicit or explicit provisos; does this reduce them to law 

statements? The issue will be further discussed in Section 4.4 inasmuch as it is relevant in light of the 

central thesis of this book. At this point, given the complexity of these discussions, it suffices to 

summarize them by means of a categorization of views on the ontology of the laws of nature that seem 

to be central to the debate: (1) laws are just law statements; (2) they are indeed laws, in that they 

describe and predict real features of the world, but are, in turn, to be broken down in three 

subcategories: (2.1)  they are eternal and immutable; (2.2) they originated at some point in time (most 

likely the Big Bang), but are still immutable, and (2.3) they do have a beginning, but are depending on 

self-organizing processes and as such emergent; they are not immutable but evolve with the universe. I 

choose to take the latter position which I find suitably justified by Davies’ proposal to be discussed in 

Section 4.4; (it may be a matter of debate whether laws under view (2.3) are to be considered nothing 

but law statements because they do not satisfy the strict definition of laws mentioned above with 

respect to their being necessarily exceptionless; I choose to still call them laws).  

   The point I wish to make here is that the idea of the fundamental force laws being inherent in nature 

gives cause for a crucial aspect-turnaround: seen in this perspective it is the fundamental force laws 

that arise out of processes of collective self-organization, ruled by principles of organization, rather 

than the other way around. If it weren’t for these processes, these laws would be irrelevant. After all, 

trivial as it may sound, it is hardly imaginable to make sense of laws of nature without a universe in 

which processes of collective self-organization occur which these laws are presumed to describe. In 
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fact, bearing in mind the sometimes still advocated idea of laws residing in a Platonian kind of 

surrealistic realm, this statement isn’t all that trivial. To further substantiate its validity I quote Davies’ 

comment that, contrary to a realm of idealized perfect mathematical laws: “The real universe will be 

subject to real restrictions.”(Davies, 2006, p. 269). For good measure he adds: “Laws of physics that 

appeal to physically impossible operations must be rejected as inapplicable.” (id, p. 270). Laughlin 

(2006, p. xi), in support of the claim about the deficiency of explanatory power of physical laws with 

respect to emergence, voices the aspect-turnaround as follows: “…reliable cause-and-effect 

relationships in the natural world [described by the laws of nature] […] owe this reliability to 

principles of organization, rather than to microscopic rules.” It is this radical reframing of the view of 

the manner in which fundamental laws relate to principles of organization that I intend to pursue 

throughout this inquiry. This particular issue will be further discussed in the next section and in the 

following chapters. 

   Of course, neither principles nor physical laws have themselves mechanical or efficient causal 

powers, and thus they do not have the capacity  to bring direct influence to bear on whatever physical 

entities or systems, in the sense of a physical process of causation. Therefore, organizing principles 

can’t be assigned the role of agent or force. It is not the principles themselves, it is their instantiations, 

i.e. symmetry breakings, bifurcations and energy flows which are the physical, or efficient, causes of 

the emergence of complex systems and the emergent patterns of behaviour of such systems. In fact the 

immediate inducement that triggers a phase transition is often a contingent, slight perturbation or even 

quantum fluctuation which becomes amplified and propagated throughout the system. But at that point 

in time the conditions which enable the disturbance to have this dramatic effect have already been set 

by deeper causes. Rather than as a cause the phase transition itself is to be seen as an accompanying 

phenomenon or symptom. On these grounds I hold that organizing principles are the first link of an 

intricate chain of causes and effects, including formal and efficient causes, representing a hermeneutic 

circle, whose constituting elements can only be understood in the light of the whole and vice versa. 

Similarly, viewed diachronically, the past states of a system can only be understood in the light of the 

present state, the overall history and vice versa. Pursuing this line of thought I propose that organizing 

principles are the formal cause of emergent phenomena, which in turn are the ultimate consequence of 

these principles. Thus, while organizing principles do not themselves form part of physical processes 

in nature, they are, in a profoundly subtle manner, linked to these processes (see Section 4.6 for further 

discussion of circular causal feedback sequences and hermeneutic circles).  

   The difference between fundamental force laws and organizing principles is further accentuated by 

our intuitions about the notion of “principles” as compared with the notion of “laws”: our intuitive 

perception of a “principle” is that it is more directly and actively associated with changes in states of 

affairs in the world than laws which are supposed to only describe and rule changes in these states in a 

detached manner.  However, as we have seen, leading scientists, among them Laughlin, challenge the 

transcendence and universality of fundamental laws. In the same vein Davies has developed 
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provocative ideas supporting this unorthodox view. They may provide a way of coping with the 

apparent ambiguity which characterizes organizing principles as on the one hand transcending 

spatiotemporal limitations and on the other playing the role of formal cause of spatiotemporally bound 

processes. Davies’ ideas are further discussed in Section 4.4; so as to form a clear notion of them the 

metaphysics of the laws of physics and of organizing principles in general are confronted with each 

other. 

 

4.4 The metaphysics of physical laws versus organizing principles 

   The laws of physics, in accordance with the realist’s view (2.1) discussed above, have since the time 

of Isaac Newton been considered to be immutable, strictly deterministic, universal, and eternal, and to 

reside in an abstract realm. On that view they are infinitely precise mathematical rules, transcending 

the physical world, and thus not requiring a spatiotemporal location. On another view these laws were 

presumably “inserted” into the universe from the outside at the time of the Big Bang. 
25

 Though no one 

seems to have the faintest idea what their external source might be, many physicists still stick to this 

view. But the number of dissidents, among them Laughlin and Kauffman, is growing.   

  On Laughlin’s and Kauffman’s views fundamental force laws – presumably with the exception of the 

quantum laws – are emergent phenomena; in addition Laughlin claims that they are the consequence 

of the aggregation of quantum particles into macroscopic systems, which is the reflection of the 

workings of organizing principles. In fact, as we have seen, both authors deny the universal as well as 

the fundamental character of these laws, claiming that their range of applicability is only local. In 

principle this does only apply to laws describing collective phenomena, which implies that an 

exception must be made for the quantum laws; however, there is more to it than just that, and it bears 

directly on the notorious quantum measurement problem. For, as Laughlin points out: “The missing 

idea in the case of quantum measurement is emergence, specifically the principle of symmetry 

breaking required for the apparatus to make sense.[…] For some physicists, such as myself, the 

emergent nature of measurement is obvious… .” (Laughlin, 2006, p. 49). Although Laughlin explicitly 

states that quantum laws – on his view – are deterministic (id., p. 47), he leaves no doubt that he 

considers the result of a quantum measurement to be a collective, emergent phenomenon, by virtue of 

the fact that it is produced by a classical apparatus consisting of an innumerable amount of quantum 

particles (id., pp .49-50; see also Subsection 5.3.1 for further explication, referring to Laughlin’s views 

on the matter). It remains somewhat unclear what precisely, on Laughlin’s view, the status of quantum 

mechanics is supposed to be in this context. But there is no doubt that he refers to the – rather 

                                                      

25

 The underlying metaphysical worldview is that of the physical universe as a causally closed system. This 

requires the laws of physics to be strictly deterministic. But how does a causally closed universe agree with laws 

residing in some other world without invoking a divine creator? Of course, dismissing such divine agent poses 

no problem if and as long as we assume the real world to contain spatiotemporally bound as well as abstract 

entities, which in fact is a much more plausible option. But adopting this view requires us to abandon the notion 

of an exclusively physical universe and to redefine it into a broader, not just physical concept, which may run 

counter to a strictly materialist or physicalist position. 
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controversial – phenomenon of decoherence when invoking the principle of symmetry breaking here. 

(Decoherence concerns the collapse of two or more superimposed, entangled quantum-states into one 

of two or more possible outcomes upon measurement (see for further discussion below and Chapter 

11)). 

   Evidently, the far-reaching claims mentioned above – which I intend to further pursue – fly in the 

face of the received wisdom which maintains that mathematical force laws are universal. According to 

the latter realist’s view (subcategory 2.1 of laws mentioned before) they are universal in virtue of two 

features: (i) they are exceptionlessly valid, that is, no other – also called ceteris paribus – conditions 

are to be met in order to render these laws true; the interactions they describe are time-reversible and 

they operate independently of any particular level of organization; and (ii) they are spatiotemporally 

unbounded, that is, they apply over all times and locations. (It should be noted though that these laws’ 

instantiations, in the sense of real-world events and processes, are wholly historical and thus 

spatiotemporally bounded (see also footnote 23 before)). They are supposed to rule matter’s behaviour 

in general and are the mathematical expression of matter’s interaction, exemplified by the behaviour 

of the entities observed or investigated in the context of a particular research project. The equations 

through which fundamental laws are expressed describe (the properties of) the objects under scrutiny 

under idealized conditions, and refer only to the properties of matter in general. They involve certain 

constants of nature. A universal constant is the result of a measurement of the behaviour of material 

objects, be it quantum particles or stars, which produces the same outcome every time. But as we have 

seen not all physicists stick to the idea of immutable constants on astronomical time-scales, and one of 

them takes the idea even a step further. 

   It is the physicist and complexity theorist Paul Davies who in his book The Goldilocks Enigma: Why 

is the universe just right for life? (2006)
26

 presents a wholly new view on the ontology of the laws of 

physics which comes down to a radical change in perspective. Davies proposes to: “… relinquish the 

notion of immutable, transcendent laws and try to explain the observed behaviour entirely in terms of 

processes occurring within the universe.” (Davies, 2007, p. 32). And he asks: “…what happens if we 

relinquish this idealized Platonic view of the laws of physics?” (Davies, 2006, p. 267). A growing 

minority of scientists has shifted their view of the physical world as a collection of interacting particles 

to one of a comprehensive network of information. On this view the material world is a huge computer 

– the hardware – and the laws of physics are the software, i.e., some sort of algorithm, while the 

mathematics of the laws remains unchanged. Just like every computer’s the universe’s performance to 

process information is limited by the finite speed of its processors and the finite storage capacity of its 

memory. Seth Lloyd of MIT in Cambridge has calculated that the maximum number of bits the 

observable universe can have processed since the Big Bang is 10
120

. This is because limits are imposed 

in two ways: (1) Heisenberg’s uncertainty principle of quantum mechanics requires a minimum time 

                                                      

26

 Davies’s ideas on this topic are summarized in an article entitled “Laying down the Laws” in New Scientist, 30 

June 2007. 
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to process a bit of information, and (2) the storage capacity of the observable universe depends on its 

size that is determined by the maximum distance light with its finite speed can have travelled since the 

Big Bang 13.7 billion years ago. The consequence is that no physical law can be known to be more 

precise than one part in 10
120

. Beyond that the law does not apply any more (Davies, 2007, p. 32). 

Davies points out that for practical purposes Lloyd’s number is more than adequate. For example, the 

law of conservation of electric charge has been tested to (only) about one part in a trillion, still far 

removed from Lloyd’s fundamental limit (id., pp  32-33). 

   Lloyd’s number was 0 at the time of the Big Bang and increases with time. Davies, evidently 

inferring that Lloyd’s number calls into question the universal validity of the laws of physics, as it 

implies changing values of constants with time, goes on to say: “So we are led to a picture in which 

the laws of physics are inherent in the physical universe, and emerge with it. They start out unfocused, 

but rapidly sharpen and zero in on the form we observe today as the universe grows.” (id., p. 33). 

Thus, the initial and enabling conditions, determining the framework within which this process of the 

laws of nature, gradually changing with time, is thought to take place, are two presuppositions, i.e. (1) 

the laws do not reside in some sort of mysterious otherworldly realm but are an integral part of an 

evolving universe, and (2) they are emergent because they only make sense in connection with 

emergent natural processes in the same universe. They seem immutable only on account of the 

extraordinarily long time span between the Big Bang and the present that vastly surpasses the reach of 

human imagination.  

   Underlying Davies’s theory is a sub-discipline known as quantum cosmology. It asserts that since 

we do not know the initial quantum conditions at the birth of the universe, we must reason backwards 

in time from its present state and infer the past. Applying quantum mechanics’ uncertainty principle to 

cosmology implies that there is not a single well-defined historic path that connects the Big Bang to 

the present state of the universe (ibid.). This is analogous to the puzzling superimposed wave and 

particle states of a quantum entity which, due to the process of decoherence, collapse into something 

with either a particle or wave behaviour when observed and measured. Moreover, a delayed-choice 

experiment – first proposed by the theoretical physicist John Wheeler – has shown that it is possible to 

reach backwards in the past. 

   Of course, this experiment does not allow the observer to retroactively change the past nor to send 

information back in time. Even though the process is sometimes called “backward causation” it must 

not be conceived as physical backward causation in the sense that a present event, let alone a thought 

or idea, retroactively changes a state of affairs in the past; if we claim that a certain present state of 

affairs has an effect on the past it means that it allows us to determine, or rather, establish, certain 

conditions that must have prevailed in the (distant) past. In other words it doesn’t involve exerting 

efficient causal powers backwards, it is inferring the past from the present in such a way as to render 

certain facts of the present compatible with the past.(Conceived this way backward causation 

remarkably resembles abductive reasoning, a heuristic strategy that will be discussed in Chapter 6). 
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   In principle this reach-back process could be extended to billions of years, up to the Big Bang. The 

present existence of life and observers, witnessing the bio-friendliness of the universe, has, in the 

sense explicated above, an effect on the past. There is a multiplicity of pathways but not all of them 

are consistent with bio-friendliness. The existence of life can “bring about” the conditions needed for 

life to emerge by reaching back to the past through acts of quantum observation. Cosmic bio-

friendliness is thus the result of a weird quantum post-selection effect that affects the laws of physics. 

But the reverse also applies: “…the bio-friendly universe explains life even as life explains the bio-

friendly universe.” Davies’s very unorthodox thesis makes an appeal to a mutually self-consistent 

explanation of why the laws are what they are (id., p.34). 

   Admittedly, at first sight these ideas seem rather outlandish and speculative. But Davies’ proposal, 

pronouncing the fundamental force laws inherent in our universe and co-evolving with it from the very 

outset, at least rests upon a greater inner logic than the fuzzy metaphysics of these laws’ origin from 

some mysterious source outside our universe. For it is founded upon the quite reasonable assumption, 

provided by the transdisciplinary field of quantum cosmology, that the bio-friendliness of the universe 

must somehow have an effect on the past. In other words, “backward causation”, through the  reach-

back process as described above, reveals the flexibility of the laws of physics over a cosmological 

time span. It seems to me that these considerations render Davies’ views also relevant from a 

philosophical point of view. 

   Of course, testing these ideas and producing experimental evidence for them seems quite a 

challenge.
27

 But Davies believes it can, in principle, be done. Also a team of researchers, including 

Davies, is attempting to place the concepts of quantum post-selection and flexible laws on a sound 

mathematical footing (ibid.). 

   Davies is arguably not the only cosmologist challenging the received wisdom with provocative 

theories. Elements of his view on the ontology of the laws of physics come quite close to Wheeler’s, 

Laughlin’s and other writers’ ideas concerning the emergence of these laws as a consequence or 

reflection of observable and measurable processes in nature. Davies’ central thesis, stating that the 

laws of physics are inherent in the universe opens the door to a way of handling the ambiguity 

problem associated with organizing principles. Indeed, if we follow Davies’ line of thought, we may 

be able to reconcile the notion of these principles transcending physical processes with their residing 

within the realm of nature itself. The ambiguity problem needs not bother us any longer once we 

accept that organizing principles appear to be Janus-faced: they face both ways. And given the fuzzy 

metaphysics of the fundamental laws of physics and the fact that the main questions about their origin 

have hitherto remained unanswered, there is no reason to make higher demands upon organizing 

principles than upon laws in this respect. Therefore, it makes sense to treat both the organizing 
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 83

principles and the laws of physics on equal footing where it concerns the ontological ambiguity. In 

fact Davies’ far-reaching ideas have it in them to be qualified in such a way that the Janus-face we 

ascribed to organizing principles above equally applies to the laws of physics. It would imply that we 

agree that both these laws and the principles transcend self-organizing processes and reside within 

nature itself. Interestingly, the notion of laws being inherent in nature is not new: it is reminiscent of 

and can be seen as a modern interpretation of the Aristotelian belief that universals exist in things (in 

re). But as far as present-day ideas about laws are concerned we must revert to the views on the 

ontology of laws of nature discussed earlier (see Section 4.3). It now becomes clear why I opted for 

perspective (2.3), according to which the laws originated at some point in time (most likely the Big 

Bang), but depend on self-organizing processes, are emergent, non-immutable and evolving with the 

universe. This was my choice because, however unorthodox it may seem, it rests at least on a 

scientifically admissible, and, in principle, testable premises. Moreover, treating both laws and 

principles on equal footing in this respect in fact implies adopting the above view. This becomes 

apparent when we analyse more closely how organizing principles and laws fit into this scheme.  

   What precisely does it mean to say that organizing principles are Janus-faced? On the one hand they 

have the appearance of a causal law framed in terms of intricate circular causal relationships between 

two distinct levels of a complex system, i.e., the collective interactions of its constituent parts at the 

micro-level and the emergence of certain properties at the system’s macro-level, and vice-versa (see 

for further discussion Section 4.6). In this capacity they should provide a satisfactory causal 

explanation of these phenomena, failing the laws of physics. Also, in this sense, by analogy with laws, 

they can be said to rule or govern the emergent behaviour of these systems and to remain unbounded 

by space and time, thus transcending natural processes.    

   On the other hand, they arise from and are intricately interwoven with processes in nature, and, in 

that sense, they do not transcend these processes. The question where they come from has become 

pointless as they are supposed to have evolved with the universe, just like laws in the sense explained 

above. Even so, and again just like laws, they are not themselves part of a process of physical, 

mechanistic causation, but find expression through their instantiations. These are, in this case,  

symmetry breakings, bifurcations, thermodynamic processes, and contingent perturbations, which are 

the efficient cause of changed states of affairs in the world, or more precisely, of changed states of 

complex systems that face imminent instability. Thus, there is no mistaking the fact that only systems, 

through their behaviour on whatever level of organization, effectively bring physical causal powers to 

bear upon one another. But organizing principles, on account of their undeniable relevance to pattern 

formation associated with complex systems, can be justifiably assigned the role of formal cause of 

emergent phenomena in this scheme. Since we choose to treat both the laws of physics and the 

organizing principles on equal footing with regard to their ambiguous ontological status it makes sense 

to take the analogy one step further by also assigning the laws the role of formal cause with respect to 

their particular instantiations. After all, Aristotle’s idea of a formal cause representing the blue print or 
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design of a project such as the construction of a statue can be seen to apply to both principles and 

laws, knowing full well that in the real world of natural processes no designer is needed.   

   In conclusion of the above discussion, Davies’ views may help acknowledging ambiguity as a 

feature inherent in nature that defies strictly logical consistency and coherence, as does the duality of 

the wave-particle character of quantum-entities. 

 

4.5 A comparative analysis of alternative methodological and conceptual approaches  

Davies’ idea about a bio-friendly universe that must have an effect on the past, as discussed above, is 

closely associated with the so-called anthropic principle. During the early 1980s this idea was 

anathema to many scientists who condemned it as “…quasi-religious mumbo jumbo.”(Davies, 2006, 

p. x). But, due to developments in particle physics and cosmology, in particular the study of the very 

early universe, it gradually gained more respect. But there are still skeptics; one is the philosopher 

Peter Kirschenmann (1992) who in an article entitled “Does the anthropic principle live up to 

scientific standards?” calls the principle’s scientific status into doubt.      

   Kirschenmann (id., p. 22) refers to the British astrophysicist B. Carter (who gave the principle its 

name) when defining three varieties, ranging from weak to strong: (i) the general description (AP): 

“…What we can expect to observe must be restricted by the conditions necessary for our presence as 

observers”. (ii) The weak form (WAP): “…We must be prepared to take account of the fact that our 

location in the universe is necessarily privileged to the extent of being compatible with our existence 

as observers”. (iii) The strong form (SAP): “…the Universe (and hence the fundamental parameters on 

which it depends) must be such as to admit the creation of observers within it at some stage”. (Carter 

cited by Kirschenmann).  

   Davies’ idea of “backward causation”, leading up to flexible laws of nature, rests on the strong 

interpretation of the anthropic principle (SAP); this is attested to by the more elaborate discussion on 

the subject in The Goldilocks Enigma. Even so, Davies’ analysis is focused first and foremost on the 

deeper nature of the laws of physics, rather than on a discussion of the scientific status of the anthropic 

principle itself. In fact he invokes the principle merely as a heuristic strategy in which to embed the 

central thesis of his argument, and so do I when referring to his views in this respect. In other words, 

we both take the scientific admissibility of the anthropic principle, in the context of this discussion, as 

a given. However, it seems appropriate to draw a brief meta-comparison between my approach to the 

scientific status of laws versus organizing principles, inasmuch as it appeals to the anthropic principle, 

and a sceptic’s view, in this case Kirschenmann’s. 

   According to Davies (2006, p. 2) the anthropic principle states that  “For life to emerge, and then to 

evolve into conscious beings like ourselves, certain [initial] conditions have to be satisfied.” This 

definition is already much more explicit than the very compact, weak-anthropic interpretation from 

Drees (1990a, p. 81, as cited by Kirschenmann, 1992, p. 38): “What we observe must be compatible 

with our existence.”. Evidently, Davies’ stronger interpretation leads up directly to the point he wishes 
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to make with respect to the laws of nature: “…to meet these various requirements [for life to emerge] 

certain [very] stringent conditions must be satisfied in the underlying laws of physics that regulate the 

universe… .” (Davies, 2006, p. 3). This statement reflects the anthropic idea of a bio-friendly universe 

having retrospectively an effect on the past, as discussed in Section 4.4. It results in his idea of flexible 

laws of nature which, on his view, is the logical consequence of regarding these laws as being inherent 

in an evolving universe: “The laws of physics may not operate with infinite precision, because the 

universe has finite computational power.” (id., p. 293). (The strong version of the anthropic principle 

is, by implication, closely associated with the so-called multiverse theory, which is a pre-eminently 

untestable metaphysical hypothesis, if only for the fact that the other universes, if they exist at all, are 

entirely unavailable for inspection; it carries us too far afield to go into it here).  

   Why is Kirschenmann calling the scientific status of the anthropic principle (AP) into doubt?  

   In line with the received wisdom he points out (1992, p. 24) that any form of criticism presupposes 

that there are general criteria by which to judge the value of a proposed principle. Consequently he 

appears to apply the following criteria: (i) in order to qualify as scientific, the principle must offer an 

adequate causal explanation of how present conditions came about; (ii) it must make testable 

predictions. (These requirements, of course, are the ones commonly imposed on scientific theories in 

general). Criterion (i) also presupposes that scientific explanations contain substantial laws of nature  

(id., p. 40). Interestingly, while most critics attack the anthropic principle for its being just a truism or 

tautology, Kirschenmann focuses his critique primarily on whether it meets the above requirements. 

At the same time he holds that the weak anthropic principle (WAP) is neither a truism, nor a tautology, 

but a self-evident statement (id., p. 21). It stands to reason that the strong version (SAP), whose 

reasoning is by nature synthetic instead of analytic, and which according to Kirschenmann can, in 

principle, produce explanations – albeit very speculative – is a fortiori not considered a tautology.  

   Kirschenmann subsequently rejects the AP as a scientifically valid principle on the ground that it 

does not meet the above requirements (i) and (ii): “The AP is neither a constitutive nor a framework 

principle of scientific theories.” (ibid.). But he doesn’t dismiss it out of hand as entirely valueless 

either, witness the following statements: “…WAP-arguments can undermine claims, rule out or 

weaken hypotheses..[…] In general [they] cannot explain events or traits of the universe; [but] they 

can reduce possible amazement concerning them.” And “[the WAP] can at best heuristically guide one 

to employ arguments in its spirit.” (ibid.).  

   Not surprisingly, advocates of the AP, among them Davies, endorse its scientific value by claiming 

the exact opposite of Kirschenmann’s objections. Particularly relevant in the context of this discussion 

is their claim that the AP yields scientific explanations with respect to the remarkable “fine-tuning” of 

physical quantities of our universe for the emergence and existence of (conscious) life (id., p. 23). An 

especially interesting assertion on that score is made by Barrow and Tipler cited by Kirschenmann 

(id., p. 43), concerning Hoyle’s prediction, made in the 1950s, of the conditions facilitating the 

generation of carbon in stellar evolution, crucial for the emergence of earthly life. Barrow and Tipler 
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claimed that Hoyle’s insightful prediction, later confirmed, was due to the use of anthropic reasoning. 

Kirschenmann however holds that the AP does not add any explanatory force to Hoyle’s argument, for 

his discovery must be entirely attributed to two of the fundamental forces, viz., the strong nuclear 

force and the electromagnetic force. Interestingly, he argues: “As concerns Hoyle’s rather precise and 

testable prediction, it is a conclusion of a common way of arguing from effects, the large quantity of 

carbon in the universe, to possible causes or causally necessary conditions.” (id., p. 43; my italics). 

Clearly, Kirschenmann not only typifies Hoyle’s investigative strategy implicitly as abductive 

inference rather than anthropic reasoning, he also appears to consider it a scientifically admissible and 

valuable method, while denying that status to the anthropic way of thinking. 

   Kirschenmann’s method of inquiry is clear: he starts off with the provocative question “Does the 

anthropic principle live up to scientific standards?”, the negative answer to which, not surprisingly, 

turns out to be his central thesis. Next he sums up a number of prominent advocates, followed by a 

few critics, whose objections concern almost exclusively the AP as being a tautology. He subsequently 

presents a sample of various anthropic arguments, offered by said advocates, and proceeds with a very 

technical discussion about the use of the WAP as an application of  Bayes’ Theorem and the question 

whether the AP is a tautology. This is followed up by a critical analysis of the (deficient) explanatory 

force of the AP and its (deficient) predictive power. Kirschenmann’s  methodological approach to the 

issue of the AP is almost entirely discursive; inasmuch as it is descriptive it refers to scientific 

researches which are not used as empirical evidence to support his thesis – as I have done – but serve 

primarily to theoretically demonstrate and illustrate the explanatory deficiency of the AP. Since his 

inquiry is unquestionably philosophical its argumentation is predominantly of a conceptual and 

theoretical nature.  

   Besides the above methodological differences there are differences in metaphysical worldviews, 

mostly not enunciated. Kirschenmann repeatedly spots metaphysical and speculative hypotheses in the 

AP’s advocates’ arguments but seems oblivious to the fact that he himself entertains untestable 

hypotheses as well; one is the idea that there are precise and objective criteria to judge the scientific 

value of a principle. The criteria he imposes are in fact the rules of conduct, generally adhered to, that 

are applied in order to establish a theory’s empirical adequacy. At first sight it seems quite reasonable 

to also apply them to principles. But it is doubtful whether theories and principles may be treated on 

equal footing in this respect, certainly when it concerns principles that are important in the context of a 

heuristic investigative strategy. This is not to say that these requirements should be given up if said 

principles are involved, on the contrary. But it may well be that, even put to the test this way, they still 

have sufficient explanatory and predictive powers, which, however, must be established in a more 

subtle and qualitative manner than is usually the case with scientific theories. This is all the more 

important given the fact that undoubtedly all proponents of the anthropic principle also require it to be, 

and find it, both explanatory and predictively adequate. Obviously, rather than a straightforward 

imposition of these requirements, the issue here is how to apply them and, more importantly, how to 
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interpret the outcome of this test. (As for criteria for the scientific status of principles, even more 

fundamental, almost dogmatic, is the strict requirement that all scientific statements expose themselves 

to refutation, and, in order to count as minimally scientific, do not rely on an “infallible” source).  

   Another metaphysical hypothesis Kirschenmann is (probably unconsciously) entertaining simply lies 

in his rejection of the AP as a scientifically valid principle,  implying that he endorses just a different, 

equally non-testable and irrefutable idea about how the world has come to be what it is.  

   What lessons should be drawn from the above? Is Kirschenmann’s critique of the AP relevant to my 

investigation, in particular in view of the use I have made of Davies’ unorthodox ideas on the laws of 

physics, based on a rather strong interpretation of the AP? Yes, it is relevant insofar as it is useful to 

take note of the above critique and to realize that the AP is still a matter of debate. Nonetheless, 

bearing in mind the relatively broad support from authoritative scientists and philosophers for it, I 

believe it is acceptable that I transcend this discussion and take the scientific status of the AP as a 

given. Consequently, I consider it equally appropriate to use the views of a prominent advocate of it, 

viz., Davies, inasmuch as they fit the purpose of this book. 

 

4.6 Complex systems and different kinds of causation 

As was indicated above, within a complex system there is an intricate network of causal, circular, or 

feedback relationships at work on distinct organizational levels, that needs attention in order to clarify 

and accentuate the role of organizing principles in this respect. 

   Fig. 1 
28

 shows a highly schematized complex system. It represents a nested hierarchy, comprising 

three layers, namely the system, a collection of subsystems, in the middle, the individual subsystems 

below, and the supersystem above, which contains a multitude of systems. The horizontal arrow 

pointing left and right represents the interaction at the micro-level between subsystems, e.g., charge- 

based particles, ruled by fundamental force laws, or more complex entities. The emergence of the 

system’s particular properties and behaviour, out of the collective interactions of the subsystems, 

denoted by the upward pointing arrow, is to be explained and predicted by organizing principles, 

failing the force laws to do so. The upper downward pointing arrow represents the local facilitation, 

i.e., the way the system’s super-system or environment co-determines the system’s behaviour and 

stability by providing the right boundary and initial conditions, and/or by exerting certain influences, 

e.g. heat supply. The lower downward pointing arrow represents downward causation, through which 

the system constrains the motion of its subsystems. Note that the organizing principles – whichever 

they are – are positioned beside the lower downward pointing arrow. They do not themselves form 

part of these physical causal relationships, but find expression through their instantiations, further 

discussed below. (Note that the right half of the figure serves to demonstrate that each nested level 

contains a multitude of entities).  

                                                      

28

 From Diedel Kornet, 2008, reproduced and adjusted with permission. 
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interpret the outcome of this test. (As for criteria for the scientific status of principles, even more 

fundamental, almost dogmatic, is the strict requirement that all scientific statements expose themselves 

to refutation, and, in order to count as minimally scientific, do not rely on an “infallible” source).  
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physics, based on a rather strong interpretation of the AP? Yes, it is relevant insofar as it is useful to 
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given. Consequently, I consider it equally appropriate to use the views of a prominent advocate of it, 

viz., Davies, inasmuch as they fit the purpose of this book. 

 

4.6 Complex systems and different kinds of causation 
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   Fig. 1 
28

 shows a highly schematized complex system. It represents a nested hierarchy, comprising 
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e.g. heat supply. The lower downward pointing arrow represents downward causation, through which 
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28

 From Diedel Kornet, 2008, reproduced and adjusted with permission. 
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  This greatly schematized model can, in principle, accommodate numerous different kinds of 

emergences. But, as we have seen earlier, processes such as phase transitions, giving rise to emergent 

phenomena, can only be properly described diachronically. For example, the earlier discussed Bénard 

instability, exemplifying a phase transition, would require at least three synthetic time-slices, 

representing three consecutive states of the system in question. Together they constitute a diachronic 

picture, in order that the change from one state to another can be observed and measured. It would fit 

in as follows:  

   (1) Initial state: a contained volume of a fluid, e.g., a flat pan with silicone oil. The constituent parts 

of the system, the individual molecules, represent the subsystems on the micro-level, the collection 

represents the system on the macro-level. 

   (2) Local facilitation and influence: through some external source (belonging to the supersystem, i.e. 

the system’s experimental environment) the liquid is slowly and evenly heated up from underneath (= 

upper downward pointing arrow). It is in a state of near-rest in which the interaction between the 

molecules is ruled by conduction (= horizontal arrow pointing both ways).  

   (3) Phase transition: at a critical threshold value of the parameter – the temperature gradient, i.e. the 

temperature difference between the top and the bottom of the fluid – the state of rest (conduction) 

suddenly transforms into a state of convection in which the molecules interact coherently (horizontal 

arrow) to form a pattern of hexagonal cells. The emergence of these Bénard cells is denoted by the 

upward pointing arrow, reflecting upward causation. The dynamics of the molecules is a necessary 

condition for the existence of the Bénard cells. But it is not a sufficient condition for bringing about 

these cells: the higher-order structure, i.e. the system, governs and constrains the local interactions of 

the fluid components in such a way as to allow the sustained emergence of these cells (see (4)).     
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   (4) Downward causation: The Bénard cells, in fact collectively constituting a new system in and of 

itself, act through a feedback mechanism as a higher-order control mechanism and in the interest of its 

stability, constraining the motion of the fluid elements, i.e. the molecules. The lower downward 

pointing arrow connecting the system with the subsystems represents this causal relationship. The two 

arrows together constitute a loop, already offering a glimpse of a hermeneutic circle. 

   (5) New state of rest: the effect is a radically reorganized system. But the new order may be short- 

lived, because a typical feature of a chaotic, non-linear, non-equilibrium system is a cascade of period-

doublings during which it alternates between order and chaos. The underlying universal organizing 

principle is symmetry breaking, exemplified by the process of phase transition (to be specified next to 

the lower upward pointing arrow); please note that the emergent pattern of the hexagonally shaped 

Bénard cells is not only still symmetric – though less so than the previous conduction state – but is 

also more organized. There are also other organizing principles in play, e.g. scaling – only a large 

collection of molecules allows the Bénard cells to emerge – and the propensity for stability 

preservation, governing the energy flow and exchange through the system, with the environment and 

between subsystems. Of course, the threefold layered model can, according to the level of interest, be 

shifted downward to comprise atoms, constituting molecules, subatomic particles forming atoms, etc. 

But neither the quantum laws nor whichever fundamental physical force law can predict the precise 

moment of the phase transition, or explain why and how the subsystems exhibit this highly-ordered 

collective behaviour.  

 

  Downward causation as a concept is anathema to rigid reductionists. But many first-class scientists, 

among them Stuart Kauffman and the biologist Denis Noble, see this differently. Noble (2006, p.50) 

points out that: “Complicated systems generally tend to regulate themselves by feed-back effects, that 

is, by a process in which higher-level (systems) parameters influence lower-level components.” And 

also: “Upward (reductionist) causation is no more rigorous, nor does it have any greater a claim to be 

scientific [than downward causation].” (ibid.) 

   According to Noble, at the birth of a new organism the higher levels, such as the organism itself, 

organs, tissues and cells, induce and influence actions at the lower levels, i.e., proteins and genes, by 

triggering cell signalling and gene expression. In turn proteins read and interpret gene coding. He 

points out that “Loops of interacting downward and upward causation can be built between all levels 

of biological organization.” (id., p. 51).  

   For a clear comprehension of the concept of downward causation it is crucial to make a distinction 

between bilateral interactions of individual subsystems and the collective of these interactions on the 

micro-level. Both upward and downward causation involve collective interactions. The upward 

causation proceeds from the micro-level  via summation to the macro-level. The downward causation 

runs from the macro-level to the summated interactions on the micro-level. It is to be conceived as the 

response to upward causation, imposing constraints upon the interactions of the subsystems generating 
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the bottom-up causal process. It resembles the feedback process in a thermostat, but it is doing more 

than that. This is because in a natural system there is always a breaking of the symmetry, accompanied 

by a phase transition in which the original state is destroyed and a new state emerges, exhibiting a new 

pattern, such as the Bénard cells do. What is usually implied by downward causation is that certain 

details of the subsystems on the micro-level are irrelevant to the explanation of emergent patterns on 

the system’s level. 

   Kauffman writes: “Downward causation is not mystical, no new forces in physics are called for.” He 

points out that downward causation offers in fact the only plausible explanation for Darwinian pre-

adaptations: “The selective environment, the causal features of the organism plus natural selection 

“cause” the emergence […] of the new function… .” (Kauffman, 2008, p. 136). (Please note the 

quotation marks added by Kauffman to the word “cause”! It remains unclear whether this hints at 

something along the lines of a formal cause; clearly he appears, in some sense, to suggest something 

less mechanical than an efficient cause).  

   Loops or (self-corrective) circuits of causation, typical of complex systems in general, are in 

particular an important feature of living systems. The significance of circular feedback causation with 

regard to the mathematics of non-living systems (i.e. machines) was first explored at the end of World 

War II by Norbert Wiener, an American mathematician. Wiener is seen as the founding father of 

cybernetics, the study of change, feedback and calibration.  

   In Chapter 2 we have seen how the growth of a population of living systems that contains the seeds 

of its self-corrective power, in the way of preserving stability, can either runaway – positive feedback 

– or stagnate – negative feedback – in response to the onset of instability. In a famous paper, entitled 

“Behavior, Purpose and Teleology” (1943), Rosenbluth, Wiener and Bigelow proposed that the 

principle underlying the self-corrective circuit, i.e. the feedback principle, provides possibilities for 

modelling the adaptive actions of organisms. The intricate manner in which these processes are 

connected resembles the way a thermostat operates, stabilizing the temperature in a room within 

narrow limits: in case of an outside temperature drop the thermostat switches the heating on, and off 

again once the temperature in the room has adjusted to the preset value, and so on and so forth.  

   This circular sequence is a perfectly valid causal process. Yet there is something strange going on: 

once a temperature has been set, there is no telling whether the feedback mechanism, i.e. the 

subsequent switching “off” and “on” of the apparatus, responding to the changes in the outside 

temperature, is the demonstrable effect or cause of the regulation of the temperature in the room. In 

philosophical terms such a circular process can be seen as analogous to a hermeneutic or interpretative 

circle, a narrative that views both the whole and the component parts as a text that invites the 

interpreting “reader” to grasp it. In other words: we cannot understand the constituent parts of a 

complex system unless we have a grasp of the whole, whereas we cannot understand the whole until 

we have some understanding of the parts. It seems quite reasonable to suppose that the same holds true 

of the intricate relationship between organizing principles, emergent phenomena on higher-order 

 91

levels of complex systems, and the collective behaviour of these systems’ constituent parts. But as we 

noted before, the circular feedback processes inside complex systems do more than a thermostat. 

Therefore, I wish to ontologize the notion of hermeneutic circle, entailing that I consider these self-

organizing processes to be genuine hermeneutic circles. Thinking along those lines may well provide  

the key to a deeper understanding of the role of organizing principles as an account of emergent 

phenomena. Once we regard them under the aspect of a hermeneutic circle we can reconstruct what’s 

happening in the system as a whole. Practically all constituting elements of such a circle are both 

cause and effect and can only be understood in the light of the other elements and of the system as a 

whole; moreover, the non-linear dynamics of a complex self-organizing system is often multiply 

realizable in the sense that numerous different causal pathways can lead to the same outcome.
29

 The 

                                                      

29

 Downward causation, though still heatedly contested by strict reductionists, among them neuroscientists, has 

over the years been accepted in physics, chemistry, biology and sociology as a common phenomenon with high 

explanatory value. A remarkable exception among his fellows is the neuroscientist Michael Gazanniga who in 

his recent book Who‘s in Charge? Free Will and the Science of the Brain (2011, pp. 137-140) proves himself a 

true champion of downward causation. But he also makes it clear that it is impossible to pronounce either 

upward or downward causation more important. They are complementary. The systems control specialist 

Howard Pattee, referred to by Gazanniga (id., p. 141), illustrates this with the example of the genotype-

phenotype mapping between description and construction:  “It ‘requires the gene to describe the sequence of 

parts forming  enzymes and that description, in turn, requires the enzymes to read the description … In its 

simplest logical form the parts, represented by symbols (codons) are, in part, controlling the construction of the 

whole (enzymes), but the whole is, in part, controlling the identification of the parts (translation) and the 

construction itself (protein synthesis)’ ”. Interestingly, this makes it perfectly clear that the interplay between 

upward and downward causation represents a hermeneutic circle in optima forma.  

   Why are many neuroscientists and reductionist cognitive philosophers dead set against downward causation? 

The short answer is that that they fear that adding downward causation – and with that emergence – to the 

equation would go at the cost of letting the notorious homunculus back in the brain, or, put in more formal terms, 

Descartes’ long-banished body-mind dualism. So it is a hot issue in the ongoing debate about the origin of 

consciousness. It bears in particular upon the question whether this impalpable mental phenomenon is the 

paradigmatic example of emergence or whether it is nothing but a complex whole of brain processes or 

fundamental physical processes. In fact the debate has shifted from the body-mind duality to the brain-mind 

identity doctrine and the question whether or not mental phenomena are nothing but biological phenomena. The 

two views are practically irreconcilable since they are based on radically different metaphysical worldviews (see 

also Gazanniga, 2011, pp. 133-138).  

    But the issue of downward causation stretches much farther than just to the philosophy of mind. It is of 

unquestionable relevance to the central theme of this book. Why should top-down causation be untenable in the 

eyes of reductionist philosophers of science in general? Briefly summarized the argument is twofold: the non-

reductionist, even if he is a materialist, wants the best of two worlds: (1) higher-order causal powers owe their 

existence to lower-ordered causal powers, but (2) are neither identical with nor reducible to the latter. On the 

reductionist view these two are incompatible for they give cause to overdetermination implying that two causes 

are put forward, while just one of them is sufficient for the phenomenon in need of explanation. But downward 

causation is closely associated with the concept of multiple realizability which states that numerous different 

causal pathways can lead to the same outcome. We know by now that this concept is far from implausible: the 

key to understanding both emergence and downward causation is the recognition that there are different levels of 

organization interacting with one another.  And it is exactly this fact upon which hinge Stuart Kaufmann’s and 

Denis Noble’s arguments for downward causation. 

   The notion of multiple realizability, based on the concept of causal pluralism, implies that there are causal 

entities on many different levels of organization. By contrast, causal completeness is the assumption that for 

every event there is one complete causal story that accounts for it; in other words, every effect can, in principle, 

be attributed to a single, clearly identifiable cause. In practice, however, attributing singular causes to events has 

proven highly problematic. 

   Mackie (1974), referred to by Dupré (1996), makes an admirable attempt at deriving universal causal laws 

from relevant causal factors on the structural level at which the common-sense causal connection itself lies. On 

Mackies’ view something is a cause of an effect if it is an insufficient, but non-redundant, thus necessary part of 
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Mackies’ view something is a cause of an effect if it is an insufficient, but non-redundant, thus necessary part of 
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stages of processes may be taken to have not necessarily taken place in the order in which they are 

described.  

 

4.7 The hermeneutic circle as a means to” reframe” causal patterns in complex systems  

The concept of the hermeneutic circle is firmly embedded in the tradition of hermeneutics and was 

originally meant as a heuristic strategy aiming at the interpretation and understanding of texts. But the 

concept has a broader scope of applicability than just that and there are good reasons to apply it to the 

realm of self-organization in nature. 

   It is in fact quite easy to see why a hermeneutic thought process represents a circle: one’s 

understanding of a text – or, for that matter, any complex system – as a whole is attained by reference 

to the individual parts and one’s understanding of each individual part by reference to the whole. 

Neither the whole nor any part can be understood without reference to one another, hence, it represents 

a circle. But this does not stand in the way of interpreting a text or of understanding a system: on the 

contrary, it facilitates such understanding. True, it resembles the well-known but logically deemed 

inadequate line of thought called circular reasoning. But it is nevertheless effective and indispensable 

in cases where circular reasoning is the only valid option in order to reach understanding. Heidegger 

(1927) deserves the credit for further developing the idea of the hermeneutic circle and for clarifying 

why hermeneutics is in fact a circular thought process that can be applied to a reality situated in 

everyday life of the individual. Gadamer (1975) took it another step further by viewing it as an 

iterative process in which a new understanding of a whole system is attained. This is exactly what 

happens with complex systems in which circular causal sequences occur that somehow bring about 

new emergent patterns. Hermeneutic circles form a closed loop, are constituted by a continual 

sequence of adjustments and readjustments and allow of phase transitions towards wholly transformed 

systems. Finally the Finnish philosopher and logician Georg Henrik von Wright’s analytical 

hermeneutics, set out in Explanation and Understanding (1971) and Causality and Determinism 

(1974), deserves attention. He builds a bridge between the Anglo-Saxon world of scientific 

explanation and the German tradition of cultural understanding, which opens the door to using the 

concept of the hermeneutic circle in the context of self-organization in nature.
30

 Von Wright’s theory 

                                                                                                                                                                      

an unnecessary, but sufficient condition (an inus condition) for the occurrence of that effect. For example, the 

death of civilians in an air-raid shelter during bombardment can be seen to be caused by the bombing rather than 

by their presence in the shelter. But if the air-raid shelter had been a military installation, we might attribute their 

death to their presence in such a location. Both putative causes are inus conditions. Note that Mackie more or 

less equalizes conditions with causes, two concepts that are conceptually different, but sometimes difficult to 

distinguish. Be this as it may, this example makes it clear that in reality, on closer inspection, besides the sticky 

problem of attributing true causes to effects, there are almost always more causes in play. And this renders the 

arguments for downward causation, as complementary to upward causation, all the more plausible.      

30

 Georg Henrik von Wright was the successor of Ludwig Wittgenstein at the University of Cambridge. Central 

in his work on analytical hermeneutics is the distinction between the notions of necessary and sufficient 

conditions that “unpack” the notion of causation. The logic of action of von Wright is itself an example of a 

hermeneutic circle, but then one which allows of uncertainty and unpredictability. He distinguishes sufficient 

from necessary conditions in such a way as to form a closed loop. Roughly put, a sufficient condition expresses 
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fits well into Joseph Rouse’s idea of a hermeneutics of practice, not just of understanding practice 

(Rouse, 1987, Ch. 3). Rouse opposes the view that the hermeneutic circle is nothing but a thought 

process, and thus supports my proposal to ontologize it, in the sense that it is a concept whose 

instantiations are phenomena requiring an existence in time and space.  

  “Reframing” the circular causal relationships within complex systems by viewing them as a 

hermeneutic circle, whatever the undue spiritual and woolly connotations, is an effective heuristic 

strategy and thus a fully admissible scientific enterprise. For example, it seems to be the reasoning 

applied by Davies to the mutually self-consistent picture of the bio-friendly universe he portrays in 

Section 4.4. Furthermore, it finds a responsive chord, not only in the works of Kauffman, Noble, and 

Goodwin, but also in Robert Ulanowicz’s book A Third Window (Ulanowicz, 2009). In fact the 

concept of a hermeneutic circle is strongly analogous to the “autocatalytic” processes, advanced by 

these authors, a chain of events, which constitute a closed circuit, and which alternately aid and abet 

each other’s occurrence, thereby keeping the overall process going without any observable external 

supply of energy or material. This may count as an almost unsurpassable case of self-organization. 

The hermeneutic circle is thus not just a noncommittal metaphor, but represents a similarity with real 

processes of self-organization in nature (see also for further discussion Section 5.2 on “Self-

organization: a fuzzy or clear-cut notion?”).        

     

   Other writers, touching upon the concept of hermeneutic circle without explicitly mentioning it are 

Chemero and Silberstein (2007, pp. 21-22). They point out that downward causation, as described 

above in the case of the Bénard instability, “is not a simple matter of feedback mechanism.” In the 

phase transition the original state is destroyed and a new non-equilibrium steady state forms the 

Bénard cells. A feedback mechanism such as the one at work in a thermostat involves a reference-state 

and feed-back regulated set-points in order to effect adjustments. These reference states do not exist 

during the phase transition and new pattern formation in Bénard convection.  

   With regard to dynamical non-linear, self-organizing systems Chemero et al. (2008, p.22) make a 

distinction between efficient and formal causation, a distinction which we have come across 

previously in the introduction to this chapter and which we further dealt with in Sections 4.3 and 4.4. 

                                                                                                                                                                      

the idea that in a given sequence p, q an appearance of p guarantees the concomitant, or future appearance of q, 

(p�q); a necessary condition says that the appearance of q guarantees the concomitant or previous appearance 

of p, (q only if p). The two are not the same and knowledge of one neither implies nor excludes knowledge of the 

other. Thus, sufficient conditions tell us that something is bound to happen; necessary conditions tell us how an 

event is possible. (Von Wright, 1971, pp. 8-9, 1974, pp. 18-22, and p.58). Von Wright also proposes an 

ontological frame: the p’s and q’s stand for “states of affairs” in the world, which allow us to express sequences 

of them, a “history” of the world. (In other words, as I venture to conclude, it makes possible the use of formal 

sentential logic in the context of a diachronic approach, suited and needed to describe processes). Series of  

states of affairs over a time span or their continuance over a time span are “events”. A set of connected  

transitions constitutes a “system”, a fragment of the world’s history ( “system” supposedly to be conceived as a 

network of processes). They are logically independent of each other and may occur or fail to occur in any 

combination. They are also generic, i.e. they may  obtain or not obtain repeatedly (id., pp. 43-44, 1974, pp. 13-

17). 
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They see both types of causation as complementary instead of incompatible, endorsing what is known 

as causal pluralism. On this view Bénard cells are the formal causes of the coherent behaviour of the 

fluid elements, i.e. the molecules, and the fluid elements in turn are one of the efficient causes of the 

cells. Thus, in this context, “formal causation” is tantamount to “downward causation”. Put in more 

general terms: self-organizing patterns emerge out of the collective behaviour of the system’s 

constituents in a particular set of environmental conditions and in turn the freedom of motion of each 

individual element is constrained by the collective behaviour of the system. This represents a clear 

case of a hermeneutic circle. According to Chemero et al. (ibid.), in line with Noble, Kauffman, 

Ulanowicz, and others, “…formal causation by emergent features is a routine property of dynamical 

models: emergent formal causes are modeled as collective control variables.” Thus, in the practice of 

complexity research the relevance of the distinction between efficient and formal causes has already 

been firmly established; but I have taken this insight one crucial step further by granting the 

organizing principles, rather than the emergent phenomena, the role of formal cause in my model. This 

marks a significant difference between Chemero’s and my notion of formal cause.     

   For an artefact such as a machine the purpose or function of feedback mechanisms can be generally 

described, in teleological terms, as to deter the threat of a deviation from the standard. Nature, in 

particular in living systems, sets its own standards and “deters” aberrations itself. This is self-

organization in optima forma.  

   In this last section we have gradually and inadvertently stolen into the grey area between ontology 

and epistemology. In the next chapter we shall further penetrate into the realm of epistemology, 

although even there the distinction will turn out not to be clear-cut.  
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Conceptual, epistemological and methodological issues regarding emergent phenomena 

 

5.1 Introduction 

This chapter deals with fundamental questions regarding the epistemological status of the phenomenon 

of emergence. In this context it also attends to the investigative methods relevant and instrumental to 

obtaining an adequate comprehension of said phenomenon. But first I wish to address in more detail 

some conceptual problems germane to the central topics of this investigation, the notions of self-

organization and complexity, of which there are as yet no generally accepted definitions.   

   Firstly, in Section 5.2 I shall deal with different views on how to define and demarcate self-

organization: does it only arise intrinsically, for example, inasmuch as it concerns organisms, by a 

genetically, hormonally or otherwise internally pre-programmed impulse? This is a strict definition 

applied by some prominent biologists, who only looked at organic systems. Or can the transition 

towards a new, less symmetric, higher organized, and more stable state be triggered by an influence 

from within as well as from without, irrespective of whether it concerns an organic or inorganic 

system? I shall argue in favour of the latter, broader interpretation, which is consistent with my belief 

that nature is a continuum in which there is no strict dividing line to be drawn between the non-living 

and the living world. In addition I hold, on account of analogies derived from examples of self-

organization in and by living and non-living systems reviewed in Section 5.2, that it is the onset of 

instability that in both realms triggers the emergent asymmetric pattern. I take this to be an expression 

of organizational principles, among which symmetry breaking and the propensity for stability 

preservation stand out. The detailed discussion of the two different approaches expounded in Section 

5.2 arguably bears relevance to the purport of this chapter; confronting them not only gets us to the 

very core of the notion of self-organization but also makes clear on what grounds I choose to defend 

the broader interpretation.     

   Secondly I undertake to obviate the conceptual confusion obscuring a clear perspective on the notion 

of complexity. I take the view, which I shall defend in Section 5.3, that, contrary to some leading 

physicists’ belief, it is not only possible to develop a well-defined concept of complexity in terms of 

observable and clear criteria and characteristics, but it is also attainable to find a measure for it. I am 

not going to propose an interpretation of complexity in the abstract, but shall instead approach it 

entirely in relation to complex systems. This I intend to do by identifying and listing relevant features, 

properties and behaviour of complex systems, to be discussed in Section 5.3, Subsections 5.3.1 and 

5.3.2. In Subsection 5.3.3 I draw a parallel between another author’s study of complexity and complex 

systems and mine, so as to show the differences and similarities between the methodological and 

conceptual approaches applied by both parties. 
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  In Section 5.4, following-up the discussion about complexity, a list of defining properties of 

emergence is drawn up in which their dependence on collectiveness and causal underdetermination 

stands out as crucial. Section 5.5 offers a counterexample to the reductionist doctrine that all 

properties of a system are reducible to the properties of its parts, while Section 5.6 presents further 

evidence that this reductionist claim is untenable. This is accomplished by demonstrating that even 

perfect knowledge of the physics at one level may be insufficient for understanding organization at 

higher levels. Section 5.7 discusses a philosopher’s view on the inadequacy of force laws regarding 

the explanation and prediction of emergent phenomena. In Section 5.8 the characteristics of the 

epistemics of emergence are summarized. Finally, Section 5.9 demonstrates the effectiveness of 

dynamical computational modelling with respect to investigating and understanding emergent 

properties of complex systems across scientific disciplines. 

 

   At this point a brief intermezzo for conceptual clarity’s sake is opportune. 

   The inquiry into the presumed link between organizing principles and emergent phenomena, central 

to this book’s thesis, is system-centred, in that it pivots upon complex systems and their behaviour. It is 

well-advised to take a step back here and have a look at different interpretations of the notions of 

objects in comparison with systems and, in particular, processes. The reason being that Ulanowicz, in 

A Third Window, Natural Life beyond Newton and Darwin, while in fact also focusing on complex 

systems (Ulanowicz, 2009, p. x), makes a point of replacing objects by processes as the focal point of 

his study
31

 (id, p. 29). But let’s first recall to mind when a thing is to be conceived a system at all. In 

Section 4.1, a system was defined as a structure, either manmade or natural, of connected parts, either 

material – e.g., a motorcar or a tree – or immaterial – e.g., Beethoven’s 5
th

 Symphony. Almost 

invariably the totality of a system’s vital parts is needed to ensure its persistence. Complex material 

systems, the particular objects of this study, more elaborately discussed in Section 5.3, are a special 

case of the more general class of systems. Unlike systems in general, they commonly contain causal 

feedback mechanisms – similar to the ones discussed in Section 4.5 – that beyond a certain level of 

complexity give rise to circular “autocatalytic” processes. These have the capacity to endure and thus 

provide the persistence we perceive in these systems. Interestingly, Ulanowicz draws upon a 

diachronic perspective, referring to cosmology, when stating: “… the enduring materials we perceive 

today are actually the endpoints of dynamical configurations of processes, asymmetries, and feedbacks 

of bygone eons.” (id., p. 61). (Remarkably, in doing this, he also points to symmetry breaking as one 

of the principles relevant to emergent pattern formation without explicitly saying so; elsewhere he 

notes natural law’s lack of capability to causally explain emergent features of complex systems and 

instead invokes propensities, resembling organizing principles and possessing a less strict causality 

                                                      

31

 Ulanowicz’s  operational definition (as he calls it) of the notion of process  goes as follows: “A process is the 

interaction of random events upon a configuration of constraints that results in a non-random but indeterminate 

outcome.” (id., p. 29). This definition seems to suggest that a configuration of constraints is something 

resembling a system, network or structure, without specifying this. 
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than laws do (id, pp. ix-x)). Evidently, the difference between Ulanowicz’s and my approach of the 

essence of systems lies primarily in the notion of structure: processes may give rise to structures, but 

they are not the same. However, the network resulting from these processes in fact has all the 

characteristics of a structure. Therefore, once we consider a network a structure, we can also agree that 

a complex system is a network of processes. Thus, on reflection the difference between Ulanowicz and 

my view must not be overstated. After all, bearing in mind his historical and diachronic perspective on 

complexity, we can, in the final analysis, both see the evolution of complex systems as dynamical 

processes.  

   Finally, what about objects in this context? Whether one wishes to see systems as objects or as a 

“composition” of processes is mainly a question of perspective, namely, once again, the choice 

between the diachronic or the synchronic approach. Obviously the notion of complex systems suggests 

much more dynamics than objects in the sense of an inanimate clot of matter. But we must not dismiss 

objects, which are necessarily always configurations of matter, as totally uninteresting or irrelevant 

here, mindful of Anderson’s credo that “more is different”. So what remains at the end of the day is 

semantics: my perception of systems is just as dynamic as is Ulanowics’s interpretation of systems – 

or objects – in terms of processes.
32

 

 

   Returning to the outline of this chapter: from Section 5.4 onwards, several important epistemological 

questions concerning complex, self-organizing systems are addressed, in particular in regard to 

emergent phenomena vis-à-vis organizing principles. These questions pertain to their knowability, 

explicability and predictability. One such issue concerns the claim, taken as starting point of my 

argument in the Introduction to this book, that fundamental force laws fail to explain and predict the 

future emergent states and properties of complex systems. The presumed need for organizing 

principles hinges crucially on the credibility of this claim, which has so far been presented more or 

less as an established fact. I shall substantiate it in Sections 5.4-5.7, on the strength of evidence 

adduced by physicists, complexity theorists, and philosophers, thereby invoking the phenomenon of 

causal underdetermination as the predominant factor. I shall also call attention to methodological 

issues in Section 5.9, concerning investigative strategies that are suited to the purpose of explanation 

in this particular field. Dynamical modelling turns out to be the pre-eminently appropriate strategy to 

explore and understand self-organizing complex systems.  

   It is, in my opinion, a moot point whether the issues dealt with in this chapter can at all events be 

decidedly said to belong to either the epistemological or the ontological realm of philosophy. While 

far be it from me to play down the importance of this distinction we find ourselves here at times in the 
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 Bateson and Bateson (1987, p. 36) propose a model which is based upon the interaction between structure and 

process as two equally important and conjointly operating elements. Structure is not entirely equivalent to 

object, but it draws very near the notion of system. Bateson et al. define structure as the properties of a system 

that define its responses to environmental events and regulate their internal balances. Structure corresponds to 

form, while process corresponds to flux, a sequence of events.  
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his study
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 (id, p. 29). But let’s first recall to mind when a thing is to be conceived a system at all. In 
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th

 Symphony. Almost 

invariably the totality of a system’s vital parts is needed to ensure its persistence. Complex material 
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 Ulanowicz’s  operational definition (as he calls it) of the notion of process  goes as follows: “A process is the 

interaction of random events upon a configuration of constraints that results in a non-random but indeterminate 

outcome.” (id., p. 29). This definition seems to suggest that a configuration of constraints is something 

resembling a system, network or structure, without specifying this. 
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than laws do (id, pp. ix-x)). Evidently, the difference between Ulanowicz’s and my approach of the 

essence of systems lies primarily in the notion of structure: processes may give rise to structures, but 

they are not the same. However, the network resulting from these processes in fact has all the 

characteristics of a structure. Therefore, once we consider a network a structure, we can also agree that 

a complex system is a network of processes. Thus, on reflection the difference between Ulanowicz and 

my view must not be overstated. After all, bearing in mind his historical and diachronic perspective on 

complexity, we can, in the final analysis, both see the evolution of complex systems as dynamical 

processes.  

   Finally, what about objects in this context? Whether one wishes to see systems as objects or as a 

“composition” of processes is mainly a question of perspective, namely, once again, the choice 

between the diachronic or the synchronic approach. Obviously the notion of complex systems suggests 

much more dynamics than objects in the sense of an inanimate clot of matter. But we must not dismiss 

objects, which are necessarily always configurations of matter, as totally uninteresting or irrelevant 

here, mindful of Anderson’s credo that “more is different”. So what remains at the end of the day is 

semantics: my perception of systems is just as dynamic as is Ulanowics’s interpretation of systems – 

or objects – in terms of processes.
32
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   It is, in my opinion, a moot point whether the issues dealt with in this chapter can at all events be 
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far be it from me to play down the importance of this distinction we find ourselves here at times in the 
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 Bateson and Bateson (1987, p. 36) propose a model which is based upon the interaction between structure and 

process as two equally important and conjointly operating elements. Structure is not entirely equivalent to 

object, but it draws very near the notion of system. Bateson et al. define structure as the properties of a system 

that define its responses to environmental events and regulate their internal balances. Structure corresponds to 

form, while process corresponds to flux, a sequence of events.  
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grey area between the two, in particular where it concerns the distinctive and defining properties of 

emergence. Issues pertaining to conceptual distinctions, interpretations and definitions are in principle 

epistemological, but this does not hold for concepts whose substance is distinctly ontological. 

However, the distinction gets blurred insofar as ontological claims are substantiated by reference to 

knowledge of things that constitute our domain of inquiry, which is often the case. Be this as it may, 

concepts and their distinctions primarily serve the purpose of acquiring knowledge of the true nature 

of things that presumably exist, in the sense of providing insight in what ways they are different and in 

what other ways they are alike.  

 

5.2  Self-organization: a fuzzy or a clear-cut notion? 

What does it mean to say that nature organizes itself? On the face of it not much, other than perhaps 

that nature itself is some sort of all-embracing, complex system. But if that is what the idea of nature 

stands for, then it seems to refer to the universe as the ultimate supersystem, containing all other 

natural systems and processes in a nested hierarchy, encompassing micro-, macro-,  astronomical and 

cosmological orders of magnitude. Furthermore, saying that nature organizes itself, strongly suggests 

that, whichever natural system one may imagine, it does not, contrary to an artefact like a machine, 

need an agent, supervisor or coordinator to get started up and to be kept going. In fact, it appears to 

imply that nature doesn’t need whatever form of central control, whether imposed by an outside agent, 

or by some authority acting from within. And last but not least, the way nature, or more precisely, 

complex natural systems organize themselves, is a disposition that evidently is causally untraceable to, 

though not infringing, the fundamental physical force laws, in the sense that rendering the emergence 

of self-organized patterns intelligible is beyond the explanatory power of these laws. While I actually 

hold all of this true, it does not tell us anything about the characteristics of self-organization, how it 

originates in systems, how it manifests itself and which are the underlying governing principles. 

   What we do know is that self-organization is closely associated with complexity, emergence and 

(presumably) organizational principles. It could be argued on good grounds, for example, that all 

patterns, produced by processes of self-organization are somehow linked to complex systems, and are, 

almost without exception, emergent phenomena. But however much they may be connected, these 

notions are not equivalent and thus need to be properly distinguished. These issues will be addressed 

in this section and the rest of this chapter.  

   Within the wide spectrum of interpretations presented by numerous authors – which I shall, for ease 

of survey, greatly simplify – self-organization, as indicated in Section 5.1, knows two extremes, i.e., a 

narrow versus a broad interpretation. Prominent defenders of the narrow approach, viz., Maynard 

Smith & Szathmáry (2009, pp. 230-234), use a rather strict definition which pertains to the way 

morphological positional information is conveyed. This concerns the position in the developing 

embryo at which genes are active, differentiating the anterior from the posterior, i.e., the “front” and 

the “back” respectively. This information can be brought in from the outside, that is, maternally, but 
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can also be provided internally. Only in the latter case Maynard Smith et al. consider it to be genuine 

self-organization. They argue (id., p. 231): “The characteristic feature of a self-organizing process is 

that a spatial pattern develops in an initially homogeneous tissue, without need of an asymmetric 

stimulus.” (my italics). It is interesting to note that they (id., p. 235) acknowledge that where self-

organization is concerned, e.g. in a frog egg, the symmetry is spontaneously broken in response to an 

instability of the initially symmetric distribution of substances, implying that without the internally 

arising spatial asymmetry the organism would not be viable. The appearance of such a spatial pattern, 

i.e. a gradient, whether induced from the outside or from within, entails a decrease of entropy, and 

may thus be taken to be an expression of the propensity for stability preservation alongside the 

principle of symmetry breaking. However, Maynard Smith et al. admit that “The distinction between a 

[self-organizing process] and an externally imposed gradient is not always clear cut.” They go on to 

say that the distinction does not greatly matter, because in some cases all that is produced is a simple 

polarity. But: “Self-organization becomes interesting if it can be shown to generate more complex 

spatial patterns – in particular periodic patterns.” (id., p. 232). In this context Maynard Smith et al. 

refer to a famous paper by Alan Turing, published in 1952, that founded the paradigmatic reaction-

diffusion explanation for pattern-formation. Turing’s theory of chemical morphogenesis describes two 

chemical substances, X and Y, that are mixed, with the assumption that X enhances its own formation, 

by autocatalysis, as well as that of Y (by heterocatalysis), whereas Y helps to constrain these 

processes, through an inhibitory feedback mechanism. Y diffuses much faster than X in the mixture. 

Turing’s structures are non-equilibrium, dissipative formations, like Prigogine’s. The autocatalysis of 

X is maintained by a “nutrient”: if the supply stops the pattern collapses. Thus a constant input of 

energy or material is required (id., p. 232). Note that there is no mistaking the fact that this concerns 

an influence from without. If such a system becomes unstable due to spatial perturbations, alternating 

states, constituting so-called “travelling waves” appear, as in the Belousov-Zhabotinsky reaction, to be 

discussed later. 

   Maynard Smith’s et al. side-step towards Turing’s theory is an indication that, in their minds, the 

distinction between an internally arising and an externally imposed gradient is at least blurred. This 

makes sense, bearing in mind that the key to self-organization, rather than in this vague distinction, 

lies in the openness of the system. Furthermore, even in the case of a genetically pre-programmed 

impulse towards symmetry breaking, performed by the system itself, it remains a moot point whether 

this comes from the environment or from within. It all depends on where one wishes to draw the line 

between the system, i.e. the zygote or the embryonic organism, its supersystem or the maternal 

environment, and its subsystems or entities, i.e. stem cells, organelles, genes and proteins.  

   Given the importance of the environment – on whichever level of organization – the question arises 

what is to be called a cause and what is “only” a condition (although here also confusion threatens: 

even in scientific and philosophical analyses both necessary and sufficient conditions are often treated 

as causes or causal conditions!). In the case discussed above obviously an influence from either within 
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or without, inducing the onset of instability and a phase transition involving a symmetry breaking, 

must be called an efficient cause, whereas – as I argue – the underlying organizational principles at 

work here figure as the formal cause. This seems all the more plausible as causal completeness, i.e., 

the assumption that for every event there is a singular cause, is untenable; by contrast, the notion of 

ontological or causal pluralism appears to fit the observed facts much better. The above-mentioned 

distinction itself, however, although in principle presented by some as a necessary condition, appears 

to be reduced to irrelevance even by those writers who at first make an appeal to it. 

   While Maynard Smith’s et al. starting point is the development of an embryonic living system, 

Philip Ball, in discussing an example of the broad interpretation (2009, pp. 101-110), focuses on 

inanimate systems, such as sand piles and landslides, in order to get a grasp of self-organization and 

the way it connects the behaviour of complex systems of various scales of length and mass with one 

another. It is especially the statistical regularity, expressed by so-called power laws we came across in 

Subsection 2.2.1, which is the key to the generality of self-organization. His interpretation of self-

organization thus reaches much farther than Maynard Smith’s. A model sand pile is assumed to be 

scale-invariant, which implies that even the smallest perturbation can cause it to slide. Ball refers to 

the complexity-theorists and physists Per Bak, Chao Tang, and Kurt Wiesenfeld at Brookhaven 

Laboratory, Long Island, New York, who in 1987 devised a model which describes the way such a 

sand pile behaves when constantly more grains are added to the slope (id., p. 102, derived from: Bak et 

al., 1987). When the slope approaches the angle of maximum stability, also called the angle of repose, 

the addition of a single sand grain may cause an avalanche. As ever more grains are added  the pile 

exhibits a continual series of avalanches of ever increasing size which time and again rearrange the 

slope so that it comes to rest at its angle of repose. Under these conditions the sand pile is a non-

equilibrium system, which, in order to be kept out of equilibrium, needs a constant supply of energy or 

material. However, the number of landslides decreases as the number of grains the pile involves 

increases, according to an inverse relationship, i.e. a power law whose power or exponent equals -1. 

Power laws govern self-organized behaviour in a wide range of natural, complex systems of all length 

scales (id., pp. 104-105). 

   The cases of self-organization described by Maynard Smith et al. and Ball differ greatly in many 

respects, not least for the fact that the former concerns living systems, while the latter is about a non-

living system. The two cases also differ importantly in that the former’s characteristic feature is that 

spontaneous symmetry breaking following instability is caused internally and not by an outside 

stimulus, though on closer inspection this distinction seems to be dismissed as a necessary condition 

by Maynard Smith et al. themselves. The wider interpretation expounded by Ball does not make this 

distinction at all, implying that self-organization can occur independently of whether an influence 

from within or without is at work. More importantly, what they have in common is one crucial aspect, 

viz., that the symmetry is broken by imminent instability, producing a gradient, either in the form of a 

difference in temperature or density of material, or – more graphic – in the slope of a physical system, 
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such as a sand pile. The occurrence of instability in general I consider to be a necessary condition for 

the self-organization of a system, while the onset of instability in a specific situation is to be seen as 

the underlying cause of the ensuing symmetry breaking. A sufficient condition – ironically, hardly 

distinguishable from an efficient cause! – is difficult to formulate in the abstract since it can take many 

forms; so let’s call it a perturbation.  

   To summarize: in general self-organization can be defined as the process that leads to the emergence 

of novel behaviour of systems on the macro-level, or the emergence of wholly reorganized or new 

systems, whose constituent parts obey relatively simple rules operating on the micro-level, e.g. 

fundamental force laws. The emergent behaviour of systems or emergence of radically reorganized or 

new systems is not to be derived from even complete knowledge of the dynamics of the individual 

subsystems constituting the systems. Yin Gao and William Herfel (in: Cliff Hooker, Philosophy of 

Complex Systems (2011, p. 394) characterize self-organization as follows: “[It] is considered an 

emergent property in the sense that it is a property of the system rather than a property of the 

individuals that constitute the system.”. (Note that the above description tends to blur the significant 

distinction between the notions of emergence and self-organization. Therefore I intend to qualify it as 

follows: “Self-organization is a capacity of the system as a whole rather than …etc.”) It is the broader 

interpretation explicated above that I wish to adopt as the final definition of self-organization, if only 

because I see nature as a continuum of inanimate and animate systems, rather than as two divided 

worlds. In conclusion, the distinction between an internally and externally imposed asymmetry in a 

system is, even according to those authors who brought it forward in the first place, in fact rather 

irrelevant with respect to the definition of self-organization, and at any rate, not clear-cut. But the 

notion of self-organization as defined above is suitably clear-cut indeed and not fuzzy.   

 

5.3 Complexity: a slippery concept?  

5.3.1 Complexity’s characteristics and measurability examined 

The notion of complexity has given rise to a philosophical debate between physicists – e.g. Steven 

Weinberg and Philip Anderson – that has been dragging along for quite some time now without any 

prospect of a resolution in the near future. It concerns the question whether or not a Theory of 

Everything (TOE), the ultimate ambition of particle physics, deserves to be called the one and only 

fundamental law of the universe. Strict reductionists claim that this should be so and that all other laws 

that operate within the universe are to be derived from the TOE.  Advocates of the opposite view hold 

that emergent organizing laws – in effect organizing principles – which govern the behaviour of 

complex, self-organizing systems, should be considered equally fundamental. The point proponents of 

this view rightly make is that these organizing principles, in principle, might also hold in universes 

with different fundamental force laws, subject only to some very general conditions. In other words, 

emergent principles are operating independently of these laws. It would thus make no sense, even in 

principle, to appeal to force laws insofar as it concerns the behaviour of complex systems. If there 
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were not any point at issue here other than the right to allow their respective subjects of interest the 

high-status term “fundamental” the debate would be futile. But the issue at the core of this debate is 

not futile at all: it concerns crucial philosophical and epistemological aspects of one of the central 

topics of this study, i.e. complexity. In particular it touches upon the vexed question what exactly the 

concept of complexity stands for. And this problem is in turn closely connected to the epistemology of 

emergence.  

 

   Steven Weinberg, a staunch advocate of measurability as the pre-eminent guide to truth in science, 

thus in the sense of “to measure is to know”, holds that complexity is a scientifically dubious concept 

because so far neither a useful definition nor a measure for it has been offered by anyone.
33

 (Also, on 

his view real-world complex systems cannot be modelled so as to make predictions about them 

because the exact initial conditions are beyond our reach. And in order for these models to produce a 

meaningful outcome they must apply accurate initial conditions. As we shall see in Sections 5.6 and 

5.9, the results of modelling achieved by complexity theorists prove otherwise). But Weinberg rightly 

points to the fact that there is a serious problem with the definition of complexity: at which point 

precisely on the scale from micro-cosmos to macro-cosmos does a system become complex? And on 

what grounds do we say that this is the case? Apparently a systems’ complexity, apart from its 

problematic measurability, is not even an objectively observable property, such as rigidity, 

temperature, entropy, or its state or phase, e.g. solidity, fluidity, gaseousness. Indeed, it seems that the 

standards by which we deem a system simple or complex are both subjective and arbitrary. Is it its 

external appearance, its internal structure, or its behaviour that renders a system complex? As Eric 

Chaisson (2006b) observes, among scientists involved in interdisciplinary research only few agree on 

how to use the term. For example: some model biological complexity in terms of genome size, while 

others prefer the morphology and flexibility of behaviour. Still others take the number of cell types as 

a criterion, or even the body mass of organisms (id., p. 36). And not everybody agrees that 

complexity’s lack of measurability is an insoluble problem.   

   To put an end to the terminological confusion we urgently need a well-defined concept of 

complexity in terms of observable and clear criteria and characteristics. Remarkably, while complexity 

research programs are the order of the day, attempts at formulating a generally applicable definition 

that could fill this vacancy are few and far between. (An exception must probably be made for a 

thorough and elaborate study of complex systems, entitled: “Philosophy of Complex Systems” in: 

Handbook of the Philosophy of Science (2011), edited by Cliff Hooker, and for an article entitled: 

“What is a Complex System”, by Ladyman, Lambert & Wiesner (2013), to be further discussed in 

                                                      

33

 Steven Weinberg was awarded the Nobel Prize in physics in 1979 for his contribution with Abdus Salam and 

Sheldon Glashow to the unification of the weak and electromagnetic interaction between elementary particles. 

He was a major participant in what is known as the Science Wars, standing on the side arguing for the hard 

reductionism in science against wholism and emergentism. It should be noted though that the predominant issue 

in this debate concerned the notion of “social construction”. 
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Subsection 5.3.3). Even so, some, such as the above, as well as the ones reviewed below, deserve 

attention.  

   (1) Eric Chaisson, in his book: Epic of Evolution: Seven Ages of the Cosmos, (Chaisson, 2006a), 

claims to have found a useful way to quantify a systems’ complexity by using energy through-flow 

within as well as between systems as a measure, no matter what system it concerns. But, as he 

observes, the correct measure of complexity can’t be just energy flow, for stars produce much more 

free energy than the most primitive life-form, although they are certainly not more complex. Therefore 

Chaisson looks at energy flow in relation to mass, the “energy rate density”, as a means to measure the 

complexity of any system, be it physical or biological. This way the fact that the flow of energy 

through life forms contains more energy per unit mass than that through any star does is accounted for. 

(Keep in mind that this observation pertains explicitly to energy flow, not energy production). Thus, 

the greater the density of the energy flow per unit mass through a system, the greater the complexity of 

that system, either to build it, or maintain it, or both. (Chaisson, 2006b, pp. 36-38).
34

  

   Does Chaisson have a point here? Why should energy flows through systems, defined as above, be 

the pre-eminent yardstick for the degree of complexity of any system? Chaisson points out – and 

rightly so – that energy is the major commonality, the potential “common currency” as he calls it, of 

complex systems of divergent nature, whether physical, chemical or biological. Thus, Chaisson’s idea 

seems a promising attempt at solving the problem of the lack of a measure for complexity. It also 

points to the involvement of the propensity of stability preservation as an important organizing 

principle, given the central role of energy flows through systems in safeguarding their dynamic 

stability.  

   (2) The NWO proposal (2008, p. 7), earlier discussed in Section 2.2 , characterizes complexity as 

follows: “A complex system can often be seen as a large collection of small elements that interact with 

each other at a micro-level.[…] Phenomena observed at a global, macro-level, typically cannot be 

reduced to the properties of the constituent elements: these are emergent properties that arise through 

‘self-organizing’ local interactions.” This definition correctly describes the general structure and 

dynamics of a complex system, the non-reducibility of emergences and the connection between 

complexity, self-organization and emergence. But we must be careful here. For to define complexity 

in terms of emergence and conversely define emergence in terms of complexity – which is what this 

description seems to be doing – is to get stuck with a circular argument. Indeed, if we say that 

complex systems typically exhibit emergent behaviour, we can no longer meaningfully claim that in 

order to explain emergence we have to invoke complexity.  

   (3) Robert Laughlin tries another tack by claiming:  

 

                                                      

34

 Interestingly, Chaisson also asserts that from the level of crystal growth up to plants and animals the principle 

of natural selection works in unison with the second law of thermodynamics. (This issue will be further 

discussed in Chapters 8 and 10).   
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“When we say a shape is complex we really mean that the physical process by which it is formed is 

unstable and with a slight nudge could have generated one of many different shapes. Similarly, we say 

a shape is simple if it is guaranteed to be formed by a physical process the same way every time, even 

when nudged fairly violently.” (Laughlin, 2006, p. 130; see also Subsection 2.2.1). 

 

   (4) But now compare Laughlin’s definition of complexity versus simplicity with Ian Stewart’s 

description of stability:  

 

“The explanation of the diversity of form in the universe relies on symmetry, but it requires one 

further ingredient: stability. A system’s state is said to be stable if it persists even when the system is 

disturbed by small random influences. Correspondingly, it is unstable if small disturbances cause big 

changes.” (Stewart, 1998, p. 38).  

 

   The similarity is striking, the only difference being that Laughlin defines complexity in terms of 

stability of processes by which shapes of systems are formed, or the lack thereof, while the object of 

Stewart’s definition is stability of the state of the system itself. But both authors use almost similar 

terms to describe either simple/stable or complex/unstable systems: the former are impervious, the 

latter susceptible to disturbances.   

   Definitions (3) and (4) are an improvement upon the one from the NWO in that the notions of 

complexity and stability they describe respectively are not implicitly contained in the definition. But 

the implication seems to be that increasing complexity goes at the cost of stability or vice versa, thus, 

there is a trade-off between the two; in fact the relationship is a lot more subtle and complicated than 

just that. We shall see in what follows that stability is indeed closely, and at the same time highly 

intricately, connected to the notions of complexity, emergence, and, for that matter, organizing 

principles.   

 

   (5) Another way of approaching the problem concerning the deeper nature of complexity is to ask 

what makes it arise in the first place. The theoretical physicist Heinz Pagels (1986, p. 161) offers the 

following elucidating explanation:  

 

“…complexity arises because of a kind of ‘causal decoupling’ between different organizational levels 

as one moves from the microcosm to the macrocosm. For example, to understand chemistry one must 

comprehend the rules obeyed by the valence electrons in the outer parts of atoms. The details of the 

atomic nucleus – the quarks inside the protons and neutrons – are ‘causally decoupled’ from the 

chemical properties of the atom. Another example from molecular biology of this ‘causal decoupling’ 

is the fact that the biological function of proteins is decoupled from how they are coded for in the 

genetic material.[…] We thus see that it is one thing to know the basic microscopic physical laws, and 
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quite another to intuit the implications of those laws for the macroscopic system one wants to 

understand.” 

 

   Interestingly, he considers such intricacy “…an essential complication inherent in the very nature of 

the object of investigation.” (ibid.). This comes down to recognizing that complexity itself qualifies as 

an interesting research object. Although a dedicated physicist, Pagels’ reference to “causal 

decoupling” is a clear indication that he knows there is more to complexity than meets the eye of a 

reductionist. Hence his provocative question:  

 

“Why are [my friends in astrophysics] having such difficulty understanding the properties of stars – 

how they are born, evolve, burn out and explode – when the needed basic laws of physics are fully 

understood? But this is a bit like asking a biologist to explain the properties of a cell starting from the 

rules of quantum chemistry – the complexity of the undertaking is forbidding.” (id., 160-161). 

 

   However, at this point I must again put in a conceptual proviso (see also Sections 1.1 and 1.4, and 

Chapter 3).The phrase “causal decoupling” unduly suggests the complete absence of a causal 

relationship. Since this has not been conclusively proven and is thus in fact no more than a 

presumption – albeit, in my view, a plausible one – a more restrained term is appropriate here. This is 

why I propose instead the phrase “causal underdetermination”, which leaves room for the possibility 

that: (a) the causal connection exists, but our cognitive and/or computational shortcomings prevent us 

from knowing it in its entirety, or: (b) we shall somehow overcome these shortcomings at some time 

or other in the future (see also footnote 36 in Section 5.4). (Note that Pagels puts the term “causal 

decoupling” between quotation marks, thereby implicitly modifying the suggestion of an absolute 

disconnection). 

   Bearing in mind that causal underdetermination is essential in getting a grasp of the phenomenon of 

complexity it is appropriate at this point to examine the views on this matter of two other authors we 

called on before in this section, viz., Stewart and Laughlin.  

   The mathematician Ian Stewart, highly versed in the research of complex living systems, has also, 

though in a different setting, occupied himself with this phenomenon. In his book Life’s Other Secret 

he holds that there is a need for a sound formal theory of emergent phenomena. His inquiry’s aim is:   

 

“…to try to understand which properties of earthly life generalize to other realizations. What are the 

deep rules that life on earth exploits? These rules include such processes as reproduction and 

autonomous behavior. DNA is just the trick that life uses to exploit the deep rules – it is not the rules 

themselves.” (Stewart, 1998, p. 240). 
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   Stewart then goes on to say that the issue of life’s autonomy revolves around two levels: (1) the 

micro-level at which the rigidly operating underlying rules reside, and (2) the macro-level of the 

emergent consequences of those rules. He claims:  

 

“Because the consequences are emergent, there is no way for human beings to trace them back to the 

underlying rules. Such a connection exists, and the universe produces the emergent behavior as a 

consequence of obeying its own rules – but there is no shortcut that can enable humans to work out the 

actual chain of causality. As far as humans can see, the emergent behavior becomes disconnected from 

the rules.” (id., p. 241; my italics). 

 

   On Stewart’s view the link is so complex, that even if we knew the micro-rules, we would never be 

able to predict the macro-behaviour from them. (cf. Kauffman’s idea that contemporary cells have 

evolved to and thrive on a state of emerging collective instability, which he calls “dynamically 

critical”. This state at the edge of chaos renders the rules of gene regulation and transcription 

fundamentally impenetrable).   

   There is no doubt that Stewart refers to the phenomenon of causal underdetermination here, be it in 

different terms; he also differs from Laughlin in that he relates the issue in particular to emergent 

behaviour of living systems, though the scope of his ideas reaches beyond biology. And his claim 

about the unbridgeable cognitive gap between micro-rules and emergent behaviour concurs with the 

view that it is precisely that fact which leaves room for alternative explanations. Although Stewart is 

not quite clear with regard to the status of his concepts, it can be inferred from different statements 

that he distinguishes between two kinds of rules: the “known low-level laws of nature” (id., p.7) 

versus “the deep rules that life exploits”. Evidently the rules governing the DNA process do not count 

as such deep rules, and neither do the quantum laws or the laws of space and time. But what exactly 

does he mean by “the deep rules that life exploits”? Are these rules algorithms, formal processes that 

can be counted on to yield a certain kind of result whenever they are run? That seems at odds with the 

multiple realizability of biological functions, entailing that no such connection, producing guaranteed 

results, can be established. Elsewhere in his book he gives the answer (id., pp. 240-241): the “true laws 

of life” are universal rules that explain life – and for that matter, nature – in all its forms in the 

abstract, not in the particular. This should be read in conjunction with another statement:  

 

“We need to understand how complicated rule-based systems manage to produce robust high-level 

features that themselves obey their own kind of emergent rules. We also need to develop an 

understanding of high-level commonalities among different systems – the underlying unities, the 

common features that do not depend on particular interpretations and realizations […], the 

universals… .” (id., p. 8; my italics).  
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   The message is clear: Stewart is a believer in still largely unknown organizing principles that rule, 

explain and predict widely divergent emergent phenomena. With respect to the epistemological 

inaccessibility of the causal chain between fundamental physical laws and the emergent behaviour of 

complex systems he is not only perfectly in line with Pagel’s causal decoupling; it also brings him 

close to Davies’ view on the computational inadequacy of the laws of physics with regard to 

complexity (see next section). Thus, even if the full connection between fundamental physical laws 

and emergent phenomena should remain elusive, a shortcut between the latter and organizing 

principles is not to be ruled out.  

   Laughlin, with respect to the phenomenon of causal underdetermination, argues more or less along 

the same lines as Pagels and Stewart, and in particular as Anderson’s ”More is Different”, by saying:  

 

“It is not uncommon for a committed reductionist to dismiss the evidence of the fundamental nature of 

collective principles on the grounds that there actually is a deductive path from the microscopic [to the 

macroscopic] that explains the reproducibility of these experiments [which reveal fundamental 

constants inherent in the laws of physics]. This is incorrect. The microscopic explanation of 

temperature, for example, has a logical step called the postulate of equal a priori probability – a kind 

of Murphy’s law of atoms – that cannot be deduced and is a succinct statement of the organizing 

principle responsible for thermodynamics.” (Laughlin 2006, pp. 19-20; my italics). 

 

   Laughlin claims that the “ostensibly deductive explanations” of a number of constants, such as the 

speed of light in vacuum, and the Rydberg constant, the number characterizing the quantization of 

light wavelengths with great precision, rely on an “intuitively obvious” step in which the relevant 

organizational principles are assumed to be true (my italics). According to him, they actually are true, 

but for wholly different reasons than originally meant. In short, the great accuracy of these 

measurements cannot be predicted theoretically. Furthermore: “… a collective effect can be more true 

than the microscopic rule from which it descends.” (id., p. 18). Laughlin holds that all fundamental 

constants require a collective environmental context to make sense, but are entirely impervious to 

compositional impurity of the samples used, for example in atomic experiments. This, he argues, not 

only proves that powerful principles of organization are at work, but also that the fundamental laws of 

physics are in fact emergent (id., pp. 18-19). 

    As far as quantum physics is concerned, this needs explanation. Although it may be a moot point, 

quantum laws, on the basis of Laughlin’s argument that the result of a quantum measurement is an 

emergent phenomenon, might possibly be deemed emergent as well. To quote again Laughlin (id., p. 

49; see also Section 4.4): “The missing idea in the case of quantum measurement is emergence: 

specifically the principle of symmetry breaking is required for the apparatus to make sense”. 

Laughlin’s point here is that the measurement apparatus would not work if it were small. After all, the 

measurement of a singular quantum particle is carried out by a detector which itself is a solid 
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   The message is clear: Stewart is a believer in still largely unknown organizing principles that rule, 

explain and predict widely divergent emergent phenomena. With respect to the epistemological 

inaccessibility of the causal chain between fundamental physical laws and the emergent behaviour of 

complex systems he is not only perfectly in line with Pagel’s causal decoupling; it also brings him 

close to Davies’ view on the computational inadequacy of the laws of physics with regard to 
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and emergent phenomena should remain elusive, a shortcut between the latter and organizing 
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physics are in fact emergent (id., pp. 18-19). 

    As far as quantum physics is concerned, this needs explanation. Although it may be a moot point, 
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composed of an innumerable amount of atoms. Laughlin (id., p. 51): “…all [of the solids] exploit the 

symmetry breaking characteristics of the solid state, an effect that occurs only in the limit of large 

size”. Thus, however controversial, quantum laws might perhaps be considered emergent in virtue of 

the fact that quantum measurements depend on symmetry breaking to make sense. This refers to the 

phenomenon of decoherence which causes the superimposed wave-particle states to collapse into 

either a particle-like or a wave-like entity. 

 

   (6) To turn back to and conclude the review of the characteristics of complexity, there is still another 

feature which concerns the relationship between complex chaotic systems and the mathematics of 

fractals, that deserves mentioning. It is the physicist Tim Palmer, a mathematical climatologist, who at 

the time his work was discussed in New Scientist (2009) was working at the European Centre for 

Medium-Range Weather Forecasting in Reading, UK. He brought fractals, largely ignored by 

physicists, back to the centre of attention with respect to a long-standing puzzle of quantum 

mechanics. Though seemingly operating outside his mainstream expertise here, Palmer finished his 

PhD in general relativity at the University of Oxford thirty years ago, working with Stephen Hawking 

under the same PhD adviser. Some 5 years ago he made an interesting attempt at tackling an age-old 

problem that has been haunting physicists for almost a century, namely the reconciliation of quantum 

theory’s probabilistic nature with Einstein’s deterministic relativity theory..
35

 While this issue in itself 

goes far beyond the scope of this investigation, the spin-off of Palmer’s work and its interpretation are 

highly relevant to the notion of complexity.  

   To make his point Palmer uses the mathematical concept of the “invariant set”. For example, a 

swinging pendulum, an everyday example of a chaotic system, slows down to friction until eventually 

coming to a complete standstill. The invariant set is the set of all stable states that describe the 

pendulum at rest, a state in which it has to stay forever, unless disturbed by an outside force. It is a 

subset of all possible states a complex system can theoretically possess. More importantly, according 

to mathematics, the invariant set of a more complex chaotic system turns out to be a fractal. We know 

from our review of the work of Mandelbrot (see Subsection 2.1.1) that fractals are geometrical shapes 

that reflect self-similarity on both ever smaller and ever larger scales; a picture of a fractal remains the 

same however much diminished or magnified, in other words a fractal is invariant to changes in scale. 

The invariant set contains all the physically realizable states of the system. Any system that does not 

exhibit a fractal structure is not part of the invariant set and thus cannot physically exist (Buchanan, 

2009, pp. 38-39). In accordance with what we know about chaotic systems, even the slightest changes 

in the initial conditions could cause it to fall outside the invariant set. According to Palmer our 

universe is a system that is caught forever in this subset of all possible states; had that not been the 

case it could not have come into being.   

                                                      

35

 This was summarized by Mark Buchanan in an article entitled “Fractal Reality” in New Scientist, 28 March 

2009. 
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   Although Palmer’s approach is not directly concerned with self-organization in nature, it has 

important consequences for complexity, the concept under study in this section. Its importance lies in 

the fact that it brings to light connections across various aspects of the behaviour of complex systems 

that so far may have remained obscure. We know with certainty that all physical systems, left to their 

own devices, tend to be attracted to thermodynamic equilibrium, corresponding to a state of lowest 

energy. This end or ground state can also be described in terms of a system’s total loss of information, 

corresponding to maximum entropy. There is yet another way of describing it: remember that all 

chaotic dynamic systems converge towards a “strange attractor”, a spiralling trajectory of never 

intersecting lines reflecting the temporal evolution of points situated in an abstract space, called phase-

space. In the case of chaotic complex systems, this state, identical to the invariant set, is considerably 

more complicated than that of a pendulum at rest and takes the form of a fractal. In other words, 

“…attractors [of chaotic systems] tend to be fractals.”, meaning that: “Every known ‘strange’ attractor 

is a fractal.” (Mandelbrot, 1977, pp. 195/197). (The concept “strange attractor”, first studied by 

Poincaré and Lorenz, is itself a highly abstract notion that had in principle no bearing at all on the 

fractal geometry of the physical aspects of nature.) But why should real-world systems tend to form 

fractal-like structures? It appears that these structures, due to their capacity for surface enlargement, 

are beneficial with respect to energy consumption and sustained stability (see Subsection 2.2.1 for 

West et al.’s case-study, and Subsection 8.2.3 for further explanation). Of course, since the “invariant 

set” conceived as a fractal is a highly abstract, mathematical construct, it is hard to see how surface 

enlargement is relevant here, certainly inasmuch as it regards the universe as a whole. But for living 

systems optimizing surface is very relevant indeed: the fact that fractals offer a much larger surface for 

the intake of energy and nutrients within a limited three-dimensional space, e.g., a metabolic network, 

than does a sphere of the same volume, gives these organisms a selective edge. Therefore fractals are a 

clue to an underlying organizing principle, i.e. the propensity for stability preservation, which rules 

energy flows through systems. Alongside of stability preservation another universal principle we dealt 

with before, viz., symmetry breaking, requiring that only one of a number of possible solutions, in this 

case of the invariant set, can become actualized in nature, is in play here. Also the principle of scaling 

is involved. 

  

   If we wish to arrive at a well-defined concept of complexity and to avoid terminological confusion 

we still have to account for such terms as “non-linear”, “chaotic”, “dynamical”, “non-equilibrium”, 

and “metastable” – literally “next to stable”, a fragile stable state past a critical transition point, highly 

susceptible to slight perturbations (see Section 9.2 on supercooling, etc.) – which all bear on the notion 

of complexity. Each of these terms seems to be applicable to complex systems, be it from different 

perspectives. On the other hand, systems with these properties share such a large number of important 

features that it is difficult to observe any significant difference between them. But we should not be 
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unduly dismayed by this. Bas C. van Fraassen (1989, p. 26) refers to Wittgenstein’s notion of family 

resemblance when remarking:  

 

“As Wittgenstein taught, many of our concepts are ‘cluster concepts’ – they have an associated cluster 

of criteria, of which only most need be satisfied by any instance. The more of the criteria are met, the 

more nearly we have a ‘clear case’. This vagueness does not render our concepts useless or empty – 

our happiness here as elsewhere depends on a properly healthy tolerance of ambiguity.”.  

 

   Buoyed up by this comment I shall consider the above concepts (largely) equivalent by virtue of 

their possessing a family resemblance, both to one another and to the notion of “complexity”.  

 

5.3.2 The defining characteristics of complex systems 

   We have now reached the point where we can sum up crucially important, observable and clear 

criteria and characteristics which a system should meet or exhibit respectively in order to count as 

complex. Each of the features listed below represent necessary conditions while together constituting 

sufficient conditions for complexity to apply. Other properties of systems such as their being non-

linear, dynamic, chaotic, etc., are not necessary conditions but are relevant inasmuch as they raise the 

image of a “family resemblance” as proposed by Wittgenstein. (Please note that I do not specifically 

invoke emergence as a defining quality of complex systems so as to avoid circular reasoning): 

 

(1) Openness and self-organization: complex systems, whether non-living or living, are open and self-

organized, exchanging energy and matter with their environment. Self-organization manifests itself 

through patterns of spontaneous order that in particular form in open systems. They are, together with 

other systems, constituent parts of a supersystem – or environment – which facilitates their origin and 

persistence by creating the right boundary and initial conditions, e.g., sufficient supply of heat and 

matter, the right temperature and density of energy and matter, etc.  

(2)  Numerousness/collectivity: a complex system in turn can be conceived as a large collection of 

small, continuously fluctuating homogenous elements or heterogeneous subsystems that interact with 

each other on the micro-level.  

(3) Persistence and susceptibility to perturbations: complex systems, though relatively persistent 

under moderate disturbing influences, are susceptible to prolonged pressure either from without – for 

example, an external heat source – or from within – for example, genetically pre-programmed 

impulses; when continuously subjected to these influences and consequently driven into a state far 

from thermodynamic equilibrium, slight perturbations may become amplified into instability 

propagating throughout the system. By contrast, non-complex or simple systems usually remain stable 

under such disturbances.  
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(4) Propensity for stability preservation: when under threat of imminent instability complex systems 

will at a critical threshold pass through a process of symmetry reduction (or, in a tiny minority of 

cases, a rise in symmetry), abruptly entering either a transient or sustained more orderly and more 

stable, low entropy state, provided there is an outside or internally generated (meta)-stable source 

supplying energy or material. These processes are invariably accompanied by a phase transition.  

(5) Multi-level: complex systems contain several levels of organization, roughly to be distinguished 

into micro- and macro-levels. Between these levels there is an intricate interplay going on: it concerns 

loops of causal relationships, connecting a process of bottom-up causation by the collective micro-

level interactions with top-down feedback constraints, together producing a pattern of coherent 

behaviour.  

(6) General applicability: the above described feedback mechanisms apply irrespective of whether it 

concerns either of the two main types of complex systems: (i) temporarily ordered self-organizing 

systems, i.e., contained or non-contained unstructured aggregates of homogeneous entities such as a  

hot-air balloon or a fluid in a pan, but also eddies and whirlpools, and (ii) sustained self-organized 

systems, i.e., internally cohesive structures such as quartz crystals, snowflakes, organisms, planets and 

stars, made up mostly of (more or less) heterogeneous components. (See also Tables I and II in 

Chapter 7). The latter kind of systems typically contains subsystems whose interactions, contrary to 

unstructured systems, result in sustained structure or cohesion. However, the former kind’s constituent 

elements can, under a certain set of environmental conditions, exhibit transitory coherence, flipping 

from chaos to order and back.  

(7) Varying entropy values: complex systems exhibit alternating entropy values: they undergo 

decreasing entropy when continuously supplied with high-grade energy, but in turn, at the same time, 

or when (temporarily) deprived of energy or nutrients, they dissipate low-grade energy, thereby 

increasing their entropy. 

(8) Self-corrective power: complex systems, despite the absence of a central overseer, possess the 

power of self-correction: they are capable of preserving or restoring their stability when under 

pressure, by virtue of the propensity for stability preservation.  

(9) Causal underdetermination: complexity arises as the result of a phenomenon called “causal 

decoupling” by physicists, and rephrased by me into “causal underdetermination” for want of 

conclusive evidence of the complete lack of causal connection between levels of organization. It 

implies that we cannot know the chain of causality between the behavioural rules on the micro-level of 

a complex system and its behaviour on the macro-level in its entirety, despite the fact that this 

behaviour is also, one way or another, produced as a result of obeying these fundamental rules.  

(10) Energy density per unit mass: Chaisson’s “energy rate density”, a system’s through-flow of 

energy per unit mass, is an effective and plausible measure of complexity, based on the convincing 

argument that energy is the most common “currency” exchanged between complex systems in nature.  
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(11) The invariant set: finally, complex systems are necessarily in a state which forms part of a 

theoretical construct called “the invariant set”. It contains all the physically realisable states a 

particular system can possess and takes on the form of a fractal. Any system that does not lie on the 

fractal does not form part of the invariant set and cannot physically exist.  

   These properties and characteristics can be seen as to collectively constitute a broadly based 

definition. Its span of validity is wide enough to also apply to solid objects which on the face of it 

appear to be quite simple. In actual fact, however, a block of metal, whose rigid solidity is due to its 

crystalline lattice structure, can count as a complex system; after all, when the metal is magnetized by 

an external magnetic field the atoms suddenly adopt an even more ordered and less symmetric pattern 

than was the case beforehand. Nevertheless they remain in continuous motion, be it less turbulent and 

more constrained than the atoms or molecules in a gas or fluid, thus preserving the external rigidity 

and persistence. As Laughlin points out (2006, p. 38): “The positional errors do not accumulate [which 

in liquids and gases they do].”  

 

5.3.3 A comparison of a different methodological approach to complexity 

Given the importance of complexity as a key-concept of my investigation I consider it well-advised, at 

this point, to draw a comparison between different methodological and conceptual approaches to the 

notion of complexity, viz., the one applied by Ladyman, Lambert & Wiesner in their recent 

comprehensive article, entitled “What is a Complex System?” (2013), and mine.  

   They start off with their central thesis in the Introduction: “…the measure that best captures the 

qualitative notion of the order produced by complex systems is the Statistical Complexity.” (id., p. 34). 

Leaving this as it is for the moment, some fundamental preliminary questions posed in the 

Introduction deserve attention: “…is [there] such a thing as a complexity science, rather than merely 

branches of different sciences…? […] In other words: is there a single natural phenomenon called 

complexity, which is found in a variety of physical (including living) systems …?” And consequently 

“…we should then ask whether there is one kind of complexity for all the sciences or whether 

complexity is domain-specific?” (ibid.). Unfortunately no concrete answers are forthcoming in what 

follows in their paper. 

   Ladyman et al. set out to accomplish two tasks: (i) drawing up a list of relevant features or properties 

of complexity, and (ii) selecting effective measures of complexity. It is interesting to note that their 

investigation is systems-oriented, just like mine; hence the question: “What is a complex system?” 

Their approach also (more or less) resembles mine insofar as their work calls upon relevant literature 

produced by authoritative writers. This results in a review of a core set of features widely associated 

with complexity by scientists in the field (thus, apparently, not philosophers). These features are 

subsequently examined to see whether they satisfy certain criteria, viz., whether they qualify as 

necessary or/and sufficient conditions. By contrast, to substantiate my central thesis, I called upon 

model-based or real empirical case-studies to abductively infer a set of relevant organizing principles, 
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which are then reduced to two key principles by means of a rigorous test. Thus, an important 

difference is that Ladyman et al. do not draw upon empirical evidence at all, but merely apply a 

conceptual approach, despite the fact that their source material is (largely) derived from scientists.  

   The features listed by Ladyman et al. are well-known to us by now, but they need attention for the 

way the authors put them to the test. They are: nonlinearity, feedback, spontaneous order, robustness 

and lack of central control, emergence, hierarchical organization, and numerosity (id., pp. 36-41). 

Ultimately only two of them appear to satisfy the criteria of being both necessary and sufficient 

conditions for a system to qualify as complex, viz., spontaneous order and hierarchical organization. 

    This evidently resembles the method of abductive inference I applied. But it remains unclear what 

the authors are actually doing with this outcome. For in a later section entitled “The features of 

complex systems revisited” (id., pp. 57-60), a different set of features is produced, some of which are 

new, while some of them are in some sense equivalent to the ones discussed before. It concerns: 

ensemble of many elements, interactions, disorder, robust order and memory. This list is compatible 

with what the authors call “a tentative definition of complexity: [a] complex system is an ensemble of 

many elements which are interacting in a disordered way, resulting in robust organization and 

memory.” (id., p. 57). However, while they claim that the defining properties constituting this 

definition are to be conceived as necessary conditions (id., p. 33), according to the authors’ statement 

“…they may not be jointly sufficient for complexity.” (ibid.) Also, apparently a few quite important 

characteristics vanished or were given up in the process of redefining complexity. Moreover, the list 

appears not to be exhaustive for yet another reason, because later (id., pp. 60-62), the hierarchical, 

nested structure of complex systems pops up as a defining property. Interestingly, the definition refers 

implicitly to emergence, a feature that earlier (id., p. 40) was qualified as being “notoriously murky”. 

But the authors do not dismiss emergence as irrelevant, for a few lines further down they declare:   

 

“…we are concerned with the kind of emergence exemplified by the formation of crystals, the 

organization of ant colonies; and in general, the way that levels of organization emerge from 

fundamental physics and physical parts of more complex systems.” (ibid). 

 

   And elsewhere (id., p. 61) Ladyman et al. again, this time in an even more supportive manner, refer 

to emergence when saying: “…[the] process of assembling stable intermediates into new stable 

configurations at a higher level does not rely upon any particular nature of the subsystems.” Next, they 

also emphasize the universality of emergence and self-organization: “Hence, the way that stable 

intermediates lead to hierarchically organized complex systems is essentially the same for physical, 

biological and social systems.” Here – finally – reference is made to stability, a condition that, in 

general, remains remarkably absent in the article.  

   To return to the central thesis offered in the Introduction (id., p. 34), this bears directly on the second 

task undertaken in the article, viz., identifying measures of complexity (id., pp. 42-55). The two 
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which are then reduced to two key principles by means of a rigorous test. Thus, an important 

difference is that Ladyman et al. do not draw upon empirical evidence at all, but merely apply a 

conceptual approach, despite the fact that their source material is (largely) derived from scientists.  

   The features listed by Ladyman et al. are well-known to us by now, but they need attention for the 

way the authors put them to the test. They are: nonlinearity, feedback, spontaneous order, robustness 

and lack of central control, emergence, hierarchical organization, and numerosity (id., pp. 36-41). 

Ultimately only two of them appear to satisfy the criteria of being both necessary and sufficient 

conditions for a system to qualify as complex, viz., spontaneous order and hierarchical organization. 

    This evidently resembles the method of abductive inference I applied. But it remains unclear what 

the authors are actually doing with this outcome. For in a later section entitled “The features of 

complex systems revisited” (id., pp. 57-60), a different set of features is produced, some of which are 

new, while some of them are in some sense equivalent to the ones discussed before. It concerns: 

ensemble of many elements, interactions, disorder, robust order and memory. This list is compatible 

with what the authors call “a tentative definition of complexity: [a] complex system is an ensemble of 

many elements which are interacting in a disordered way, resulting in robust organization and 

memory.” (id., p. 57). However, while they claim that the defining properties constituting this 

definition are to be conceived as necessary conditions (id., p. 33), according to the authors’ statement 

“…they may not be jointly sufficient for complexity.” (ibid.) Also, apparently a few quite important 

characteristics vanished or were given up in the process of redefining complexity. Moreover, the list 

appears not to be exhaustive for yet another reason, because later (id., pp. 60-62), the hierarchical, 

nested structure of complex systems pops up as a defining property. Interestingly, the definition refers 

implicitly to emergence, a feature that earlier (id., p. 40) was qualified as being “notoriously murky”. 

But the authors do not dismiss emergence as irrelevant, for a few lines further down they declare:   

 

“…we are concerned with the kind of emergence exemplified by the formation of crystals, the 

organization of ant colonies; and in general, the way that levels of organization emerge from 

fundamental physics and physical parts of more complex systems.” (ibid). 

 

   And elsewhere (id., p. 61) Ladyman et al. again, this time in an even more supportive manner, refer 

to emergence when saying: “…[the] process of assembling stable intermediates into new stable 

configurations at a higher level does not rely upon any particular nature of the subsystems.” Next, they 

also emphasize the universality of emergence and self-organization: “Hence, the way that stable 

intermediates lead to hierarchically organized complex systems is essentially the same for physical, 

biological and social systems.” Here – finally – reference is made to stability, a condition that, in 

general, remains remarkably absent in the article.  
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chapters dedicated to this issue contain very technical discussions, which I won’t address in detail. The 

first explores the question whether the information content of a system is a measure for its complexity 

(which is fairly irrelevant to the purpose of this subsection). As regards the second chapter, suffice it 

to say that five rival candidates are reviewed, whose capacity to measure complexity is assessed by 

exploring if and to what extent they satisfy the criteria of being computable and being a measure of 

order (rather than randomness). Ultimately, one, viz., the measure of Statistical Complexity is retained 

as “…the best candidate […] for a measure of the order produced by complex systems.” (id., p. 54). 

According to this criterion a system is complex if it can generate data series with high statistical 

complexity, which involves large data sets gathered from real world systems. Note that this definition 

not only differs substantially from the one above, but does not concisely explicate the deeper nature of 

the notion of statistical complexity. Curiously, Ladyman et al. reject the concept of “Thermodynamic 

Depth”, one of the candidates for the selection of an effective measure of complexity, on the ground 

that it doesn’t measure order but randomness. But an obvious and more fitting thermodynamic 

yardstick such as Chaisson’s “energy flow per unit mass”, central in my book, is ignored.      

   As far as metaphysical hypotheses about the world, underlying the applied research strategies, are 

concerned: the conclusion of the article goes deeply into the distinction between realism and 

instrumentalism. Ladyman et al. claim to give a realistic description of patterns in the physical world. 

But they remain unclear in regard to whether they take a reductionist or non-reductionist position, or, 

if the case may be, a combination of both. Moreover, as noted before, they are ambiguous about 

emergence, which, on the one hand, is considered rather irrelevant, but, on the other, is repeatedly 

referred to as essential. Consider this comment (id., p. 55): “A pattern in the sand on a beach might be 

considered complex because it has many regularities and yet is not perfectly symmetric.” Suddenly  

the principle of symmetry breaking with regard to emergence appears on the scene. In comparison, my 

stance with respect to reductionism and emergentism is clear: they are, in principle, compatible, while 

emergence is a phenomenon, associated with self-organization, in need of explanation. 

    In conclusion: if we place Ladyman et al’s approach alongside mine, then their investigative method  

is (more or less) analogous to mine, in that it draws on various views on complexity from authoritative 

scientists, and subsequently applies something like abductive inference in order to arrive at the best 

explanation. However, insofar as it concerns the characteristics listed in Subsection 5.3.2, I apply a 

different approach when it comes to defining complexity: whereas Ladyman et al., besides summing 

up features, use a very compact, less explicative definition, I offer more elaborate and thorough 

characteristics, in fact defining properties which, taken apart, are (at least) necessary, but, taken 

together, are without doubt sufficient. To complete the latter picture, a number of less central features, 

according to Wittgenstein’s “family-resemblance”, have been summed up as relevant too.        
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5.4 The defining properties of emergence 

   In Chapter 2 we have witnessed an array of mostly unexplainable and unpredictable emergent 

phenomena that arise at the higher-order level of complex systems. In Chapter 4 we have committed 

ourselves ontologically to these phenomena, primarily on account of the fact that they are observable 

and often measurable, but also for the simple fact that they constitute our domain of research (which 

represents a philosophical position called “methodological realism”). But what do we really know 

about them? Is the failure of fundamental laws to explain and predict them due to limitations to our 

cognitive and computational powers? If so, will they eventually be understood as these limits are 

stretched and our grasp of complex systems grows?  And will this understanding obtain on the basis of 

a deterministic, reductionist metaphysics, or by making a successful appeal to organizing principles? 

Or will some emergent phenomena be forever beyond our reach? These important issues will be 

addressed in this and the next section. 

   The earlier mentioned characteristics of complexity have important consequences for the way we 

may define emergence. On the one hand we prefer to consider complexity a concept in its own right, 

neither to be defined nor to be explained in terms of emergence, on the other hand emergent 

phenomena can only be meaningfully defined by invoking complexity, as the following list shows. Of 

course, many of the features of emergence listed below have, in some context or other, already been 

dealt with in the previous chapters and sections. But at this point it is certainly appropriate to reiterate 

them: 

  

(1) Emergent natural phenomena arise spontaneously on levels of increasing complexity, independent 

of someone observing them or having knowledge of them. In this sense emergence is a realist 

ontological notion which is multi-level by implication: it concerns the relation between the whole of a 

complex system and its parts, inclusive of possible intermediate levels.  

 

(2) The system’s macro-level emergent properties and behaviour, in principle, arise out of collective 

local micro-level interactions, i.e. through bottom-up causation. (Remember that the interactions of 

individual constituent elements with one another, i.e., bilateral interactions, governed by laws 

pertaining to the micro-level, can neither explain nor predict emergent phenomena). However, for 

emergent patterns to actually come about these collective interactions, as we have seen earlier, must in 

turn be constrained by the system’s macro-level behaviour, i.e. through top-down causation. This must 

also be taken to mean that the bottom-up causal relationship provides enabling or necessary 

conditions, whereas the top-down causation affords sufficient or constitutive conditions for emergent 

patterns to occur.   

 

(3) Emergence conveys the idea that the behaviour and the properties observed on the macro-level are 

ontologically irreducible to, though not violating, fundamental laws ruling the interaction of the 
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systems’ individual constituent elements on the micro-level, down to the level of elementary particles. 

Irreducibility entails the failure to predict and/or explain the phenomena observed on the system’s 

macro-level on the basis of or in terms of the behaviour or the properties of the individual micro-parts.  

 

(4) The ontological irreducibility is due to the causal underdetermination of the relationship between 

processes on the lower levels of organization and emergent phenomena occurring on the upper ones 

germane to a complex system.
36

 This entails that, while emergent patterns somehow arise partially as a 

result of the system obeying the fundamental force laws – if only because any emergent pattern  needs 

an underlying material precursor or substrate – , humans, as noticed before, cannot grasp the entire 

chain of causality. This is clearly an epistemological point of view. However, if certain levels are 

simply missing, in the sense that knowledge of them appears to be almost certainly beyond our 

cognitive and computational power, then the distinction between the ontological and epistemological 

nature of the issue becomes practically irrelevant (see Section 5.5 for further discussion).   

 

(5) Emergent phenomena are collective in nature; emergence is a concept that only has meaning for 

large numbers of entities (e.g. temperature, or being alive or dead, has no meaning for one atom or 

molecule in isolation). This reflects the import of the principle of scaling: emergent properties become 

manifest as we move up the scale from the micro-cosmos to the macro-cosmos in space and time: e.g., 

quarks/electrons � atoms � molecules � organisms � populations � societies, or (from 

atoms/molecules onwards) � matter � planets � stars � galaxies, etc., and from Planck-time (10 
-43

 

sec. ATB (After The Big Bang)), via nanoseconds to galactic time. These scales reflect a powerful 

tendency inherent in nature to form a hierarchy of organizational levels. 

 

(6) The emergent behaviours of complex, non-linear, self-organizing systems, as well as these systems 

themselves, are dynamical in nature, they evolve over time. Observing and analysing them thus 

necessarily requires a diachronic approach. But that in itself is not enough: for a methodologically 

adequate strategy of inquiry a statistical-mechanical explanation, useful for explaining the behaviour 

                                                      

36

 Whether causal underdetermination is in fact an ontological rather than a epistemological notion appears to be 

a moot point. Reductionists might argue that the latter is the case as it is just the consequence of our cognitive 

and computational powers falling short, but that no logical impediment stands in the way of reduction in the 

future or in principle. But what if this assertion amounts to no more than just faith? Another pro-epistemological 

argument might be that causal underdetermination concerns the disconnection of an inter-theoretical, thus 

epistemological relationship: the emergent macro-level behaviour cannot be logically deduced from the rules 

governing the micro-level interactions. Here reductionists might hold that reduction is still possible with the help 

of bridge-laws ascertaining a perfect identification. But the Navier-Stokes equations describing the behaviour of 

liquids are a counterexample: despite reductionist claims that they can be derived from quantum physics, no one 

seems to know how to get there from the quantum mechanics of fluid atoms or molecules (Kauffman, 2008, p. 

17). Prominent complexity theorists, among them Kauffman, claim that the microscopic origin of certain 

emergent phenomena, e.g. biological adaptations, in terms of their predictability, is inherently beyond our grasp, 

which would point to causal underdetermination as an ontological notion (Kauffman, 2008, p. 5; see also  

Subsection 2.2.1, footnote 13 ). 
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of equilibrium systems, does not suffice: what is needed is a dynamical, model-based explanation (see 

Sections 5.6 and 5.9 for further discussion).  

 

   To conclude: rather than trying to capture the essence of emergence in one brief, inevitably shallow 

and undeveloped definition, I elected to use a set of defining properties. Most of them are to be 

conceived as necessary or enabling conditions and some – e.g. top-down causation – as sufficient or 

constitutive conditions. But properties and conditions are conceptually not the same: all defining 

properties, by nature, are needed to complete the picture of the phenomenon in question, in this case 

emergence. In that sense each of them is a necessary condition, while together they can be seen to 

constitute a set of sufficient conditions.     

 

5.5 Complexity, emergence and the edge of universal computational power 

Despite substantial evidence to the contrary, the philosophical doctrine of reductionism still holds that 

all properties of a system are reducible to the properties of its parts. Insofar as such a reductionist 

explanation has not yet been successfully performed with respect to particular kinds of complex 

systems, strict reductionists are certain that there is one in the offing. We saw in Section 5.4 that, as far 

as they are concerned, the failure to carry out whatever kind of reduction is a wholly epistemic, or 

even practical problem, due to a lack of knowledge or computational power that science should in the 

long run be able to overcome. But we have also taken due note of the fact that the validity of this 

doctrine is under heavy attack from a growing number of prominent scientists, among them physicists 

of high stature. The debate turns on the question whether phenomena characterizing the overall 

behaviour of complex systems can ultimately be derived from the known laws of nature applied to the 

dynamics of the individual constituents, or whether there are higher-order organizational rules, laws or 

principles in play that can explain and predict these otherwise unexplainable and unpredictable 

phenomena at various levels of complexity. While both parties agree that computational and cognitive 

inadequacy may be part of the issue, they differ principally about what is at the root of this problem: 

according to radical non-reductionists such as Kauffman, the chain of causality between the micro- 

and the macro-level of complex systems is not just beyond our grasp, it is inherently and thus 

ontologically incomplete: some links are simply missing. I prefer to take a more agnostic position; we 

find ourselves here at a point where the distinction between ontology and epistemology becomes 

fuzzy, and, in my view, in some sense irrelevant, since one way or another we still need organizing 

principles in order to explain emergence. For, even if the reductionists are right in claiming that 

science may eventually find the missing links, “In the long run, we are all dead”, as the great 

economist John Maynard Keynes so succinctly observed. Be this as it may, strict reductionists claim 

that complexity theorists so far have not been able to come up with examples of “holistic” properties 

that could serve as counterexamples to their doctrine. But this may be a bit too fast.  
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   The physicist Paul Davies is one of those dissidents who believe that there are emergent phenomena 

in play in complex systems that can only be understood by invoking organizing principles which 

themselves emerge at various levels of organization in nature. He links the issue of our alleged lack of 

cognitive and computational power with the explanation of emergences in an article entitled 

“Emergent biological principles and the computational resources of the universe” (Davies, 2005a,).
37

  

   The starting point of Davies’s argument is once more Lloyd’s number denoting the maximum 

number of information bits the universe can have processed since the Big Bang of 13.7 billion years 

ago, amounting to 10
120.

 Thus, as we have seen in Section 4.4, Lloyd’s number defines a fundamental 

limit to the accuracy of the laws of physics of one part in 10
120

.  The consequence is that we cannot 

justifiably claim that a law applies unless its computational requirements lie within this limit (Davies, 

2005b, p. 36).  

   But what is the connection between this computational limit and the idea that organizing principles 

come into play beyond certain levels of complexity?
38

  

   Davies (ibid.) argues: “The Landauer-Lloyd limit
39

 does not prove that such principles must exist, 

but it disproves the long-standing claim by reductionists that they can’t. If the micro-laws – the laws of 

physics as we know them – cannot completely determine the future states and properties of some 

physical systems, then there are gaps left in which higher-level emergent laws can operate.”  As shown 

in Chapter 4, Section 4.4, the Landauer-Lloyd limit is nowhere near restrictive enough to stand in the 

way of the normal application of physical laws. But, says Davies: “If there are emergent principles 

[read: organizing principles] at work in nature, it is to […] complex systems that exceed the limit […] 

that we should look for evidence of their effects.” 
40

 He then takes the example of living systems and 

of the problem of predicting the onset of life in a prebiotic soup to make his point (ibid.). Kauffman 

and Davies, though using different parameters, are following a similar line of thought here, arguing 

                                                      

37

 Davies summarized his ideas on this topic in an article in New Scientist, 5 March 2005, entitled: “Emergence, 

The Sum of the Parts” 

38

Davies here refers to the distinction between “weak” and “strong” emergence: the former variety is presumably 

reducible to the system’s components, but predictive calculations are as yet beyond our reach. The latter applies 

to emergent phenomena in complex systems that can only be accounted for by making an appeal to organizing 

principles. It is this latter kind that is under discussion here. This distinction, in my opinion, is not very helpful as 

an analytical instrument: the difference between the two kinds of emergences is not clear-cut, it is fuzzy. I 

therefore hold that organizing principles must be invoked irrespective of whether it concerns “weak” or “strong” 

emergence. Davies’ “strong” emergence agrees with Kauffman’s views on the unpredictability of biological 

adaptations.  

   Davies tends to conflate the concepts of emergence and organizing principles so that they become conceptually 

blurred. I propose that the distinction is rigorously maintained despite the fact that organizing principles are 

presumed to be emergent in their own right. 

39

 Rolf Landauer, a quantum computer pioneer with IBM, pointed out that all computation is subject to two 

fundamental limitations: the first is imposed by Heisenberg’s uncertainty principle in quantum mechanics and 

the finite speed of light according to relativity, the second by the finite processing and storage capacity of the 

observable universe (Davies, 2006, pp. 268-269/271; see also Section 4.4). 

40

 Note the use of the term “effects” by Davies in this context: it suggests a causal relationship, either efficient or 

formal, between principles and certain emergent phenomena; I have refrained from efficient causation here to 

avoid physical and conceptual inconsistencies, and instead attributed organizing principles the role of formal 

causes of emergent phenomena. 
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that the space of possible configurations of organic building blocks such as proteins is vastly larger 

than the space of instantiated proteins (see also Subsection 2.2.1, footnote 13). A typical protein is a 

chain molecule of about 100 to 200 amino acids of 20 varieties. If we also take into account the 

number of possible shapes the molecule can take the number of potential proteins that results lies in 

the range of 10
200

 to 10
260

, far exceeding the Landauer-Lloyd limit. In fact it would take a staggering 

amount of repetitions of the entire history of the universe to create all possible proteins just once. 

While Kauffman uses these numbers to support his claim that the occurrence of new biological 

functions is inherently beyond prediction, Davies attempts to bring the cosmological numbers within 

the limits of those derived from experimental biology. This he achieves by focusing on a molecule 

containing only between 60 and 100 amino acids which represents a number of proteins still far in 

excess of what the universe could have processed during its age. Surprisingly, the numbers derived 

from theoretical physics and cosmology concord with those observed in small proteins. Thus (id., p. 

37), Davies concludes: “…the properties of such a chain could not – even in principle – be traced back 

to a reductionist explanation.” The same applies to nucleotides in DNA: strings of about 200 base 

pairs might require additional organizing principles to predict their properties. According to Davies it 

may be inferred from the Landauer-Lloyd analysis that these principles have been instrumental in 

giving proteins and genes their functionality. Hence his statement:  

 

“…the known laws of physics won’t bring life into existence with any inevitability – they don’t have 

life written into them. But if there are higher-level, emergent laws at work, then […] life may indeed 

be written into the laws of nature. These laws, however, are not the bottom-level laws of physics found 

in the text books.” (ibid.).  

 

   With this Davies may have come up with at least one counter-example to the reductionists’ central 

doctrine, something that in their eyes complexity theorists so far have failed to do. In the next section 

we shall witness the discovery of another such counter-example, this time on the scale of everyday 

emergent phenomena.  

 

5.6 The Ising model: why a statistical-mechanical explanation doesn’t suffice 

A simple, but successful model in statistical mechanics is the Ising model, originally proposed by 

Lenz and Ising to study how ferromagnetism arises from the collective organization of atoms in iron. 

The Ising model can be pictured by imagining a 3D lattice of atoms, in which each atom acts like a 

tiny magnet to those around it. (see also Kadanoff, discussed in Subsection 2.1.2, and Subsection 

8.2.6, on spontaneous symmetry breaking). This mirrors what happens in real-world materials, where 

the atoms adopt different patterns of orientation depending on the forces between them. In magnetic 

iron the atoms will point in a similar direction, making the material magnetic overall. By contrast, in 

less pure metals, such as alloys, the patterns turn out be more complex. The Ising model has been 
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The Ising model can be pictured by imagining a 3D lattice of atoms, in which each atom acts like a 
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less pure metals, such as alloys, the patterns turn out be more complex. The Ising model has been 
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generalized so as to apply to a whole range of divergent fields; it has provided key insights into the 

occurrence of phase transitions in systems under equilibrium conditions. But complex systems far 

from thermodynamic equilibrium proved to be a different kettle of fish.     

   Using the Ising model, the Australian scientist Mile Gu
41

 at the University of Queensland in 

Brisbane, and his colleagues, tried to find out whether the pattern that the atoms formed under the 

influence of various parameters, such as a state of lowest energy, could be derived from knowledge of 

atomic forces. The result was negative and this is surely bad news for strict reductionism: even perfect 

knowledge of the physics at one level may be inadequate for understanding organization at higher 

levels. In mathematical terms the system is “formally undecidable”.  According to Gu a number of 

properties were simply decoupled from the fundamental interactions, a phenomenon we came across 

earlier. Thus, this model, simulating real physical systems, shows convincingly that some properties 

cannot be linked to the behaviour of their parts. Some links in the causal chain are just missing or 

inaccessible. Even given complete knowledge of all the forces acting between atoms and unlimited 

computational capacity there remains an unbridgeable cognitive and explanatory gap with respect to 

the atoms’ orientation or the overall energy of the system. Thus, Gu concludes, a “Theory of 

Everything” will not explain all natural phenomena.
42

 A correct description of nature takes 

intermediate levels into account, rather than operating from just one.  

   Interestingly, Gu et al. refer to the famous essay “More is Different” by Anderson (1972), discussed 

earlier in this book (See Subsection 2.1.2). Anderson claimed that emergent properties arise at the size 

of a collection of constituent parts which do not follow from the properties of those parts. Evidently 

Gu and his colleagues believe that the properties that the Ising model failed to explain qualify as 

emergent phenomena; it follows that, in principle, there is a gap left in which organizing principles can 

operate. 
43

 

                                                      

41

 See: “Why Nature is not the Sum of its Parts”, Mark Buchanan, New Scientist, 4 October 2008, p. 12. 

42

 Magnetism under conditions of thermo-dynamical equilibrium and applied to normal magnetic material like 

iron is well understood up to a point: it arises from the spin of atoms or ions, which can be thought of as 

producing tiny magnets. The axes about which the atoms or ions rotate generally point in random directions, but 

in magnetized iron they all point in the same direction, the north-south axis of the magnet, thereby giving life to 

a magnetic field in alignment with them. But this is not to say that the preferred positions the atoms occupy 

existed prior to the magnetization: the collective pattern is due to unmanageable instability and spontaneous 

symmetry breaking and is wholly emergent. The phase transition towards the new state does not proceed in a 

flash, but relatively “slow”. Despite slight but inevitable imperfection of the material, and unpredictable motions 

of the constituent atoms, the new, more organized, but less symmetric state prevails, without scathing the 

outward rigidity due to the continuity of the metallic lattice. The term “equilibrium” must be qualified here: 

magnetization only occurs when the temperature of the iron is lower than the so-called Curie point, i.e. 770 
0

 C. 

This is a fortiori the case when a magnetic field is applied under non-equilibrium conditions to magnetically 

“frustrated” materials, compounds fabricated in the laboratory. Magnetization suddenly pops up in a phase 

transition, instead of increasing gradually, proving that rapid phase transitions can occur in solids and with atoms 

with spin. This behaviour turned out to be also emergent and thus non-derivable from the interactions at the 

micro-level, a phenomenon I choose to call “causal underdetermination”, extensively discussed earlier (see also 

“Poles apart” in New Scientist 9 May 2009 by Eugene Reich on the quest for monopoles). 

43

 John Barrow of the University of Cambridge, while finding the results “really interesting”, points out that Gu 

et al. derived their conclusions from studying an infinite system, instead of one of finite size, such as prevail in 

nature. Gu agrees, but points out that physicists routinely study idealized models representing infinite systems to 
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   The consequences of this conclusion are important: though statistical mechanical models go a long 

way towards explaining complex systems’ behaviour under equilibrium conditions, the Ising model 

turns out to be insufficient under the boundary conditions pertaining to fundamental laws.  It leaves 

gaps that fundamental force laws can’t fill. At any rate, insofar as systems are considered to be of the 

dynamical, non-linear, self-organizing kind, dynamical models are the better explanatory tool. These 

models allow us to disregard the micro-details and to rise to a higher level of abstraction in an effort to 

grasp the behaviour of a whole class of similar systems. This might eventually be the clue to the way 

universal organizing principles operate.   

 

5.7 A philosopher’s view on the explanatory inadequacy of fundamental force laws 

Up till now mainly scientists and mathematicians have raised the matter of the failure of fundamental 

physical laws to provide a satisfactory description, explanation and prediction of the origin and 

emergent behaviour of complex systems; this is in fact the overriding consideration for putting 

organizing principles on the research agenda. Therefore it seems appropriate to briefly discuss the 

work of a philosopher of science, viz., Robert W. Batterman, who, in his book The Devil in the 

Details: Asymptotic Reasoning in Explanation, Reduction and Emergence (Batterman, 2002)
44

 deals 

with this important aspect of complexity, i.e. the lack of explanatory and predictive power of 

fundamental force laws with respect to emergent phenomena.  

   The main theme of Batterman’s book is his claim that insofar as it concerns certain emergent 

physical phenomena, for example the rainbow, fundamental theories are explanatorily inadequate and 

need to be supplemented by the conceptual apparatus of less fundamental theories. In clarifying 

Batterman’s position I shall confine myself to the main lines of his argument and skip the technical 

details.  

   Batterman points out: “… [t]hese phenomena are not derivable in any straightforward sense from the 

underlying wave theory […] They are deeply encoded in that equation but are apparent only through 

its asymptotic analysis.” (Batterman, 2002, p. 118; my italics). Apparently Batterman has to appeal to 

an alternative kind of explanation, i.e. asymptotic analysis, and to less fundamental theories and their 

corresponding laws in order to fill the gap that the fundamental force laws leave. Furthermore, by 

implying that the actual chain of causality between certain emergent phenomena and the underlying 

micro-rules is beyond our reach, he in fact refers to what was earlier called “causal 

underdetermination”, a distinct feature of complex systems. Thus, his approach to this issue involves 

three aspects: (i) a methodological aspect, represented by the method of asymptotic explanation, (ii) an 

                                                                                                                                                                      

describe reality. He says: “Our results suggest that some of [the idealised fundamental laws] probably cannot be 

derived from first principles.” (Buchanan, 2008, p. 12).   

44

 Batterman encapsulates his views on this matter in response to Gordon Belot’s criticism, “Whose Devil? 

Which Details?” on the former’s abovementioned book, in Philosophy of Science, 72 (January 2005) pp. 128-

153, in Philosophy of Science 72, pp. 154-163, under the title “Response to Belot’s “Whose Devil? Which 

details?”. I do not intend to go into Belot’s objections, since I consider Batterman’s rebuttal largely convincing. 
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epistemological aspect, reflected by his appeal to less fundamental theories, and (iii) an ontological 

aspect, represented by the less fundamental laws, inherent in the theories in question. 

   But what exactly does Batterman mean by “asymptotic explanation” and how does it bear on the 

problem of the explanatory deficiency of fundamental physical laws? 
45

 

   Batterman makes a distinction between two types of why-questions: (i) why does a given instance of 

a pattern, for example a rainbow, occur? And: (ii) why do patterns of a given type – rainbows, or, put 

even more generally, emergent phenomena – obtain at all? He is first and foremost interested in the 

latter kind of question (and so are we) and claims that asymptotic explanation is far better suited to 

answer type (ii) why-questions than the traditional Deductive-Nomological (D-N) explanation, which 

suffices only to explain type (i) why-questions (Batterman, 2005, pp. 156-157). 

   Why should this be so? 

   The answer is: because asymptotic analysis typically goes in search of particular boundary 

conditions. And according to Batterman the type (ii) why-questions require us to investigate a specific 

boundary problem – “…we are looking at a place where the fundamental theory [and law] breaks 

down completely.”. And this investigation is necessarily asymptotic, because “…the mathematics of 

the fundamental theory is incapable of saying what goes on at the limit.” (id., p. 160). As for the 

rainbow-case, Batterman claims that the initial and boundary conditions can only be characterized as 

appropriate by the less-fundamental theory of geometrical optics in the limit of zero wavelength. (id., 

p. 159). 

   The observation that, as Batterman calls them, the “micro-laws” fail at the macro-level where the 

boundary condition applies, and that less fundamental higher-order laws – in this case, geometrical 

optics – must be invoked to describe what is going on, is not new. (Evidently Batterman uses a relative 

distinction between micro-levels and macro-levels – which I endorse – implying that the difference 

depends on what the levels of interest are). Remember that Kadanoff showed that the emergent self-

organized behaviour of fluid flow can be made intelligible only by appealing to the laws of 

hydrodynamics, transcending the fundamental physical law (see Subsection 2.1.2) .  

   Batterman points out that problems pertaining to events or processes occurring at the limit abound in 

physics; this is analogous to a number of cases we discussed in the previous chapters. Details, such as 

the behaviour of individual molecules in a gas or a fluid are largely irrelevant to the pattern under 

investigation. “As a consequence (familiar story) one approaches the problem asymptotically by 

taking a continuum limit. The […] boundary [i.e. a state of near-zero wavelength, or lowest energy] 

represents a situation in which the theory fails to describe what is going on.” (id., p. 161). Yet it is a 

dominant feature of the phenomenon studied because it dominates the overall behaviour of the system 

under investigation through the way in which it constrains the manner in which the regions that are 

                                                      

45

 The Oxford Dictionary of Philosophy (2008) gives the following definition of the term “asymptotic”: A line is 

asymptotic to a curve if the distance between the line and the curve tends to zero as the distance along the curve 

tends to infinity.  
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still governed by fundamental laws fit together. Batterman, once more, refers here by implication to 

the phenomenon of causal underdetermination. Therefore, this boundary, where the fundamental 

theory (including its laws) fails, and which creates conditions constraining the interactions of 

constituent system-elements, must be taken into consideration in order to arrive at a satisfactory 

explanation. And this is only attainable by referring to the conceptual apparatus of less fundamental 

higher-order theories and laws.  

   Curiously, Batterman and his opponent Belot repeatedly use terms such as “older superseded 

theories” or “theories emeritus” when referring to less fundamental theories. But this terminology fails 

to appreciate that it is not necessarily superseded theories but rather higher-order theories, mostly still 

fully in use, that are needed to fill the void that fundamental laws are leaving. That is, if we take 

“superseded” to mean literally “supplanted”, “dismissed” or “replaced”. For example, to explain the 

emergent properties of water a theory of fluids is needed, while the behaviour of rainbows is explained 

by the theory of geometrical optics
46

, simply because atomic theory or quantum mechanics do not 

bring it off. Also, a one-sided appeal to superseded theories does not allow of the possibility that new 

but equally fundamental theories and laws, e.g. organizing principles, might be in play here. For 

precisely the fact that only higher-order, less fundamental laws can make sense of the emergence of 

certain phenomena under boundary conditions may well reflect the operation of organizing principles  

behind the scenes. By invoking less fundamental laws for an otherwise unattainable explanation, 

Batterman implicitly relies on a traceable causal link between these laws and these phenomena. Given 

the tenor of Batterman’s argument, which in fact turns on the emergence of complex, self-organized 

systems such as a rainbow, it seems reasonable to assume that organizing principles, as proposed in 

this investigation, though nowhere explicitly mentioned by him, are to be included in the category of 

laws equally capable of explaining puzzling emergent patterns. Indeed, if asymptotic explanation is 

required to highlight and explain otherwise unexplainable phenomena why should these only become 

intelligible by referring to “older superseded theories” and not to a new theory which includes 

organizing principles?  

   I shall take the argument one step further: I hold that the two organizing principles, viz. symmetry 

breaking and the propensity for stability preservation, which are the hard core of my thesis, have 

equally valid claims on fundamentality and universality as the fundamental laws of physics do. The 

validity of this assertion will be further explored and established in Chapters 9, 10, 11 and 12. 
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epistemological aspect, reflected by his appeal to less fundamental theories, and (iii) an ontological 

aspect, represented by the less fundamental laws, inherent in the theories in question. 

   But what exactly does Batterman mean by “asymptotic explanation” and how does it bear on the 

problem of the explanatory deficiency of fundamental physical laws? 
45
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still governed by fundamental laws fit together. Batterman, once more, refers here by implication to 

the phenomenon of causal underdetermination. Therefore, this boundary, where the fundamental 

theory (including its laws) fails, and which creates conditions constraining the interactions of 

constituent system-elements, must be taken into consideration in order to arrive at a satisfactory 

explanation. And this is only attainable by referring to the conceptual apparatus of less fundamental 

higher-order theories and laws.  

   Curiously, Batterman and his opponent Belot repeatedly use terms such as “older superseded 

theories” or “theories emeritus” when referring to less fundamental theories. But this terminology fails 

to appreciate that it is not necessarily superseded theories but rather higher-order theories, mostly still 

fully in use, that are needed to fill the void that fundamental laws are leaving. That is, if we take 

“superseded” to mean literally “supplanted”, “dismissed” or “replaced”. For example, to explain the 

emergent properties of water a theory of fluids is needed, while the behaviour of rainbows is explained 

by the theory of geometrical optics
46

, simply because atomic theory or quantum mechanics do not 

bring it off. Also, a one-sided appeal to superseded theories does not allow of the possibility that new 

but equally fundamental theories and laws, e.g. organizing principles, might be in play here. For 

precisely the fact that only higher-order, less fundamental laws can make sense of the emergence of 

certain phenomena under boundary conditions may well reflect the operation of organizing principles  

behind the scenes. By invoking less fundamental laws for an otherwise unattainable explanation, 

Batterman implicitly relies on a traceable causal link between these laws and these phenomena. Given 

the tenor of Batterman’s argument, which in fact turns on the emergence of complex, self-organized 

systems such as a rainbow, it seems reasonable to assume that organizing principles, as proposed in 

this investigation, though nowhere explicitly mentioned by him, are to be included in the category of 

laws equally capable of explaining puzzling emergent patterns. Indeed, if asymptotic explanation is 

required to highlight and explain otherwise unexplainable phenomena why should these only become 

intelligible by referring to “older superseded theories” and not to a new theory which includes 

organizing principles?  

   I shall take the argument one step further: I hold that the two organizing principles, viz. symmetry 

breaking and the propensity for stability preservation, which are the hard core of my thesis, have 

equally valid claims on fundamentality and universality as the fundamental laws of physics do. The 

validity of this assertion will be further explored and established in Chapters 9, 10, 11 and 12. 

 

                                                      

46

 Geometrical optics is the most common of theories containing a simplified model to explain optical 

phenomena such as the dispersion of light in rainbows. It treats light as a collection of rays that travel in straight 

lines and bend when passing through a medium or reflect from surfaces. Physical optics is the more modern 

theory which includes wave effects such as diffraction and interference that cannot be accounted for in 

geometrical optics. Geometrical optics is indeed an older theory but calling it superseded does not give it its due; 

rather it is a higher-order theory, containing higher-order laws that we need in order to make rainbows 

intelligible. 

127

Conceptual, epistemological and methodological issues regarding emergent phenomena     



 124

5.8 The epistemology of emergence reviewed 

The foregoing observations warrant the following conclusions:  

(1) There are phenomena that are considered emergent in virtue of the defining properties summed up 

in Section 5.4; this concerns the origin, the properties and the behaviour of complex systems, i.e., non-

linear, self-organizing configurations of matter (as described in Section 5.3).  

(2) Fundamental force laws fail to explain and predict these phenomena. In the preceding chapters and 

sections ample conceptual and empirical evidence is provided to support this claim. It is also endorsed 

by a growing number of prominent scientists.  

(3) It may be – as suggested by Davies – that the failure to explain emergent pattern formation 

exhibited by certain complex systems through an appeal to physical force laws is due to a fundamental 

limit to the accuracy of these laws, as well as to the laws of physics in general, imposed by the 

universe’s finite information storage capacity. But it remains unclear which systems exceed this limit 

and which don’t.
47

 In fact it appears that this computational and cognitive deficiency applies across the 

board, that is, to non-living as well as to living systems. This holds in particular when under the 

special asymptotic or limit conditions of fundamental theories neither the process of magnetization, 

nor the birth of an organism at the macro-level can be derived from complete knowledge of the 

interactions between constituent parts at the micro-level. The actual chain of causality is just too 

complex to fathom. 

(4) The failure of fundamental force laws to precisely determine the future states and properties of 

complex self-organizing systems leaves a gap for organizing principles to fill. Therefore it makes 

sense for scientists of various backgrounds to aim their research efforts at discovering and identifying 

these principles so as to empirically confirm presumptive notions about them.  

 

  The next section – following up Section 5.6 – deals with methodological strategies and research 

techniques that are demonstrably suited to the purpose of exploring complex systems and their 

behaviour. It stands to reason that explaining disparate emergent pattern formation and identifying 

organizing principles bearing on these emergences in principle also falls within their competence.   

 

5.9 Dynamical computational modelling as a means to understanding complexity 

The Ising model reviewed before demonstrates the inadequacy of statistical-mechanical kinds of 

explanation in dealing with complex, non-linear, dynamical systems, in particular with respect to 

processes going on at the limit. Irrespective as to whether it concerns (contained) volumes of 

homogeneous subsystems or sustained, internally cohesive systems, consisting of heterogeneous parts 

and not decomposable into these subsystems, such inquiry requires a different explanatory approach. It 

was Prigogine who already some 30 years ago adopted and championed a more effective investigative 
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approach of self-organizing dissipative systems: while classical statistical mechanics predicts changes 

in systems solely in terms of the interactions among parts, non-linear thermodynamics especially aims 

to predict how the system responds to perturbations imposed from without; this insight marks 

Prigogine as one of the ground-breaking forerunners of modern model-based heuristic strategies in the 

realm of complexity (Prigogine et al., 1984, p. xxix; see also Subsection 2.1.2). 

   In Section 4.7 we have seen that Chemero et al. make a distinction between efficient and formal 

causation, making selective use of Aristotle’s four famous distinctions. Proponents of strictly 

statistical-mechanical explanations hold that model-based explanations are mere descriptions that do 

not tell what causes things to happen. The implication is that deep understanding of a phenomenon 

requires first and foremost a causal, i.e. a mechanistic explanation. Chemero et al. (2008, p. 20) point 

out that this assumes that efficient causation is the most fundamental kind of causal explanation. But, 

as the case of the Bénard convection demonstrates, formal causation is better suited to the purpose of 

explaining the behaviour of dynamical non-linear systems. Therefore it is a convenient practice to 

model emergent, formal causes as collective control parameters. One of the problems such models 

effectively deal with is explaining the loops or feedback circuits of causation that typically occur in 

complex systems. I have extended these loops in a rather far-reaching manner so as to include 

organizing principles as the formal cause of emergences, at the same time avoiding making them part 

of a physical process of efficient causation. This implies that in fact downward causation, in my 

framework, is still conceived to be a form of efficient, rather than of formal causation, albeit of a 

particular kind. 

   One illustrative example of dynamical explanation that applies the principle of formal causation is a 

scheme called coordination dynamics. Kelso and Engstrom (2006) describe this as follows:  

 

“A set of context-dependent laws or rules that describe, explain and predict how patterns of 

coordination form, adapt, persist and change in natural systems… .[…] Coordination dynamics seeks 

to identify the laws, principles, and mechanisms underlying coordinated behavior among different 

types of components in different kinds of systems at different levels of description.” (id., p. 90). 

 

   This scheme clearly points to organizing principles which, contrary to the fundamental laws, allow 

and provide an understanding of emergent behaviour of complex systems. These principles are highly 

generalized, applying to a broad range of distinct systems and levels. 

   It is the systems biologist Denis Noble who already in the 1960s developed a mathematical model of 

the heart that took full account of the importance of downward causation. The principles underlying 

that early model, though further refined since, have remained largely unchanged. It is now a world- 

famous example of a highly sophisticated computer model simulating biological processes. The 

reconstruction of the heart rhythm is an illustrative case of what this kind of computational modelling 

can achieve.  
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approach of self-organizing dissipative systems: while classical statistical mechanics predicts changes 

in systems solely in terms of the interactions among parts, non-linear thermodynamics especially aims 

to predict how the system responds to perturbations imposed from without; this insight marks 

Prigogine as one of the ground-breaking forerunners of modern model-based heuristic strategies in the 

realm of complexity (Prigogine et al., 1984, p. xxix; see also Subsection 2.1.2). 

   In Section 4.7 we have seen that Chemero et al. make a distinction between efficient and formal 

causation, making selective use of Aristotle’s four famous distinctions. Proponents of strictly 

statistical-mechanical explanations hold that model-based explanations are mere descriptions that do 

not tell what causes things to happen. The implication is that deep understanding of a phenomenon 

requires first and foremost a causal, i.e. a mechanistic explanation. Chemero et al. (2008, p. 20) point 

out that this assumes that efficient causation is the most fundamental kind of causal explanation. But, 

as the case of the Bénard convection demonstrates, formal causation is better suited to the purpose of 

explaining the behaviour of dynamical non-linear systems. Therefore it is a convenient practice to 
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“A set of context-dependent laws or rules that describe, explain and predict how patterns of 

coordination form, adapt, persist and change in natural systems… .[…] Coordination dynamics seeks 

to identify the laws, principles, and mechanisms underlying coordinated behavior among different 
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   This scheme clearly points to organizing principles which, contrary to the fundamental laws, allow 

and provide an understanding of emergent behaviour of complex systems. These principles are highly 

generalized, applying to a broad range of distinct systems and levels. 

   It is the systems biologist Denis Noble who already in the 1960s developed a mathematical model of 

the heart that took full account of the importance of downward causation. The principles underlying 
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famous example of a highly sophisticated computer model simulating biological processes. The 

reconstruction of the heart rhythm is an illustrative case of what this kind of computational modelling 

can achieve.  
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   According to Noble the heart rhythm is an emergent property – Noble prefers the term “systems 

level” property – that arises out of the interactions of protein molecules. Noble writes: “… we can 

have a system that operates rhythmically and yet contains no specific ‘oscillator’ component. There is 

no need for one.” (Noble, 2006, p.60). This comes down to saying there is no need for a homunculus 

type of regulating and coordinating agent; the system organizes itself, it is autonomous (except that 

perfect autonomy does not exist; there is always interaction with the environment, however limited. In 

fact the autonomy of living systems exists thanks to this interaction). In this case too causation works 

both up and down. Noble claims, perfectly in line with Kauffman’s ideas stated earlier:  

 

“The components alter the behaviour of the system, and then the system in turn alters the behaviour of 

the components.[…]…downward causation, that is, the feedback effects from the system to the 

components, is essential for the system to function.[…] The system is the cell – a muscle cell in the 

heart.[…] The components are the protein molecules that channel the electrically charged ions… .” 

(id., p. 62). 

  

   In Noble’s view  mathematical models of such causal feedback loops are easy to construct and they 

are robust and explanatory (id., p.70). They can be made to apply to other natural rhythms with 

decreasing levels of frequency, such as the rhythm of respiration, hunger and thirst, sleep and waking, 

up to much longer-term biological cycles.  

 

   Systems biology, as practiced by Noble, is an application of the method of dynamical explanation, or 

“integrative” explanation, as Noble chooses to call it. It also exhibits the characteristics of 

coordination dynamics (see above). Reductionists might say that these models are nothing more than a 

“bottom-up” reconstruction, based on knowledge of the relevant properties of all the molecular 

components, and thus completely reductionist. But this comes down to denying a principal 

distinguishing characteristic: it is precisely the feedback mechanism whereby macro-level properties 

determine and constrain the behaviour of micro-level components that makes all the difference. 

Models of systems that operate on the principle of downward causation are neither just mechanistic, 

nor just reductionist, though successful reduction and mechanical explanation may be involved. The 

reality has to be faced that causation and explanation can run both upward and downward.  

   The use of mathematical modelling in the study of complexity is not new. Noble’s computer model 

goes back to the 1960s. And in Chapter 2 we have seen examples dating back to the 1970s and ‘80s of 

very early but highly ingenious and effective computer modelling, however inchoate and primitive the 

techniques used by scientists thirty to forty years ago may have been. Among the mathematical 

modellers avant la lettre were several of the chaos and fractal theorists such as Edward Lorenz, Robert 

May, Michel Hénon, Mitchell Feigenbaum and Benoit Mandelbrot. Whether or not they were 

mathematicians by profession or background, all of them adopted the mathematician’s attitude in 
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regard to the phenomenon of emergence, a subject that traditionally had been considered with great 

scepticism, if not disdain by reductionists. Today computational modelling as a form of idealization in 

science is a broadly applied method across life-sciences and other disciplines with a view to the 

explanation of complex, self-organizing systems. This goes to show that there is nothing non-scientific 

or pseudo-scientific about this methodological approach, or, for that matter, about its object of 

research. Its conclusions have been expressed in a way as scientifically ”hard” as ”hard” sciences are 

used to do, that is by means of mathematical equations with firm solutions. Thus, insofar as biology is 

still struggling to prove its autonomy and its status of a true science, here, in the broader context of the 

life sciences, is the golden opportunity for its elevation to the first division of ”hard” sciences, which 

position it was so long denied by physicists.  

   But even if there is nothing vague or foggy about the methods used by complexity theorists in 

pursuit of an adequate theory of emergence, involving a satisfactory explanation of self-organization, 

the scientific status of as yet only postulated organizing principles might still be considered far from 

”hard” from the perspective of the traditionalist’s doctrine. Just as biological laws are not deemed 

fundamental because they are no more than ceteris paribus laws, emergent organizing principles might 

– though probably mistakenly – equally be treated as ceteris paribus rules 
48

. By contrast fundamental 

laws are considered to be exceptionless. However, as we have seen in Chapters 4 and 5, the 

universality, and thus exceptionlessness of the laws of physics is severely disputed; they might turn 

out to be ceteris paribus laws after all. (This issue will be further discussed in Chapter 12). On the 

other hand, organizing principles might prove to be more universal than seems the case at first sight, in 

that they not only may hold across a wide range of different cases in this world, but also in other 

worlds, even if different micro-laws should apply. So, once again, why should we make higher 

demands with respect to universality upon organizing principles then upon the laws of physics?  

 

   There is no doubt that contemporary complexity theorists have embraced dynamical computational 

modelling as a prominent and indispensable research technique based on the principle of upward and 

downward causation. It is also clear that, despite skeptics’ objections, this method is best suited to the 

purpose of investigating and understanding emergent properties of complex systems in the broadest 

sense – not just life on earth, however pivotal and challenging this mission might be. It stands to 

reason that finding and identifying the organizing principles behind whatever emergent phenomena – 

irrespective of whether it is the ultimate target or the serendipitous spin-off of research efforts in this 

domain – is also best served with this approach. But this requires an effective, more general heuristic 

strategy, underlying the specific techniques applied in various research programmes. In the next 
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chapter I shall argue that the argument form called abduction is precisely the strategy that is called for 

with regard to the quest for organizing principles. 
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6 

 

In search of organizing principles: abductive inference as a heuristic strategy 

 

6.1 The argument for the use of abduction 

This chapter attends to the role of abduction as an effective heuristic strategy, both with respect to the 

issue in hand, the presumed formal causal relationship between organizing principles and emergent 

phenomena, and with a view to a larger purpose. It also aims to remind the reader that this 

investigation is first and foremost a philosophical enterprise, not a scientific one. In Chapter 1, the 

Introduction to this book, I pointed out that the argument in support of the central thesis is dual as well 

as complementary: it follows two distinct pathways which are both needed to come to an 

understanding of the relevance of organizing principles to emergent phenomena in general. The one 

regards the substance of the investigation which is in fact an elaborate case-study of self-organization 

and emergence in all its aspects, the other pertains to its form or method. The subject matter of this 

book may thus, in principle, be viewed from either of two perspectives which, however, turn out to be 

mutually dependent on each other: either the case-study is seen as primarily instrumental in getting a 

grasp of the phenomenon of emergence, or it serves in particular to demonstrate the role of abduction 

with respect to gaining an understanding of hitherto unexplained phenomena in general. Such an 

aspect-shift helps to make clear how the content of this chapter relates to the investigation.  

   So far the organizing principles that we need to fill the gap in the explanatory power of the force 

laws of physics have only been postulated. Neither their ontological, nor their epistemological status 

has been sufficiently determined, although in the previous chapters steps have been taken to establish 

their potential as a means to understanding emergence, both inductively and empirically, with the help 

of several case-studies. But ideas and thoughts on this score discussed up to this point were not much 

more than presumptions. From a methodological point of view this might be seen as questionable. 

However, I shall argue that the argument form called “abduction” justifies this approach.    

   Abduction – also often called “inference to the best explanation” (see footnote 50) – was first 

introduced by the American philosopher Charles Sanders Peirce (1839-1914) in the 1870s and ‘80s.
49

 

It is an argument form alongside deduction and induction which – even though, from a deductive point 

of view, it is a logical fallacy – is at present widely accepted as a heuristically effective strategy that 

best serves the purpose of explaining still unexplained, frequently unusual or unexpected phenomena 

in various scientific disciplines. (Peirce seems to have applied abduction in particular to puzzling 

and/or surprising phenomena, witness the following quote: “… the phenomena that puzzle us …” 

(Hookway, 1999, p. 224), and: “… the surprising phenomena to be explained… ” (id, p. 225)).  It 

differs from induction in one important respect: whereas induction argues from the ascertainment that 
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 Peirce’s views on abduction are aptly elucidated by Christopher Hookway in Peirce, The arguments of the 

Philosophers (1999), pp. 208-229. 
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something is true for a large number of observed properties of objects, or events, to the generalization 

that the same claim applies to a whole class, abduction’s point of departure is the assumption that an 

unusual or seemingly inconsistent state of affairs is a special case of an underlying general rule or law. 

The heuristic role of abduction, crucial in the framework of this investigation, is formulated clearly 

and succinctly by Peirce in the following syllogism (Peirce, 1931-1935, p. 189):   

 

“The surprising fact, C, is observed; 

But if A were true, C would be matter of course, 

Hence, there is reason to suspect that A is true.” 

 

   Moreover, according to the Dutch dictionary of philosophy, entitled Woordenboek Filosofie, while 

induction is a quantitative generalization, abduction is a qualitative generalization (Willemsen,1992, 

p.3). It begins with positing rival hypotheses, usually concerning (as yet) unobserved or unidentified 

and hypothetical entities, processes or principles, from which is selected the one which offers the most 

plausible explanation of a specific, often aberrant or surprising phenomenon in need of explanation; 

the choice should be the result of strict interrogation with a view to finding out whether the hypothesis, 

if true, would render the observed puzzling fact a matter of course. Once it is determined that the 

preferred hypothesis is plausible and effective in terms of explanatory power, it remains to establish 

empirically and theoretically the existence of said postulated entities, mechanisms or principles. 

   Thus, whereas induction reasons from the particular to the general, abduction does the reverse: in 

common with deduction it argues from the general to the particular. But in actual fact, and more 

importantly, it also argues backwards from effect to cause, since it takes the effect of a still unknown 

cause as the starting point. With that it differs fundamentally from both deduction and induction: it is 

not deductively valid since it is a presumptive form of argument, applying retrospectively backward 

inference. Furthermore, whereas induction confirms a generalization, abduction suggests it (ibid.). 

Abduction, induction and deduction, although different argument forms, can often be conceived as 

three consecutive stages in a scientific inquiry.
50

 According to Peirce (Hookway, 1999, p. 209) 

induction and abduction are sequentially connected as follows:  

                                                      

50

 The growing interest in abductive reasoning is evidenced by the fact that it is increasingly viewed by 

influential philosophers such as J.Hintikka (1998), D. Walton (1996), and P.A. Flach and A.C. Kakas (2000) as 

being a central part of epistemology and methodology, i.e. the theory of inquiry, and not of logic in the 

traditional sense (see: J. van der Dussen: ‘The Context of Collingwood’s Philosophy of History’, 2007). A 

prominent philosopher of science who was particularly engaged in the study of induction versus abduction was 

Peter Lipton. His best known work is entitled Inference to the Best Explanation (Lipton 1991, 2004b). 

   It is important to note that “inference to the best explanation” (IBE) and “abduction”, although often conflated 

in practice, are, strictly speaking, not quite the same. For there may be more A’s (hypotheses) which, given C, 

satisfy Peirce’s above syllogism. Therefore it appears that in fact IBE primarily applies to the second step of the 

procedure, i.e. the eventual selection of the most plausible hypothesis from a postulated set of relevant rival 

candidates. However, although the distinction – undoubtedly known to Lipton as well – should be conceptually 

clear, I prefer, for all practical purposes, to interpret the terms as being virtually equivalent. This is all the more 
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“… the process whereby we decide which hypotheses are worth critical attention, he calls ‘abduction’; 

[he] used the term ‘induction’ to refer to the patterns of inference employed in empirically testing 

hypotheses… .”  

 

   Peirce’s inspired recommendation of abduction must be seen in the context of his pragmatism, the 

doctrine for which he became famous, and the associated belief in a “natural instinct for truth”, a self- 

correcting mechanism underlying all scientific research, widely adopted in the 19
th

 century (Hookway, 

1999, p. 209).  

   In the context of an abductive strategy it makes sense to adopt the working hypothesis that 

organizing principles exist. Assuming that that’s the case, the issue under discussion is no longer 

primarily ontological, but rather epistemological: how to gain cognitive access to and knowledge of 

these principles. We have a good reason for wanting to know what organizing principles stand for: we 

postulate them in the hope of eventually finding proof of their existence with a view to explaining and 

predicting otherwise unexplainable emergent phenomena. Of course, above all, we need justification 

of the belief that they should explain emergent patterns at all, given the fact that the known force laws 

of nature do not deliver the goods. But first and foremost, we must, with the help of abduction, 

ascertain that no rival hypotheses are better suited to that purpose.  

   In fact abductive reasoning is exactly the heuristic strategy that is called for with a view to 

identifying still largely unknown organizing principles. By postulating them we hope to be able to 

infer that the emergence of complex material systems or puzzling emergent properties of such systems 

are indeed special cases of such principles which may then acquire the status of general rules. Of 

course the subsequent establishment of their existence and their relevance to the emergence of self-

organized patterns is needed in order that the hypothesis is placed on a sound evidence-based 

foundation. Failing empirical adequacy these proposals and their proponents would probably be given 

short shrift by critics. 

   The rediscovery of abduction as an effective heuristic strategy dates back to 1979. It was the 

versatile anthropologist Gregory Bateson, also an eminent ecologist and philosopher, who proved 

himself a convinced champion of abduction as a necessary methodological principle in his two 

ground-breaking works Mind and Nature (1979) and Angels Fear (1987). In his characteristically 

elegant and compelling style of writing he gets to the very root of what abduction stands for (Bateson, 

1979, pp. 149/153): 

 

“…abduction [is] seeking other cases which will be analogous […] in the sense of belonging under the 

same rule [...] We can look at the anatomy of a frog and then look around to find other instances of the 

                                                                                                                                                                      

justified since the common use of the phrase “abductive inference”, routinely connects and conflates the two 

notions. 
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justified since the common use of the phrase “abductive inference”, routinely connects and conflates the two 
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same abstract relations recurring in other creatures, including in this case, ourselves.[…] This lateral 

extension of abstract components of description is called abduction.” 
51

. 

 

   In his later work Angels Fear, (originally entitled Where Angels Fear to Tread), written with his 

daughter Mary Catherine Bateson as co-author, a more formal definition of abduction is presented: 

“That form of reasoning in which a recognizable similarity between A and B proposes the possibility 

of further similarity” (Bateson & Bateson, 1987, p. 206). According to them: “…a model becomes a 

tool of comparative study of different fields of phenomena. It is above all the tool of abduction, 

drawing from phenomena in different fields that which is shared among them.” (id., p. 37). Jesper 

Hoffmeyer (2008, p. 363), refers to Bateson as an early proponent of abduction, who applied the 

concept of logical types from Russell and Whitehead (1910-1913) to the way he used abduction to find 

unifying patterns: “The similarities reached by abduction are here seen as cases on which to build an 

inductive inference that brings us to a higher logical type.” (Examples of different logical types, 

presented by Bateson & Bateson (1987, p. 209) are: the class is of a higher logical type than that of its 

members, the name is not the thing named, but is of a higher logical type than that of the thing named, 

and, the map is not the territory.)  

   Bateson’s endorsement of abduction is important because it makes abundantly clear why this 

methodological principle is pre-eminently suited to the purpose of this inquiry. He emphasizes the 

explanatory power of analogies – which he also refers to as similarities – between seemingly wholly 

different (emergent) phenomena which, once discovered and established, can be brought under the 

same earlier postulated general principle(s) or rule(s). On his view reasoning by analogy has equal 

explanatory and predictive power as does a deductively inferred conclusion or an inductively made 

leap of the imagination. In fact he sees all of these forms of reasoning as complementary rather than 

competitive.  

 

6.2 Abduction put to the test in scientific practice    

Examples of successful abduction in science abound. A classic example is the explanation of the 

aberrant orbit, inconsistent with Newton’s laws of motion, of the planet Uranus by the postulation and 

subsequent discovery of Neptune in the early 19
th

 century. This saved the almost holy Newtonian laws 

from being called into doubt, and it also showed that premature falsification of well-established 

theories is mostly ill-advised. Another spectacular case is the uniform expansion of the universe, 

which was discovered in 1929/31 by the American astronomer Edwin Hubble. This happened in 
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 Bateson’s strong belief in the power of abduction becomes apparent from the following elucidation:  

“Metaphor, dream, parable, allegory, the whole of art, the whole of science, the whole of religion, the whole of 

poetry, totemism, the organization of facts in  comparative anatomy – all these are instances or aggregates of 

instances of abduction, within the human sphere. But obviously, the possibility of abduction extends to the very 

roots of physical science, Newton’s analysis of the solar system and the periodic table of elements being historic 

examples. Conversely, all thought would be totally impossible in a universe in which abduction was not 

expectable.” 
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consequence of his observation that in distant galaxies the spectral lines shifted to the red in proportion 

to their velocity, a Doppler shift, comparable to the shift in the frequency of the sound of a trains’ horn 

as it moves away. Although it appears that Hubble did not himself link his discovery to a unique 

primeval event of creation, he provided the ingredients on which basis other cosmologists could later 

take the growing insight into the universe’s origin a crucial step further. They hypothesized that it was 

the Big Bang that could provide a causal explanation of the red-shift in all distant galaxies. (Curiously, 

the term “Big Bang”, since long the current name for the birth of the universe, was originally and 

rather disdainfully coined by the famous cosmologist Fred Hoyle who found it at odds with his “steady 

state theory”.) This bold inference turned out to be highly plausible, were it only for the fact that all 

other interpretations require a new exotic effect for which there was and still is no evidence. The thesis 

of the expanding universe, as caused by the Big Bang, was further empirically substantiated in 1974 

by other important experimental evidence. 

 

   A case of successful abduction with truly ground-breaking consequences is the discovery of the 

principle of natural selection, the tenet of Darwin’s theory of evolution.  

   Kauffman (2008, p. 42) puts a hypothetical physicist on the scene who reasons by induction from 

many specific cases to the general “law” of natural selection. He will inductively examine many 

individual cases in the wild and then guess that some frequently observed phenomenon is the 

manifestation of a general or universal law. But how does he arrive at the conclusion that natural 

selection is a general law that applies to all life on earth? Even if he finds heritable variations how 

would he guess that they were selected by the competition among and within species for finite food 

and other resources? Without the presupposed notion of an inevitable general shortage of food (by 

analogy with Malthus’s notorious theory, predicting inevitable epidemics and famine for mankind) he 

could not even begin to make the inductive generalization from specific cases of natural selection to 

Darwin’s law. Darwin did not reason inductively. “From [Malthus’ argument he] jumped to envision a 

general competition within each species for finite food resources, and then, on the supposition of 

heritable variations, he inferred his law of natural selection.” (ibid), and “…with one sweeping idea he 

made sense of the geological record of fossils, the similarity of organisms on islands to those on 

nearby major land masses … .” (id., p. 33).  

   This is the hallmark of successful abductive reasoning. Darwin hypothesized that a whole score of 

puzzling phenomena he had observed were special cases of an underlying general law – in this case 

the principle of natural selection. He reasoned backwards, from the effect of observed phenomena in 

nature to a cause he had inferred as best explanation. Whether or not he critically examined rival 

hypotheses is not known. But his hunch proved to be correct: all instances of species – e.g., a gazelle, 

a wild boar, oaks, butterflies etc. – he observed in the wild eventually turned out to be special cases of 

that principle. It is a principle in its own right that applies under conditions of finite resources and 

descent with heritable variations; it does not need an appeal to quantum mechanics or molecular 
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genetics in order to be understood. So far Darwin’s theory, despite endless raging controversies and 

ill-conceived attacks, and despite the fact that he knew nothing about genetics, has withstood all 

attempts to falsify it and as a consequence has become stronger and stronger over time. That Darwin 

endorsed abduction as an admissible argument form demonstrates the following quote from the Origin 

of Species (1959, p. 748): 

 

“It can hardly be supposed that a false theory would explain, in so satisfactorily a manner as does the 

theory of natural selection, the several large classes of facts above specified. It has recently been 

objected that this is an unsafe method of arguing; but it is a method used in judging of the common 

events of life, and has often been used by the greatest natural philosophers.”.
52

 

 

   An illustrative contemporary example of abductive reasoning is the search for the so-called Higgs 

particle with the help of CERN’s Large Hadron Collider (LHC). The Higgs particle, meanwhile in all 

likelihood detected, but still object of rigorous testing, was until recently the last remaining 

undiscovered element of the Standard Model, our current theory of matter. This model gained ever 

more experimental support in the 1970s and ‘80s but requires the Higgs particle lest it run into all sorts 

of explanatory problems. It is in particular the electroweak theory – developed by Nobel Prize 

laureates Steven Weinberg and Abdus Salam in 1967/68, describing the unification of 

electromagnetism and the weak nuclear force – that is facing these difficulties. They turn on the 

question how elementary particles such as quarks and electrons acquire mass and how its values can 

be predicted. (This concerns inert mass, i.e., the resistance to acceleration particles in motion meet 

with, as if moving in a bath of molasses).Without the Higgs particle these entities would have no mass, 

the consequence of which would be a vastly different world from the one we know. The electroweak 

theory, failing the Higgs, cannot predict what those masses should be, though it does show how quarks 

and electrons might acquire masses (Quigg, 2008, p. 42). 

   This elusive particle was called ”Higgs” after the physicist Peter Higgs who introduced it in the 

1960s with a view to an answer to the question why the electroweak forces are asymmetrical: 

electromagnetism is long-ranged, whereas the weak nuclear force is short-ranged. Higgs claimed that 

these forces are actually symmetrical, but their symmetry is “hidden”. It has been spontaneously 

broken in the distant past of the universe. He postulated the Higgs particle – forming part of the all-

encompassing Higgs field – an abstract, unobserved boson entity with mass, as a means for physicists 

to study the process of symmetry breaking mathematically. The Higgs boson is a symmetry breaker 

that shows that these gauge symmetries
53

 are unstable, like a pencil balancing on its point. The Higgs 
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field pushes it towards an asymmetrical, but stable configuration. Thus, though the laws themselves 

are symmetrical, the solutions of the equations, determining the properties of the forces in the real 

world, are not. As Quigg remarked: “… a symmetry of the laws of nature need not be reflected in the 

outcome of those laws.” (id., p. 41; see for further discussion Chapter 11). Higgs and colleagues 

applied a seemingly unrelated phenomenon, namely superconductivity, to the symmetry problem. 

They filled space with a virtual “superconductor”, consisting of Higgs particles that proved a perfect 

prototype for the electroweak theory; it did not only give mass to the W and Z particles, the mediators 

of weak interactions, but also to quarks and electrons through interactions with the Higgs particles 

(ibid). Quigg explains that it does so because such a superconductor only affects the weak (and not the 

electromagnetic) interaction, thereby limiting the range of the weak nuclear force; hence the 

asymmetry (ibid.). Weinberg and Salam used these ideas to achieve the unification of two of the four 

fundamental forces. This also opened the door to the insight that the three non-gravitational forces 

might be unified into one when extremely high energies are applied. (This grand unification was 

eventually accomplished by Glashow, Georgi, Weinberg and Quinn in 1974. The result was the still 

incomplete theoretical framework called Grand Unified Theory (GUT)).    

   With the Higgs particle the electroweak theory accounts, in principle, very precisely for a broad 

range of experimental results, which until recently had remained unexplained. Therefore, the desperate 

and finally successful search for it serves as an appropriate example of pur sang abductive inference. 

The starting point is the assumption that all aberrant and ill-understood observed facts are special 

cases of a general law, i.e. the law (or laws) constituting the Standard Model, and more in particular 

the electroweak theory. By postulating an unobserved and unknown entity, the Higgs particle, most, if 

not all of these inconsistent phenomena are instantly making sense. This has certainly saved a brilliant 

conceptual framework from losing credibility, even to the extent that it might ultimately be considered 

untenable. Of course, the LHC is meant to pursue other far-reaching objectives than just finding the 

Higgs-particle, but this has been a crucial first step. 

   This example is all the more interesting because it concerns the principle of symmetry breaking 

which in this investigation is hypothesized to be a deeper organizing principle underlying many 

distinct emergent phenomena in nature. Unfortunately Peter Higgs’ original contribution, his brilliant 

insight that an appeal to this principle is the key to understanding the asymmetry of fundamental 

forces in nature, somehow got eclipsed by Weinberg’s and Salam’s resounding success. (This was 

finally made good by the fact that he, together with two other physicists, was recently awarded the 

Nobel prize for his groundbreaking work in this respect).  

   Another present day example of successful application of abduction in which the principle of 

symmetry breaking alongside the propensity for stability preservation – but here also the principle of 

natural selection – are involved, is the case of self-organization in biology, pertaining to the puzzle of 

non-dramatic speciation (see also Subsection 2.2.1). Ian Stewart persuasively explained the 

phenomenon of a species split within a single interbreeding population of the same species by 
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ill-conceived attacks, and despite the fact that he knew nothing about genetics, has withstood all 

attempts to falsify it and as a consequence has become stronger and stronger over time. That Darwin 

endorsed abduction as an admissible argument form demonstrates the following quote from the Origin 

of Species (1959, p. 748): 

 

“It can hardly be supposed that a false theory would explain, in so satisfactorily a manner as does the 

theory of natural selection, the several large classes of facts above specified. It has recently been 

objected that this is an unsafe method of arguing; but it is a method used in judging of the common 

events of life, and has often been used by the greatest natural philosophers.”.
52

 

 

   An illustrative contemporary example of abductive reasoning is the search for the so-called Higgs 

particle with the help of CERN’s Large Hadron Collider (LHC). The Higgs particle, meanwhile in all 

likelihood detected, but still object of rigorous testing, was until recently the last remaining 

undiscovered element of the Standard Model, our current theory of matter. This model gained ever 

more experimental support in the 1970s and ‘80s but requires the Higgs particle lest it run into all sorts 

of explanatory problems. It is in particular the electroweak theory – developed by Nobel Prize 

laureates Steven Weinberg and Abdus Salam in 1967/68, describing the unification of 

electromagnetism and the weak nuclear force – that is facing these difficulties. They turn on the 

question how elementary particles such as quarks and electrons acquire mass and how its values can 

be predicted. (This concerns inert mass, i.e., the resistance to acceleration particles in motion meet 

with, as if moving in a bath of molasses).Without the Higgs particle these entities would have no mass, 

the consequence of which would be a vastly different world from the one we know. The electroweak 

theory, failing the Higgs, cannot predict what those masses should be, though it does show how quarks 

and electrons might acquire masses (Quigg, 2008, p. 42). 

   This elusive particle was called ”Higgs” after the physicist Peter Higgs who introduced it in the 

1960s with a view to an answer to the question why the electroweak forces are asymmetrical: 

electromagnetism is long-ranged, whereas the weak nuclear force is short-ranged. Higgs claimed that 

these forces are actually symmetrical, but their symmetry is “hidden”. It has been spontaneously 

broken in the distant past of the universe. He postulated the Higgs particle – forming part of the all-

encompassing Higgs field – an abstract, unobserved boson entity with mass, as a means for physicists 

to study the process of symmetry breaking mathematically. The Higgs boson is a symmetry breaker 

that shows that these gauge symmetries
53

 are unstable, like a pencil balancing on its point. The Higgs 

                                                      

52

  See also Tim Lewens, “In Memoriam: Peter Lipton”, Philosophy of Science, Vol.75, nr 2, April 2008, p. 134.  

53

 Gauge symmetry is an abstract concept that involves the invariance of a physical system under shifts in the 

values of force charges. It is a principle underlying the quantum-mechanical description of the three non-

gravitational forces, i.e. the strong and the weak nuclear force and the electro-magnetic force (Greene, 2003, p. 

416).  

 135
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world, are not. As Quigg remarked: “… a symmetry of the laws of nature need not be reflected in the 

outcome of those laws.” (id., p. 41; see for further discussion Chapter 11). Higgs and colleagues 

applied a seemingly unrelated phenomenon, namely superconductivity, to the symmetry problem. 

They filled space with a virtual “superconductor”, consisting of Higgs particles that proved a perfect 

prototype for the electroweak theory; it did not only give mass to the W and Z particles, the mediators 

of weak interactions, but also to quarks and electrons through interactions with the Higgs particles 

(ibid). Quigg explains that it does so because such a superconductor only affects the weak (and not the 
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fundamental forces. This also opened the door to the insight that the three non-gravitational forces 

might be unified into one when extremely high energies are applied. (This grand unification was 

eventually accomplished by Glashow, Georgi, Weinberg and Quinn in 1974. The result was the still 

incomplete theoretical framework called Grand Unified Theory (GUT)).    

   With the Higgs particle the electroweak theory accounts, in principle, very precisely for a broad 

range of experimental results, which until recently had remained unexplained. Therefore, the desperate 

and finally successful search for it serves as an appropriate example of pur sang abductive inference. 

The starting point is the assumption that all aberrant and ill-understood observed facts are special 

cases of a general law, i.e. the law (or laws) constituting the Standard Model, and more in particular 

the electroweak theory. By postulating an unobserved and unknown entity, the Higgs particle, most, if 

not all of these inconsistent phenomena are instantly making sense. This has certainly saved a brilliant 

conceptual framework from losing credibility, even to the extent that it might ultimately be considered 

untenable. Of course, the LHC is meant to pursue other far-reaching objectives than just finding the 

Higgs-particle, but this has been a crucial first step. 

   This example is all the more interesting because it concerns the principle of symmetry breaking 

which in this investigation is hypothesized to be a deeper organizing principle underlying many 

distinct emergent phenomena in nature. Unfortunately Peter Higgs’ original contribution, his brilliant 

insight that an appeal to this principle is the key to understanding the asymmetry of fundamental 

forces in nature, somehow got eclipsed by Weinberg’s and Salam’s resounding success. (This was 

finally made good by the fact that he, together with two other physicists, was recently awarded the 

Nobel prize for his groundbreaking work in this respect).  

   Another present day example of successful application of abduction in which the principle of 

symmetry breaking alongside the propensity for stability preservation – but here also the principle of 

natural selection – are involved, is the case of self-organization in biology, pertaining to the puzzle of 

non-dramatic speciation (see also Subsection 2.2.1). Ian Stewart persuasively explained the 

phenomenon of a species split within a single interbreeding population of the same species by 
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postulating a particular event, the onset of instability, which typically precedes and leads up to 

symmetry breakings linked with phase transitions as the efficient cause of the species split. 

   The foregoing examples are an indication that in general abduction not only is methodologically 

justified but also is heuristically effective to the extent that it has become indispensable when science 

enters new grounds. It appears that epoch-making scientific discoveries, whether made 150 years ago 

or in this day and age, have been or can be greatly facilitated by this argument form. Therefore, it is to 

be expected that paradigm-shifts in science often are accompanied by a remarkable increase of the use 

of abduction. 
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7 

 

Taking stock of emergent phenomena and organizing principles: towards a taxonomy 

 

7.1 Introduction  

As we have seen the concept of emergence covers a wide range of distinct phenomena. But so far its 

broad inductive scope has been merely provisionally established. This issue will be more thoroughly 

attended to in this chapter and the chapters hereafter. But first, at this point in the investigation, some 

categorization is opportune.  

   Applying a top-down approach, following up the ideas presented in Chapters 3 and 4, a four-level 

hierarchy of emergent phenomena evolves:  

 

(1)                                                 General Class of Emergent Phenomena 

                                                                  /                                            # 

(2)                                              Master Class                       Organizing  Principles  

                                               /                                \                       (status aparte) 

(3)            “Ordinary” Emergent Phenomena    “Special” Emergent Phenomena  

                           Dependent on Org. Principles.            Dependent on Org. Principles  

                              /                           \                           \     

(4)               Class 1                       Class 2                   Class 3  

         Unstructured Aggregates   Structured Systems    Laws of Nature 

              & their Properties          & their Properties              

 

   The four levels in the schematized taxonomy above depict  a “genealogy” of relevant classes, sets, 

and subclasses as follows: 

(1) A General Class of Emergent Phenomena, breaking down into two subclasses (see level (2)).  

(2) A Master Class of Emergent Phenomena and a set of Organizing Principles. The latter are 

emergent in their own right and presumably operate as formal cause of the emergent phenomena 

constituting the entire Master Class. Therefore I prefer to grant them a status aparte, rather than 

subsume them under the Master Class. At level (3) this Master Class splits into two categories, viz., 

“Ordinary” and “Special” emergent phenomena. 

(3) Here reside the “Ordinary” and the “Special” emergent phenomena; the former are named 

“ordinary” because they apply to physical phenomena across the entire organizational hierarchy, 

whereas the latter pertain to the laws of nature, a wholly different kind of “things”. But both the 

ordinary emergent phenomena and the special ones, the laws of nature, are depicted as dependent on 

organizing principles. Level (3) means to express a formal causal relationship. For ordinary emergent 

phenomena it is taken to mean that these principles explain, predict and formally give rise to them, i.e. 
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complex systems as well as behavioural patterns exhibited by complex systems. The interdependent 

relationship between the organizing principles and the laws of nature is of a different, more subtle 

character (see below). 

(4) The bottom-level comprises two sub-categories of the ordinary emergent phenomena figuring one 

level up, i.e. Class 1 and 2 – standing for unstructured (contained) homogeneously composed 

aggregates and their properties, and structured, (more or less) heterogeneously composed systems and 

their properties – and one separate sub-category, referred to as special emergent phenomena above 

under (3), i.e. Class 3, the laws of nature. (to be further discussed in Section 7.2). 

  

   An explication about how the quantum laws fit into this taxonomy is appropriate here. The reader 

may recall that – following Laughlin – I chose to regard non-quantum laws as emergent phenomena 

that only make sense in relation to and arise out of processes of self-organization in nature, ruled by 

organizational principles. As discussed before, Laughlin tends to also regard the quantum laws as 

emergent, although his phraseology is somewhat cryptic (see Section 4.4). Quantum laws are not on a 

par with higher-ordered natural laws, because they do not describe collective phenomena, i.e., 

aggregates and structured systems and their behaviour; they apply, in principle, only to non-

composites, or – at the most – to non-complex composites such as protons, neutrons and atoms (albeit 

a matter of debate on which level of organization the dividing line between the micro- and the macro-

world actually resides). This is a fundamental limitation because when applied to macroscopic 

systems, for example, a measuring apparatus, quantum mechanics does not adequately describe the 

situation of emergent phenomena. Bearing this in mind it would make sense to disregard quantum 

laws here and restrict Class 3 to those laws that apply merely to complex systems. However, this 

would be counter-productive in the context of this inquiry. For the quantum laws’ position is 

ambivalent in that they, as much as higher-order laws, are part and parcel of the physical world and 

would be meaningless without physical events and processes to which they can refer. Therefore, rather 

than leaving them aside, even though classifying them is problematic, I prefer to include them in Class 

3 under “Laws of Nature” alongside of Class 1 and 2.  

 

   As for these laws in general, they are not treated on equal footing with systems and associated 

properties and behaviour, for that would come to a category mistake. Consequently I prefer to treat 

them as a special case of the master class of emergent phenomena; hence their position in Class 3, 

conveying that they are depending in an intricate and subtle manner on self-organizing processes in 

nature, rather than residing in some otherworldly Platonic domain.(see for further discussion Section 

7.2).   

   Class 3 represents, besides fundamental force laws, higher-level physical, chemical or biological 

laws, governing the interactions of subsystems or component parts of systems at relevant higher 

organizational levels. (These higher-level laws, although probably universal in terms of their 
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spatiotemporal validity, are not considered fundamental because they only apply to a limited section of 

the organizational hierarchy in nature; beyond this they fail; as we shall see in Chapter 12 there are 

good reasons to also question, in some particular sense, the fundamentality of the force laws).        

   The distinctions to be made within the Master Class of emergent phenomena need further 

elaboration. This will be provided in Section 7.2. Attendant on the taxonomy of emergent phenomena 

is a generic typology of complex systems and their properties. I argue that the distinction between the 

different types of systems is not clear-cut: they constitute a continuum. The sub-categories of 

emergent properties and the way they relate to the different types of complex systems are  depicted in 

two tables, Tables I and II, whereas the special position of the force laws is shown in Table III.  

   In Section 7.3 the six organizing principles, provisionally nominated in Chapter 3, are submitted as 

rival candidates for final selection in the context of an abductive heuristic strategy. They are 

tentatively selected, solely in virtue of their frequent occurrence in the case-studies reviewed in 

Chapter 2. What is needed next is a more profound analysis of each of the listed principles, showing 

how and to what extent they relate to emergent phenomena, so as to enable us to infer the range of 

their applicability. This, the next step in the process of elimination, will be dealt with in Chapter 8.  

 

7.2 Distinctions within the master class of emergent phenomena  

Tables I, II and III, to be referred to in what follows, do not have the pretension of offering an 

exhaustive enumeration of all known emergent phenomena, nor do they contain all of the examples 

reviewed in the previous chapters. But they should at least provide a taxonomy that enables us to 

meaningfully link organizing principles to emergent phenomena in virtue of a presumed formal causal 

relationship. Please also note that the tables shown in this section present a synchronic picture, 

providing a crude classification of emergent phenomena which should reveal relationships between 

them and organizing principles, such that the former can be denoted as special cases of the latter (see 

Chapter 8 for further discussion).The tables refer to the two main complementary categories of 

emergent phenomena, namely, complex systems and their properties and behaviour. This is to 

acknowledge that each of them is emergent in its own right, even though they are physically 

inextricably bound up with one another. Thus it is not as if the emergence of the bearers of properties, 

the systems themselves, is taken for granted. Hence the tables’ sharp conceptual distinction between 

systems on the one hand and their properties/behaviour on the other, precisely on account of the fact 

that they are physically and practically inseparable. Finally, other than the tables might suggest, there 

is no direct link between the systems, presented in the columns on the left-hand side, and the 

properties/behaviour, figuring on the right side, at least not in the sense that each system precisely 

faces its counterpart on the other side. But they are ranked in such a way as to enable finding a more 

generic relationship without too much trouble.   

   Complex systems come in two varieties: (i) temporarily ordered self-organizing systems (see Table I 

ahead), and (ii) sustained self-organized systems (see Table II). These do not figure as such in the 
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spatiotemporal validity, are not considered fundamental because they only apply to a limited section of 

the organizational hierarchy in nature; beyond this they fail; as we shall see in Chapter 12 there are 

good reasons to also question, in some particular sense, the fundamentality of the force laws).        

   The distinctions to be made within the Master Class of emergent phenomena need further 

elaboration. This will be provided in Section 7.2. Attendant on the taxonomy of emergent phenomena 
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different types of systems is not clear-cut: they constitute a continuum. The sub-categories of 

emergent properties and the way they relate to the different types of complex systems are  depicted in 

two tables, Tables I and II, whereas the special position of the force laws is shown in Table III.  

   In Section 7.3 the six organizing principles, provisionally nominated in Chapter 3, are submitted as 

rival candidates for final selection in the context of an abductive heuristic strategy. They are 

tentatively selected, solely in virtue of their frequent occurrence in the case-studies reviewed in 

Chapter 2. What is needed next is a more profound analysis of each of the listed principles, showing 

how and to what extent they relate to emergent phenomena, so as to enable us to infer the range of 

their applicability. This, the next step in the process of elimination, will be dealt with in Chapter 8.  
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Tables I, II and III, to be referred to in what follows, do not have the pretension of offering an 

exhaustive enumeration of all known emergent phenomena, nor do they contain all of the examples 

reviewed in the previous chapters. But they should at least provide a taxonomy that enables us to 

meaningfully link organizing principles to emergent phenomena in virtue of a presumed formal causal 

relationship. Please also note that the tables shown in this section present a synchronic picture, 

providing a crude classification of emergent phenomena which should reveal relationships between 

them and organizing principles, such that the former can be denoted as special cases of the latter (see 

Chapter 8 for further discussion).The tables refer to the two main complementary categories of 

emergent phenomena, namely, complex systems and their properties and behaviour. This is to 

acknowledge that each of them is emergent in its own right, even though they are physically 

inextricably bound up with one another. Thus it is not as if the emergence of the bearers of properties, 

the systems themselves, is taken for granted. Hence the tables’ sharp conceptual distinction between 

systems on the one hand and their properties/behaviour on the other, precisely on account of the fact 

that they are physically and practically inseparable. Finally, other than the tables might suggest, there 
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faces its counterpart on the other side. But they are ranked in such a way as to enable finding a more 

generic relationship without too much trouble.   
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taxonomy presented before, since they are practically equivalent to the emergent phenomena 

mentioned under Class 1, Unstructured Aggregates, and Class 2, Structured Systems respectively, 

except that the latter specifically include the systems’ properties. Also, within Class 1 a further break-

down is introduced: the systems belonging to variety (i) often take the form of contained unstructured 

aggregates, somehow wholly or partly enveloped, whose constituents are perfectly homogeneous. 

Examples are a volume of gas (e.g., a hot air balloon), or of a liquid (e.g., a glass or a flat pan filled 

with water), or a contained sample of radioactive isotopes.
54

  Non-contained unstructured aggregates – 

in fact largely equivalent to chaotic systems – such as clouds, sand piles, and single frequency waves, 

whose constituent particles tend to be (nearly) homogeneous, also fall under this category, because 

they are capable of holding themselves together without the help of a membrane or container, be it 

mostly transiently. But both types of unstructured aggregates, contained and non-contained, are 

characterized by the absence of sustainable internal cohesion. By contrast, systems belonging to 

variety (ii) and largely equivalent to Class 2, sustained self-organized systems, such as organisms or 

stars, are internally structured and cannot be decomposed into their subsystems without violating their 

autonomy and identity. 

   The reader may wonder how, and on what grounds, unstructured aggregates qualify as emergent 

phenomena, and, by implication, as complex systems. The answer is: they do this by virtue of their 

properties. While unstructured aggregates themselves, whether contained or not, may, strictly 

speaking, not qualify as complex self-organized systems on account of the way they come about – for 

example, if as artefacts – , and on account of the absence of sustainable internal structure, their 

properties, as I shall argue, do indeed render them complex as well as emergent. These properties 

(shown in Table I, Class 1 below) are, among other things, temperature, pressure, entropy, 

(meta)stability and states or phases of matter, such as the solid, the liquid and the gaseous phase; a 

particular type of property of an unstructured sample of matter is radioactive decay, e.g. of Uranium 

235; these properties also include convection as expressed through the Lorenz attractor. 

  

                                                      

54

 Isotopes are atoms of the same element, thus with an equal number of protons, but a different number of 

neutrons in their core. Consequently they have different atomic masses. Many elements have natural isotopes 

that are unstable; they are called radio-isotopes because they undergo changes through radioactive decay. The 

rate of decay is fixed for each radio-isotope and is called the half-life. It describes the time it takes for half of the 

atoms in a sample of radio-isotopes to arrive at a stable end-state. This varies from fractions of seconds to 

billions of years. Uranium-238, for example, takes about 4,5 billions years to reach the stable element Lead-206, 

a little less than the age of the Earth of about 4,8 billion years, which is the reason it still exists on earth. 
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Table I: Emergent Phenomena Class 1  

 

Temporarily ordered                                     Properties/behaviour 

self-organizing systems                                 ============== 

=================                                (1) effect of non-deterministic (probabilistic) 

(1) contained unstructured                                 interactions of constituents converging to  

         aggregates:                                                    average:  

        - volume of gas (hot air balloon)                    - temperature 

        - volume of liquid (pan with water)                - pressure  

        - sample of radio-isotopes (U-238)                 - (meta)stability 

(2) non-contained unstructured                          - entropy 

        aggregates (chaotic systems):                        - radioactive decay 

       - clouds/weather                                               - phases of matter (solid, fluid, gaseous)   

       - sand piles                                                 (2) effect of deterministic interactions 

       - single wavelength waves                              of constituents (chaotic behaviour) 

                                                                                  converging to “strange” attractor 

                                                                                    - convection (Lorenz attractor)  

                                                                                    - fluid dynamics 

 

 

 Structured self-organized systems, as shown in Table II, (see below, left column) emerge – or, in 

many cases more appropriately put in the past tense, emerged – and obtain in quite different 

appearances and forms. They represent an organizational hierarchy in which top-down most, but not 

all systems are nested within higher-level systems. Although each level of organization denotes a 

synchronic picture, the column as a whole possesses a historic dimension, revealing a change of states 

systems have undergone with time and exhibiting a diachronic picture.(But note that it only partly 

correctly reflects the chronological order in which the organizational levels arose – as the position of 

the universe at the bottom makes clear!) Also an attempt is made at ranking them by increasing 

complexity, but it doesn’t even require close reading to see that this was bound to, at best, succeed 

only partly (plants are more complex than stars!). As pointed out above the systems do not directly 

connect with the properties listed on the right-hand side, but at least they enable us to relate them to 

clusters of properties/behaviour. For example, properties such as (meta)stability, solidity, rigidity, 

viscosity, permeability, homeostasis, and autonomy, can be linked without too much effort to the 

relevant systems. (Please note that the properties under (1) general in Table II also apply to Class 1, 

except, presumably, homeostasis and autonomy). The same applies to the more special behavioural 

categories, such as chaos, fractal-like structures and chirality or handedness. Many structured systems 

– contrary to unstructured aggregates – are complex in virtue of their inception (clustering of matter 

into (more) stable configurations), and their (more or less) inhomogeneous composition and sustained 

internal cohesion, and their properties. Again, the organizational hierarchy does not reflect a perfect 

chronological process: a large part of the elements of the Periodic Table – except the lightest, 

hydrogen and helium – needed proto-galaxies and primeval stars to come about. This is because their 

existence depends on conditions, processes and events such as nucleosynthesis, or fusion, of lighter 
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taxonomy presented before, since they are practically equivalent to the emergent phenomena 

mentioned under Class 1, Unstructured Aggregates, and Class 2, Structured Systems respectively, 

except that the latter specifically include the systems’ properties. Also, within Class 1 a further break-

down is introduced: the systems belonging to variety (i) often take the form of contained unstructured 

aggregates, somehow wholly or partly enveloped, whose constituents are perfectly homogeneous. 

Examples are a volume of gas (e.g., a hot air balloon), or of a liquid (e.g., a glass or a flat pan filled 

with water), or a contained sample of radioactive isotopes.
54
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many cases more appropriately put in the past tense, emerged – and obtain in quite different 

appearances and forms. They represent an organizational hierarchy in which top-down most, but not 

all systems are nested within higher-level systems. Although each level of organization denotes a 

synchronic picture, the column as a whole possesses a historic dimension, revealing a change of states 

systems have undergone with time and exhibiting a diachronic picture.(But note that it only partly 

correctly reflects the chronological order in which the organizational levels arose – as the position of 

the universe at the bottom makes clear!) Also an attempt is made at ranking them by increasing 

complexity, but it doesn’t even require close reading to see that this was bound to, at best, succeed 

only partly (plants are more complex than stars!). As pointed out above the systems do not directly 

connect with the properties listed on the right-hand side, but at least they enable us to relate them to 

clusters of properties/behaviour. For example, properties such as (meta)stability, solidity, rigidity, 

viscosity, permeability, homeostasis, and autonomy, can be linked without too much effort to the 

relevant systems. (Please note that the properties under (1) general in Table II also apply to Class 1, 

except, presumably, homeostasis and autonomy). The same applies to the more special behavioural 

categories, such as chaos, fractal-like structures and chirality or handedness. Many structured systems 

– contrary to unstructured aggregates – are complex in virtue of their inception (clustering of matter 

into (more) stable configurations), and their (more or less) inhomogeneous composition and sustained 

internal cohesion, and their properties. Again, the organizational hierarchy does not reflect a perfect 

chronological process: a large part of the elements of the Periodic Table – except the lightest, 

hydrogen and helium – needed proto-galaxies and primeval stars to come about. This is because their 

existence depends on conditions, processes and events such as nucleosynthesis, or fusion, of lighter 
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atomic nuclei into heavier ones within stars, and, as far as the heaviest elements are concerned, on 

supernovae, the violent death of massive stars. These conditions only emerged after ½ to 1 billion 

years after the Big Bang. Also on a wholly different level of the organizational hierarchy the 

chronology fails: organs, although nested in organisms, need the latter to come into existence (see 

Section 10.4. for further discussion). 

   Examples of structured systems of quite distinct composition, size, life-expectancy, complexity and 

behaviour are crystals, corals, but also flocks of birds and still more heterogeneously composed 

ecological systems, such as a tropical rainforest. Intriguing examples of wildlife populations with a 

high degree of internal cohesion are colonies of social insects, such as ant colonies and beehives, 

demonstrating the emergent property of collective intelligence.  

    Overarching properties of structured systems are persistence and stability and its next of kin 

metastability. A system is considered to be in a metastable state if it manages to persist as a less stable 

structure beyond a critical transition point. (“Metastable” literally means “past” or “beyond” stability). 

This is a perilous condition, prone to sudden change any moment. A household example is purified 

water which can be supercooled below the freezing point of 0 degrees C without being transformed 

into ice (see also Ball, Branches, 2009, p. 193). Of course stability is by no means exclusively a 

property of structured systems: it equally pertains to unstructured, homogeneous aggregates, often 

chaotic, such as pans filled with water, or clouds. (Ocean waves, a natural phenomenon, often arise as 

the result of the convergence of currents, constituting wave-packets, and thus, somewhat counter-

intuitively, are to be classified as structured systems; the same applies to eddies and whirlpools.
55

). 

With unstructured aggregates, as we have noted before, stability manifests itself often differently, 

i.e.,discontinuously or short-lived. Examples of sustainable stability of structured systems are 

homeostasis of organisms, planets and stars, circular autocatalytic processes, and patterns discovered 

through electric recordings, such as ECG’s and EEG’s.  

 

                                                      

55

 Waves are an ambiguous phenomenon with respect to the question whether they are structured or not. Waves 

of a single frequency as in a mathematical or theoretical physical model, may count as unstructured. (see Table 

I). But waves as a natural phenomenon, such as ocean waves, often take the form of wave-packets, possessing 

several frequencies, and thus, however short-lived a particular wave in and of itself may be, count as structured 

(see Table II). 
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Table II: Emergent Phenomena Class 2 

 

Sustained self-organized              Properties/behaviour 

structured systems                            

=================               ===============                     

- nucleons 

- atoms  

- crystals   

- molecules  

- autocatalytic sets  

- cells   

- tissues   

- organs   

- organisms   

- species  

- populations  

- colonies in wildlife                   

- earth-like planets                      

- stars 

- neutron stars                             

- black holes                                

- galaxies  

- universe  

 

(1) general 

- (meta)stability 

- homeostasis 

- autonomy 

- complexity 

- solidity 

- rigidity 

- viscosity 

- permeability   

- mass 

- weight 

- length 

- colour 

- lifetime  

                                                                 

(2) chaos  

- (double) pendulum                                                                                

- patterns in electric recordings, 

  (e.g., ECG and EEG)  

- natural branching patterns (e.g., ferns, corals) 

- population growth  

- plate tectonics 

- wave formation (e.g. ocean waves, eddies, whirlpools) 

 

(3) fractal formation 

- branching of plants and trees; snowflakes 

- branching of circulatory systems (blood-vessels, dendrites, lungs,   

   kidneys, metabolic systems), coastlines, lightning bolts, spiral     

   shapes  

                                                            

(4) handedness  

- biological building blocks (R-handed DNA-spirals, other complex  

   molecules, e.g., glucose, left-handed proteins)  

- organs  (the human heart, lobster crusher claws, other examples  

   occurring in nature (palm tree coiling, quartz crystals)) 

 

5) Miscellaneous 

- fitness 

- symbiosis 

- (biological) altruism 

- collective intelligence (social insects) 

 

 

   The above examples convey an important message. Since systems composed of distinct kinds of 

matter each have their own critical transition threshold, it follows that stability is not an absolute but a 

relative, or rather, qualified concept. And, for that matter, so is metastability. To put it more precisely, 

other than quantitative and measurable variables such as mass, weight, length, temperature and 
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density, stability is a qualitative property or state that only becomes meaningful in the context of its 

environment. But this is not to say that stability is a vague or meaningless concept. True, for systems 

with life expectancies of geological or astronomical magnitude, such as tectonic plates and faults in 

areas prone to earthquakes, or a massive star condemned to eventually meet its fate through a 

supernova, the difference between a state of real stability and meta-stability may become irrelevant 

from our human perspective. But what counts is that in most cases, on distinct time-scales, it can be 

empirically established whether a system is threatened by the onset of instability, even though the 

precise moment of transition remains unpredictable across the board. Therefore, among its fellow-

properties of complex systems, stability – or the lack thereof – is of unquestionable universal 

significance.  

   As Table II shows, sustained self-organized systems can also have the properties of chaotic systems 

and fractals. In practice the two cannot always be sharply distinguished: some chaotic systems possess 

fractal-like features, for example, branching patterns exhibited by ferns and trees, or reiterative shapes 

of clouds and weather systems. But the distinction remains conceptually relevant, for the defining 

property of fractals, that is, self-similarity at increasing and decreasing scales, is not peculiar to chaotic 

systems as such. Fractals come in various forms: as (building blocks of) non-living systems, e.g.,  

dendritic crystals and snowflakes or of organs or parts belonging to relatively autonomous living 

systems , such as branched  nerve-cells, blood vessels, or tree-branches, or a time-wise oriented fractal 

like heartbeat, a reiterative process.
56

  

   Handedness – or chirality – is another property that deserves attention, in particular because it 

manifestly expresses the principle of symmetry breaking as its formal cause. Biological building 

blocks possessing this feature are the R-handed DNA helix and L-handed proteins. On a higher order 

of biological organization we find the commonly L-handed position of the human heart, human 

handedness (in the literal sense!), crusher claws of lobsters, palm-tree coiling, and – even more exotic 

– patterns in the vomit of toads. Finally, in the realm of non-living systems, quartz crystals are an 

illustrative example of chirality (see also Subsection 2.1.2 concerning Anderson’s views on chirality, a 

manifestation of symmetry breaking beyond a certain threshold of complexity).  

 

   The significance of the distinction between the two types of complex self-organized systems, viz., 

temporarily ordered self-organizing systems versus sustained self-organized systems, although 

conceptually important, must not be overstated; both types in fact form a gliding scale. The same 

applies to the corresponding distinction between (contained) unstructured aggregates and structured 

systems that sustain their internal cohesion. The point here – as made earlier – is that unstructured 

systems, though not persistently internally cohesive, are complex in virtue of their behaviour that can 

                                                      

56

 See also Subsection 2.1.1 concerning the work of Feigenbaum and Mandelbrot, and Subsection 2.2.1 

concerning West et al.’s work on the laws of quarter-power scaling, pertaining to body mass, metabolic rate and 

heart rate, and the fractal-like structure of the circulatory network of tubes that feeds the cells throughout the 

body. 
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become self-organized under influence of a non-linear parameter. True, the interaction of constituent 

elements in homogeneous aggregates in equilibrium should not be interpreted as behaviour that results 

in a sustained structure or cohesion, but just as a constraint on the freedom of the individual molecules 

or atoms to move.
57

 But an unstructured aggregate, whether or not contained, far from thermodynamic 

equilibrium, can, under the influence of gradually supplied energy or matter, suddenly become 

ordered, as the case of the Bénard cells demonstrates: a thin fluid layer, heated from below, can exhibit 

a short-lived highly ordered state after a phase transition from conduction to convection. In fact the 

fluid can flip from order to disorder to order, a remarkable example of self-organization. Thus, 

complexity should not be simply put on a par with being sustainably structured, nor is being self-

organized the prerogative of sustainably structured systems. What makes a system complex, alongside 

its material composition and its appearance, is the pattern of its behaviour. 

   The same caveat should be entered with respect to another distinction, namely between types of 

properties: the effect of probabilistic, non-deterministic interactions of constituents versus the effect of 

deterministic interaction of components of chaotic systems (see Table I). The latter converge towards 

attractors, the former towards a measurable average. But here also holds that the distinction, though 

conceptually sharply defined, is not clear-cut in practice. As – again – the Bénard instability shows, 

systems whose constituents usually behave probabilistically, such as a pan filled with liquid, can, 

when subjected to a persistent outside influence, exhibit alternating chaotic and orderly states. 

However, such a system, proceeding from conduction to convection, may, by the same token, be 

considered a deterministic, chaotic system.  

   It may seem questionable to call everyday properties, such as temperature, pressure, density, etc. 

emergent (see Table I). In fact they are primarily measurable quantities or parameters characterizing 

the state of a system. In general they can be reformulated in terms of the statistical behaviour of the 

constituent parts of an unstructured volume, e.g., the average kinetic energy, generated by the random 

motions of molecules and – if contained – also their collisions against the container walls. Thus all of 

them obey the classical laws of the kinetic gas theory. But the crucial point here is that even in a state 

of perfect thermodynamic equilibrium they should still be considered emergent phenomena of the 

system as a whole, since, as pointed out above, temperature, pressure, etc. are not properties of 

molecules in isolation. It is only a large number of entities that gives rise to the phenomenon of 

temperature. Thus, the concept of temperature has no meaning for an individual molecule or atom (see 

also Subsection 2.2.1 where I refer to Laughlin’s view that temperature is a statistical property that 

requires a large sample to be defined). This applies a fortiori to entropy 
58

, the measure of disorder or 
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 In fact, as the discussion of the Bénard cells and the review of Kauffman’s book show (see Subsection 2.2.1) 

both complex unstructured systems, far from thermodynamic equilibrium, and complex non-equilibrium 

structured systems, such as biological cells, constrain the freedom of their components as part of an upward and 

downward causal relationship. 

58

 Entropy is the central quantity of the second law of thermodynamics, probably the best known, but least 

understood of the three laws of thermodynamics, the study of heat and energy. Entropy is a measure of the 
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density, stability is a qualitative property or state that only becomes meaningful in the context of its 
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– patterns in the vomit of toads. Finally, in the realm of non-living systems, quartz crystals are an 
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manifestation of symmetry breaking beyond a certain threshold of complexity).  
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become self-organized under influence of a non-linear parameter. True, the interaction of constituent 

elements in homogeneous aggregates in equilibrium should not be interpreted as behaviour that results 

in a sustained structure or cohesion, but just as a constraint on the freedom of the individual molecules 

or atoms to move.
57

 But an unstructured aggregate, whether or not contained, far from thermodynamic 

equilibrium, can, under the influence of gradually supplied energy or matter, suddenly become 

ordered, as the case of the Bénard cells demonstrates: a thin fluid layer, heated from below, can exhibit 

a short-lived highly ordered state after a phase transition from conduction to convection. In fact the 

fluid can flip from order to disorder to order, a remarkable example of self-organization. Thus, 

complexity should not be simply put on a par with being sustainably structured, nor is being self-

organized the prerogative of sustainably structured systems. What makes a system complex, alongside 

its material composition and its appearance, is the pattern of its behaviour. 

   The same caveat should be entered with respect to another distinction, namely between types of 

properties: the effect of probabilistic, non-deterministic interactions of constituents versus the effect of 

deterministic interaction of components of chaotic systems (see Table I). The latter converge towards 

attractors, the former towards a measurable average. But here also holds that the distinction, though 

conceptually sharply defined, is not clear-cut in practice. As – again – the Bénard instability shows, 

systems whose constituents usually behave probabilistically, such as a pan filled with liquid, can, 

when subjected to a persistent outside influence, exhibit alternating chaotic and orderly states. 

However, such a system, proceeding from conduction to convection, may, by the same token, be 

considered a deterministic, chaotic system.  

   It may seem questionable to call everyday properties, such as temperature, pressure, density, etc. 

emergent (see Table I). In fact they are primarily measurable quantities or parameters characterizing 
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of perfect thermodynamic equilibrium they should still be considered emergent phenomena of the 
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, the measure of disorder or 
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 In fact, as the discussion of the Bénard cells and the review of Kauffman’s book show (see Subsection 2.2.1) 

both complex unstructured systems, far from thermodynamic equilibrium, and complex non-equilibrium 

structured systems, such as biological cells, constrain the freedom of their components as part of an upward and 
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 Entropy is the central quantity of the second law of thermodynamics, probably the best known, but least 

understood of the three laws of thermodynamics, the study of heat and energy. Entropy is a measure of the 
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random distribution of the constituents of a physical system, a property that has no observable 

analogue or correlate at all at the micro-level. What’s more, while Newtonian mechanics describes 

time-reversible processes, entropy derives its significance entirely from changes measured from one 

moment to another in a closed system; this process is time-irreversible and reflects the lop-sided 

”arrow of time”. Thus, in the context of the relationship between (contained) unstructured volumes 

and their constituents, entropy is a wholly emergent phenomenon.  

  

  Table III: Emergent Phenomena Class 3 

 

Laws                                               Forces                Properties                    Force particles                                    

====                                               ====                 =======                     ==========                   

(1) force laws                                         

Newtonian law                                gravity               long range; weakest    graviton (elusive)                              

Einstein’s general relativity            gravity               idem                            idem       

Maxwell’s electromagnetic laws    electromagnetic long range; strong       photon 

quantum mechanics                        nuclear                   

                                                         (a) weak           short range; weak        W&Z particles                              

                                                         (b) strong         short range; strongest  gluon                                                  

(2) higher-ordered laws of nature 

Higher-ordered laws of physics 

cosmological laws 

geological laws 

chemical laws 

biological laws 

  

   Table III concerns emergent phenomena Class 3, which refers to the laws of nature in general, but 

focuses primarily on the four fundamental force laws describing the charge-based behaviour of matter-

particles. The term “charge” routinely refers to a property of a particle which makes it susceptible to  

either of the three non-gravitational forces, viz., the electromagnetic force, and the nuclear weak and 

strong forces. Here it is taken to apply also to all objects experiencing gravity – which in fact involves 

all objects that have mass, including the smallest imaginable – although this is not common usage; but 

it makes sense because the notion of charge, conceived this way, can be seen to play the same role for 

the three non-gravitational forces as mass does for gravity.  

   Table III also refers to some general categories of the higher-ordered laws of nature, without – for 

simplicity’s sake – specifying them. The laws are subsumed in a separate class because they do not fit 

in with the scheme as applied in the previous tables. The four fundamental forces of nature, gravity, 

                                                                                                                                                                      

disorder or “randomness” of a physical system; the second law says that in a closed system disorder, in terms of 

entropy, always increases with time or at best remains stable, but never decreases. The ultimate stable state of 

equilibrium, i.e. disorder corresponding to maximum entropy, is also the state of lowest energy and is called an 

“attractor”, because the system behaves as though it is being attracted by that state. The process of a uni-

directional increase of disorder denotes the “arrow of time”. Entropy is only indirectly measurable through its 

relation with temperature and heat: if temperature T and heat Q increase, entropy S increases, by dQ = TdS. The 

definition of entropy is closely linked to the definition of ”information”, a central concept of the modern theory 

of information, in that the value of the latter is inversely proportional to the value of the former. Thus, a state of 

low entropy corresponds to a high degree of information in the system, while high entropy indicates a substantial 

loss of information. 
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the strong and the weak nuclear force, and the electromagnetic force presumably crystallized and split 

off successively from one unified primeval force in the very early universe. The emergence of these 

forces depended on the simultaneous appearance of each of the four force carriers or mediators, i.e. the 

hitherto unidentified gravitons, the gluons, the W & Z bosons, and the photons. These force particles 

carry out the charge-based interactions of matter-particles.  

   It is generally assumed that since the split-up of the primeval force the four forces have remained 

constant and will remain so; were this not the case, then it would be in principle impossible to make 

long-term predictions based on the laws of physics, including higher-order laws. But, as we have 

discussed in Chapter 4, even this assumption has been abandoned by recent daring and rather 

provocative theories about the evolution of the universe which allow of flexible laws, that is, laws 

which evolve with time and describe forces which may have possessed a varying range of action. But 

given the enormously long time-span over which these changes may have occurred, it may well be that 

the laws can be considered constant for practical purposes.  

   Along the general train of thought followed in this discussion, force laws are to be regarded as the 

reflection of the behaviour of charge-based interactions of matter-particles (see also Section 4.4 on the 

metaphysics of physical law). Bearing in mind what was said earlier about the particular position of 

quantum laws in Class 3, the laws of nature, it may be considered justifiable to designate them as 

emergent phenomena in Table III.  

   It should be noted that only two of the four fundamental forces belong to the real quantum 

mechanics domain, viz., the weak and the strong force. The electromagnetic force is a bit of a 

borderline case: both the particle – negatively – charged by this force, the electron, and its messenger, 

the photon, are quantum entities. But the force’s influence reaches much farther. For, whereas the 

weak and the strong forces operate on subatomic scales, the electromagnetic force and – even more so 

– gravity, have a much larger range of action. Furthermore, their strengths vary greatly: gravity is by 

far the weakest force, while the strong force is the strongest; it is about 100 time stronger than the 

electromagnetic force and about 100.000 stronger than the weak force. Important though the 

differences between them are, the forces have common features as well: (i) they all have an associated 

messenger particle, and (ii) mass – though technically not the same as charge, as pointed out above –  

can be seen as analogous to charge with respect to the way gravity exerts influence on objects (Greene, 

2003, pp. 10-11). The thesis that indeed the four forces once were unified in one primeval force rests 

primarily on compelling evidence derived from man-made high-energy collisions between elementary 

particles in cyclotrons which gave rise to the electroweak theory in the 1970s. The still incomplete 

Grand Unification Theory, also developed in the 1970s, merging the three non-gravitational forces 

into one framework, provides additional support. But both the present-day differences and 

commonalities between the forces convey a telling message containing a conceptual substantiation in 

itself of the unification thesis. For the features they have in common are to be conceived as remnants 

of their once unified existence when the universe was in its very early infancy. On the other hand, the 
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present-day differences between them attest to the factual occurrence of a sequence of primeval 

symmetry breakings, without which these differences would be hard to explain.   

 

7.3 Nominating organizational principles  

By what criterion do we identify and nominate the candidate principles, hidden in the collective 

”Organizing Principles” under the heading ”General Class of Emergent Phenomena”? (See the scheme 

in Section 7.1). 

    Firstly, the case-studies and the ideas of the authors discussed in Chapter 2 give clues to the relevant 

principles. In Chapter 3 six principles were tentatively proposed in virtue of their frequent occurrence 

in these studies. Secondly, we should be able to assess their organizational significance by calling to 

mind what was said about the Janus-faced ontology of such principles in Chapter 4 and about the 

epistemics of emergence in Chapter 5. Organizing principles, though themselves supposed to be 

emergent, have two essential features by which to tell them apart from “ordinary” emergent 

phenomena:  

(1) On the one hand they are required and expected to provide a predictive explanation of ordinary 

emergent phenomena failing fundamental laws to do so; this implies their ruling these phenomena. In 

this capacity, contrary to their ordinary counterpart, organizing principles are not themselves 

spatiotemporal, but are about spatiotemporal existents. 

(2) On the other hand they are linked to spatiotemporally bounded events and processes of which they 

may be deemed to be the formal cause. For it is not the principles themselves, it is their instantiations, 

i.e. symmetry breakings, bifurcations, etc. that efficiently cause the emergent phenomena. In fact we 

have to take this a step further back by acknowledging that their direct and immediate efficient cause 

is some random fluctuation or perturbation that actually triggers the phase transition. The principles 

are assumed to be part of a hermeneutic circle, representing the whole intricate chain of cause and 

effect. Under this aspect the ordinary emergent phenomena can be conceived as being dependent on 

the principles. 

   These characteristics, in connection with the empirical and model-based evidence obtained in the 

case-studies dealt with in Chapter 2, lead to the following list of rival organizing principles, to be 

subjected to a process of elimination with a view to ultimately retaining the most plausible ones:                                    

 

                                                                     Scaling                                        

                The tendency towards an organizational hierarchy   

            Fractal formation       

             Natural selection       

        The propensity for stability preservation    

    Symmetry / Symmetry breaking                                         
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   Closer inspection of these rival principles, performed in the next chapter, will reveal 

interrelationships implying that some of them are linked through a deeper relation underlying them. 

This will enable us to more precisely determine which of them may be considered a special case of 

one or more of the others, thus providing the key to the more fundamental ones. 

   Meanwhile principles and (ordinary) emergent phenomena need to be sharply distinguished. 

Unfortunately, this distinction is not always immediately clear. Sometimes ambiguous cases tend to 

blur the distinctions required for a coherent and univocal conceptual framework. A case in point is 

fractal formation, a phenomenon that seems to combine features of both principles and emergent 

phenomena. Here the solution is to conceive of fractals as systems, and of fractal formation and a 

fractal-like appearance as a property of systems, both instantiations of underlying organizational 

principles (shown in Table II) of which symmetry breaking and the propensity for stability 

preservation, as will become evident, are the most eligible ones. 

   For a coherent conceptual framework as referred to above we need accurate descriptions and 

suitably elaborate characterizations of each of the principles listed above. Mere definitions won’t work 

here, because they simply do not capture the essence of an organizing principle. Only a thorough 

analysis revealing the defining properties as well as the interconnections and overlaps suffices. 

Chapter 8 will, among other things, be dedicated to that task. 

152

Chapter 7



 148

present-day differences between them attest to the factual occurrence of a sequence of primeval 

symmetry breakings, without which these differences would be hard to explain.   

 

7.3 Nominating organizational principles  

By what criterion do we identify and nominate the candidate principles, hidden in the collective 

”Organizing Principles” under the heading ”General Class of Emergent Phenomena”? (See the scheme 

in Section 7.1). 

    Firstly, the case-studies and the ideas of the authors discussed in Chapter 2 give clues to the relevant 

principles. In Chapter 3 six principles were tentatively proposed in virtue of their frequent occurrence 

in these studies. Secondly, we should be able to assess their organizational significance by calling to 

mind what was said about the Janus-faced ontology of such principles in Chapter 4 and about the 

epistemics of emergence in Chapter 5. Organizing principles, though themselves supposed to be 

emergent, have two essential features by which to tell them apart from “ordinary” emergent 

phenomena:  

(1) On the one hand they are required and expected to provide a predictive explanation of ordinary 

emergent phenomena failing fundamental laws to do so; this implies their ruling these phenomena. In 

this capacity, contrary to their ordinary counterpart, organizing principles are not themselves 

spatiotemporal, but are about spatiotemporal existents. 

(2) On the other hand they are linked to spatiotemporally bounded events and processes of which they 

may be deemed to be the formal cause. For it is not the principles themselves, it is their instantiations, 

i.e. symmetry breakings, bifurcations, etc. that efficiently cause the emergent phenomena. In fact we 

have to take this a step further back by acknowledging that their direct and immediate efficient cause 

is some random fluctuation or perturbation that actually triggers the phase transition. The principles 

are assumed to be part of a hermeneutic circle, representing the whole intricate chain of cause and 

effect. Under this aspect the ordinary emergent phenomena can be conceived as being dependent on 

the principles. 

   These characteristics, in connection with the empirical and model-based evidence obtained in the 

case-studies dealt with in Chapter 2, lead to the following list of rival organizing principles, to be 

subjected to a process of elimination with a view to ultimately retaining the most plausible ones:                                    

 

                                                                     Scaling                                        

                The tendency towards an organizational hierarchy   

            Fractal formation       

             Natural selection       

        The propensity for stability preservation    

    Symmetry / Symmetry breaking                                         

 

 149

   Closer inspection of these rival principles, performed in the next chapter, will reveal 

interrelationships implying that some of them are linked through a deeper relation underlying them. 

This will enable us to more precisely determine which of them may be considered a special case of 

one or more of the others, thus providing the key to the more fundamental ones. 

   Meanwhile principles and (ordinary) emergent phenomena need to be sharply distinguished. 

Unfortunately, this distinction is not always immediately clear. Sometimes ambiguous cases tend to 

blur the distinctions required for a coherent and univocal conceptual framework. A case in point is 

fractal formation, a phenomenon that seems to combine features of both principles and emergent 

phenomena. Here the solution is to conceive of fractals as systems, and of fractal formation and a 

fractal-like appearance as a property of systems, both instantiations of underlying organizational 

principles (shown in Table II) of which symmetry breaking and the propensity for stability 

preservation, as will become evident, are the most eligible ones. 

   For a coherent conceptual framework as referred to above we need accurate descriptions and 

suitably elaborate characterizations of each of the principles listed above. Mere definitions won’t work 

here, because they simply do not capture the essence of an organizing principle. Only a thorough 

analysis revealing the defining properties as well as the interconnections and overlaps suffices. 

Chapter 8 will, among other things, be dedicated to that task. 

153

Taking stock of emergent phenomena and organizing principles: towards a taxonomy       



 150

8 

 

Inferring organizing principles’ relevance to emergent phenomena: a comparative analysis 

 

8.1 Introduction 

The six principles tentatively listed in Chapter 3 stand out in that they somehow bear upon the 

emergent behaviour of complex systems discussed in all of the case-studies in Chapter 2. In Chapter 7, 

in accordance with the methodological principle of abduction, they were nominated as rival principles 

in virtue of the fact that, at least prima facie, they appear to be genuinely organizational. They are 

indeed rightly called “rivals”, even though they are far from completely incompatible; it is precisely 

for that reason, that is, because up to a point each of them can claim relevance to emergent pattern 

formation of complex systems, that they deserve to be put to the test. This chapter aims to select and 

designate the organizing principles that really matter by inferring and establishing each of the six 

candidates’ particular involvement in emergent phenomena categorized in the previous chapter and 

depicted in Tables I, II and III. To that end, and again according to the method of abduction, a more 

elaborate and rigorous comparative analysis must be carried out. An important part of that analysis, 

implemented in Section 8.2, involves determining each of the principles’ defining properties and level 

of generalization, as well as their mutual relationships and interfaces.  

   As a result we should be able to derive measures of the ubiquity and universality of the nominated 

principles, alongside of clues to the answer to some important associated ontological and 

epistemological questions: 

(i) The method of abduction, with that object in view, aims to reveal the principles which are most 

relevant to emergent phenomena in general, in terms of their role as the formal cause of said 

phenomena. But what is the deeper nature of the (presumed) formal causal relationship, forming part 

of a (presumed) hermeneutic circle connecting organizing principles and emergent phenomena? And 

how are we to know this relationship? 

(ii) A second measure of the organizing principles’ relevance is to be found in how the six nominated 

principles compare with regard to plausibly explaining and predicting emergent phenomena and in the 

extent to which they fail on that score. 

(iii) A third criterion is whether these principles stand in some kind of equivalence to one another with 

respect to the behaviour of complex systems they seem to be involved with. The degree of 

equivalence, if any, can be measured by observing the extent to which they are interconnected, and  

cover the same relevant emergent phenomena.  

(iv) A fourth and crucial clue to the principles that matter in a fundamental way is the answer to the 

question which of the principles stand out in that they reside on a higher level of generalization vis-à-

vis the others, making the latter subordinate to the former. 
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8.2 The six nominated organizing principles put to the test  

8.2.1 Scaling 

According to received wisdom a principle is a first root or basic cause. Does scaling, by this 

description, qualify as a principle? Yes, up to a point, it does, just like the five rival principles 

discussed hereafter, because, in the framework of this analysis, it  has some of the characteristics of 

such a cause.  

   Conceived as an organizational principle scaling is a subtle and multi-faceted notion which acquires 

meaning first and foremost from the perspective of an observer viewing levels of ever more complex 

organization in nature. So scaling can best be defined as a perspective shift, either of an observer 

moving up and down the scale from the micro-cosmos to the macro-cosmos, or of a systems’ motion 

along the scales studied by an observer. Unfortunately the notion of scale is not unequivocally 

defined: it is used to describe a state a system can possess, that is, as a measure of its size, mass, length 

or some temporal variable, but it can also refer to the organizational hierarchy as a whole. Angela 

Potochnik and Brian McGill (2012, p. 133), who propose scale as a promising explanatory 

organizational principle – instead of the formation of levels of organization – in an article entitled 

“The Limitations of Hierarchical Organization”, define it as follows:  “Scale is the spatial or temporal 

extent across which observations span.”. On this view scale is thus always the extension in space or 

time of a system studied by an observer. This definition agrees with the one above in that it adopts the 

observational perspective, but it tends to conflate the notions of scaling and scale: the former pertains 

to a change in perspective, the latter is a state possessed by a system. 

   As mentioned above (see also Subsection 2.2.1 on Laughlin, and Subsection 2.1.2 on Anderson) 

scaling is a multi-faceted notion. On the one hand it is meant as scale invariance, a particular kind of 

symmetry, implying that certain properties of systems, such as structure or shape, remain the same 

under enlargement or diminution. A case in point are fractal-like shapes such as clouds that show 

(more or less) self-similarity when viewed from increasing distances. On the other hand, scaling 

manifests itself in the manner of scaling up and down which involves change, coming to expression 

through systems’ undergoing critical transitions and symmetry breakings towards a new state, 

exhibiting novel properties. Anderson’s study of chirality – reviewed in Subsection 2.1.2 – is an 

illustrative example of scaling up: it shows how beyond a precise threshold of complexity and size 

systems are faced with the “choice” between two new organizational states, in this case left- or right 

handedness. According to Anderson, the choice which is made represents a clear case of symmetry 

breaking. Scaling manifests itself in a even more subtle manner through the fact that many laws of 

physics – or rather their constants – gain in exactitude as the length, size and time scales on which they 

are measured increase, while they break down at the opposite limit, that is, down to the size of 

individual parts of the system in question. This is a lop-sided form of scaling which involves scale 

invariance when scaling up, and abrupt change when scaling down. But on the up-side there is also a 

limit, for scaling up causes these laws to emerge at the size of a large collection of constituent parts of 
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a system (Laughlin, 2006, pp. 40-41). The fact that laws are valid above a certain size of the systems 

under study but do not apply below another such boundary condition points to the principle of scaling 

in different capacities, viz., in the sense of scaling up and down as well as of scale invariance. But 

there is more to it than just that. Generally speaking, scale invariance is taken to mean self-similarity 

on both increasing and decreasing scales, as applies to fractals. It is thus an expression of the principle 

of symmetry, which in some cases exhibits a relatively high and consistent degree of exactitude. 

Important law-like regularities exemplifying scale invariance above the level of the more fundamental 

laws of physics are described by the Kleiber law of quarter-power scaling and Feigenbaum’s 

constant.
59

  

   Thus, scaling implies a change of perspective that either makes puzzling emergent phenomena go 

away or appear or, as is the case with scale invariance, persist; changing scales of number, length, 

mass or time can meaningfully change our perception of emergence.
60

  

   The principle of scaling is closely connected with the tendency to form hierarchies of levels of 

organization in nature. There is no question but that it operates throughout the entire organizational 

hierarchy as well as across the entire domain of complex systems. To begin with: it pertains, in 

particular, to a multitude of probabilistic emergent phenomena – figuring in Table I, Chapter 7 –

peculiar to temporarily ordered systems, or, more specifically, self-organizing (contained) 

unstructured aggregates. Examples are gas in a box, a kettle filled with water, sand piles, clouds and 

waves of a single frequency. (Remember that ocean waves, eddies and whirlpools are wave packets 

with several frequencies and thus count as structured systems). These systems exhibit measurable 

properties such as temperature, pressure, entropy, radioactive decay, and phases of matter (gaseous, 

fluid, solid), resulting from the probabilistic interactions of their constituents. But scaling also applies 

to the emergent behaviour of unstructured chaotic systems, e.g., convection in clouds, which is the 

unpredictable effect of deterministic interactions of the constituent parts converging to an attractor. 

Furthermore, as shown in Table II, Chapter 7, it is also relevant to properties – primarily associated 

                                                      

59

 Another fascinating example of law-like regularity in nature is the Fibonacci sequence, pertaining to the 

number of petals of flowers and the interpenetrating spiral patterns formed in head seeds. This sequence’s 

pattern is such that each term, from three onwards, is the sum of the previous two: 1, 2, 3, 5, 8, 13, 21, 34, 55, 

89, etc. The limit of the ratio of two successive numbers is called the “golden number” and it approaches the 

value of 0.618034… as the numbers get bigger. Nature favours this number because it represents an optimally 

efficient packing of petals or seeds (Stewart, 1998, pp. 122-131). Efficient packing implies that the plant 

minimises the gaps between the leaves and maximises the number of leaves collecting sunlight without 

compromising its light-gathering efficiency. This indicates that the propensity for stability preservation is the 

underlying organizing principle. The golden number appears in a wide range of scientific disciplines. Marcus 

Chown (2002, p. 55) points out that it is even inextricably linked with the thermodynamics of rotating black 

holes. Complexity theorist Paul Davies discovered that a rotating black hole flips from a negative “specific heat” 

– meaning that  it gets hotter as it releases energy –  to the normal positive specific heat when the square of its 

mass divided by the square of its spin parameter (= rotation speed) equals the golden number. These numerical, 

self-similar patterns across scales in plants or other systems are typical of fractal-like structures, implying that 

symmetry breaking, alongside the propensity for stability preservation, is somehow involved. 

60

 Miguel Rubi (2008, p. 44) points out that our perception of abruptness with respect to phase transitions, e.g. 

chemical reactions, depends on the time-scale we use to observe these processes. Analysed in slow motion a 

gradual transformation becomes visible “…as if we are watching a pat of butter melting in the sun.”. 
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with (meta)stability – of sustained  self-organized structured systems, such as persistence, solidity, 

rigidity, plasticity, malleability and porosity, peculiar to hierarchically ordered building blocks such as 

(composite) molecules, crystals, organisms, populations, eco-systems, earth-like planets, stars and 

galaxies (see Table II). This subcategory of systems includes structured chaotic systems, fractals and 

systems possessing handedness, and their behaviour. Finally, scaling applies to the fundamental forces 

and the laws describing them, observed diachronically and synchronically: the four forces, viz., 

gravity and the three non-gravitational forces, presumably arose successively from one primeval force 

in an expanding, cooling and increasingly less dense universe, while they manifest themselves at 

different ranges of action at present. It is here that the principle of scaling, in the manner of scaling up, 

involving change, comes to expression; at the same time the forces’ origination points to symmetry 

breaking as the underlying principle (see Table III, Chapter 7).  

   In conclusion: despite its ubiquity across the organizational hierarchy and its involvement with a 

whole lot of diverse emergent phenomena, witness Tables I, II and III, scaling does not qualify as a 

genuine organizing principle in its own right. For it appears that it only reveals such phenomena 

without actually explaining how they emerged. True, it does have a certain predictive power (as 

Anderson’s “More is Different” indicates); but, as can be inferred from the above analysis, it derives 

its importance in actual fact from other underlying principles, in particular symmetry breaking and 

stability preservation.      

 

8.2.2 The tendency towards an organizational hierarchy  

Complex systems tend to form a hierarchy of levels of organization of ever increasing complexity 

which become manifest at distinct scales in space and time. The tendency towards hierarchy formation 

is closely connected with two features, i.e. complexity and stability. This becomes abundantly clear 

when we climb up the scale to cosmological orders of magnitude: from the earliest stages of evolution 

of the universe onwards these organizational levels emerged in chronological order, containing 

systems of step-by-step increasing complexity and stability.  At about 1 sec. after the Big Bang, driven 

by both gravity and the interaction of the most elementary particles, quarks, matter began to coalesce 

into more stable configurations that eventually gave life to the world as we know it: quarks formed 

triplets known as nucleons, viz. neutrons and protons, out of whose interactions, jointly with electrons, 

in turn emerged atoms; subsequently atoms clustered to form the next level, that of molecules, and 

compounds of  molecules, whose autocatalytic interaction then led to the emergence of living systems. 

(We know that complexity theorists, among them Stuart Kauffman, use mathematical models which 

predict this major transition (see Section 1.2 and Subsection 2.2.1). I have to assume that these models 

as faithfully as possible simulate reality; but we have to take into account that this critical moment in 

the primeval evolution on earth is still riddled with “known unknowns” and maybe with even more 

“unknown unknowns”). Further up the hierarchy we find species, populations, communities and 

societies. From atoms/molecules onwards we arrive at planets, stars, galaxies, clusters of galaxies and 
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eventually at the universe as a whole. In fact the hierarchy is much more intricately layered than this 

crude scheme allows for; secondary levels, such as organs, constituting organisms, have not been 

taken into account (see Section 10.4 for further discussion). Along with this ontological hierarchy of 

levels a nomological hierarchy can be conceived: on Laughlin’s view (Laughlin, 2006, p. 7) nature, by 

virtue of principles of organization, has a powerful tendency to form a hierarchy of (higher-ordered) 

physical laws (bottom-up): laws of electron motion � laws of thermodynamics and chemistry � laws 

of crystallization � laws of rigidity and plasticity � laws of engineering. (I hold that the second law 

of thermodynamics, as reconstructed from the perspective of statistical mechanics, in fact does not 

form part of this hierarchy, because it is first and foremost a statistical law, that does allow of 

exceptions; fundamental physical law – except quantum mechanics which is, according to most 

quantum scientists, also probabilistic – is assumed to be exceptionless (though this is severely 

challenged as we shall see). Also it does not characterize causal powers in the sense other natural laws 

do; instead it describes and predicts an imperturbable propensity for closed systems to proceed 

towards an attractor, which suggests a certain analogy to Aristotle’s final cause (see Subsection 8.2.5 

ahead)). Organizational levels, an abstract notion, are levels of kinds
61

 of composite entities as 

described above, i.e., nucleons, atoms, molecules, etc. (Kornet 2002, p. 59) points out that each level 

of organization has a fixed number of possible stable configurations. At the quark and atomic level all 

possible configurations have become actualized because of the limited number of logically and 

ontologically possible combinations: arguably, all potential stable quark composites and all possible 

stable elements of the Periodic Table now exist. At the level of molecules however the number of 

possible stable configurations increases exponentially due to the fact that molecules can form 

combinations of more than hundred kinds of atoms. Of these only a relatively small portion has come 

into existence. This applies a fortiori to each subsequent higher level up the scale of complexity. As 

discussed earlier, Kauffman (see Subsection 2.2.1) and Davies (see Section 5.5) touched upon the 

issue concerning the discrepancy between the number of potential and actualized proteins in the light 

of our lack of computational and predictive power. Kornet’s observations on this score express the 

same line of thought, but focus in particular on the fast ascending complexity as we climb up the 

structural hierarchy. 

                                                      

61

 According to the famous theory of reference by Kripke and Putnam natural kinds are classes of explanatory 

importance whose distinguishing characteristics are “held together” or explained either by deep-lying causal 

mechanisms or in terms of micro-structural essences. Thus, to belong to a natural kind something must have the 

same composition or obey the same laws as model or paradigmatic members of the class (Putnam, [1970] 1977, 

p. 102; cf. 1983: pp. 71-74).  Elementary particles and chemical elements of the Periodic Table are often quoted 

as standard-examples of natural kinds. Kind essences themselves are not considered dependent on progressively 

changing scientific insights but are deemed immutable, fixed by the world. According to Reydon (2005, p. 77) 

their explanatory power does not lie in the atomic number or micro-composition as such but is derived from the  

underlying causal mechanisms described by atomic theory. They maintain the stable existence of the member 

entities of the natural kinds. For the last two or three decades the question whether biological species, 

traditionally taken for paradigmatic natural kinds by philosophers, count as such has been a disputed issue. Some 

philosophers even call into doubt whether chemical elements or compounds have structural essences the way 

Putnam claims.  
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   Complex systems always exhibit an internal multi-level nested hierarchy of several organizational 

levels: a system’s behaviour on the macro-level, as we saw in Chapter 4, is influenced by its 

subsystems or constituent parts on the micro-level, while in turn it constrains the motions of the latter 

through downward causation and is acted upon by its environment, in fact a super system of higher 

order, of which it forms itself a constituent part. Hierarchy formation is undoubtedly relevant to the 

consecutive emergence of building blocks constituting new organizational levels as depicted in Table 

II (Chapter 7). Level formation relates to these systems’ emergent properties such as solidity, rigidity 

and persistence, but also plasticity, malleability and porosity, which become ever more important as 

the complexity of systems increases, and which all somehow seem to serve the greater good, i.e. 

stability. Underlying this step-by-step process of self-organization is the tendency of any local system 

in our universe, complex or not, to be statistically attracted, whether continuously or discontinuously, 

to its lowest possible state of energy, corresponding to maximum entropy. It follows that the 

propensity for stability preservation is playing a crucial role with respect to nature’s tendency to form 

hierarchies of organizational levels, a clear symptom of self-organization. Clearly the principles of 

symmetry breaking and scaling are conjointly in play, as well as natural selection insofar as the three 

requisite conditions for it to operate apply (see Subsection 8.2.4 ahead). Thus, in short, the tendency 

towards hierarchy formation appears to be the reflection or consequence of these four principles rather 

than an organizing principle in and of itself. 

 

8.2.3 Fractal formation  

Fractals are geometrical shapes which reflect self-similarity on all scales, in particular going from 

large to infinitesimally small scale. Fractals are thus scale-invariant shapes. According to the founding 

father of the theory of fractals, Benoit Mandelbrot, the geometry of nature is fractal (Mandelbrot, 

1977). A typical feature of a fractal is that an infinitely long outline encloses a finite area. Because in 

nature self-similarity is never as perfect as in abstract mathematical constructs, researchers use models 

with stochastic fractals which mirror real fractal-like phenomena and whose parts share the same 

statistical features with regard to their overall-shape. Examples of fractals in nature are tubular 

networks of kidneys and lungs, dendrites, ferns, branches of trees, blood vessels, snowflakes, river 

networks and coastlines (see Table II, Chapter 7; see also Hans Lauwerier, 1987, for a multi-faceted 

study of fractals, illuminated with computer-based illustrations). 

   Fractals’ self-similar shapes across scales appeal to our aesthetic senses. But why should real-world 

systems (or their subsystems) bifurcate to form a fractal-like structure? It appears that nature prefers 

such structures and patterns for a reason: they provide optimal energy efficiency and thus stability. For 

example, as noted earlier, in a living system a fractal-like network can deliver nutrients to every part 

of the organism with optimal energy efficiency, due to its surface enlargement capability. Typically, 

branching fractal networks, such as lungs or the metabolic network of tubes in living systems, 

maximize the absorption of oxygen or nutrition through their surfaces: they have much more surface 
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than a solid ball of the same volume. As John Barrow remarks in The Artful Universe (Barrow, 1995, 

p. 62): 

 

“Wherever there is a need to expose as large an exposed surface as possible, but there is a restriction 

on the total volume of material available, or a penalty to be incurred by increasing weight, then 

fractals are selected by the evolutionary process.” 

 

   An illustrative example of fractal formation in this respect are spiral-shaped structures which almost 

inevitably are made and inhabited by living systems, e.g., snail shells. According to Bateson (1979, p. 

12): “…a spiral is a figure that retains its shape (i.e., its proportions) as it grows in one dimension by 

addition at the open end.” He explicates that the spiral form satisfies one of the conditions growth 

demands, which is that a spiral represents a mathematically ideal shape. Spirals typically offer optimal 

conditions for growth within a confined three-dimensional space; interestingly, this also applies, in a 

somewhat different sense, to an artefact such as a spiral staircase.
62

 (see also Subsection 2.2.1 on 

Geoffrey West’s et al. work on the relationship between body mass and metabolism).  

   However, despite fractals’ evident involvement with self-organization in nature and associated 

emergent phenomena as shown in Table II, fractal formation doesn’t qualify as a genuine organizing 

principle in and of itself. In fact fractals are rather to be conceived as emergent consequences of other 

principles, in the sense that the latter are to be seen as their formal cause. A number of facts lend 

support to this verdict. Real-world fractals turn out to be an instantiation of the propensity for stability 

preservation in optima forma – as the case may be in conjunction with natural selection – while they 

are also a clear manifestation of symmetry breaking. The latter obtains on account of the branching 

pattern exhibited by all fractals in some form or other; branching is a process in which the wholeness 

or symmetry of a previously whole but unstable system is broken.
63

 Finally, fractals are revealed 

through scaling (a principle that has already been found unable to stand the test). Thus, being arguably 

the emergent consequence of (at least) three underlying principles, fractal formation doesn’t satisfy the 

requirements of an organizing principle in its own right; consequently fractals will be treated as 

“ordinary” emergent phenomena. 
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 Strictly speaking a spiral is a plane, i.e., a two-dimensional figure. A spiral staircase or snail-shell is thus a 
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 The paradigmatic form of fractal formation is reiterative branching, as exhibited by a tree, a metabolic 

network, lungs, and kidneys; the phenomenon of symmetry breaking is inherent in the branching pattern as 

shown by a trunk which branches into two smaller side-branches, which in turn branch again into two smaller 

side-branches, and so on and so forth, a process that can be imagined to proceed indefinitely. This is seemingly 

inconsistent with the fact that fractals typically are symmetric in that they remain self-similar when magnified or 

diminished. But the two features are complementary rather than contradictory: without symmetry breaking 

through branching a fractal-like system can not evolve in such a way as to exhibit self-similarity. Typically 

symmetry breaking is a process which can only be understood diachronically, whereas self-similarity can be 

studied synchronically. 
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8.2.4  Natural selection  

Natural selection is taken to be “the process – based on over-reproduction, genetic variability and 

survival of best-adapted organisms in a particular environment – that maintains or alters gene 

frequencies in populations.”(Stebbins, 1982, p. 474). Thus, three requirements must be satisfied in 

order that natural selection can operate: variability, heredity and differential fitness. Fitness is 

generally taken to mean that the “best-adapted organisms” produce a maximum of – again – well-

adapted adult offspring. Lewontin (1970, p.1) defines fitness in rather neutral terms as the “…rate of 

survival and reproduction.” Rosenberg (2005, p.4) makes a distinction between the processes of 

natural selection and the underlying core principle, that rules these processes, i.e. the Principle of 

Natural Selection (PNS), and refers to the processes ruled by the PNS as follows: “If x is fitter than y 

in an environment E at generation n, then probably there is some future generation n’, after which x 

has more descendants than y.” 

   Okasha (2009, p. 3), in a very enlightening book, entitled Evolution and the Levels of Selection, 

emphasizes the abstract nature of the principle of natural selection: “…any entities that satisfy the 

requisite conditions [as stated above] will evolve by natural selection, whatever those entities are.” 

According to this abstract notion the principle of natural selection, just like the second law of 

thermodynamics (see further ahead in Section 8.2.5), is substrate-neutral in the sense that it can 

operate on an indefinitely large number of different objects of different composition. (In this context it 

is interesting to note that physicists have not yet been able to derive natural selection from 

fundamental physical force laws.) Thus Okasha is on firm ground arguing that selection acts on 

several levels constituting the structural biological hierarchy in nature (ibid.). However, he does not 

seem fully alive to the fact that the scope of his abstraction even exceeds his definition of natural 

selection. For although the concept of fitness is invariably linked with reproductive power by 

biologists, it turns out that there are entities at secondary levels of the biological hierarchy, such as 

organs, which do not reproduce, but which beyond any doubt contribute critically to the super-

system’s, that is, the organism’s viability and well-being, and through this to the well-being and fitness 

of the whole genealogical population.
64

 According to the above-mentioned, generally accepted 

definition precisely specified conditions must be satisfied in order that certain natural processes and 

properties count as natural selection and fitness. But fitness’s reach in the real world seems to 

challenge definitional limitations. For, as pointed out above, while one of the defining properties of 

fitness is reproduction, organs do not reproduce. Thus, the strictly biological notion of fitness, as 

advocated by practically all biologists, fails to adequately account for the positive influence, in terms 

of viability and health, that non-reproductive entities at secondary levels of organization exert on the 

organism. Of course, while organs are indeed non-reproducing systems, there is no mistaking the fact 

that they themselves are being reproduced in the next generation. But left to their own devices they are 
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than a solid ball of the same volume. As John Barrow remarks in The Artful Universe (Barrow, 1995, 

p. 62): 

 

“Wherever there is a need to expose as large an exposed surface as possible, but there is a restriction 

on the total volume of material available, or a penalty to be incurred by increasing weight, then 

fractals are selected by the evolutionary process.” 

 

   An illustrative example of fractal formation in this respect are spiral-shaped structures which almost 

inevitably are made and inhabited by living systems, e.g., snail shells. According to Bateson (1979, p. 

12): “…a spiral is a figure that retains its shape (i.e., its proportions) as it grows in one dimension by 

addition at the open end.” He explicates that the spiral form satisfies one of the conditions growth 

demands, which is that a spiral represents a mathematically ideal shape. Spirals typically offer optimal 

conditions for growth within a confined three-dimensional space; interestingly, this also applies, in a 

somewhat different sense, to an artefact such as a spiral staircase.
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 (see also Subsection 2.2.1 on 

Geoffrey West’s et al. work on the relationship between body mass and metabolism).  
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impotent and are fully dependent on the organism, their host, for their reproduction. Widening 

fitness’s scope so as to encompass also non-reproductive systems, which runs counter to the strictly 

biological notion, would certainly make it correspond better with what is going on in the real world; it 

also opens interesting ontological and conceptual vistas. And it inevitable brings stability into play. As 

we shall see below it is Rosenberg who stretches the applicability of fitness a step further, that is, 

beyond the boundaries of biology.  

   It is considered a firmly established fact that Darwinian natural selection does not work among 

inanimate entities; elementary particles are “selected” for stability, but do not possess reproductive 

power. But climbing up the scale of complexity, things change. According to Rosenberg et al., (2005, 

pp. 14-15) selection already begins to operate at the level of chemical reactions, and there it also acts 

on larger aggregations of matter. He argues that: 

 

“…selection for molecules […] results in selection for larger compounds, and for the stability and 

replicability they confer on their constituent molecules. But the only way compounds can do this is via 

their own stability and replicability. […] The result is a PNS (Principle of Natural Selection) for 

compounds grounded in part on the PNS for molecules.”(my italics).  

 

   Rosenberg subsequently claims that the scope of the PNS might even have reached down to the level 

of subatomic particles, were it not for the fact that, as stated above, those particles – and for that 

matter, also atoms and singular molecules – are only selected for stability, and not also for 

reproductive power. This statement is interesting for two reasons: (i) according to Rosenberg the scope 

of natural selection – and thus of fitness – might, in principle, be extended beyond the purely 

biological part of the structural hierarchy as far as chemistry. It might in particular reach towards the 

precursors of life, i.e., complex composites of molecules, despite the fact that genuine Darwinian 

natural selection doesn’t occur there.  Therefore, the level of generalization, measured by this criterion 

and attributed by Rosenberg to the PNS, even transcends Okasha’s abstract notion of this principle, 

which is confined to the strictly biological segment of the organizational hierarchy. True enough, seen 

from another perspective, Okasha’s notion reaches farther than many biologists’ since it is multi-level, 

implying that it not only applies to genes, but, bottom up, also to chromosomes, cells, organisms and 

populations. But it does not, by definition, account for the role of secondary levels where non-

reproductive entities such as organs reside; (ii) fitness, as can be derived from Rosenberg’s view on 

the matter, on the molecular level, results from a trade-off between stability and replication. For 

replication demands energy and thus goes at the cost of stability. This is why, as pointed out above, 

molecules do not just outcompete one another, but compete over the capacity for cooperation; that is, 

the formation of composites that favour replicability but manage to strike a workable balance between 

replication and stability over more generations. It is these compounds that have the selective edge over 

less complex molecules. Although Rosenberg does not explicitly say so, this virtually comes down to 

 159

acknowledging that fitness ultimately benefits the greater good of stability, despite the fact that there 

may be a certain tension between replication and stability at times.  

   As Okasha demonstrates, seeking higher levels of abstraction is often the key to new interesting 

perspectives. Indeed – as will be further discussed in Section 10.4 – a good case can be made out for 

the idea that fitness serves the greater, more general good of stability, although so far this has gone 

largely unnoticed by biologists. The overriding consideration in favour of this idea lies in the role of 

the above-mentioned secondary levels of organization, which are part and parcel of the biological 

hierarchy, but where, notwithstanding that, non-reproductive systems such as organs reside. To find 

reproductive power we have to go either one level up, to organisms, or one or more levels down, to 

cells or genes. Natural selection is a multi-level principle, but secondary levels are not to be 

considered levels of evolution. Unfortunately, this has led many biologists to treat these levels as 

unimportant or irrelevant. Systems constituting real biological levels of organization must, according 

to these biologists, be homologous to organisms in a free-living state, implying that they must be able 

to reproduce; lacking that capability the level they belong to does, on that view, not count as 

organizational. Rosenberg in fact adduces himself arguments in support of the idea that stability 

prevails over fitness by claiming that natural selection is effective even in the realm of chemistry, or 

more precisely, biochemistry. For, since we know with certainty that genuine biological reproduction 

does not occur here, Rosenberg’s interpretation of selection at non-reproductive levels in nature cannot 

be equivalent to Darwinian natural selection. Indeed, certain complex chemical compounds may 

exhibit behaviour that resembles reproduction. But selection among inanimate systems at the edge of 

life is always less complicated than selection among living organisms. However, it is precisely this 

fact that compels us to rethink the notion of selection and should make us aware of its deeper meaning. 

The kinds of bonds between amino acids that were selected in the primeval soup some 3,8 billion 

years ago and that gave rise to primitive life involved an irreversible “chemical” evolutionary step 

towards new states that were thermodynamically more stable than their precursor molecules. Though 

nowhere near as subtle and powerful as Darwinian selection, characterized by species formation, 

inheritance and adaptation, this kind of selection was creating conditions that favoured stability just 

like “natural” selection does (see Chaisson, 2006b, p. 38). 

   At this point the role of genetic variability, one of the three requisites for natural selection to operate, 

must be emphasized. If a population is threatened by imminent instability following environmental 

changes it is variation that provides conditions under which the preservation or recovery of stability 

becomes possible: organisms in possession of traits that have no selective advantage in one 

environment may suddenly have the capacity to adapt and survive in another. Not surprisingly, in 

biological evolution, as much as in other realms of nature, instability, in this case with the help of 

genetic variation, begets stability by invoking the propensity for stability preservation. Thus, in fact 

the way natural selection operates is hardly discernible from the way the propensity for stability 

preservation does in similar situations. This brings us just short by a foot of the idea that, with respect 
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to living systems, at a deeper level it is the latter principle, in the role of a selection principle, that 

takes precedence. For it appears to be the propensity for stability preservation, rather than natural 

selection, that ultimately determines which one of a pair or more possible pathways to stability will 

become actualized  

   Alongside of stability preservation it is symmetry breaking that acts as a selection principle on a 

more fundamental level than natural selection. The symmetry that is actually broken – see also Section 

8.2.6 – is permutation symmetry: taking again a population as an example, before its breaking the 

change of position by one population member for another is irrelevant on the population level, but 

thereafter it becomes problematic, if not impossible. Speciation, that is, the split of a single species 

into two new species, is an illustrative example of the breaking of permutation symmetry in response 

to imminent instability on the population level. Irrespective of whether this is caused by non-dramatic 

gradual environmental pressures, or by crucial environmental or geographic changes, the result is the 

emergence of two new species, that eventually neither interbreed nor compete over food (see also the 

case-study about speciation by Stewart et al., Subsection 2.2.1). Thus selection, by definition, entails 

both symmetry breaking and stability preservation or recovery. The hidden symmetry of the system is 

a set of possible states or positions, sometimes two but often many more, of which one is randomly 

selected, as a consequence of which the stability is repaired (see for further discussion about the 

second law as a selection principle Prigogine (1984, pp. 257/290)).   

   The ideas discussed above have far-reaching consequences, and they urge us to reconsider the way 

natural selection and stability preservation relate to one another (see Section 10.4). For now, as far as 

natural selection’s relevance to emergent pattern formation is concerned, it suffices to note that as an 

organizing principle it is solely involved with the emergence of self-organized systems representing 

the bio-chemical and biological segments of the organizational hierarchy, in particular with regard to 

complex pre-biotic molecules and organisms classified as species (see Table II, Chapter 7). Its range 

of applicability is thus limited by definition to this segment of the domain of complex systems.  

 

8.2.5  The propensity for stability preservation 

This principle is intricately associated with the second law of thermodynamics. It is not equivalent or 

identical to the latter, but it is closely linked with its core concept of entropy, albeit not in an obvious 

manner. Despite its connotations and associations with inexorable decay and destruction, entropy 

actually is about energy efficiency and stability performed by complex systems. Hence its relevance to 

this inquiry. Before going into the deeper significance of entropy inasmuch as it bears upon the 

propensity for stability preservation some facts about the second law itself are appropriate.     

   It is one of the three laws of thermodynamics, the theory which describes exchanges of heat and 

other forms of energy, e.g. matter, between systems. It says that in a closed, or more precisely, isolated 

physical system entropy only increases or remains constant, but never decreases. Entropy, the central 

quantity of the second law, is a measure of the disorder of a physical system (see also footnote 58, 
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Section 7.2). It corresponds to the degree to which the particles of the system are randomly arranged. 

It thus applies primarily to isolated physical systems which have a large number of constituents. But 

all physical systems tend to evolve towards states of high entropy, simply because there are 

innumerably more disordered arrangements of the ingredients making up the system than the initial 

ordered one. Thus, the odds are that most physical systems, whether big or small, closed or open, 

when left to their own devices, find themselves or stay in a state of high entropy at each moment of 

their existence.  

   The second law of thermodynamics, although considered part and parcel of the body of physical law, 

is something of an odd man out in that scheme; as Penrose points out (2010, pp. 11-12), most of the 

known fundamental laws of physics, such as Newton’s laws of motion, the law of conservation of 

energy, and Einstein famous law E = mc
2

, are assertions of equality, routinely referred to as equations. 

By contrast the second law does not refer to an equality but to an inequality, for it states that the 

entropy of an isolated system always increases – or, at least does not decrease – with the passage of 

time. Furthermore it differs principally from the known laws of physics in that –  at least according to 

the statistical-mechanics interpretation, not the exceptionless one referred to above (see also 

Subsection 8.2.2) – it is a probabilistic law  that allows of exceptions: in principle it allows of broken 

cups gathering themselves together off the floor and jumping back onto the table. Or to take an 

example more relevant to thermodynamics: the second law, in principle, allows of partially melted ice-

cubes in a glass of water in a warm environment to become more frozen half an hour later. But it 

would probably take a length of time far greater than the current age of the universe for both events to 

happen. Fundamental force laws, by contrast, do not allow of exceptions, they claim universality 

throughout space and time. (We know by now that this claim is less unassailable than originally 

thought; what’s more, it could be argued on good grounds, as Schrödinger (1944, pp. 3-18) and 

Laughlin do, that fundamental laws are in fact probabilistic laws as well; this will be further discussed 

in the next chapters).  

   While entropy reduction in isolated systems is ruled out by the second law, it does not forbid 

decreases in entropy in open systems; living systems, for example animals and humans, take in and 

use free energy in the form of oxygen-rich air and food, thereby decreasing their internal entropy, only 

to eject it in the form of less-ordered waste materials such as carbon dioxide, heat and infrared 

radiation high in entropy. Nevertheless, all open systems, when prolonged deprived of energy, also 

tend irresistibly towards a state of maximal entropy and thermodynamic equilibrium, albeit that they 

are able to temporarily escape and postpone this dreary fate. This is why the second law, according to 

the exceptionless interpretation, has endowed us with what is pictorially called “the arrow of time”, 

exhibiting an emergent time-asymmetry on the level of systems as a whole. Also in this respect it 

differs from the fundamental force laws which are fully time-symmetric: these laws treat past and 

future on a completely equal footing. 
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other forms of energy, e.g. matter, between systems. It says that in a closed, or more precisely, isolated 

physical system entropy only increases or remains constant, but never decreases. Entropy, the central 

quantity of the second law, is a measure of the disorder of a physical system (see also footnote 58, 
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Section 7.2). It corresponds to the degree to which the particles of the system are randomly arranged. 

It thus applies primarily to isolated physical systems which have a large number of constituents. But 

all physical systems tend to evolve towards states of high entropy, simply because there are 

innumerably more disordered arrangements of the ingredients making up the system than the initial 

ordered one. Thus, the odds are that most physical systems, whether big or small, closed or open, 

when left to their own devices, find themselves or stay in a state of high entropy at each moment of 

their existence.  

   The second law of thermodynamics, although considered part and parcel of the body of physical law, 

is something of an odd man out in that scheme; as Penrose points out (2010, pp. 11-12), most of the 

known fundamental laws of physics, such as Newton’s laws of motion, the law of conservation of 

energy, and Einstein famous law E = mc
2

, are assertions of equality, routinely referred to as equations. 

By contrast the second law does not refer to an equality but to an inequality, for it states that the 

entropy of an isolated system always increases – or, at least does not decrease – with the passage of 

time. Furthermore it differs principally from the known laws of physics in that –  at least according to 

the statistical-mechanics interpretation, not the exceptionless one referred to above (see also 

Subsection 8.2.2) – it is a probabilistic law  that allows of exceptions: in principle it allows of broken 

cups gathering themselves together off the floor and jumping back onto the table. Or to take an 

example more relevant to thermodynamics: the second law, in principle, allows of partially melted ice-
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happen. Fundamental force laws, by contrast, do not allow of exceptions, they claim universality 

throughout space and time. (We know by now that this claim is less unassailable than originally 

thought; what’s more, it could be argued on good grounds, as Schrödinger (1944, pp. 3-18) and 
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in the next chapters).  

   While entropy reduction in isolated systems is ruled out by the second law, it does not forbid 

decreases in entropy in open systems; living systems, for example animals and humans, take in and 

use free energy in the form of oxygen-rich air and food, thereby decreasing their internal entropy, only 

to eject it in the form of less-ordered waste materials such as carbon dioxide, heat and infrared 

radiation high in entropy. Nevertheless, all open systems, when prolonged deprived of energy, also 

tend irresistibly towards a state of maximal entropy and thermodynamic equilibrium, albeit that they 

are able to temporarily escape and postpone this dreary fate. This is why the second law, according to 

the exceptionless interpretation, has endowed us with what is pictorially called “the arrow of time”, 

exhibiting an emergent time-asymmetry on the level of systems as a whole. Also in this respect it 

differs from the fundamental force laws which are fully time-symmetric: these laws treat past and 

future on a completely equal footing. 

165

Inferring organizing principles’ relevance to emergent phenomena: a comparative analysis 



 162

   The second law – again, according to the exceptionless interpretation as defined at the start of this 

subsection – is substrate-neutral and operates independently of levels of organization. It seems even 

impervious to paradigmatic changes such as the shift from Newtonian determinism to quantum-

mechanical indeterminism. It also applies on a cosmological scale, that is, to the universe as a whole, a 

finite system of a particular kind that is not enclosed by walls and is expanding; in the universe – 

contrary to a closed system on a scale where gravity doesn’t matter, such as we often encounter in 

daily life or in the lab – gravity is the predominant force which causes concentration of hydrogen 

clouds and the formation of galaxies. The presumed initial conditions of the universe reflect a state of 

low entropy as well as a high degree of homogeneousness and isotropy, which is a rare combination. 

Such a universe has an immense potential for the later generation of order, complexity and life (see 

Chapter 11 for further discussion). However, for all these “pockets of order” a price must be paid in 

the form of more entropy in the system as a whole. The second law predicts that the universe will 

ultimately exhaust its (useful) energy and reach an eternal stasis known as “heat death”, close to 0 

degrees Kelvin (= -273 degrees C).
65

 Not surprisingly, predicting the future end-state of the universe 

appears far less complicated than reconstructing its initial conditions on the basis of its present state; 

but it is the principle of symmetry breaking, discussed below, which has provided important insights 

into the universe’s far distant past (see Chapter 11).  

   How does the propensity for stability preservation tie in with all this?  

   First of all this principle sets straight a widespread and persistent misconception about the second 

law. It is the idea that this law does in fact nothing other or better than making the world and 

everything in it fall apart, and that examples of order emerging from chaos are defying it. As a 

consequence, complex self-organized systems are thought to be constantly busy wrong-footing or 

evading this law. This is a misrepresentation that does not give it its due. It is true that complex, in 

particular organic systems, deprived of an external source of energy will inevitably become ever more 

disordered. But under non-equilibrium thermodynamic conditions order and organization can be 

furthered rather than impeded or degraded. Open systems continuously supplied with energy, or with 

material containing energy, from without reverse the tendency towards disorder, though this is by no 

means to be interpreted as a violation of the second law. For example, we owe it to the workings of 

this law that the Earth has from the very outset been afforded the energy needed to give rise to and 

sustain the comfortable state of affairs we know and can’t do without. For it is thanks to 

thermodynamics, as described by the second law, that our Sun, an island of light in an otherwise dark 

sky, endows us with heat, in fact a waste product as seen from its own perspective. In dissipating the 

heat the Sun performs a balancing act which serves to preserve its sustained dynamic stability: the 

outward radiation pressure precisely compensates the inward gravitational pressure. 

                                                      

65

 In fact a large part of the way to the “heat death” has been covered long ago: the present temperature 

prevailing in the universe is about 3 degrees Kelvin, while a temperature of about 10 K was reached already one 

billion years ATB,  about the time the proto-stars and galaxies were formed. 
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   And this is where the propensity for stability preservation comes in. Because if it weren’t for the 

negative, i.e. outward radiation pressure resulting from nucleosynthesis processes in the Sun’s core, it 

could not withstand the inwardly directed gravitational pull and would cave in. But the reverse also 

holds: if it weren’t for gravity it could not have come into existence at all, nor would it have been able 

to withstand the outward pressure and to maintain a prolonged steady state once nuclear fusion had set 

in. At this point entropy and stability preservation are coming together. For in the process of radiating 

heat and energy the Sun on the one hand produces entropy but on the other facilitates local pockets of 

entropy decrease elsewhere, in this case on Earth. Within a time span of 24 hours the latter restores the 

entropy balance by dissipating all the energy back into space. But this is of no consequence to us for 

what we receive is high-energy heat, low in entropy, while the heat we radiate back is low in energy 

per photon, and thus high in entropy. This wonderful symbiosis may well occur in innumerable places 

on scales from astronomic to infinitesimally small. The complex process of photo-synthesis on earth, 

through which plants convert carbon dioxide into sugars, thereby dissipating oxygen as waste product, 

is an illustrative example: all life under the sun is directly or indirectly dependent on it. The perception 

of the second law as a universally applicable destructive force is thus far from the truth, because it 

doesn’t take into account the existence of open systems (see Table II, Chapter 7). 

   The link between entropy, energy and stability is examined in a very enlightening way by Nobel 

laureate Erwin Schrödinger in his seminal and far-sighted essay What is Life?, first published in 1944 

(Schrödinger, 1944, reprint 2010, pp. 70-74). He writes: “…[entropy] is not a hazy concept or idea, 

but a measurable physical quantity, just like the length of a rod, the temperature at any point of a body, 

[…] or the specific heat of any given substance. At the absolute zero point of temperature (roughly -

273 
0 

C) the entropy of any substance is zero.” (id., p. 71). So Schrödinger wishes to “… remove 

entropy from the atmosphere of haze mystery that frequently veils it.” (id., p. 72). But even more 

intriguing is his statement:  

 

“ [A living organism] can only keep aloof of [the dangerous state of maximum entropy, which is 

death] by continually drawing from its environment negative entropy, which is something very 

positive …. . What an organism feeds upon is negative entropy. Or, to put it less paradoxically, the 

essential thing in metabolism is that the organism succeeds in freeing itself from all the entropy it 

cannot help producing while alive.”(id., p. 71; my italics). 

 

   What precisely is “negative entropy”? It is “entropy, taken with the negative sign” and, as such “a 

measure of order”. Schrödinger goes on to say:  

 

“Thus the device by which an organism maintains itself stationary at a fairly high level of orderliness 

(= fairly low level of entropy) really consists in continually sucking orderliness from its environment. 

[…] Indeed, in the case of higher animals we know the kind of orderliness they feed upon well 
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C) the entropy of any substance is zero.” (id., p. 71). So Schrödinger wishes to “… remove 

entropy from the atmosphere of haze mystery that frequently veils it.” (id., p. 72). But even more 

intriguing is his statement:  

 

“ [A living organism] can only keep aloof of [the dangerous state of maximum entropy, which is 

death] by continually drawing from its environment negative entropy, which is something very 

positive …. . What an organism feeds upon is negative entropy. Or, to put it less paradoxically, the 

essential thing in metabolism is that the organism succeeds in freeing itself from all the entropy it 

cannot help producing while alive.”(id., p. 71; my italics). 
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measure of order”. Schrödinger goes on to say:  
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enough, viz. the extremely well-ordered state of matter in more or less complicated organic 

compounds, which serve them as foodstuffs. After utilizing they return it in a very much degraded 

form – not entirely degraded, however, for plants can still make use of it. (These, of course have their 

most powerful supply of ‘negative  entropy’ in the sunlight).”(id, pp. 73-74; my italics). 

 

   These comments hit the nail on the head: it is precisely the subtle balance between the intake of low-

entropy “stuff” or energy and the dissipation of high-entropy, degraded “stuff” that determines the 

preservation of stability of complex systems. So far Schrödinger refrains from using the phrase 

“energy”; he even dismisses the idea that the exchange of matter or energy by and between systems is 

the essence of metabolism (which, in German, his native tongue, is Stoffwechsel). After all, a mere 

exchange of one calorie for another won’t be much help (id., pp. 70-71). But later, in a lengthy note 

(id., p. 74), responding to opposition from colleagues, Schrödinger tones down his criticism of the 

concept of energy, by acknowledging that the (high-grade) energy content in food or other material 

does matter; he also agrees that free energy is the more appropriate and familiar notion in this context, 

rather than negative entropy. But this does not in any way diminish the quality of his insight into the 

way entropy relates to stability.  

   We began by stating that the propensity for stability preservation is intricately linked to the second 

law, by virtue of the former’s close association with entropy. But this should not be taken to mean that 

its scope is narrower than the second law’s; actually, in some sense it reaches farther. For, not 

surprisingly, the second law of thermodynamics is supposed to apply primarily to thermodynamic 

systems, usually also called “physical” objects or systems. It is here that conceptual confusion is 

threatening. For “physical” is a notoriously ambiguous phrase, erroneously suggesting that only 

inanimate systems are involved. This is because in practice “physical” is mostly taken to refer to 

systems belonging to the domain of physics as well as – at best – of chemistry. But we know of course 

by now that the notion of stability reaches much farther than to just physical systems in that sense; it 

pertains to all systems belonging to the general class of complex systems, including biochemical and 

biological systems. This involves complex molecular compounds, organisms, and kin-groups or 

populations of organisms, e.g. colonies of bacteria, insects, swarms of birds, ecological systems, 

species, but also collectives of primitive organisms that are not genetically linked, such as the slime-

mould. Therefore, to keep the biological systems on board, I shall stretch the notions of 

“thermodynamic” and of “physical” so as to encompass both inanimate and animate systems. And for 

a good reason: there is a subtle, but meaningful connection between the two types, in that all of them 

have a propensity for energy efficiency, which in turn is linked to stability. And it is exactly this 

connection that determines the real scope of the propensity for stability preservation. 

  Thus, it doesn’t come as a surprise that this principle applies to all of the emergent phenomena  

figuring in Tables I, II and III, a range of applicability that, with the exception of symmetry breaking – 
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as we shall see below – , the other principles dealt with above, do not and cannot achieve. This tells us 

something about the universal validity of said principle, at least relative to these other principles. 

 

8.2.6  Symmetry / symmetry breaking  

In this subsection some factual information will be reiterated first. Subsequently the deeper 

significance of the principle of symmetry/symmetry breaking will be explored, alongside of the 

interplay between the propensity for stability preservation and symmetry breaking. The term 

“symmetry” comes from the Greek symmetria which means “measure together”. Commonly two 

distinct interpretations are applied: (i) an everyday kind of aesthetically pleasing but imprecise 

similarity and balance appealing to our sense of beauty and perfection; (ii) a well-defined and more 

precise notion of self-similarity or invariance of a physical system and its properties and behaviour. In 

the context of the argument of this book we shall occupy ourselves primarily with the second 

interpretation, and more in particular with the role of symmetry in geometry, physics and the life-

sciences. It should be noted though that the symmetry of macroscopic objects in the real world is never 

perfect in the sense of exact mathematical equality but is always an approximation of similarity. By 

contrast, for quantum systems such as quarks, electrons, protons and photons, the description of the 

symmetry is no longer approximate but very precise indeed. This is because they can partake in only 

very few physically possible configurations or states, so that a symmetry operation like permutation, 

that is, the positional exchange of constituents, renders the new configuration virtually 

indistinguishable from the former.  

   Symmetry is a property of a physical system that does not change when the system is transformed in 

some manner, but often it is also conceived as a property seen from the perspective of an observer. As 

for a transformation of the former kind, a sphere is rotationally symmetrical since its appearance does 

not change if it is rotated: it is considered to be invariant under shifts of its position in space (Greene, 

2003, p. 423). Among many kinds of symmetry operations, i.e. manipulations that leave an object’s or 

system’s appearance unchanged, there are four principal types: (i) translation: an object remains the 

same, that is, it is invariant under observations shifted from one point of the object to another; this 

transformation is the different perspective of the observer on the system; (ii) rotation: an object 

remains the same under rotational shifts of its position in space; (iii) reflection, an object is reflection 

or bilaterally symmetric when it is indistinguishable from its transformed mirror image; and finally 

(iv) dilation: an object remains the same, that is, it is scale invariant under enlargement or expansion. 

On a higher level of abstraction these symmetries also apply to many laws of physics, in that the latter 

too are invariant under the above operations. In some situations the symmetries coincide: rotational 

symmetry for all rotations about all points entails translational symmetry for all translations. A more 

generic kind of symmetry that does not fit in with this scheme but is nonetheless important, is the 

abovementioned permutation symmetry: it obtains when a system remains unchanged under the 

exchange of position of (some of) its constituent parts. Another type of symmetry that doesn’t fit in is 

168

Chapter 8



 164

enough, viz. the extremely well-ordered state of matter in more or less complicated organic 

compounds, which serve them as foodstuffs. After utilizing they return it in a very much degraded 

form – not entirely degraded, however, for plants can still make use of it. (These, of course have their 

most powerful supply of ‘negative  entropy’ in the sunlight).”(id, pp. 73-74; my italics). 

 

   These comments hit the nail on the head: it is precisely the subtle balance between the intake of low-

entropy “stuff” or energy and the dissipation of high-entropy, degraded “stuff” that determines the 

preservation of stability of complex systems. So far Schrödinger refrains from using the phrase 

“energy”; he even dismisses the idea that the exchange of matter or energy by and between systems is 

the essence of metabolism (which, in German, his native tongue, is Stoffwechsel). After all, a mere 

exchange of one calorie for another won’t be much help (id., pp. 70-71). But later, in a lengthy note 

(id., p. 74), responding to opposition from colleagues, Schrödinger tones down his criticism of the 

concept of energy, by acknowledging that the (high-grade) energy content in food or other material 

does matter; he also agrees that free energy is the more appropriate and familiar notion in this context, 

rather than negative entropy. But this does not in any way diminish the quality of his insight into the 

way entropy relates to stability.  

   We began by stating that the propensity for stability preservation is intricately linked to the second 

law, by virtue of the former’s close association with entropy. But this should not be taken to mean that 

its scope is narrower than the second law’s; actually, in some sense it reaches farther. For, not 

surprisingly, the second law of thermodynamics is supposed to apply primarily to thermodynamic 

systems, usually also called “physical” objects or systems. It is here that conceptual confusion is 

threatening. For “physical” is a notoriously ambiguous phrase, erroneously suggesting that only 

inanimate systems are involved. This is because in practice “physical” is mostly taken to refer to 

systems belonging to the domain of physics as well as – at best – of chemistry. But we know of course 

by now that the notion of stability reaches much farther than to just physical systems in that sense; it 

pertains to all systems belonging to the general class of complex systems, including biochemical and 

biological systems. This involves complex molecular compounds, organisms, and kin-groups or 

populations of organisms, e.g. colonies of bacteria, insects, swarms of birds, ecological systems, 

species, but also collectives of primitive organisms that are not genetically linked, such as the slime-

mould. Therefore, to keep the biological systems on board, I shall stretch the notions of 

“thermodynamic” and of “physical” so as to encompass both inanimate and animate systems. And for 

a good reason: there is a subtle, but meaningful connection between the two types, in that all of them 

have a propensity for energy efficiency, which in turn is linked to stability. And it is exactly this 

connection that determines the real scope of the propensity for stability preservation. 

  Thus, it doesn’t come as a surprise that this principle applies to all of the emergent phenomena  

figuring in Tables I, II and III, a range of applicability that, with the exception of symmetry breaking – 

 165

as we shall see below – , the other principles dealt with above, do not and cannot achieve. This tells us 

something about the universal validity of said principle, at least relative to these other principles. 

 

8.2.6  Symmetry / symmetry breaking  

In this subsection some factual information will be reiterated first. Subsequently the deeper 

significance of the principle of symmetry/symmetry breaking will be explored, alongside of the 

interplay between the propensity for stability preservation and symmetry breaking. The term 

“symmetry” comes from the Greek symmetria which means “measure together”. Commonly two 

distinct interpretations are applied: (i) an everyday kind of aesthetically pleasing but imprecise 

similarity and balance appealing to our sense of beauty and perfection; (ii) a well-defined and more 

precise notion of self-similarity or invariance of a physical system and its properties and behaviour. In 

the context of the argument of this book we shall occupy ourselves primarily with the second 

interpretation, and more in particular with the role of symmetry in geometry, physics and the life-

sciences. It should be noted though that the symmetry of macroscopic objects in the real world is never 

perfect in the sense of exact mathematical equality but is always an approximation of similarity. By 

contrast, for quantum systems such as quarks, electrons, protons and photons, the description of the 

symmetry is no longer approximate but very precise indeed. This is because they can partake in only 

very few physically possible configurations or states, so that a symmetry operation like permutation, 

that is, the positional exchange of constituents, renders the new configuration virtually 

indistinguishable from the former.  

   Symmetry is a property of a physical system that does not change when the system is transformed in 

some manner, but often it is also conceived as a property seen from the perspective of an observer. As 

for a transformation of the former kind, a sphere is rotationally symmetrical since its appearance does 

not change if it is rotated: it is considered to be invariant under shifts of its position in space (Greene, 

2003, p. 423). Among many kinds of symmetry operations, i.e. manipulations that leave an object’s or 

system’s appearance unchanged, there are four principal types: (i) translation: an object remains the 

same, that is, it is invariant under observations shifted from one point of the object to another; this 

transformation is the different perspective of the observer on the system; (ii) rotation: an object 

remains the same under rotational shifts of its position in space; (iii) reflection, an object is reflection 

or bilaterally symmetric when it is indistinguishable from its transformed mirror image; and finally 

(iv) dilation: an object remains the same, that is, it is scale invariant under enlargement or expansion. 

On a higher level of abstraction these symmetries also apply to many laws of physics, in that the latter 
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time-reversal symmetry, which applies to laws that treat the past on equal footing with the future, 

whereas the solutions to the laws’ equations are time-irreversible (see for further discussion Sections 

11.1 and 11.4). The transformations referred to here can involve actually experienced events in real 

space, but they can also be theoretical assumptions about manipulations in mathematically construed 

three- or two-dimensional space, which, together with auxiliary hypotheses or “bridge-laws”, have 

empirically validated consequences.  

   Symmetry breaking is a reduction in the amount of symmetry of a system always associated with a 

phase transition (but the reverse does not always apply, as, for example, is the case with the melting of 

ice) (ibid.). A phase transition – akin to but not identical to a bifurcation (see Section 9.2 and footnote 

70 for further discussion) –  concerns the progress of a physical system from one phase (or state) to 

another, distinctly different phase, e.g. the transition from water to ice, from non-magnetized to 

magnetized, from conduction to convection, etc. But it also regards transitions in biology and 

biochemistry, for example, the transition from a sphere-shaped stomach of a frog embryo to a lesser 

symmetric shape, from a single species through speciation to two new distinct species, from a 

critically-sized random collection of complex molecules to the emergence of an autocatalytic set, etc. 

And to stretch the notion of phase transition even further: it also covers, at least in my book, the major 

evolutionary transitions from prokaryote cells to eukaryote cells and from monocellular to 

multicellular organisms. Phase transitions towards more complexity in systems are to be seen as 

symptoms of the principle of symmetry breaking. Symmetry breaking is always the response to the 

onset of dynamical instability in a system. Following the breaking of the symmetry a new state of 

stability, superior to the previous one, comes about.  

   Symmetry and symmetry breaking are two facets of the same concept:  symmetry breaking is not an 

all-or-nothing affair, but is almost invariably a reduction of symmetry in complex systems to a smaller 

value. It is the primordial organizing principle that gave life to the contents of the universe as we know 

it. It manifests itself in numerous ways in everyday life as well, e.g. in left- or right-handedness, 

condensation, freezing, branching by trees, ripples in the sand, wave and cloud formation, organ 

formation, crystallization, etc. (see Tables I and II, Chapter 7). 

   Which symmetries have actually been broken here? As far as the four well-known types reviewed 

earlier are concerned: they only tell us under what particular kind of operations or transformations in 

space a given system remains the same; none of them, except perhaps reflection symmetry, tells us 

actually anything about the deeper nature of the broken symmetries meant above. However, on a meta-

level, that is, beyond the four geometric types of symmetries, a common feature of almost all 

symmetries before the breaking is a (more) homogeneous distribution of the constituent parts of the 

system undergoing symmetry breaking. (An exception must probably be made for symmetries on the 

quantum level). This points to permutation symmetry as a more generic and fundamental type that, as 

we saw above, does not fit in with the fourfold geometric typology. For all of these symmetries 

involve geometric manipulations under which merely the shapes of certain systems in three- or two-
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dimensional space look the same; they do not apply to the internal structure or material composition of 

systems, as is the case with permutation. This is precisely why the above examples of symmetry 

breaking, condensation, freezing, etc., are interesting: they concern systems whose internal structure 

before the breaking is both perfectly homogeneous and isotropic, as well as systems whose constituent 

parts are not identical, i.e., anisotropic, and thus, by definition, not homogeneous. Even so, the latter 

can possess overall isotropic symmetry, provided the individual differences average out to (nearly) 

zero. By contrast, as models of crystalline structures have shown, in a crystal the physical properties 

often vary with orientation, which makes them anisotropic: the atoms may be able to change places 

with one another in some directions, but not in others. As a consequence perfect permutation 

symmetry is ruled out, implying a correspondingly higher level of organization.  

   Physicists usually distinguish two types of symmetry breaking, viz., explicit and spontaneous 

symmetry breaking. Explicit symmetry breaking obtains when the laws describing a system are 

themselves asymmetric under a particular symmetry the system may possess in reality. Spontaneous 

symmetry breaking, by contrast, applies to situations in which the laws describing a system are 

perfectly symmetric, whereas the system itself is in an asymmetric state or exhibits asymmetric 

behaviour. Icke’s definition (1997, p.326) conveys a comparable interpretation: “A solution of an 

equation of motion [which equation] is manifestly symmetric need not itself show that symmetry.” 

(see for further discussion also Section 11.3). According to its rather cryptic phrasing, it appears that 

explicit symmetry breaking is actually not about symmetry breaking at all, at least not with respect to 

what happens in the real world. But the notion of spontaneous symmetry breaking is quite relevant 

indeed, it seems to cover all cases that matter in the framework of this investigation.  

   Symmetry breaking is a universal phenomenon, applying throughout the organizational hierarchy in 

nature, thus encompassing the disciplines of physics, chemistry, biology, geology, astronomy  and 

cosmology It is always a response to instability, caused by persistent perturbations or pressures acting 

on a system from within or from without. It is accompanied by a critical transition in which one 

pathway to stability is randomly selected and the system passes on to a more organized state. The 

symmetry usually does not vanish totally, but is reduced to such smaller degree as is compatible with 

an effective response to imminent instability.   

   Symmetry breakings, and in particular spontaneous symmetry breakings, abounded in our very early 

universe. Nature, in virtue of the symmetric laws of conservation of matter and energy, initially 

created equal numbers of baryons, fundamental building blocks, viz. nucleons and anti-nucleons, that 

were bound to annihilate when interacting. Conservation laws are an expression of exact symmetry. 

They require that the total amount of mass/energy within the universe be conserved. But as the 

universe cooled and expanded, at approximately 10 
-4

 sec. ATB, a tiny excess of matter survived the 

destruction, thereby breaking the numerical symmetry between nucleons and anti-nucleons. (This does 

not violate the conservation laws as, according to Einstein’s E = mc
2

, matter and energy are equivalent 

(see also Chapter 11 for further discussion)). The branching of the presumed unified primordial force 
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in the very early universe into the four fundamental forces as we know them is another manifestation 

of spontaneous symmetry breaking.
66

 (see Table III). Remarkably, while instability seems to be 

immanent to symmetry, symmetry breaking provides for stability: though the original physical state of 

the energy-field permeating the universe is taken to be symmetric, it became inherently unstable under 

the collective pressure of variable parameters operating from within, i.e. cooling and expansion. The 

broken symmetry however is stable. It is as if the symmetry “wants” to break to achieve that new 

stable state.   

   The asymmetry of the fundamental forces in terms of their range is in fact a “hidden” symmetry; the 

original symmetry is broken spontaneously but can, and in fact, has indeed at least partially been 

reinstated in man-made colliders (see also footnote 66 below). As is typical of spontaneous symmetry 

breaking, the equations of the laws possess the symmetry, but the solution to the equations does not.  

But it is the solution to the equations that describes the real world. (See also Section 6.2 on the Higgs 

boson). The remnants of previous perfect symmetry manifest themselves in a surprising manner: the 

fact that Newton’s long-range gravitational force and Coulomb’s short-range electromagnetic forces 

both obey the so-called inverse square law is a fundamental sign of hidden symmetry.
67

 But recall that 

a fundamental difference between the two forces is the fact that gravity is a one-sided attractive force 

whereas the electromagnetic force is both attractive and repulsive, depending on the charge of the 

entities involved in the interaction. This once again points to the principle of symmetry breaking in 

operation in the very early universe. 

 

   Penrose (2004, p. 736) uses the phenomenon of ferromagnetism to illustrate the idea of spontaneous 

symmetry breaking:  

 

“Imagine a spherical ball of iron. We may think of its atoms as little magnets for which, because of the 

forces involved, there is a tendency for them to line up parallel with their neighbours, with the same 

north/south orientation. When the temperature is high enough, namely above a critical value, which is 

about 770 degrees C (1043 K), the energetic thermal agitation of the atoms will override this tendency 

to magnetic alignment, and the material exhibits no propensity to become a magnet on a larger scale, 

there being an effectively random arrangement of the orientations of the little atomic magnets. But at a 

lower temperature than 770 degrees C (the so-called ‘Curie point’), it is energetically favourable for 

the atoms to line up, and in an ideal situation the iron would become magnetized.[…] The natural 

                                                      

66

 As earlier discussed in Section 7.2, physicists and cosmologists generally share the belief that the four forces 

as we know them are the product of symmetry breaking through the subsequent splitting off from one primeval 

force as the universe cooled and expanded. However, so far only the unification of the electromagnetic force 

with the weak nuclear force has been accomplished. The grand unified theory (GUT), attempting to encompass 

the three non-gravitational forces, viz., electromagnetism, the weak force and the (colour) strong force is still 

incomplete; moreover, re-unification of gravity with the other three forces, i.e. the reconciliation of relativity 

with quantum mechanics, has up till now remained beyond reach. 
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 The inverse square law applies to heavy objects such as planets as well as to protons and electrons: if the 

distance between them doubles or triples, the power of attraction decreases to ¼ and 1/9 respectively.  
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tendency is for the ball to find a minimum-energy state.… . Because of the interactions between 

neighbouring atoms, the minimum energy occurs when all atoms are aligned so that the ball becomes 

magnetized, with a definite direction for its north/south polarity. But none of these directions is 

favoured above any of the others.[…]There being no favoured direction in its initial heated 

unmagnetized state, the final magnetization direction comes about randomly. This is an example of 

spontaneous symmetry breaking: the initial spherical symmetrical state settles down into a state with 

smaller symmetry, namely just the symmetry of rotation about the resulting magnetic north/south 

axis.”
68

 (my italics). 

 

   Alongside of and in conjunction with the principle of symmetry breaking the propensity for stability 

preservation was in operation from the very outset, both locally and universally. While in the cooling 

and expanding universe the total entropy inexorably increased from the moment of creation – see 

Chapter 11 for further discussion – , from approximately 10
-4

 sec. ATB onwards a clustering of matter 

took place that produced ever more stable configurations or composites. Chronologically, in order of 

increasing complexity, inasmuch as they were relevant to the world as we know it, these composites 

were: quark triplets, that is, nucleons coming in two varieties, viz. protons (= hydrogen nuclei), 

electromagnetically positive, and neutrons, without charge; in the very early universe also helium 

nuclei, consisting of two protons and two neutrons, were formed. This process gave much later cause 

for the creation of the first stars, within which nuclear fusion led to the formation of the heavier atomic 

nuclei. Subsequently atoms – a clustering of nuclei with a varying number of electrons – , molecules, 

organisms and populations originated, and from atoms/molecules onwards second generation stars, 

planets and galaxies. Under the general conditions of a cooling and expanding universe the physical 

composites, ascending in complexity, released more heat, thus produced more entropy, than the 

continued joint state of its precursors would have done. As the complexity increased, and given a 

(meta)stable external source of high-grade energy, e.g. sunlight, systems such as living organisms 

absorbed more energy – thereby decreasing their entropy – because the energy flow per unit mass 

through them was larger than that through their collective, previously independently existing 

constituents. But, as we have seen above, the entropy balance, and thus the stability, per local system, 

was preserved by the dissipation of low-grade waste matter and energy. Evidently, stability 

preservation, in tandem with symmetry breaking, played (and still plays) a crucial role in the 

emergence and sustainability of complex systems. 

 

   Symmetry breakings are neither necessarily the consequence of only external factors, nor is the 

instability that gives rise to them always harmful to the system. In fact, as noted before, they are 
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 David John Baker (Baker, 2011, p. 130) in an article entitled “Broken symmetry and spacetime” in Philosophy 

of Science, vol. 78, nr 1, pp. 128-149) defines spontaneous symmetry breaking as follows: “Whenever a ground 

state [a system in a state of lowest energy] fails to be invariant under a symmetry of the laws, we have a case of 

spontaneous symmetry breaking” (cf. Vincent Icke’s definition above). 
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crucially important to a system’s prolonged stable existence (see Section 5.2). In certain living 

systems, e.g. frog embryos, earlier discussed, the species’ genetic make-up triggers instability for its 

own benefit. In this particular case a genetically pre-programmed phase transition is invariably 

attended by the transformation of an almost perfectly spherically shaped stomach into a less 

symmetrical shape, failing which the organism would not be viable. These processes are usually 

irreversible, although there are examples of cyclical transformations; a case in point is the slime-

mould, a colony-creature that is known to undergo a remarkable alternating metamorphosis. Its 

constituent components are a particular kind of single-celled amoebas whose appearance, depending 

on environmental conditions, alternates between a slug-like form, moving as if it is a single organism, 

and individual, more or less autonomous cells.  

   As the previous sections and chapters show, more mundane, but equally telling examples of 

symmetry breaking abound. Also the remnants, in fact the weak reflections,  of once perfect symmetry 

are everywhere around us. They manifest themselves often in the form of fractals: cloud formations, 

ribs in the sand, tree-shapes, waves, snowflakes (see Tables I and II, Chapter 7). What they all have in 

common is that broken or less than perfect symmetries have the structure that they have for a good 

reason: they provide (improved) stability. For example: the hexagon is not the ideal configuration for 

an ice-crystal, because it is not the minimum energy state; instead less symmetric forms arise, e.g., six-

pointed star-shaped structures (Stewart, 1998, p. 33). It follows that it is the propensity for stability 

preservation that is the second ingredient that, alongside of symmetry breaking, brings this about, 

albeit that each one’s contribution is of a different nature: the one preserving or restoring the stability, 

the other creating conditions under which this becomes possible. This conclusion will eventually point 

us in the right direction when it comes to identifying the genuinely fundamental and overarching 

organizing principles.   

   Symmetry breaking appears to be the organizing principle behind an impressive host of emergent 

phenomena; (i) as for (contained) unstructured aggregates (Table I): radio-active decay, physical states 

like solid � fluid � gaseous, and conduction � convection, resulting from phase transitions; (ii) as 

for self-organized structured systems (Table II): solidity, rigidity, fractals (e.g. dendrites,  blood-

vessels, tree-branches, snowflakes, and heartbeat), handedness (e.g. R-handed DNA spirals, crusher 

lobster claws, palm-tree coiling, toad vomiting, quartz crystals), all of which sustain stability; and 

finally, (iii) as for the laws of nature: the force laws governing the four fundamental forces (Table III). 

Once again, the forces are assumed to be the consequence of symmetry breakings during the evolution 

of the very early universe, while the laws are the mathematical reflection of the forces. However, 

given the rather speculative character of these cosmological hypotheses – in the sense of their being 

not firmly and unambiguously supported by observation – and the different conceptual status of laws 

versus observable emergent phenomena, I prefer to grant the force laws a status aparte so as to be able 

to distinguish them from what I earlier called “ordinary emergences” (see the scheme in Chapter 7, 

Section 7.1, in which these laws are not subsumed under organizing principles).  
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8.3 Conclusion 

There is no mistaking the message the above analysis conveys: all of the principles – even natural 

selection, for all its limited applicability to just the biological hierarchy – somehow appear to be 

connected. But it turns out that some of the investigated principles are more fundamental than the 

others:  

(i) All of the six principles have in common that the underlying processes appear to be symmetry 

breakings as well as thermodynamic processes, accompanied by phase transitions. And all of these 

events and processes turn on the reparation or preservation of stability of the systems involved. 

(ii) This commonality appears to be the reflection of deeper underlying principles, viz., the principle of 

symmetry breaking, the propensity for stability preservation and – bearing in mind its domain-

specificity – the principle of natural selection.  

(iii)  Measured in terms of ubiquity, that is, its involvement with emergent phenomena as listed in 

Tables I, II and III, scaling, symmetry breaking and the propensity for stability preservation score 

about equally; vis-à-vis the others there is a substantial difference in favour of these three principles in 

the coverage of the emergent phenomena.  

(iv) Since the scope of natural selection, in virtue of the three requisite conditions, viz., variability, 

heredity and fitness, is necessarily limited to that part of the hierarchy of organizational levels where 

these conditions apply, it stands to reason that this principle only applies to a limited part of the 

emergent phenomena in the Tables. For now it will be assumed that natural selection is an organizing 

principle in its own right, but in what follows (see Chapter 10) its autonomous status will be 

challenged.  

(v) Scaling and the tendency towards hierarchy formation rather closely interrelate,  but in such a way 

that the latter is to be conceived as a special case of the former, and thus must be subsumed under the 

heading “scaling”. 

(vi) But scaling seems to reveal emergent patterns instead of actually explaining them, although it 

cannot be denied some predictive power. So despite its ubiquity in terms of its involvement with 

emergent phenomena as shown by the Tables, it does not meet the criteria for an autonomous 

organizing principle; it follows that the same holds for the tendency towards an organizational 

hierarchy.  

(vii) Fractal formation, though a bit of a borderline case, does no more than scaling satisfy the criteria 

for a genuine organizing principle, since it appears to be a consequence of such principles rather than 

being one in and of itself; consequently it will be treated as an emergent property of its instantiations, 

fractal-like systems.   

  

   Based on the above conclusions, resulting from the foregoing analysis and the attendant inference to 

the best explanation, the six candidate principles can be plausibly reduced to three, viz. natural 

selection, the propensity for stability preservation and symmetry/symmetry breaking. As for the 
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others:  

(i) All of the six principles have in common that the underlying processes appear to be symmetry 

breakings as well as thermodynamic processes, accompanied by phase transitions. And all of these 

events and processes turn on the reparation or preservation of stability of the systems involved. 

(ii) This commonality appears to be the reflection of deeper underlying principles, viz., the principle of 

symmetry breaking, the propensity for stability preservation and – bearing in mind its domain-

specificity – the principle of natural selection.  

(iii)  Measured in terms of ubiquity, that is, its involvement with emergent phenomena as listed in 

Tables I, II and III, scaling, symmetry breaking and the propensity for stability preservation score 

about equally; vis-à-vis the others there is a substantial difference in favour of these three principles in 

the coverage of the emergent phenomena.  

(iv) Since the scope of natural selection, in virtue of the three requisite conditions, viz., variability, 

heredity and fitness, is necessarily limited to that part of the hierarchy of organizational levels where 

these conditions apply, it stands to reason that this principle only applies to a limited part of the 

emergent phenomena in the Tables. For now it will be assumed that natural selection is an organizing 

principle in its own right, but in what follows (see Chapter 10) its autonomous status will be 

challenged.  

(v) Scaling and the tendency towards hierarchy formation rather closely interrelate,  but in such a way 

that the latter is to be conceived as a special case of the former, and thus must be subsumed under the 

heading “scaling”. 

(vi) But scaling seems to reveal emergent patterns instead of actually explaining them, although it 

cannot be denied some predictive power. So despite its ubiquity in terms of its involvement with 

emergent phenomena as shown by the Tables, it does not meet the criteria for an autonomous 

organizing principle; it follows that the same holds for the tendency towards an organizational 

hierarchy.  

(vii) Fractal formation, though a bit of a borderline case, does no more than scaling satisfy the criteria 

for a genuine organizing principle, since it appears to be a consequence of such principles rather than 

being one in and of itself; consequently it will be treated as an emergent property of its instantiations, 

fractal-like systems.   

  

   Based on the above conclusions, resulting from the foregoing analysis and the attendant inference to 

the best explanation, the six candidate principles can be plausibly reduced to three, viz. natural 

selection, the propensity for stability preservation and symmetry/symmetry breaking. As for the 
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questions concerning the presumed relationship between organizing principles and emergent 

phenomena, these principles’ explanatory and predictive powers, and their universal validity, a closer 

inspection of the analysis’ results should provide more concrete answers. These issues will be 

addressed in Chapter 10. But first, at this point, some unfinished business needs to be attended to. This 

concerns the range and interconnections of certain key concepts which will be further explored and 

more sharply defined in the next chapter.   
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9 

 

Establishing the range of applicability of the key concepts 

 

9.1 Introduction  

In Chapter 8 the six nominated organizing principles were provisionally reduced to three. Three of 

them were eliminated for lack of explanatory and predictive power with respect to emergent 

phenomena, or, put differently, for lack of sufficient relevance in terms of scope, universality and 

fundamentality to emergent pattern formation associated with complex systems (see for a definition of 

universality and fundamentality Sections 4.4 and 10.1; a more thorough discussion follows in Section 

12.2). The intermediary step which is to be taken in this chapter aims to explore and establish more 

precisely the range of applicability of the key concepts of this inquiry. This involves demarcating as 

well as maximally stretching their radius of action and influence, along with connecting and 

classifying them where necessary or opportune, so as to align them with their optimal inductive scope. 

The key concepts in question are: symmetry breaking, phase transition, stability preservation, self-

organization as exhibited by scaling laws, and emergence of pattern and order. A summary of the 

issues to be discussed, with a view to accomplishing the above task, follows below:  

   (i) Symmetry breakings are invariably attended with phase transitions, but the reverse does not hold. 

Even though symmetry breaking thus appears to be less ubiquitous than phase transition, it is arguably 

of greater relevance to emergent pattern formation. For, reverse phase transitions are not accompanied 

by emergent patterns. In fact phase transitions are only symptomatic of events on a deeper level. 

   The notion of phase transition, which we encountered in various contexts in previous chapters, is in 

physics commonly applied to transitions from gaseous to liquid and solid states of matter, or the 

reverse. But I prefer a definition with a wider scope: in the context of this inquiry, which employs a 

multi-disciplinary approach, I define a phase transition as the transition by a system from a relatively 

stable state, via a highly unstable state, to a new stable state (see also footnote 70). The initial, 

relatively stable state is characterized by a relatively homogeneous distribution of constituent parts, 

while in the new stable state the composition is not only less homogeneous, but the structure can be 

wholly different. 

   (ii) Symmetry breaking – as shown in previous chapters – is always the response to uncontrollable 

instability, induced either thermodynamically, ecologically or otherwise. However, here again the 

reverse does not hold: instability is not always followed by symmetry breaking. This seems to imply 

that the propensity for stability preservation is the more general of the two concepts. But, in line with 

the above conclusion, I hold that this is not necessarily the case in the context of this investigation. For 

– as stated above – reverse transitions do not involve emergence and what counts here is both 

principles’ relevance to emergent pattern formation: judged by that criterion they appear to be of the 
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same value, albeit in different capacities. In fact they will turn out to be complementary, in that they 

only have the predicted consequences in terms of emergences when operating in conjunction.  

   (iii) Symmetry breaking – as also pointed out before – is not an all-or-nothing affair: usually the 

symmetry is reduced to the extent that the system still retains a degree of it. This less symmetric, but 

more complex, organized pattern bears evidence of the fact that symmetry breaking begets emergence.  

   (iv) The fact that not all phase transitions involve symmetry breaking necessitates some 

classification of the former in the interest of conceptual coherence.  

   (v) The range of self-organization exhibited by the collective behaviour of complex systems vastly 

surpasses the range of action of the individual constituents, a spatial region within which an entity still 

exerts influence. Wholly different complex systems possess the same critical exponents, and thus obey 

the same power or scaling laws. This means that the applicability of these laws is not only indifferent 

to the material composition of these systems but also to the distinction between inanimate and animate 

matter. It follows that this universal applicability also holds for associated organizing principles.  

   (vi) (Contained) unstructured homogeneous collectives or aggregates, such as a pan filled with 

liquid, as much as internally structured and sustained systems, such as dissipative, biological or 

ecological systems, are able to produce emergent patterns. In other words, the distinction between the 

two kinds of systems, although conceptually clear, is, with respect to emergent behaviour, practically 

indeterminate and thus rather irrelevant, as is the distinction between non-deterministic, stochastic 

systems and chaotic, deterministic systems. 

 

   Items (i)-(v) are discussed in Section 9.2. Item (vi) is dealt with in Section 9.3. Finally, in Section 

9.4 some other distinctions relevant to this inquiry are critically analysed. 

       

9.2 Gauging the applicability of the key concepts 

Hitherto the classes of earlier discussed phenomena may have been treated as though they are each 

conceptually unequivocal. But there is more to them than meets the eye of the superficial beholder.  

   In this section some of the key-concepts and -principles of this survey, viz. symmetry breaking, 

phase transition, stability preservation, self-organization as exhibited by scaling-laws, and emergence 

of pattern and order, will be critically reviewed with respect to three aspects: (i) the need of further 

partitioning into subdivisions, (ii) the potential for stretching their scope to the limit with a view to 

establishing the ultimate boundaries of their range of applicability, at the same time determining their 

optimal level of generalization, and with that their rank in the conceptual hierarchy, and (iii) their 

mutual interfaces, that is, their common lines of demarcation. 

   First off, symmetry breaking is usually associated with phase transitions. However, this needs to be 

put more precisely: while all symmetry breakings occur during phase transitions, the reverse does not 

hold: not all phase transitions are linked to the breaking of symmetry. For example, during freezing, 

the transition from water to ice, the symmetry is indeed broken, because it implies a change from a 
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liquid state, which is isotropic and thus possesses translational symmetry, to an ordered, less 

symmetric state: in crystalline ice the atoms are arranged in a regular lattice and have “preferred” 

positions (though there were no preferred positions before the formation of the ice-crystal). But this 

means that in the reverse transition, during melting, the symmetry is not broken, but, on the contrary, 

increases. This seems to suggest that the concept of phase transition has a wider scope than the 

principle of symmetry breaking. But despite the apparently greater ubiquity of phase transitions, the 

phenomenon of symmetry breaking remains of more relevance to emergent pattern formation; phase 

transitions are only accompanying phenomena, which are symptomatic of the occurrence of symmetry 

breakings. But more importantly, reverse transitions do not involve symmetry breaking. So this should 

not in any way be in conflict with my hypothesis – which will be further substantiated in what follows 

– that whenever an emergent phenomenon arises symmetry breaking is in play. 

   On the strength of the cases studied in previous chapters it is argued that a crucial condition for the 

occurrence of symmetry breaking is always the onset of some kind of instability, either 

thermodynamically, ecologically or otherwise determined.
69

 But here again the reverse does not hold: 

it is not true that any instability in a system is invariably followed up by symmetry breaking. To revisit 

the example of freezing, below the freezing point the solid (= ice) state is the more stable of the two 

states a sample of water molecules can be in, above that point the liquid state is preferred. But 

sometimes a system – for example a container of water practically free from micro-particles on which 

ice crystals can coalesce – can be brought and maintained very briefly past a transition threshold 

without undergoing a phase transition. This state is metastable, is prone to change any time and occurs 

in fluids in a state of supercooling or superheating. Thus, while melting, as much as freezing, is driven 

by thermodynamic instability, melting, as we have seen above, does not involve symmetry breaking. 

This might be taken to mean that the propensity for stability preservation is the more general of the 

two principles. However, that conclusion is premature since their universal validity is determined first 

and foremost by their relevance to emergence: again, the reverse transitions do not give rise to 

emergent phenomena.  

   “Perfect symmetry” must thus not be put on a par with “pattern”: not only will the symmetric state 

of a system under persistent disturbances from without or impulses from within be inherently unstable, 

whereas broken symmetry provides conditions for new stability, but symmetry is by no means 

equivalent to the most intricate patterns of self-organization. Also, though many symmetry breakings 

happen in a flash, it is usually – certainly inasmuch as it concerns dynamical, complex, non-linear 

systems – not an all-or-nothing affair in the sense that all symmetry is lost at once: rather it is an event 

                                                      

69

 I argue that, in the context of this inquiry, there is in fact no difference between thermodynamic and ecological 

instability: both in inanimate and animate systems, or collectives of the latter, such as colonies of social insects, 

it is symmetry breaking that responds to the onset of instability while the propensity for stability preservation is 

instrumental in the reinstatement of stability during a phase transition. Of course, in the case of biological 

systems, the principle of natural selection is in play, but as we shall see, on closer inspection, turns out to be an 

expression of stability preservation  (see Section 10.4). 
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 I argue that, in the context of this inquiry, there is in fact no difference between thermodynamic and ecological 
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in which the symmetry is reduced to the extent that is compatible with the requirement of stability 

preservation. Often the system still exhibits remnants of previous predominant symmetry, such as the 

self-organized pattern of ripples in sand. But by the same token the pattern is evidence of the fact that 

the symmetry is broken and that prior to that event the system was driven far away from equilibrium.  

   It is in particular open systems – of which dissipative structures, a term coined by Prigogine, are a 

special case – to which the step-by-step reduction of symmetry pertains. These systems, as we know 

only too well by now, are being kept away from thermodynamic equilibrium by a persistent through-

flow of energy, which they dissipate or release in the process, thereby producing entropy. Examples of 

such systems are the earlier discussed Bénard convection and the Belousov-Zhabotinsky reaction. 

They tend to break the symmetry in stages as they are driven harder and harder (see also Ball, 2009, 

Nature’s Patterns: A Tapestry in Three Parts: Branches, pp. 189-190). Rather than processing directly 

to the ultimate attractor, the state of lowest energy, they jump from one intermediate attractor to 

another, breaking as little symmetry as possible, that is, as is consistent with preserving or restoring 

their stability. Attractors resemble the pits in a pinball-machine: if the ball is ‘kicked’ around hard 

enough it may find itself drawn to another more nearby attractor, representing a wholly different 

physical state. Ball (id., pp. 197-198) proposes a step-by-step “minimization principle” for these 

systems to be distinguished from the “one-shot” minimization principle that rules the behaviour of 

equilibrium systems. He points out that the simplest way to realize a gradual break of the symmetry of 

a uniform two-dimensional system is to impose it to proceed from a uniform pattern to stripes, the first 

minimal pattern (corresponding to rolls in a three-dimensional system), then to squares or triangular 

cells, and finally to a hexagonal lattice. These steps exhibit a gradual reduction of symmetry, and they 

derive from the mathematics of a specific situation: the geometric properties of space constrain the 

options open to the system, i.e. the way the breaking is actualized. This is why, as I hold, the principle 

of symmetry breaking may be rightly seen as the formal cause of emergent self-organization: it 

actualizes a mathematical “blueprint”, i.e. the form, into a pattern. But there is an irreducible element 

of contingency to the question which of the available options the system prefers. Thus it remains 

impossible to predict with any precision what kind of broken symmetry will occur in any particular 

case at any particular moment.  

   To be sure, the above discussion, also insofar as it concerns features not directly associated with the 

issue of the optimal range of applicability, such as the step-by-step or gradual reduction of symmetry, 

is highly relevant thereto. For it gives clues to the genuine radius of action of the key concepts in 

question. 

   The notion and reach of phase transition, in view of its involvement with symmetry breaking, 

stability preservation, self-organization and emergence, needs further attention at this point. We know 

that a phase transition is usually taken to be the transformation of a system from one thermodynamic 

phase or state of matter to another. The fact that not all phase transitions involve symmetry breaking 

brings to the fore the need for some classification. Phase transitions can be distinguished into 
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numerous varieties but only some of them bear directly on this inquiry. Two broad categories, 

borrowed from a scheme originally created by the renowned physicist Paul Ehrenfest, are relevant 

here: 
70

  

   (i) First-order phase transitions are “mixed-phase regimes” in which some parts of the system have 

undergone the complete transition, while other parts are lagging behind. But at the transition point  

some characteristic property changes abruptly. In this class falls, among other things, the paradigmatic 

solid � liquid � gas transition. Anyone who has ever boiled a container of water has noticed that the 

water does not instantly turn into vapour; instead at the surface a turbulent mixture of water and 

vapour bubbles forms. The same mixed-phase transition – in this case from high density to low density 

– occurs in highly purified water that is in a supercooled state and is not turning to ice at once. It is, as 

we saw above, in a metastable state. Such a delayed change, characteristic of first order-transitions, in 

which a system is brought past a transition point without undergoing a complete phase transition, is 

called a diabatical change (as opposed to an adiabatical transition, which proceeds continuously). 

Examples are superheating, supercooling and supersaturation. As we have seen above, many, but not 

all first-order transitions, for example melting, involve symmetry breaking.  

   (ii) Second-order or continuous, also called critical phase transitions. Examples are the 

ferromagnetic transition, i.e. the spontaneous magnetization of iron at the so-called Curie point, and 

the onset of convection. The transition occurs abruptly time-wise but still proceeds continuously to 

another state without the hysteresis or time-lag, peculiar to first-order transitions.  All second-order 

phase transitions are linked to symmetry breaking (id., pp. 193-194).  

   The phenomena associated with the latter transitions are called critical phenomena and they are 

described by parameters known as critical exponents. It turns out that phase transitions occurring in 
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 The notion of a phase transition is most commonly applied to transitions between gaseous, liquid and solid 

states of matter, in rare cases also to plasma. These are usually called first-order transitions (see above). But 

there are many more types of them – jointly commonly referred to as second-order transitions – such as 

transitions between various liquid crystal phases, the ferromagnetic transitions, the emergence of 

superconductivity in certain metals below a critical temperature, quantum condensation of bosonic fluids, such 

as the Bose-Einstein condensation and the superfluid transition in liquid helium. The breaking of symmetries in 

the fundamental force laws in the very early universe might be seen as a special case of first-order transitions 

(see Chapter 11) I take the liberty to broaden the scope of second-order transitions to such an extent as to also 

cover chemical and biological transitions (See also the definition above in Section 9.1). But the two types are 

connected at a deeper level, which renders the distinction much less clear-cut and thus less relevant from our 

perspective. For all these transitions have in common that at the transition point two phases have identical free 

energies and therefore have equal chance to prevail. For example, below 0 
0

 C for water the solid state is the 

more stable one and becomes actualized, whereas above the melting point the liquid state is preferred. This is a 

commonality of practically all phase transitions, that will be discussed in more detail further down this section; 

the differences between the types are relevant to the main thrust of this inquiry inasmuch as they underscore the 

universality of the underlying organizing principles. So all the types mentioned, seen this way, are just subsets of 

the general class of phase transitions. Inasmuch as they are further discussed in this survey they serve as 

illustrative examples of the workings of these principles.  

   Ball (2004, pp. 134-135) makes a distinction between equilibrium- and non-equilibrium transitions or 

bifurcations. This distinction roughly parallels the one between first- and second-order transitions. But, more 

importantly, he points out, thereby underscoring the mutual commonality I observed above, that “[the two kinds] 

have features in common because they are both fundamentally of the same ilk: they are both collective modes of 

behaviour arising from the mutual, local interactions of many individual components.” On these grounds I prefer 

to treat bifurcations as a special case of the general class of phase transitions. 
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wholly divergent complex systems often possess the same critical exponents, i.e. that they obey the 

same power or scaling laws (see for further discussion Ball, 2009, pp. 202-206).  Unfortunately, the 

terminology is somewhat confusing because it suggests that these laws only apply to the second-order 

or critical phase transitions. In fact the concept of critical exponents pertains to both; it bridges the gap 

between first- and second-order transitions. For example, not only do the critical exponents at the gas-

liquid transition point appear to be independent of the chemical composition of the gas, they also 

match precisely the critical exponents of the ferromagnetic transition in uni-axial magnets. This is an 

aspect of universality and these systems are considered to belong to the same universality class. This 

means that the thermodynamic behaviour of these systems near a phase transition rests only on a 

limited number of features, such as dimensionality and symmetry, and is impervious to the underlying 

microscopic properties of the system. Of course, we have come across this aspect of complexity in 

previous chapters and we know by now that this points to universal principles behind the behaviour of 

these systems.  

   What is essential here is the fact that molecules – for example, in a gas or liquid in the dynamic state 

of convection – collectively behave coherently over distances far longer than the range of their own 

individual influence should allow before the onset of convection. Thus, the scale of self-organization 

exhibited by non-equilibrium patterns of structure and behaviour of non-linear, dynamic complex 

systems vastly surpasses the range of interaction of the constituents. These patterns are emergent 

because causal underdetermination prevents them from being traced back to the underlying micro-

laws. Remarkably, but equally understandable by now, in a collective of social insects, such as an ant-

colony, the coherence among ants stretches over distances far exceeding the individual influence 

sphere or correlation length of the ants. Simon Conway Morris refers to Nigel Franks, who, in 

discussing the social structure of an army ant colony, observes: “We see the emergence of flexible 

problem solving far exceeding the capacity of the individual.” (Conway Morris, 2003, p. 203; see also, 

Subsection 2.2.1 on the behaviour of ant colonies). Evidently, the applicability of scaling laws is in 

principle indifferent to the distinction between the inanimate and the animate realm in nature.  

   To conclude: closer examination of the key concepts, in particular with respect to their 

interrelationships, reveals that their range of applicability, as conceived in the context of this 

investigation, in fact reaches farther than appears to be the case at first sight. This applies to symmetry 

breaking in relation to phase transition and stability preservation, as well as to self-organization as 

exhibited by power laws. Evidently the radius of action and/or influence for most of the key-concepts 

is not a quantifiable or measurable quantity, nor is it universal in the sense of applying exceptionless 

over all times and locations: instead it is both a qualitative and a qualified notion. An exception to the 

rule, in some sense, is the kind of self-organization where power or scaling laws come into play: the 

extent to which the range of action of a collective of inanimate entities or a population of living 

individuals surpasses the individual influence sphere is not only in principle measurable, the critical 
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exponents of wholly distinct systems agree, making them members of the same university class in this 

respect. 

 

9.3 The real scope of emergence 

There is a tendency among scientists and philosophers, engaged in complexity studies, to restrict the 

applicability of the concept of emergence solely to those complex systems which are self-organized in 

the sense of being internally structured, dissipative, non-linear and dynamic. In other words, systems 

conceived as (contained) homogeneous collectives, whose behaviour can be reformulated statistically 

in terms of the average kinetic energy generated by particles colliding against the container walls, and 

which obey the classical thermodynamic laws, are considered unable to produce emergent patterns. 

Their behaviour is thus seen as not self-organized by definition. In fact, many biologists or 

philosophers of biology – inasmuch as they do not belong to the reductionist camp and thus accept 

emergence as a relatively self-supporting domain of reality – apply this narrow concept of self-

organization. They tend to think that only (pre)biological systems, e.g., compound molecules 

exhibiting autocatalytic circular processes, organisms, collectives of organisms, or ecological systems, 

exhibit emergent phenomena in the sense that the whole is more than just the sum of the parts, or, 

more precisely, that a demonstrable novelty arises (see for a more detailed discussion of this issue 

Section 5.2). 

   I prefer not to confine the concepts of emergence and self-organization to dissipative systems, any 

more than to (pre)biological or ecological systems, but to adopt a more broadly defined interpretation. 

I take this position because it is first and foremost Anderson’s insight that “more is different” which 

determines whether a system can be considered complex or not. True, this may be just a necessary 

condition, not a sufficient one, in order that a system and/or its behaviour are emergent, complex and 

self-organized. But it is nevertheless a condition which is satisfied by a much broader range of systems 

than is the case with just dissipative and (pre)biological systems. As I pointed out time and again, a 

contained homogeneous volume, e.g. a pan filled with water, may be deemed complex by virtue of its 

behaviour that can become self-organized and emergent when subjected to sustained environmental 

variables, such as heat. Such a system is not internally cohesive and its properties – which, according 

to classical Newtonian physics, are the effect of fully deterministic motions of each of its constituents 

71

 – can only be statistically described. But even in a state of perfect thermodynamic equilibrium 

measurable properties of these systems, such as temperature, pressure, density and entropy, are in fact 
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 We now know, of course, that this basic assumption of classical mechanics is wrong: the behaviour of entities 

such as atoms and sub-atomic particles is governed by the laws of quantum mechanics which are fully 

incompatible with classical mechanics. For example, one of the macroscopic properties of gases, their spectra, 

can be explained by quantum mechanics but not by classical mechanics. But from a heuristic perspective it 

makes no difference whether the underlying metaphysics is a “clockwork” or a probabilistic quantum-world, as 

long as the statistical approach “works”, in that it produces an empirically adequate theory. After all, in both 

cases the micro-level is unapproachable because it is simply impossible to register the motion of all atoms or 

molecules in a thermodynamic system. But with a few macroscopic variables the collective behaviour of all gas 

particles can be described. 
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emergent, since they are not properties of molecules in isolation. That they can be described 

statistically as the average molecular kinetic energy generated by random collisions of gas molecules 

against the container walls, does not at all imply that they are not emergent.  Moreover, entropy does 

not even have such a correlate at the micro-level of a system as described above. Though it is a 

measurable quantity it can only be described indirectly in terms of the amount of heat divided by the 

temperature, so it has to be derived from the statistical averages mentioned above. But once we see 

entropy under a different aspect, that is, as an emergent phenomenon which manifests itself only at the 

macro-level, the microscopic information, according to which processes are fully time-symmetric, is 

blotted out in favour of the macroscopic information, which reveals the time-asymmetry of entropy. In 

any case, due to causal underdetermination, there is no way to trace the emergent behaviour back to 

the laws that rule the interactions of the individual constituent parts at the micro-level. In this context 

it is interesting to note Samir Okasha’s comment:   

 

“The aggregate/emergent distinction […] is hard to make precise… . […] I suspect that this is because 

aggregate and emergent are really opposite ends of a continuum, along which the determination of 

collective by particle characters ranges from the simple to the complex, rather than dichotomous 

alternatives.” (2006, pp. 48-49; my italics).   

 

   Okasha’s “aggregate” is the equivalent of my homogeneous unstructured (contained) aggregate, 

whereas “emergent” refers to structured, non-homogeneously composed systems; note that by 

modifying the distinction when calling it a continuum he distances himself from the biologists’ camp 

attributing emergence solely to structured systems.  

   By the same token the distinction between indeterministic, stochastic systems converging to a 

statistical average on the one hand, and chaotic, deterministic systems converging to an attractor, on 

the other, is not clear-cut: here we also have a continuum in which these kinds of systems between 

them in fact represent the extreme opposite ends (see Section 12.3 for further discussion). For once 

again, a stochastic, classical thermodynamic system such as a slowly heated pan with liquid in a state 

of conduction, may proceed towards a state of convection, the attractor, typically featured by chaotic 

systems, providing (transient) stability and emergent order far from thermodynamic equilibrium. Thus, 

seen this way, that is, seeing both stochastic and chaotic, deterministic systems as subsumed under the 

umbrella of complexity, emergence is a concept which allows of a rather wide interpretation which 

does not at all render it meaningless or trivial.  

   The real scope of emergence becomes all the more apparent if we look at it from a different 

perspective. Emergent patterns, as has become obvious by now, come in numerous and quite distinct 

varieties. According to Ball (2009), inspired by the famous classic study by D’Arcy Wentworth 

Thompson, form in nature, generally called morphology by scientists, can be distinguished into three 

broad categories: shapes, flow, and branches. But an even more fundamental distinction, cutting across 
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the above categories, is the one between (i) patterns occurring in space, and (ii) patterns occurring in 

time. Examples of the former are lattices of hexagonal cells, spiral patterns, or fractals, etc., and of the 

latter, patterns of recurrent events such as oscillations (e.g., chemical clocks, heartbeat), bifurcations 

and period-doublings. Many of these patterns are wholly scale invariant, in that they appear in systems 

ranging from microscopic to macroscopic scale.  

 

9.4 The practical significance of some physical distinctions under normal and limit conditions 

Erwin Schrödinger (1944), in his insightful essay What is Life? offers an unorthodox but quite 

convincing alternative view on the way the real structure of matter should be classified. Contrary to 

what was taught us at school he claims that “the cases of a molecule, a solid, a crystal are not really 

different” (Schrödinger, 1944, reprint 2010, p. 58). He then goes on to say that “The fundamental 

distinction is between the two lines of the following scheme of “equations”:  

                                                 molecule = solid  = crystal. 

                                                 gas          = liquid = amorphous.” (id., p. 59). 

Schrödinger points out that so-called amorphous solids, such as charcoal fibre, are neither really 

amorphous nor really solid; in other words they represent a continuum. Charcoal is an amorphous 

solid but is also crystalline. “Where we find no crystalline structure we have to regard the thing as a 

liquid with very high ‘viscosity’ (internal friction).” (ibid.). But the equation that really matters is the 

one in which a molecule is regarded as a solid, e.g. a crystal. Schrödinger argues:  

 

“The reason for this is that the atoms forming a molecule, whether there be few or many of them, are 

united by forces of exactly the same nature as the numerous atoms which build up a true solid, a 

crystal. The molecule presents the same solidity of structure as a crystal. Remember that it is precisely 

this solidity on which we draw to account for the permanence of the gene!” (id., p. 60; my italics). 

 

   This is an interesting statement, because Schrödinger – who at the time that this work was published 

knew nothing of DNA – shows that permanence – standing for persistence or stability – can be 

realised on different scales of systems on different levels of complexity, viz., molecules, genes, 

crystals. Although he does not appeal to organizing principles, but to atomic theory to derive an 

analogy or similarity between structured, well-organized patterns on various levels, his line of thought 

is exemplary of the reasoning behind my inquiry into self-organization in nature.  

 

   In the same vein I wish to reassess other distinctions – most of which we have come across before – 

that are for all practical purposes useful, but, when failed to be seen as a continuum rather than as 

clear-cut,  tend to veil similarities and overlaps that matter. It concerns the distinctions as well as the 

interrelationships between: (i) open, closed and isolated systems, (ii) living and non-living systems, 

and (iii) solids, liquids and gases. 
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and (iii) solids, liquids and gases. 
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   (i) As for the distinction between open, closed and isolated systems: open systems are known to 

interchange energy and matter with their environment; closed systems are able to exchange energy – 

in the sense of heat and work – but not matter with their surroundings. Isolated systems can do neither. 

To complicate matters further: there are also closed systems which exchange heat but not work with 

their environment; an example is a greenhouse. While these distinctions are conceptually clear-cut, 

they are not always empirically or practically, or at best only approximately, applicable; hence the 

defining properties of these three kinds of systems, as stated above, raise uncomfortable questions.  

   First of all, even an allegedly isolated rigid gas cylinder is never completely isolated from its 

environment, because it always “feels” gravitational attraction. Also, whatever material the container 

is made of, there is always, however minimal, a remnant of porosity, or open texture. Thus, if a 

(perfectly) closed or isolated system is solely a theoretical construct that does not occur in nature – 

which indeed it doesn’t – what does it tell us about processes in the real world? And how does the 

distinction between open and closed systems relate to the distinction between living and non-living 

systems? Or to the same distinction, put in different, but comparable terms, namely between 

(pre)biological and physical – in the sense of inanimate and inorganic – systems?  

   While it is true that most, may be all, pre-biological, biological and ecological systems – even 

though often enveloped by membranes or otherwise separated from their environment – are open, the 

same applies, to a larger extent, to inanimate complex systems, such as oceans, the weather, flows, 

vortices, sand piles, clouds, lakes and pans filled with water. It even holds for solid objects, such as 

rocks, which are constantly subjected to heat, cold, wind, precipitation and other external perturbations 

and influences. It follows that such systems, however inert, and seemingly moving uni-directionally 

towards or steadfastly staying in a state of maximum entropy, absorb and dissipate at least some 

amount of heat and material from/into their environment, be it at extended time scales. Thus, while the 

distinction between living and non-living systems is generally – though incorrectly – supposed to be 

sharply defined, the distinction between open en closed systems is in fact a continuum, in which, for 

example, oceans versus gas containers form the extreme opposite ends. Indeed, the vast majority of 

systems, whether natural or artefacts (another dubious distinction!), animate or inanimate, are open. 

They are the norm.  

   (ii) Of course, the difference between living and non-living systems must not be made light of. But 

neither should it be overstated to such an extent as to make us lose sight of important connecting and 

unifying elements. One such element, of particular relevance in the context of this investigation, is the 

autocatalytic circuit, a typical feature of complex organic molecules, the precursors of life, and of all 

full-fledged biological systems. Its more primitive, but unmistakable analogue is the causal feedback 

loop connecting bottom-up and top-down causation between micro- and macro-levels in non-living 

open systems.  So here again there is no clearly defined boundary.  

   (iii) What about the distinction solid versus liquid and gaseous? Solid objects, generally speaking,  

differ from volumes of liquid and gas in that they are structured, that is, made of hexagonally or 
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otherwise shaped lattices of matter, such as crystals. But how solid are solid objects internally? It turns 

out that internal solidity or rigidity is – again – a matter of degrees. Even in rocks, or in a block of 

(magnetized) iron, the atoms are not completely tranquil, but can mutually change places, without 

disturbing the overall internal structure, thereby leaving the outward solidity and rigidity unscathed. 

For contrary to liquids and gases, within which these random internal motions of constituents add up, 

in solids this is a zero-sum game, in which the motions average out to zero, a telling example of 

permutation symmetry. This applies a fortiori to systems containing samples of heavy, radioactive 

isotopes which are converging to a stable thermodynamic end-state or attractor according to their 

statistical half-life, processes which are being induced by the weak nuclear force interactions from 

within. The Earth is an illustrative, though somewhat special example of such systems: it contains 

radioactive elements in its core whose decay produces energy which gives cause for plate tectonics 

and continental drift, but leaves the overall system and its shape intact in the long run. The Earth is 

special because its composition is largely anisotropic; at the same time the differences tend to average 

out so that its outward appearance, viewed from afar, remains virtually unchanged. Nonetheless, due 

to the formation of mountain ranges and to volcanic eruptions its surface may, on a geological time 

scale and near  “hot spots”, faults and subduction zones, take on a pock-marked appearance. 

   Solid objects may also be contrasted with everything less than (seemingly) solid: plastic, malleable, 

permeable, porous, and amorphous, but these properties are to be seen as degrees of viscosity between 

liquid and solid (cf., Schrödinger’s reference to charcoal above).   

   Finally a question which bears particular relevance to this inquiry: how valid are the above-

mentioned distinctions for systems brought into the most extraordinary physical states imaginable in 

the lab?  A famous example of matter in such a state is the so-called Bose-Einstein condensate. This is 

a phase or state of matter cooled to near absolute zero (= 0 Kelvin or -273 degrees Celsius). It applies 

predominantly to bosons, i.e. identical particles with integer spin that can share a quantum energy 

level with each other (as opposed to fermions, such as electrons, of which, according to Pauli’s famous 

exclusion principle, only one can be put in each energy level; bosons include photons as well as 

helium-4 atoms and rubidium-87 atoms). In 1995 Eric Cornell and Carl Wiesman at the University of 

Colorado – together with Wolfgang Ketterle of MIT awarded the Nobel Prize in Physics in 2001 – 

produced the first “pure” Bose-Einstein condensate using a cloud of rubidium-87 atoms cooled to less 

than 170 billionth of a degree above 0 K. This was the lowest temperature ever achieved, and, more 

importantly, also a temperature far lower than so far had occurred spontaneously in nature. (The 

current temperature of what is erroneously often called the “empty” vacuum is about 2,7 K). Cooling 

the atoms to near absolute zero caused them to condense into a “super-atom”, in fact a new form of 

matter, behaving as a single entity. This can be understood by appealing to Heisenberg’s uncertainty 

principle which states that it is impossible to exactly know both a particle’s velocity and its position 

simultaneously. While such super-cooled atoms’ velocities slow down so as to make them almost 

precisely measurable, their positions become untraceable because the individual atoms overlap and 
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coalesce into an entity whose constituents share a single quantum state. This state was predicted in the 

1920s by Satyendra Nath Bose and Albert Einstein, who discovered that at these extremely low 

temperatures all of the atoms involved tend to drop to the lowest possible energy level. But, even more 

interesting in the context of our inquiry, is that at this point quantum effects become apparent on a 

macroscopic scale. The transition, i.e., the Bose-Einstein condensation, occurs at a certain critical 

temperature, due to imminent instability of the system. This causes it to break its symmetry, in the 

sense that the atoms, not unlike what happens with ferromagnetism, instead of bouncing around 

randomly in different directions, all become aligned in the same way, forming a giant sort of matter 

wave. This may count as a rather exotic example of an emergent phenomenon arising as a result of 

symmetry breaking in a system under extreme boundary conditions, subsequently – wholly consistent 

with the propensity for stability preservation – converging to the lowest possible energy level.   

Remarkably, but on reflection understandably, the latter is in this particular boundary case also 

equivalent to the lowest degree of entropy 
72

 (Cornell and Wiesman, 1998, pp. 40-45). (Of course now 

also the question arises whether organizing principles must be invoked in order to explain these 

macro-level quantum effects if it turns out that quantum laws would fail to do so). 

   Be that as it may, it appears that the distinctions pertaining to inanimate systems discussed above, 

viz., open versus closed/isolated, and solid versus liquid and gaseous, become blurred under boundary 

conditions such as those prevailing in the Bose-Einstein condensate. Interestingly Laughlin (2006, p. 

41) remarks: “These exotic phases are rare, but their existence is nonetheless important because it 

demonstrates the familiar solid, liquid, and gas to be special cases of something more general.”; 

apparently this observation points to some as yet unidentified underlying organizing principle. 

   What does it mean to say that the Bose-Einstein condensate, as an exotic phase of matter, is an 

artefact? And what does it mean that mankind has been able to produce temperatures closer to absolute 

zero than – as far as we know now – occur anywhere in the universe? Under less extreme conditions 

the discussed distinctions are sufficiently workable, though even there they are not clear-cut. But here 

again the Platonic wisdom counts: it is just as  important to know in what way things are alike as in 

what way they are different.  

                                                      

72

 Source: articles by Bose (1924), and Einstein (1925) cited in a more recent article by Eric A. Cornell and Carl 

E. Wiesman (1998). 
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10 

 

In search of optimal generalization: retaining the principles that make the difference 

 

10.1  Introduction 

In Chapter 8 a comparative analysis of six candidate organizing principles was carried out. As a result 

three of them were retained on account of their objectively established and relatively broad range of 

applicability and high level of generalization, and their particular relevance on a deeper level to 

emergent pattern formation. This chapter attends to the final step in the process of elimination, the 

result of which is that only two principles will be definitely selected, viz., symmetry breaking and the 

propensity for stability preservation; consequently the principle of natural selection will not form part 

of the final selection.  But before we reach that point some crucial preliminary steps have to be taken.  

   What the abductive strategy, applied to select the organizational principles that really matter, aims to 

establish is in fact the universality of said principles. In general a law, rule or principle is considered 

universal if it is valid without exception over all times and locations (see also the definition in Section 

4.4). This definition is all-embracing to such an extent that it tends to become meaningless, at least 

insofar as it regards the purport of this book. For, by implication, the definition also applies to the 

validity of laws over the hierarchy of organizational levels in nature. However, this in fact represents a 

notion of importance in its own right, called fundamentality, which must not be conflated with 

universality. The two concepts, although easily confused in practice, need to be clearly distinguished. 

This chapter aims to establish both the universality and fundamentality of the tentatively selected 

principles as two distinct, well-defined concepts. But I wish to use a qualified definition for both 

concepts which doesn’t claim completeness: for universality this means that it applies over all times 

and locations within a well-defined domain, in this case the domain of complex systems; for 

fundamentality it implies validity across the entire organizational hierarchy with respect to complex 

systems, except the level of elementary particles (which are not composites). This conception of 

universality and fundamentality will be further discussed in Section 12.2. 

   In Section 10.2 the range of applicability of both the principle of symmetry breaking and the 

propensity for stability preservation is further conceptually established. This is attained by appealing 

to striking analogies between self-organizing processes of different scales of time and size, pertaining 

to systems of entirely different material composition. These analogies, as was already pointed out in 

Chapter 6, must not be unduly and prematurely condemned as insufficient proof of universality and 

fundamentality of the selected principles; in fact they concern similarities that should be welcomed as 

convincing evidence, precisely for the fact that they occur in seemingly incomparable systems and 

processes In section 10.2 I also refer to comments by prominent complexity theorists which support 

my claim, further substantiated in Section 10.4,  that biological fitness is in fact a special case of 

(dynamic) stability, entailing that the principle of natural selection is in turn a special case of the 
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propensity for stability preservation. Section 10.3 reviews the salient features of self-organization 

which provoke the operation of the two predominant principles, symmetry breaking and stability 

preservation, and, if the case may be, natural selection; but the latter’s eventual demise as a relevant 

organizing principle in and of itself has in fact already been heralded. Section 10.4 primarily aims at 

firming up the above claim that the principle of natural selection is a special case of the propensity for 

stability preservation. To that end the highest possible level of generalization of, on the one hand, the 

principle of symmetry breaking and the propensity for stability preservation, and, on the other, of 

natural selection, needs to be established. This is attained by showing analogies between self-

organizing processes and systems at the extreme ends of the organizational hierarchy, such as atomic 

nuclei and earthly organisms on the one hand, and stars and galaxies on the other. Finally, in Section 

10.5 two distinct patterns of self-organization, viz., integration and differentiation, associated with the 

phenomenon of biological altruism, are analyzed. I argue that cooperation and altruism over the longer 

term contribute primarily to stability and stable growth of populations, as the case may be at the cost 

of biological fitness, which again points to the propensity for stability preservation as being a more 

general principle than natural selection. 

 

10.2  The long reach of symmetry breaking and the preservation of stability 

In Chapter 9 we discussed the range of applicability of a number of key concepts, among them the 

principle of symmetry breaking and the propensity for stability preservation. In this section the 

presumed universality of both principles will be further substantiated. Examples of emergent 

phenomena in nature, supporting this claim, abound; some of the most illustrative  will be discussed.  

   The complexity theorist and biologist Brian Goodwin (1994, p. 89) refers to the concept of 

bifurcation, which we came across repeatedly in this survey, and which pertains to the (non-

equilibrium) transition from a state of higher symmetry (equivalent to lower complexity) to one of 

lower symmetry (equivalent to higher complexity). He goes on to point out that two wholly different 

processes in terms of molecular composition, the Beloussov-Zhabotinsky chemical reaction, and the 

aggregation of slime-mould amoebae, depend on symmetry breaking. Also in Acetabularia 

acetabulum, a green alga that lives in shallow waters, the perfectly spherical zygote, the cell produced 

by the union of gametes, has  to break its symmetrical shape into ordered complexity so as to produce 

a viable organism, a process absolutely crucial for morphogenesis. Another illustrative example of the 

universality of symmetry breaking – and for that matter, also of stability preservation – is given by 

Maynard Smith and Szathmáry (2009, p. 235):  

 

“In the frog egg, there is an early differentiation between the “animal” and “vegetal” pole, differing in 

yoke concentration and in other ways. This arises when the egg is still in the ovary, but neighbouring 

eggs do not have the same orientation. It seems that the initially symmetric distribution of substances 
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in the cell is unstable, and that the asymmetry arises intrinsically and not because it is imposed 

maternally.”.  

 

   The gradient which causes this asymmetry also points to the propensity for stability preservation and 

is evidence of a net loss of entropy. This aptly illustrates that both symmetry breaking and stability 

preservation apply to a broad range of processes belonging to the domains of physics, chemistry and 

biology. As we shall see in Section 10.4, this range of validity even encompasses processes and 

systems of astronomical magnitude.  

   But the question how far precisely the arm of the propensity for stability preservation reaches 

deserves further exploration here and now. Brian Goodwin makes an intriguing observation on that 

score in connection with the appearance of spiral waves in the abovementioned Beloussov-

Zhabotinsky reaction: 

 

“This type of displacement of one type of system by another is often described as an example of 

natural selection in a test-tube. What this makes clear is that there is nothing particularly biological 

about natural selection: it is simply a term used by biologists to describe the way in which one form 

replaces another as a result of their different dynamic properties. This is just a way of talking about 

dynamic stability, a concept used for a long time in physics and chemistry. We could, if we wished, 

simply replace natural selection by dynamic stabilization, the emergence of the stable states in 

dynamic systems. This might avoid some confusion over what is implied by natural selection.” 

(Goodwin, 1994, pp. 50-51; my italics) 

 

   In fact Goodwin reinterprets natural selection as a set of processes in which stability transcends the 

biological notion of fitness, based on heredity and reproduction, to make his point. This change of 

perspective is of truly far-reaching significance: while it seems to broaden the applicability of natural 

selection to non-biological processes, namely chemical reactions (more or less the same way 

Rosenberg did, see Chapter 8), it challenges the almost unassailable status of this principle by 

declaring it equivalent, but in fact subordinate,  to dynamic stability, or rather, stabilization. What this 

comes down to, though it is not explicitly put that way, is no less than claiming that the propensity for 

stability preservation, the principle behind all complex, non-linear, dynamic systems’ tendency to 

converge to dynamic (read: transient) or sustained stability (= optimal energy efficiency) is, in 

comparison to natural selection, the more general principle; this makes the latter a special case of the 

former (see Section 10.4 for further elaboration on the subject). Goodwin’s idea about stability 

transcends the issue of heredity. Heredity and fitness, two requirements for natural selection, are 

subservient to stability, which notion resides on a higher level of generalization. In fact, the principle 

of natural selection that is held responsible for such local increase of order as described above may be 
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in the cell is unstable, and that the asymmetry arises intrinsically and not because it is imposed 

maternally.”.  

 

   The gradient which causes this asymmetry also points to the propensity for stability preservation and 

is evidence of a net loss of entropy. This aptly illustrates that both symmetry breaking and stability 

preservation apply to a broad range of processes belonging to the domains of physics, chemistry and 

biology. As we shall see in Section 10.4, this range of validity even encompasses processes and 

systems of astronomical magnitude.  
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   In fact Goodwin reinterprets natural selection as a set of processes in which stability transcends the 
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transcends the issue of heredity. Heredity and fitness, two requirements for natural selection, are 

subservient to stability, which notion resides on a higher level of generalization. In fact, the principle 

of natural selection that is held responsible for such local increase of order as described above may be 
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mathematically derived from the thermodynamic equations for non-equilibrium open systems, thereby 

rendering natural selection an expression of stability preservation.   

   Philip Ball (2009, Shapes, p. 114) argues that the second law tells us what the equilibrium state of a 

system is, but does not say anything about how that state is reached or how long it takes to reach it. 

For example, although the oscillations of the Beloussov-Zhabotinsky reaction are bound to fade away 

if the system is left to its own devices, they can be sustained provided ingredients are constantly 

supplied. Thus, while the second laws’ prediction that all systems converge eventually towards a state 

of thermodynamic equilibrium holds true, the attractor is mostly reached step-by-step, implying that 

the tour is subject to interruptions and postponement. Miguel Rubi (2008, pp. 40-45) convincingly 

shows that the second law also explains what happens in systems far from thermodynamic 

equilibrium, even systems which are excessively small. These processes are often characterized by 

oscillations between order and disorder, and classical thermodynamics, a theory based on equilibrium, 

indeed breaks down under these conditions because temperature, density and entropy are no longer 

measurable quantities, at least not with the present instrumentation. But this does not at all imply that 

the second law breaks down as well. Rubi now claims that a change of perspective is needed in order 

to make these problems go away: 

 

“Our perception of abruptness [with respect to chemical reactions] depends on the timescale we use to 

observe these processes. If we analyzed one of the seemingly instantaneous chemical processes in 

slow motion, we would see a gradual transformation as if we were watching a pat of butter melting in 

the sun. […] The trick is to track the intermediate stages of the reaction using a new set of variables 

beyond those of classical thermodynamics. Within this expanded framework, the system remains in 

local thermodynamic equilibrium throughout the process.” (id., p. 44).  

 

   The same holds for seemingly “small” systems, in which the number of particles is still such that 

quantities such as temperature, density and entropy remain predictable overall. After all, as we know 

only too well by now, “The irreversibility we observe at a macroscopic level arises only when we 

consider particles en masse.” (id., p. 43), and this certainly applies to the small systems Rubi is 

referring to. Thus, in agreement with earlier conclusions drawn by Prigogine and his co-workers, the 

flipping from order to chaos in complex, dynamic, non-equilibrium systems, is, on closer inspection, 

not at all in conflict with the second law. And in the wake of this law the propensity for stability 

preservation also may count as a universal principle valid on all scales in our universe, on an equal 

footing with the second law, if it turns out that natural selection is a special case of stability 

preservation. 
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10.3 Reviewing the salient features of self-organization provoking symmetry breaking and stability 

preservation 

By now it has become abundantly clear that self-organization and the spontaneous emergence of 

surprising patterns occur on the edge of instability. For many complex, non-linear, dynamic systems 

this means a state far from thermodynamic equilibrium, but it may also concern a wildlife population’s 

rate of growth running away or stagnating following imminent ecological instability. All complex 

systems out of equilibrium, whether (contained) unstructured volumes or aggregates, or structured, 

internally cohesive systems, living or non-living, microscopically small, or of astronomical size, or 

anything in between, facing unmanageable loss of stability, tend to respond to it through phase 

transitions – which often, but not always, as we have seen, involve the breaking of symmetry – 

enabling them to pass on to a new stable state. 

   However, different kinds of systems respond differently to the broken symmetry in that they exhibit 

different patterns of emergent behaviour. Subjected to persistent pressure from environmental 

influences, certain systems, such as liquid or atmospheric flows, but also some chemical systems, tend 

to alternate between order and chaos beyond a critical threshold. Usually these processes start off with 

a phase transition in which minute perturbations can become amplified into destructive shock waves. 

In flows, a fluctuation, a microscopic convection current, is amplified until it has propagated through 

the whole system, giving rise to the hexagonal cellular arrangement. The symmetry of the system is 

broken because it is an impediment to the transition towards the state of convection, and thus 

inherently unstable.  

   Evidently equilibrium, contrary to what physicists used to think, is not the pre-eminently ordered 

state. Order can arise out of chaos. Systems far from thermodynamic equilibrium are prone to 

becoming ordered; some kinds of systems  are capable of sustaining these states for longer periods, but 

in others, as mentioned  above, these intervals of tranquillity and rest are often transient: they tend to 

progress from order to chaos to order. 

   It is important to abide for a while by the distinction between (relatively) sustained order and 

intermittent order. As pointed out before, patterns come in different varieties: they occur either in 

space or in time, or both. Regularly oscillating behaviour, a temporally ordered pattern, is usually not 

exhibited by sustained stable, or rather, steady state systems, such as living systems or the Earth. By 

contrast, all flows subjected to external perturbations become turbulent at a precise threshold from 

equilibrium, determined by the dimensionless Reynolds number, a universal criterion for the 

occurrence of convection. But the stationary state of most living and chemical systems remains intact 

and fluctuations perturbing them are damped, unless they too get knocked over to a new more stable 

state when driven too hard. Thus, here again the distinction is not sharply defined. The regularly 

thumping heart is an example of a perfectly self-organized system whose oscillations are normally not 

interpreted as perturbations by the organism, and that exhibits a temporally ordered pattern expressing 

a state of dynamic stability. And certain chemical systems, known as “chemical clocks” (see also 
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Subsection 2.1.2 on Prigogine), oscillate the way fluids do under extreme boundary conditions, such as 

being driven far from thermodynamic equilibrium. A famous example is the earlier discussed 

Beloussov-Zhabotinsky reaction, an experiment performed in the 1960s, in which a mixture of 

chemicals produced a solution that kept flipping from clear and colourless to yellow and back again 

(and in later experiments even from blue to red and back). As more ingredients were added, these 

bifurcations occurred at an ever quicker pace until the system tipped over the edge in chaos. The 

colour flipping, dealt with before, was originally seen as a violation of the second law of 

thermodynamics, because it appeared to go against the arrow of time; it showed a complex 

macroscopic system seemingly returning to its original state, which was mistakenly interpreted as a 

reversal of time and thus was not taken seriously by other researchers. Later, more sophisticated 

experiments on this score, carried out separately by Prigogine and a team of the University of Oregon, 

and more recently by Miguel Rubi (2008, pp. 40-45), confirmed the previous experimental results, and 

also proved that the second law remains fully intact under these specific boundary conditions (see also 

the previous section on Rubi’s views on this score).  

   The outcome of these and other experiments gave complexity theorists cause for drawing an 

important generalizing conclusion: chemical instability in complex systems, in particular living 

systems, facilitating abrupt reactions, is caused by precisely the autocatalytic loops, along with 

inhibitory feedbacks, in which the outcome of the process is involved in its own synthesis. This 

represents an impressive case of self-organization (see also Kauffman on “autocatalytic sets” and 

“dynamically critical” systems such as cells in Subsection 2.2.1 and Prigogine, 1984, pp. 144/145). 

Typically, these systems achieve higher order states by going against the grain: Rubi (2008, p. 45) 

points out that, for example, chemical energy drives ions in a cell membrane from a low concentration 

region to one of high concentration, which is precisely the opposite direction that they would move in 

the absence of such energy source. 

   The above-mentioned conclusion can even be further generalized, in the sense that circular, 

autocatalytic feedback processes are a special case of a more abstract concept encompassing all and 

only circular causal processes occurring in complex systems. Recall that the key to understanding the 

emergent behaviour of complex systems is a multi-level analysis in which two mutually indispensable 

forms of causation, which jointly constitute a loop, operate. These involve: (i) upward causation 

through the collective coherent interactions of the systems’ constituent parts on the micro-level, and 

(ii) downward causation, a negative feedback mechanism performed by the system on the macro-level, 

constraining the motions and interactions on the micro-level. Together they constitute necessary and 

sufficient conditions for giving rise to novel (meta)stable behavioural patterns. These emergent 

patterns, either temporally or spatially ordered, can neither be explained nor predicted by the 

behaviour of individual constituents, whether subatomic particles, molecules or ants. But the latter’s 

collective interactions can provide crucial clues. 
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   As for the role of organizing principles in this respect, it can be aptly and subtly described by stating 

that, while they themselves do not form part of the physical, mechanical causal loop, their 

instantiations, i.e. symmetry breakings and thermodynamic processes, manifesting themselves through 

phase transitions, are instrumental in setting the causal mechanisms, mentioned above, in motion. If 

we widen the perspective so as to duly acknowledge the role of organizing principles with respect to 

their relevance to emergent pattern formation, we can see the entire causal chain under the aspect of a 

hermeneutic circle, in which the principles figure as the formal cause of emergences (recall that the 

notion of hermeneutic circle was discussed at some length in Section 4.6).  

   As we are quite aware by now, the operation of organizing principles turns critically on the onset of 

instability. In order to effectively reinstate or preserve stability systems ”need” to release energy, often 

in the form of heat, either by means of a slow gradual process, such as our Sun or living systems are 

doing, or in a sudden transition, as is the case with ferromagnetism, chemical reactions, freezing 

(contrary to our intuition, a freezing liquid releases heat, warming the surroundings), convection, 

volcanic eruptions, earthquakes, supernovae, or lightning. The gist of the message is that systems 

possessing organized states are much more prone to and effective at producing entropy than systems 

in disorganized or less organized states. This may sound like a triviality because, after all, only low-

entropy, ordered states provide sufficient room for maximizing entropy production. But it isn’t as self-

evident as it seems. Complex systems “suck” order from their environment (remember Schrödinger’s 

negative entropy!) at the cost of increasing the entropy of their surroundings. We know with certainty 

that this is true, but the point is that systems in ordered states often have accumulated a lot of pent-up 

energy they “need” to discharge so as to regain or preserve their stability. Again, this may happen 

slowly; for example, the energy accumulated in a thundercloud may be released through the formation 

of droplets diffusing down to the ground as precipitation. But the system may also “opt” for 

discharging the energy in a flash, at the maximum rate of entropy production, that is, through a 

lightning bolt. Thus, put metaphorically, complex systems in an ordered state seem to be “anxious” to 

produce entropy maximally (Ball, 2009, Branches, pp. 207-208). 

   In fact, as Prigogine’s dissipative structures demonstrate, at a bifurcation point, a complex system, 

facing unmanageable instability, has a set of multiple “choices”: it may either disintegrate or jump to a 

higher level of organization, requiring more energy. But it may also opt for one of two or more new 

alternative dynamically stable states. In the system’s “order of priorities” maintaining overall stability 

apparently takes precedence over preserving sub-systems at all costs. It is important to realize that this 

process always represents a multi-level interaction: both bottom-up and top-down causation is at work 

here. For example, apoptosis or programmed cell-death can, from the standpoint of the multicellular 

organism which is exerting causal power through its immune system on the cell’s level, be conceived 

as the ultimate attempt to restore overall stability. But it may also involve interactions on the level of 

the cells through signals from the neighbouring cells. Apoptosis is in general advantageous to the 

organism: the differentiation of fingers and toes in a human embryo occurs because cells between the 
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fingers apoptose. Thus, overall stability is reinstated at the cost of subsystems being sacrificed. But as 

far as the subsystem itself is concerned, stability, certainly in terms of health or fitness, has become 

nil, for its destruction entails total loss of the power to replicate. Clearly, symmetry breaking as well as 

the propensity for stability preservation and natural selection are in conjunction involved on the level 

of the system as a whole in this case.  

    Of course, the impact of these complementary processes is not just noticeable in complex systems 

whose behaviour oscillates between order and chaos, or in more permanently stable physical, chemical 

or living systems. Though less easily perceptible, they also pertain to the most mundane and 

seemingly utterly stable systems of everyday experience: solid objects. Remember Laughlin’s 

observation: “By far the most important effect of phase transition is to cause [solid] objects to exist.”. 

Origin, existence and sustainability of objects depend crucially on the way symmetry breakings and 

thermodynamic processes are irrefrangibly connected. However familiar fluids, waves, smoke and 

clouds may appear to us, it is especially solid objects, whether or not in the form of artefacts, that 

determine how we experience our day-to-day environment. And it is important to realize that, were it 

not for the transition from some less solid state, presumably in a distant past, such objects could not 

have arisen at all.  

 

   The conclusion must be that we are left with a picture in which two universally operating principles, 

symmetry breaking and the propensity for stability preservation, are jointly holding sway over the 

sustainability and the persistence of complex systems in some form or other. Both principles operate  

in such a way that conditions arise and prevail under which these systems can somehow cope with 

imminent instability; this may either involve continuance of their existence with restored or improved 

stability, or transformation into higher ordered, more stable systems. It may also go at the cost of their 

existence as autonomous entities, that is, through a destructive event caused by internal or external 

influences, the latter in fact representing the surroundings or supersystem they form part of.  

   Having said this, still the question about the position of the third selected principle, natural selection, 

in this scheme, awaits an answer. We know that it only applies inasmuch as the required conditions for 

it are satisfied. But effectively tackling the issue of this principle’s true involvement with the 

phenomenon of emergence requires a thorough reassessment of the way natural selection and the 

propensity for stability preservation relate to each other on a deeper level. This is taken care of in 

Section 10.4. 

   What can be said about the first two principles’ explanatory and predictive powers insofar as they 

are germane to the emergence of complex systems and associated patterns, properties and behaviour? 

A valid and effective application of the method of abduction requires that we reason backwards from 

effect – the observed emergent phenomena to be explained – to cause, that is, to symmetry breakings 

and thermodynamic processes such as the through-flow and exchange of energy, which represent the 

instantiations of the postulated organizational principles. The latter should then acquire the status of a 
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general rule or principle of which any particular emergence is justifiably considered a special case. 

Here again the distinction between efficient and formal cause becomes relevant: while the efficient 

cause may be taken to pertain to random fluctuations or perturbations, or at a deeper level, the 

principles’ instantiations, the role of formal cause is reserved for the organizing principles themselves. 

This is wholly in agreement with abduction as a heuristic strategy. The organizing principles’ role as 

formal cause comes to light as a result of reconstructing the hermeneutic circle of which both these 

principles and the emergent phenomena form part. Once we have established the causal chain between 

symmetry breakings and thermodynamic, chemical and ecological processes on the one hand, and 

emergent phenomena on the other, based on our knowledge of the why and the how of the occurrence 

of phase transitions triggered by uncontrollable instability, we have taken a crucial step towards filling 

the gap that the micro-laws of physics have left. For now we can plausibly claim that the organizing 

principles that stand out as the relevant ones jointly have the capacity to both explain and predict 

puzzling emergent phenomena in the abstract, rather than in the particular.  

   However, one caveat should be put in once again: while phase transitions usually take place within a 

relatively narrow amplitude around the threshold – e.g. water freezes around 0 degrees Celsius – ,  

there is an element of randomness inherent in the behaviour of non-linear, complex systems with 

respect to the determination of time and outcome of bifurcations which cancels their exact 

predictability. Moreover, the time-scale on which most astronomical or geological events occur 

stretches the range of variation beyond our grasp. A classic example of the unpredictability – in terms 

of (reasonably) exact timing – of a phase transition is an earthquake, an event in which large quantities 

of energy are dissipated. Earthquakes happen after an unmanageable amount of strain has built up in 

the Earth’s crust. But statistics show that both large and small earthquakes occur at random. At best 

seismologists can claim that the more violent an earthquake’s order of magnitude on the Richter scale, 

the more overdue it is; the quake of magnitude 9 off-shore Japan in March 2011 may count as an 

example. According to almost all experts the “Big Bang” in the Los Angeles/San Francisco area is 

long overdue, but still hasn’t happened. This is an illustrative example of prolonged metastability. We 

shall see in Chapter 11 that instability, chance and irreversibility, that is, “the arrow of time”, are 

irrefrangibly linked. 

   These conclusions should bring us nearer to a conceptual framework containing an empirically 

adequate theory of emergence which correctly explains and predicts emergent phenomena.  

   However, two issues remain to be addressed in order that we attain a satisfactory conceptual 

clarification and coherence at the highest level of abstraction. The first – earlier touched upon in 

previous chapters and to be dealt with in Section 10.4 – concerns the idea of biological fitness as a 

special case of (dynamic) stability and its far-reaching consequences. The second issue, attended to in 

Section 10.5, pertains to two reiterative and connected patterns of self-organization in nature, 

integration and differentiation, and the way they relate to symbiosis, cooperation and altruism in 
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   Having said this, still the question about the position of the third selected principle, natural selection, 

in this scheme, awaits an answer. We know that it only applies inasmuch as the required conditions for 

it are satisfied. But effectively tackling the issue of this principle’s true involvement with the 

phenomenon of emergence requires a thorough reassessment of the way natural selection and the 

propensity for stability preservation relate to each other on a deeper level. This is taken care of in 

Section 10.4. 

   What can be said about the first two principles’ explanatory and predictive powers insofar as they 

are germane to the emergence of complex systems and associated patterns, properties and behaviour? 

A valid and effective application of the method of abduction requires that we reason backwards from 

effect – the observed emergent phenomena to be explained – to cause, that is, to symmetry breakings 

and thermodynamic processes such as the through-flow and exchange of energy, which represent the 

instantiations of the postulated organizational principles. The latter should then acquire the status of a 
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general rule or principle of which any particular emergence is justifiably considered a special case. 

Here again the distinction between efficient and formal cause becomes relevant: while the efficient 

cause may be taken to pertain to random fluctuations or perturbations, or at a deeper level, the 

principles’ instantiations, the role of formal cause is reserved for the organizing principles themselves. 

This is wholly in agreement with abduction as a heuristic strategy. The organizing principles’ role as 

formal cause comes to light as a result of reconstructing the hermeneutic circle of which both these 

principles and the emergent phenomena form part. Once we have established the causal chain between 

symmetry breakings and thermodynamic, chemical and ecological processes on the one hand, and 

emergent phenomena on the other, based on our knowledge of the why and the how of the occurrence 

of phase transitions triggered by uncontrollable instability, we have taken a crucial step towards filling 

the gap that the micro-laws of physics have left. For now we can plausibly claim that the organizing 

principles that stand out as the relevant ones jointly have the capacity to both explain and predict 

puzzling emergent phenomena in the abstract, rather than in the particular.  

   However, one caveat should be put in once again: while phase transitions usually take place within a 

relatively narrow amplitude around the threshold – e.g. water freezes around 0 degrees Celsius – ,  

there is an element of randomness inherent in the behaviour of non-linear, complex systems with 

respect to the determination of time and outcome of bifurcations which cancels their exact 

predictability. Moreover, the time-scale on which most astronomical or geological events occur 

stretches the range of variation beyond our grasp. A classic example of the unpredictability – in terms 

of (reasonably) exact timing – of a phase transition is an earthquake, an event in which large quantities 

of energy are dissipated. Earthquakes happen after an unmanageable amount of strain has built up in 

the Earth’s crust. But statistics show that both large and small earthquakes occur at random. At best 

seismologists can claim that the more violent an earthquake’s order of magnitude on the Richter scale, 

the more overdue it is; the quake of magnitude 9 off-shore Japan in March 2011 may count as an 

example. According to almost all experts the “Big Bang” in the Los Angeles/San Francisco area is 

long overdue, but still hasn’t happened. This is an illustrative example of prolonged metastability. We 

shall see in Chapter 11 that instability, chance and irreversibility, that is, “the arrow of time”, are 

irrefrangibly linked. 

   These conclusions should bring us nearer to a conceptual framework containing an empirically 

adequate theory of emergence which correctly explains and predicts emergent phenomena.  

   However, two issues remain to be addressed in order that we attain a satisfactory conceptual 

clarification and coherence at the highest level of abstraction. The first – earlier touched upon in 

previous chapters and to be dealt with in Section 10.4 – concerns the idea of biological fitness as a 

special case of (dynamic) stability and its far-reaching consequences. The second issue, attended to in 

Section 10.5, pertains to two reiterative and connected patterns of self-organization in nature, 

integration and differentiation, and the way they relate to symbiosis, cooperation and altruism in 
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populations, ranging from social insects to humans, as instantiations of symmetry breaking and 

stability preservation.    

 

10.4   Natural selection conceived as a special case of stability preservation 

This section aims at a fundamental reassessment of the conceptual status of biological fitness, and, in 

its wake, of natural selection vis-à-vis said status of the principle of stability preservation. To that end 

the optimal level of generalization of not only the propensity for stability preservation, but also of the 

principle of symmetry breaking, in comparison with that of natural selection, must be determined. This 

is attained by invoking similarities between self-organizing processes and systems of extremely 

divergent orders of magnitude. For that purpose the three principles are extended to the scale of 

astronomical processes; hence the elaborate discussion about stars, stellar nuclear fusion and 

supernovae. The relevance thereof to the central thesis of this book lies in the generalization over these 

divergent scales. 

  In Section 4.6 a highly idealized and simplified model of a complex system, in fact a part-whole 

structure, was shown in which subsystems on the micro-level are nested within the higher-level system 

that in turn forms part of a still higher-level supersystem (see fig. 1). It is a useful heuristic instrument 

in that it offers the possibility of a scale-invariant, multi-level analysis of upward and downward 

causal relationships. Depending on whether the focus is upon small, medium-sized, or large-scale 

systems and phenomena, thus, according to the particular level one wishes to study, it can be shifted 

up and down the complete hierarchy of organizational levels..    

   The tendency of nature to form an organizational hierarchy was further discussed in Subsection 

8.2.2, in regard to the question whether such a tendency might be considered a universal organizing 

principle. It was decided that it appears to be a consequence of other principles, viz., symmetry 

breaking, the propensity for stability preservation, and, as the case may be, natural selection, rather 

than an organizing principle in its own right. Natural selection was identified and tentatively 

maintained as a third fundamental organizing principle, with the restriction that it applies only to that 

part of the hierarchy where the three required conditions, namely genetic variability, heredity and 

biological fitness, are satisfied. Heredity is usually defined as the similarity between parents and their 

offspring, while fitness is a measure of the rate of survival and reproduction.  

   But, as we have seen before, according to Rosenberg, the range of applicability of natural selection 

reaches beyond living systems to the level of chemical reactions with respect to the formation of 

complex prebiotic macro-molecules. However, strangely enough, it is exactly this view which, among 

other considerations that will be discussed in this section, calls into question the received scope of 

applicability of fitness, as well as that of natural selection, and, in the wake of that issue, either 

conceptual status.  

   As was pointed out above, the notion of nested levels in nature applies to the complete 

organizational hierarchy, encompassing physical, chemical and biological levels. Such a hierarchy 
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may bottom-up roughly read as follows: electrons/quarks � nucleons � atoms � molecules � genes 

� chromosomes � cells � organs � organisms � multicellular organisms � ecosystems � 

biospheres � planets � stars/solar systems � galaxies � clusters of galaxies � universe. In this 

scheme the biological hierarchy does not quite fit in logically, because from the physicist’s standpoint 

the constituent parts of stars are just nucleons and in the early stage of their existence primarily 

ionized hydrogen- as well as helium atoms. On the other hand, atoms and molecules are undeniably 

nested in organisms, which in turn – via a number of giant intermediary steps – are nested in the solar 

system and its member planet, the Earth, be it not in the role of physically necessary constituent parts. 

Samir Okasha (2006, p. 10) presents a biological hierarchy in which subsystems (his ‘lower-level 

entities’ or ‘particles’) are nested within higher-level systems (his ‘collectives’), as follows (bottom-

up): genes � chromosomes � cell nuclei and organelles � cells � organs (and tissues) � organisms 

� kin groups � colonies � demes � species � ecosystems. 

   While these hierarchies properly describe – synchronically – how lower-level entities are included 

within higher-level collectives, they do not always correctly represent the chronological order in which 

the organizational levels – diachronically – arose in the course of the evolution of the universe. As 

pointed out in Subsection 8.2.4 organs are entities that reside on intermediary or secondary levels, as 

the consequence of partitioning of collectives at primary levels. These secondary levels come about by 

dint of, what Kornet called, backward instantiation of entities, in this case organs, to be distinguished 

from forward instantiations 
73

 of which the emergence of multicellular organisms out of previously 

independently existing single-cell organisms is an example. (Note that “backward” here refers to the 

temporal dimension the phrase possesses). The point to be made here is that, although organs are 

included in organisms, they did not exist before there were organisms in the first stage of development 

after impregnation which brought them into being through morphogenesis, a process of internal 

specialization of embryonic stem-cells. Neither were there haemoglobin molecules before there were 

organisms, despite the fact that the former are nested in the latter. Secondary levels here exhibit the 

emergent property of division of labour by organisms which are in embryo, and are an expression of 

the principle of symmetry breaking. 

   Some authors do not even acknowledge the existence of secondary levels of organization at all, 

although this turns out to be primarily a definitional matter. Okasha (id., p. 41) refers to D. McShea, 

who holds that organs (and tissues) are not to be recognized as levels in between cells and organisms. 

This is because entities at all levels are required to be “homologous with organisms in a free-living 

state, either extant or extinct” (2001 b, p.408). (“Homologous” means “morphologically equivalent or 

similar”). According to McShea, primary organizational levels are always the result of (major) 

                                                      

73

 These concepts were originally introduced by, and are derived from personal communication with Diedel 

Kornet. (I would prefer “realisation” over “instantiation” because it captures both the temporal and process-like 

character. But I shall maintain Kornet’s phrases in what follows).  
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part of the hierarchy where the three required conditions, namely genetic variability, heredity and 

biological fitness, are satisfied. Heredity is usually defined as the similarity between parents and their 

offspring, while fitness is a measure of the rate of survival and reproduction.  

   But, as we have seen before, according to Rosenberg, the range of applicability of natural selection 

reaches beyond living systems to the level of chemical reactions with respect to the formation of 

complex prebiotic macro-molecules. However, strangely enough, it is exactly this view which, among 

other considerations that will be discussed in this section, calls into question the received scope of 

applicability of fitness, as well as that of natural selection, and, in the wake of that issue, either 

conceptual status.  

   As was pointed out above, the notion of nested levels in nature applies to the complete 

organizational hierarchy, encompassing physical, chemical and biological levels. Such a hierarchy 
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may bottom-up roughly read as follows: electrons/quarks � nucleons � atoms � molecules � genes 
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evolutionary transitions; 
74

 these occurred when free-living biological individuals, for example certain 

kinds of bacteria, capable of surviving and reproducing on their own, became integrated into a self-

organized whole of higher order, in this case the modern eukaryotic cell. Clearly this does not apply to 

organs: neither our heart nor our kidneys are homologous to any free-living entities. Entities on all 

levels in McShea’s hierarchy are in principle capable of reproduction, and thus evolve by natural 

selection. But organs definitely cannot produce offspring. We shall see that this raises serious 

questions as to what the concept of fitness means here. 

   The incidence and ubiquity of backward instantiations and secondary levels reach far beyond just the 

biological hierarchy, up to scales of astronomical magnitude and so do, as will become ever more 

evident, the incidence and ubiquity of symmetry breakings and of instantiations of stability 

preservation.  

   Obviously a synchronic description of the levels does not suffice here and a diachronic approach is 

needed to give the chronological order of things its due. If we move up the scale to entities of 

astronomical size a curious thing happens: it turns out that very small-scale and very large-scale 

systems become connected in a diachronic picture of chronologically ordered evolutionary events, a 

picture made up of a sequence of synchronic time slices, representing consecutive states of affairs on 

various levels of organization. 

   This is aptly demonstrated by the fact that, although atomic nuclei are nested in stars, there were no 

carbon, oxygen, iron and gold atoms before there were first generation stars. What we have here is a 

clear example of a backward instantiation. The primeval stars – invariably super-massive and 

containing almost solely hydrogen and helium nuclei – which didn’t come about until about ½ to 1 

billion years after the Big Bang, represent a primary organizational level, analogous to that of the 

earlier mentioned (embryonic) organisms. While the lightest elements, hydrogen and helium – and a 

very small portion of lithium – were formed in the Big Bang, the heavier ones, up to iron needed 

nucleosynthesis, a process only taking place within stars, to come into being. Nucleosynthesis – or 

nuclear fusion – begins once a gravitationally contracting hydrogen cloud has reached the critical mass 

sufficient to generate enough energy, i.e., heat, to enable the formation and sustainability of a star and 

to ignite the process of nuclear fusion in its core. The major part of a star’s life is taken by the fusion 

                                                      

74

 The notion of major evolutionary transitions, a vaguely defined class of different events, needs some 

clarification. These transitions differ from the thermodynamic phase transitions that were discussed in previous 

chapters (and of which the vapour � water � ice transition is a paradigmatic example) in that the latter are 

reiterative, whereas the former are mostly not; they are usually taken to be irreversible crossings of crucial 

thresholds  in the course of the evolution of life and its precursors on earth (see also John Maynard Smith’s and 

Eörs Szathmáry’s enlightening study of this issue in The Major Transitions in Evolution (2009)). Be this as it 

may, major evolutionary (biological) transitions, just like the phase transitions as defined above, are always the 

consequence of imminent instability that invokes the response of both symmetry breaking and the propensity for 

stability preservation. This inevitably implies a change in causal power exerted upon the system from one phase 

or state to another. And that is what counts in the context of this inquiry. Taken this way it is only the time-scale 

that distinguishes major evolutionary transitions from those reiterative transitions that occur (relatively) abruptly, 

such as freezing, chemical reactions, in particular chemical “clocks”, sweet-water lakes suddenly changing from 

clear to troubled, and earthquakes. 
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of hydrogen into helium nuclei; this stage accounts entirely for the energy-rich radiation of heat and 

light our sun has endowed us with for about 5 billion years, with another  4,5 billion or so to go until 

the hydrogen store becomes exhausted. Generally it holds that the more massive a star, the faster it 

burns up its hydrogen stock and thus the shorter its life expectancy. But for the still heavier elements, 

up to uranium, to come into existence it was essential that massive stars, namely those of at least 10 

solar masses, ended (and still end) their lives violently in a core-collapse supernova. In the course of 

the process of nuclear fusion in their core all stars take on an onion-like structure representing a 

sequence of layers of elements, i.e. hydrogen � helium � carbon � oxygen � silicon � iron. Iron 

marks a tipping-point, in fact a critical transition point, in that until iron is reached the process of 

nucleosynthesis supplies free energy, whereas beyond iron the formation of still heavier neutron-rich 

nuclei demands energy. The net yield of energy is accounted for by the mass deficit in the successive 

elements of the periodic table: while hydrogen has an atomic weight of 1, helium’s atomic weight does 

not increase by an integer factor, in this case 4, but by a fraction less. Until iron nucleosynthesis within 

stars, according to Einstein’s famous equation E = mc
2

, causes a fractional transformation of mass into 

electromagnetic radiation, but with iron the production of energy stops. At this point the homeostasis 

of a massive star comes abruptly to an end: once the energy supply stops, gravity overwhelms the 

outward radiation pressure to the effect that the star collapses into a super-dense neutron star; still 

weightier stars end up eventually as black holes. (Old soldiers, like our unremarkable, less massive 

Sun, belonging to the predominant class of “main sequence” stars, do not die so spectacularly in a 

supernova, but just more or less fade away after having convulsively flared up as a red giant). The 

compressed core of the massive stars then rebounds to cause a shockwave supplying the energy 

needed to fuse the nuclei in the outer layers of the star into still heavier elements which are 

subsequently hurled into space.
75

 

   If the atomic nuclei produced within stars are considered to be the result of backward instantiation 

then, by the same token, the onion-shaped layers of successively created, ever weightier elements may 

be taken to represent a secondary organizational level. This I argue on the ground that the process of 

nucleosynthesis counts as internal partitioning since each boundary between layers – as is well known 

among astrophysicists and cosmologists – marks a phase transition towards more stable nuclei, 

                                                      

75

 Astrophysicists know that, technically, elements heavier than iron come into being through a somewhat 

different form of nucleo-synthesis, namely the capture of free neutrons by iron-nuclei; these processes come in 

two varieties: (i) the slow neutron capture (known as S-process, primarily occurring in stars in the red-giant 

phase), in which heavier elements up to lead, the heaviest stable element, are formed, and (ii) the rapid neutron 

capture (called R-process), occurring during a core-collapse supernova, in which approximately half of the 

neutron-rich atomic nuclei, heavier than iron are formed., i.e. radioactive elements such as uranium, thorium, 

neutron-rich isotopes of other elements, but also gold and platinum. The R-process is a necessary condition for 

the creation of nuclei heavier than iron – which contains only 26 protons – , for example nickel, containing 28 

protons; these nuclei do not accept new protons because the mutual repulsion of the many positively charged 

particles becomes too strong. Once the neutrons have been captured by the iron nuclei they transform into 

protons. The very high concentration of free neutrons required in this process occurs only in a supernova. 

Together these two processes account for the creation of nearly all chemical elements heavier than iron.  

   Astrophysicists and supernova experts who have published studies about these processes, in particular the R-

process, are: Burbridge et al. (1957), Truran (1981), and Freiburghaus et al. (1999). 
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preserving, for the time being, the stable state of the overall system, that is, the star at the primary 

level. The energy-yielding process of nucleosynthesis thus illustrates the involvement of both the 

principle of symmetry breaking and the propensity for stability preservation. 

   Earlier it was suggested that these principles are in fact selection principles, requiring that only one 

of a pair (or more) solutions can become actualized and be observed in nature. The more far-reaching 

implications of this idea will be further discussed in the next chapter; for now it suffices to note that 

the story of the origin of elements shows that there is more than one pathway to stability, one yielding 

energy, another demanding energy. This dichotomy entails conditions under which a remarkable 

symbiosis in the vein of “one man’s meat is another man’s poison” takes place: a star’s sustained 

existence facilitates the creation of part of the periodic table, whereas its violent death produces the 

energy needed for the rest. The selection of pathways turns wholly on stability: the transformation of 

less stable nuclei into more stable ones is conditional upon the release of free energy, irrespective of 

whether it concerns the fusion of the lightest nuclei or the fission of the heaviest ones. And conversely, 

the transformation of stable nuclei into less stable, neutron-rich nuclei always demands energy by 

courtesy of supernovae (or, perhaps, a man-made collider). It is an example of beautiful cosmic irony 

that the process of nuclear fusion that maintains the star’s prolonged stability bears within itself the 

seed of its inevitable termination and the star’s ultimate destruction. Thus, in the primordial phase of 

the evolution of the universe during which proto-stars and proto-galaxies were formed, followed by 

the first generation stars and galaxies, two birds were killed with one stone: both the relatively light 

and the heavy elements arose, and they got mixed and dispersed throughout space.  

   The first generation stars did not only set the stage for the creation of the elements but also for an 

ongoing and alternating process of birth and death of stars. The impact of the continuing violent death 

of massive stars and its consequences reach much farther than just giving birth to elements: the 

shockwave of a supernova is thought to trigger the contraction of hydrogen clouds and through that the 

birth of new stars elsewhere in the spiral arms of a galaxy. Later generations of stars contained an 

enriched mixture of elements that was the raw material out of which solar systems with earth-like 

planets could arise and without which a biofriendly environment and life would have been impossible. 

Were it not for these spiral arms of galaxies, the cradles of new stars, the universe would not have 

been able to bring forth solar systems and earth-like planets. The important point here is that these 

galaxies are involved in the backward instantiation of stars; there were no new-born stars before there 

were galaxies with spiral arms, despite the fact that stars are nested in galaxies. Thus, new-born stars 

can be taken to be a secondary level of organization, representing a process of internal partitioning on 

the level of the galaxy, keeping it in shape through the replacement of stars that died a natural death, 

thereby guarding its stability. It turns out that depending on the level one chooses as the focal one, 

stars can be either a primary or a secondary level. But one preceding, irreversible event, in fact a 

primordial phase transition, had to take place to set this repeating process of birth and death of stars in 
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motion: the coming into being of primeval supermassive stars, which later gave rise to the proto-

galaxies and thus constituted a primary level of cosmic organization. 

   Stars are illustrative of the universality of Anderson’s claim that “more is different”: it requires a 

critical number of hydrogen atoms for a star to emerge and to ignite the process of nucleosynthesis. By 

the same token, chirality, the choice between left- and right-handedness, occurs only beyond a certain 

threshold of complexity, involving a multitude of entities, be it atoms or molecules, constituting a 

composite. The spontaneous emergence of new properties or behaviour beyond a critical mass of 

entities constituting a complex system, is, as we have seen earlier, lop-sidedly scale invariant, in that it 

does not occur on scales below the threshold. Lop-sided scale invariance also pertains to the 

occurrence of circular causal relationships beyond a certain critical boundary, that is, the loop of 

upward and downward causal links and the accompanying emergent phenomena within complex 

systems, whether of astronomical or everyday size. A telling example of the ubiquity of this 

phenomenon is convection and the earlier discussed entailed emergence of hexagonal Bénard cells in a 

pan of slowly heated liquid; interestingly, in stars, heat transport, besides through radiation, also 

occurs through convection, giving rise to the self-same hexagonal cells. We see here cybernetics, in 

the sense of circular feedback causation, at work on two wholly disparate levels of self-organization, 

converging to identical emergent behaviour. On both levels a mutually effective circular process of 

feedback mechanisms is in play: in stars the negative inhibitory feedback effect is accounted for by the 

outward radiation pressure, keeping the inward pull of gravitation in check, preventing the star from 

prematurely imploding, while gravitation is in turn responsible for igniting the nuclear fusion at a 

certain tipping point and for keeping the heat transport going, all for the benefit of the prolonged 

stability of the system.  

   Stability, as well as its absence, is the key to understanding the why and how of astronomical events 

– and for that matter of a host of other natural events, irrespective as to whether it concerns the 

breaking of a twig, earthquakes, the formation of an ice crystal, the magnetization of a block of metal, 

or chemical reactions. In all these processes disproportionately large quantities of energy are released 

and dissipated, triggered by unmanageable instability. In the final analysis it all comes down to the 

restoration of stability on various levels of organization, in compliance with the propensity of all 

systems, whether living or non-living, to converge to the most universal attractor of all, the state of 

lowest energy-consumption.  

   The fact that, in astronomy as well as in biology, backward instantiations and secondary levels play 

a comparable role with regard to the stability of the system at the primary level is illustrative for their 

ubiquity and scale invariance. While organs foster the well-being of the organism to the extent of 

making it viable and healthy, layers of heavy elements within a massive star, originated owing to the 

latter’s ability to synthesize light atomic nuclei into heavier and more stable ones, further the star’s 

”fitness” in terms of its prolonged dynamic homeostasis and stability. But, as noted before, the same 

process of nucleosynthesis lies at the root of the star’s ultimate destruction and violent death through a 
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transition to a supernova, an event with far-reaching consequences. Both the origination of the rest of 

the elements of the periodic table and the birth of new stars are contingent on it. In short, stars are 

supplying the raw material and the energy required to call into being new elements, as well as 

subsequent generations of new stars, consisting of a more enriched mixture of elements, and, as the 

case may be, stellar and solar systems and biofriendly planets. Indeed, in a fundamental sense, all 

organisms on earth, including humans, owe their existence to stars. For we know with near certainty 

that none of the elements, whether light or heavy, making up our bodies, have originated on earth. Our 

viability – conditional upon our material composition, ranging from water all the way to (a slight 

content of) heavy metals – depends crucially upon material hurled into space through supernovae that 

occurred long ago. It seems appropriate to paraphrase a well-known biblical adage: “Sprung from 

stardust thou hast, and unto stardust shalt thou return”. Thus, in terms of the number of “offspring”, 

there is good reason to argue that stars, and in particular the way they end their lives in supernovae, 

are (indirectly) strongly benefiting fitness both up and down the scale in our universe: upwards the 

fitness of the population, i.e. of the galaxy, of clusters of galaxies, and even, at the highest level 

imaginable, of the universe itself, and downwards of solar systems, planets and their (contingent) 

livestock. 

   But the argument cuts both ways: given the fact that the biological concept of fitness is inseparably 

linked to reproductive power, and that organs, constituting secondary organizational levels, do not 

reproduce, biologists’ logic dictates that organs cannot contribute to fitness. However, this seems 

inconsistent with what we observe in the real biological world, and thus must be, at least intuitively, in 

some sense wrong. Obviously the question must be asked what fitness means here. At first sight it 

appears that the concept of fitness needs a broader interpretation than just being a measure of survival 

and reproduction. This redefined notion should then also accommodate secondary organizational 

levels, encompassing on the one hand those biologically non-reproductive entities which form an 

integral part of the biological hierarchy, as is the case with organs, and on the other those outside this 

hierarchy, as pertains, among other things,, to the onion-like structure of layers of ever heavier 

elements inside stars, and to stars themselves. However, stretching biological fitness this far renders it 

almost trivial and empty, in particular in the light of the fact that all systems, whether reproductive or 

not, ultimately converge to stability, in terms of optimal energy efficiency. Thus, a shift of perspective, 

in fact a turnaround, is needed: we must envisage the possibility that at a deeper level the notion of 

fitness is subordinate to stability. If this should hold true it would apply throughout the organizational 

hierarchy in nature, irrespective of whether it concerns primary or secondary levels, containing living 

or non-living systems, reproductive or non-reproductive. The inescapable conclusion must then be that 

stability is the more general concept of which biological fitness, according to the received definition, 

is just a special case.  

   In the eyes of many biologists and philosophers this may be too quick. But some of them have 

presented ideas that shed new light on this issue. We dealt with Rosenberg’s claim that natural 
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selection already operates on a level precursory of life, the level where prebiotic complex molecules 

are formed. Also, as we saw before, Goodwin appealed to (dynamic) stability as prevailing over 

fitness and natural selection in order to explain certain self-organizing processes. Furthermore, a 

theory proposed by Eva Jablonka deserves attention. Jablonka (1994) focuses on the role non-genetic 

inheritance systems have played in the major transition from unicellular to complex multicellular 

organisms. The article in which she presents her ideas on the matter contains, be it not explicitly, the 

arguments for the idea that fitness is a special case of stability, although this is not the central thesis of 

her theory: 

 

“In a multicellular organism, different cell lineages are usually derived from a single cell, the zygote. 

During determination and differentiation, the DNA-sequence usually does not change, so it is clear 

that it is not the DNA-inheritance system, which maintains the stability of the determined state of cell 

lineages. This type of inheritance, ‘cellular inheritance’ or ‘cellular memory’, depends on epigenetic 

inheritance systems […] which are responsible for the stable transition of functional states of genes 

and cell structures.” (id., p.302; my italics).  

 

   Interestingly, this theory calls into doubt the old-established, for a long time almost unshakeable 

anti-Lamarckian truth – stating that the hypothesis of the “inheritance of acquired characteristics” is an 

error – because it allows for the possibility that information flows “backwards” from proteins to RNA 

to DNA. 
76

 The upshot of Jablonka’s theory is that it is first and foremost stability, and not fitness in 

the narrowly defined, traditional biological sense, that is at stake in the transition to multicellular 

organisms. That is not to say that, on her view, natural selection, and thus reproduction, does not play 

a role here: according to Jablonka non-genetic inheritance systems create a new target for selection 
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 The since long superseded Lamarckian hypothesis – shared even by Darwin – is interesting because it states 

that the responses of an organism to its environment could affect the genetics of the offspring. In fact this comes 

down to downward or backward causation from the somatic to the genetic level, in other words somatic changes 

are communicated to the DNA – for example, exercise of the biceps not only strengthens the muscle in an 

individual, but this somatic change is also carried to its sex cells. The strong version of the Lamarckian 

hypothesis even states that somatic changes wholly control the genetic modifications. But according to the 

American ecologist and anthropologist Gregory Bateson (1979, pp.165/194) it is the genetic which controls the 

somatic changes, permitting some and prohibiting others: “…if Lamarckian inheritance were the rule, the whole 

process of evolution and living would become tied up in the rigidities of genetic determination.”, in other words 

it would entail the loss of freedom to modify the genotype in response to the demands of habit or environment. 

For want of empirical support he positions himself between these two extremes, leaving some room for 

Lamarckian inheritance in cases in which the somatic change is an adjustment to some constant environmental 

circumstance. While Bateson thus still allows the possibility of inheritance of acquired characteristics, be it 

under rather strict conditions, G. Ledyard Stebbins (1982, p. 37)) voices univocally the generally accepted anti-

Lamarckian view: “An acquired characteristic, such as tanned skin…is not hereditary. […] Although changes in 

DNA or RNA will affect the structure of an enzyme, changes in working enzymes are not transcribed onto DNA 

or RNA molecules and therefore do not affect the genetic information.”. However, besides Jablonka’s work, 

Margulis’ famous theory of the primeval symbiosis of independently living bacteria into organelles constituting 

the modern eukaryotic cell (see also L. Margulis, 1981), as well as recent developments in bacterial genetics 

offer evidence that under certain conditions the genome does indeed respond to the need of the evolving 

organism. A legitimate question then becomes: why should this not apply to higher life-forms as well?             
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which could give rise to new types of adaptations. A multicellular organism – and for that matter any 

complex biological system resulting from a major transition – constitutes a new level of 

“individuality”, which implies that it is a truly emergent phenomenon that is more than the sum of its 

parts.  

   Finally there is the earlier discussed example of the frog egg, presented by Maynard Smith et al. 

(2009), in which they point out that instability appears to be the principal cause of the breaking of 

symmetry in the cell and of the chemical gradient that is symptomatic of extreme thermodynamic 

disequilibrium and low entropy. It is important to note that Maynard Smith, undoubtedly a dedicated 

biologist, does not refer to fitness or natural selection at all in this example. 

   The conclusion that fitness is in fact a special case of stability has important consequences which 

even Rosenberg, Jablonka and Maynard Smith may not wish to endorse. For if fitness is to be 

subsumed under stability, then it can be inferred that the same must apply to natural selection vis-à-vis 

the propensity for stability preservation, given the fact that these concepts are inextricably linked in 

pairs: it follows necessarily that the former is a special case of the latter. This conclusion holds 

irrespective of whether it concerns non-reproductive entities constituting secondary organizational 

levels, or the formation of primary levels of multicellular systems depending on epigenetic 

inheritance. In either of these cases the predominant and more general principle is stability 

preservation that rules the energy efficiency of all complex systems and makes them converge towards 

optimal stability. So it appears that on these grounds we are left with only two universal organizing 

principles instead of three. In the next section I shall undertake to further substantiate this idea.  

 

10.5  The “Altruism Enigma” unraveled 

As has become clear by now the propensity for stability preservation and the principle of symmetry 

breaking, the principles governing self-organization in nature, come to expression at the extreme ends 

of the structural hierarchy as well as on virtually all the levels in between. There is yet another aspect 

of self-organization that may meanwhile have become evident: the way in which nature organizes 

itself often takes on the form of integration of previously (more or less) independently existing entities 

or systems into higher-ordered collectives, followed by differentiation or specialisation into sub-

systems induced through top-down causation from the level of a newly originated system. The 

distinction between these two organizational patterns parallels the earlier discussed distinction 

between forward and backward instantiation as well as between the ensuing formation of entities at 

primary and secondary levels respectively. In fact what we observe is an on-going alternating process 

of integration and differentiation at all organizational levels, occurring in systems wholly divergent as 

for size and degree of complexity. It might be tempting, on account of that observation, to qualify 

these ubiquitous forms of self-organization as veritable organizing principles alongside of stability 

preservation and symmetry breaking. But that would fail to appreciate the fact that both integration 
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and differentiation are in fact merely consequences of these universal principles, and as such unable to 

explain and predict the emergent behaviour of complex systems.  

   Why, indeed, should a flock of birds – without intentionality – take on a V-shaped structure, in 

which every bird has its preferred position? And why should a critical mass of hydrogen molecules – 

equally unintentionally – contract to form a massive star, only to produce a sequence of heavy 

elements in its core, which contains the seed of its eventual violent death? And why should cells have 

a propensity towards forming multicellular collectives, followed by internal differentiation into 

organs, rather than towards preserving their previous autonomy? And, finally, why should a critical 

number of social insects form a colony which exhibits communicative and cooperative behaviour, one 

crucial aspect of which is division of labour? The fact that all these cases reveal a pattern of initial 

integration followed by differentiation does not in any direct way provide the answer to these why 

questions. But it does give a clue to the right answers. Starlings form flocks to the effect that they 

disorientate predators, such as sparrow-hawks and falcons; by flying in V-formation migratory birds 

save energy. Furthermore, as recent research by Hynek Burda and co-workers of the Czech University 

of Life Sciences in Prague shows, birds of a feather not only flock together but also land together 

without colliding. They do this by orienting themselves and landing in alignment with the direction of 

the Earth’s magnetic field. A summary of the researchers’ work was published under the title 

“Frontiers in Zoology”, (2013) 
77

. All of the above examples somehow hinge on stability preservation, 

either in the short or the long run. How do integration and differentiation bear on this behaviour? The 

answer is: all of the above cases expressing these two organizational patterns involve transitions 

towards higher-ordered, more stable systems, exhibiting cooperation and division of labour, resulting 

in higher energy efficiency. We also know that all transitions, whether reiterative thermodynamic 

phase transitions or – mostly unique – major evolutionary transitions, are triggered by impending 

instability. There is thus no mistaking the implication of both the principle of symmetry breaking and 

the propensity for stability preservation here. And the pattern of alternating integration and 

differentiation, which can be discerned in almost all of these cases, can only be attributed to these 

principles.  

   However, the fact that integration and differentiation are processes which occur mostly in 

conjunction and which account for “social” behaviour such as symbiosis, cooperation and division of 

labour in complex systems is important for yet a different reason. For these phenomena are precursors 

of a paradoxical, socially higher-ordered form of behaviour, called biological altruism. This is an issue 

which so far in our investigation has gone largely unattended, and which deserves to be addressed at 

this point. I shall refer to it as “the altruism enigma”. John Dupré, in his second Spinoza lecture of 

2008, entitled “The Constituents of Life”, offers the following interesting line of thought in this 

respect:  
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which could give rise to new types of adaptations. A multicellular organism – and for that matter any 
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of self-organization that may meanwhile have become evident: the way in which nature organizes 

itself often takes on the form of integration of previously (more or less) independently existing entities 

or systems into higher-ordered collectives, followed by differentiation or specialisation into sub-

systems induced through top-down causation from the level of a newly originated system. The 
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preservation and symmetry breaking. But that would fail to appreciate the fact that both integration 

 203

and differentiation are in fact merely consequences of these universal principles, and as such unable to 
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which every bird has its preferred position? And why should a critical mass of hydrogen molecules – 

equally unintentionally – contract to form a massive star, only to produce a sequence of heavy 
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the Earth’s magnetic field. A summary of the researchers’ work was published under the title 

“Frontiers in Zoology”, (2013) 
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“In fact it is fair to say that forming cooperative associations is very fundamentally what cells do. It is 

worth considering, as some biologists indeed have, that while no doubt evolution depends on 

competition among cells, it may be that what they primarily compete over is their ability to cooperate 

with other cells. Altruism, in its technical biological sense of assisting another organism at some cost 

to oneself, far from being a fundamental problem for evolutionary biology, may turn out to be 

ubiquitous in the living world..” (Dupré, 2008, pp. 42-43; my italics).
78

  

 

   The enigma lies in the fact that altruistic behaviour is costly in terms of the loss of fitness to the 

altruistic individual in an environment of which also selfish individuals form part. Even one selfish 

allele in a population in which altruists are predominant would, by and large, tend to drive out the 

altruistic alleles by free-riding at their cost. Nevertheless, to the perplexity of many biologists, under 

certain, rather strict qualitative and quantitative conditions, altruism turns out to be a winning strategy 

in that it can be seen to propagate successfully, over successive generations, throughout a global 

population.  

   How can this be?  

   The clue to the solution – as shown, among others, by Gildenhuys (2003, pp. 27-48), primarily on 

the basis of a mathematical model – is that altruism prospers more the more altruists are in each 

other’s company; as long as there are more altruists than selfish individuals in a contained group more 

altruists benefit from altruistic behaviour than do non-altruists. For in this way altruistic genes can 

cause optimal replication of altruistic genes in other organisms. That is why altruists must be grouped 

together: only then can they on average defeat the non-altruists. But, in order that altruism not only 

perpetuates but also spreads within a population three necessary conditions – in fact assumptions of 

the model, which together constitute sufficient conditions – have to be satisfied: (i) the population 

must contain altruists; (ii) it must assort itself randomly and repeatedly into biased subgroups, that is, 

subgroups consisting of unequal numbers of altruists; (iii) altruistic organisms are constrained so as to 

interact within the boundaries of each subgroup only with one another (the subgroups do not overlap). 

In fact the more unequal the distribution within one subgroup vis-à-vis the other(s), the more selection 

will, after a number of generations, favour altruism throughout the global population. And conversely, 

the more equal the distribution of altruists versus egoists within the subgroups, the more beneficial 

they must be to other altruists’ fitness in the group to overcome the negative effect of altruism’s cost to 

the agent. Somewhere in between these divergent positions there is a tipping-point which shifts back 

and forth depending on the precise value of variables applied to the multi-level selection model used to 

analyse the way these levels interact. Beyond the tipping-point altruism has the upper hand: the 

altruists will ultimately outcompete the non-altruists in the global population, because the subgroup 
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which includes more altruists than egoists has more impact on the total end-result than the subgroup(s) 

which are biased the other way.
79

 But altruism can never totally overwhelm selfishness in a 

population, because the more altruists there are, the more beneficial it becomes to be selfish. It all 

comes down to a “rational” cost/benefit calculation: altruism will succeed only if the benefits to the 

recipient parties are higher than the cost for the agent. How subgroups come to assort themselves lop-

sidedly – for example through kin relations or for whatever other reason – may be interesting but is not 

important: what matters is that they do so. 

   Clearly, the persistence and propagative power of biological altruism can only be understood when 

viewed as a multi-level process within populations. It is common knowledge that the biologists Elliot 

Sober and David Sloan Wilson have made this the central thesis of their theory of altruism, alongside 

with the concept of group-selection. But there is no general consensus among evolutionary biologists 

as to the level of selection primarily relevant to the spread of pro-social behaviour throughout the total 

gene pool, despite claims by Sober and Wilson (1998, pp. 26-31) and by Wilson (2011, p. viii) to the 

contrary. Peter Gildenhuys (2003, p. 34) points out that altruism is a trait belonging to organisms, not 

to groups, which is why group selection, contrary to what Sober and Wilson (1998, p. 31) claim, 

cannot explain how altruism spreads through a population. But according to Gildenhuys there is a 

perfectly reciprocal relationship between certain of the above-mentioned properties of subgroups and 

of members of the population: 

 

“Altruism itself is not favoured by population-level selection… .[…] But group structures are at work 

in the evolution of altruism, since a peculiar group-level property, biased group formation, is a 

necessary condition for the perpetuation and spread of altruism within the population. And conversely, 

the peculiar property of biological altruism among members of a population is a necessary condition 

for the selection of populations that assort themselves into subgroups made up of unequal numbers of 

altruists, over populations that lack at least one of these characteristics.” (Gildenhuys, 2003, p. 47) 

 

   Thus, though selection is operating between populations here – a process which can rightly be called 

group selection on the population-level – there is no selection at work between the subgroups, simply 

because they do not themselves reproduce. This is why the assortment into these subgroups is in a 

certain sense analogous to the earlier discussed formation of organs within organisms: both are 

examples of internal differentiation, a process which is initiated at the primary level, reflecting the 

principle of symmetry breaking, giving birth to non-reproductive subsystems constituting secondary 

levels. What biased subgroups and organs have in common is that, while they do not themselves 

produce offspring and thus do not form lineages which are subject to natural selection, they are 
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equally functionally essential to the system they form part of, that is, the global population and the 

organism respectively. The capacity to differentiate, whether through biased subgroup formation or 

organ formation, is a primary-level property, exerting top-down causal power upon the next-lower 

level, resulting in keeping the population and the organism respectively viable and healthy. 

Gildenhuys’ model features two distinct feedbacks: one is the assumption that the subgroups do not 

overlap, which induces a negative feedback constraining the altruists’ freedom in that they can only 

interact with members of their own subgroup; the other is not an assumption but is a result of the 

model: it is the positive feedback following from the model’s assumption of a biased subgroup 

formation which boosts the propagation of altruism throughout the population. Assuming that the 

model is a fair representation of reality, this effect should also be observable in real-world populations 

meeting the above conditions. 

   We know that biological altruism does not only propagate and endure in human populations, but also 

in collectives of other higher-developed organisms as well as in more primitive life forms. It stands to 

reason that the above-described way in which this happens applies to all these categories. True, it 

seems safe to assume that animals are not moralists who reflect on notions such as empathy and 

altruism, failing language and a humane sense of the difference between good and evil. But the long 

cherished idea that nature is principally selfish, whereas altruism is the sole prerogative of homo 

sapiens – as if our species is not part and parcel of nature! – has proven to be a fallacy: the 

primatologist Frans de Waal has convincingly demonstrated that empathy and altruism are qualities 

native in primates. Research into the behaviour of chimpanzees in the wild has shown that they are 

even capable of far-reaching assistance to and care for congeners which are not next of kin. At a much 

more primitive biological level John Dupré, as noted before, ascribes a propensity to cooperate to 

cells.
80

 Finally, however far-fetched it may seem, even the clustering of quarks into triplets in the early 
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 In a study in Nature (25 February, 2010) Lars Peter Nielsen et al. discuss a remarkable form of cooperation 

and symbiosis between micro-organisms on levels at divergent depths near the surface in the ocean bottom. It 

turns out that anaerobic, sulphur-eating bacteria at a deeper level perform an exchange of electrons across long 

distances through a network of protein nano-wires with oxygen-consuming bacteria higher up, thereby 

contributing crucially to the metabolism of the latter. The deeper bacteria generate energy by breaking down 

hydrogen sulphide into sulphur and hydrogen and by passing electrons onto the network. But to do this they need 

access to oxygen in seawater. The latter is in turn supplied by the oxygen-consuming bacteria near the surface 

which perform an electro chemical reaction, fed by the electrons supplied from beneath, in which oxygen reacts 

with hydrogen to form water. This intricate network of bacterial fuel cells behaves as though it is a super-

organism applying a highly energy efficient form of division of labour: while the bacteria at deeper levels eat on 

behalf of the whole system, the aerobic bacteria near the surface breathe on behalf of the community. This is an 

interesting example of cooperation between organisms which are not genetically linked – as is also the case with 

the organisms constituting the slime mould – and whose symbiotic behaviour primarily fosters the survival and 

health of the constituent organisms themselves but also benefits the sustainability and stability of the community. 

Cooperation between organisms which are not genetically linked is not exceptional, but is interesting, because it 

shows that under certain environmental conditions stability through cooperation takes precedence over kinship. 

(Altruism and symbiosis are not the same but are special cases of the more general concept of cooperation; see 

further down this section for an explication).The community and its symbiotic behaviour are emergent 

phenomena in a multi-level complex system, in which the collective and cohesive interactions of the subsystems 

– bottom up – cause the symbiotic pattern to emerge, which in turn – top down – constrains the interactions at 

the micro-level in the interest of the stability of the overall system. The conjoint influence of the propensity for 
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universe, constituting protons and neutrons, may count as a primordial symbiotic relation between 

purely physical entities. This goes to show that symbiotic relationships, the precursors of cooperation 

and altruism, abound on all levels of the organizational hierarchy, not just the biological ones. 

Evidently altruism has its roots in various primeval life forms and has had from the outset a 

sufficiently strong selective edge over selfishness so as to become genetically fixated in primates and 

humans as well. 

   It may seem as though nature unintentionally uses an approach here which has become known as 

utilitarianism in political philosophy and ethics: as long as it favours the common good, in terms of 

the number of individuals benefiting, sacrificing a lesser amount of individuals is “justified” and 

sometimes even necessary. For example, it is a well-known fact that certain species of birds show 

altruistic behaviour, in that one or more members of a flock face and stand up to imminent danger 

from a predator by calling attention to themselves through a warning flute signal, thereby sacrificing 

themselves seemingly willingly for the greater common good. Another striking example of altruism, 

this time in the realm of social insects, is the discovery (published in Current Biology, 28 January, 

2010) by researchers of the University of Regensburg of a kind of preventive healthcare in colonies of 

ants of the species Temnothorax unifasciatus. It turns out that diseased ants leave the nest so as to die 

in seclusion as a result of which their congeners are protected against infection. Sparing others, one 

way or another, at the cost of oneself in the interest of a greater common good may well be a deeper 

behavioural principle, shared by not only higher developed mammals, such as humans, primates, 

wolves, elephants and lions, but also by social insects. And apart from situations which pertain 

exclusively to altruistic behaviour, it makes sense that evolutionary strategies have originated and 

persisted which have the effect of numerically protecting species against the most ubiquitous natural 

risk factors: evolution is playing a “rational” numbers-game by allowing species to produce an excess 

of offspring so as to counter the death rate on account of predators, food shortage, diseases, accidents, 

etc.  

   Dupré’s earlier quoted view provides the clue to the altruism enigma: cells may primarily compete 

over their ability to cooperate with other cells. In other words, they may be first and foremost involved 

with and “committed to” forming configurations that are more complex and more stable than their 

previously autonomous constituents, even at some cost to themselves. (The earlier discussed example 

of spontaneous apoptosis resulting in the development of functional organs such as fingers is 

illustrative of this strategy). But this holds across the complete hierarchy of organizational levels, 

covering collectives of living systems, whether cells, social insects, birds or humans, as well as 

collectives of non-living entities, such as hydrogen-gas atoms making up stars and quarks constituting 

nucleons. 

                                                                                                                                                                      

stability preservation and the principle of symmetry breaking is evident, the former with respect to the energy 

exchange between members of the community and the ensuing state of energy efficiency, the latter in regard to 

the phase transition towards a cohesive collective of (most likely) previously autonomously existing individuals 

and the following internal division of labour. 
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stability preservation and the principle of symmetry breaking is evident, the former with respect to the energy 

exchange between members of the community and the ensuing state of energy efficiency, the latter in regard to 

the phase transition towards a cohesive collective of (most likely) previously autonomously existing individuals 

and the following internal division of labour. 
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   Although they have much in common, symbiosis and altruism are not the same: while altruism, by 

definition, in some way or other, goes at the cost of one or more (altruistic) members of the 

population, this is usually not the case with symbiosis. On the contrary, symbiosis is mostly 

advantageous to all participants in the symbiotic relationship. Nevertheless, any form of cooperation 

necessarily means surrendering something by each of the parties involved, if only a degree of freedom. 

Thus there is always a price to be paid. In fact, in conceptual terms, cooperation is a more generic 

behavioural pattern of which symbiosis and altruism are special cases (see also footnote 80). Altruism, 

in particular, depends crucially on the assumption that some form of cooperation already obtains. Be 

this as it may, there is little doubt that symbiosis and other forms of primitive cooperation lie at the 

root of altruism among members of populations of widely distinct non-human living systems. 

Moreover, despite long-cherished religious and humanistic anthropocentric beliefs to the contrary, the 

idea that these patterns of behaviour are the precursors of human altruism is now widely accepted.  

 The message the above examples are conveying is clear: cooperation and altruistic behaviour, 

whether or not disadvantageous in terms of loss of fitness to the altruistic agents themselves, occur in 

the interest of the greater common good, which is stability. And this in turn implies that at a deeper 

level it is the propensity for stability preservation rather than natural selection that governs these 

processes. Seen this way, “the altruism enigma” is no longer a conundrum, but becomes a matter of 

course. 
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11 

 

The arrow of time: a broken symmetry 

 

11.1  Introduction 

This chapter is about the way we perceive time as running one-sidedly from the past towards the 

future. It is argued that this is neither an illusion nor a brute fact of nature: it is a reality that is the 

result of the very first primeval symmetry breaking in the history of the universe. 

   From the eminent theoretical physicist John Archibald Wheeler the remark is on record that time is 

nature’s way of keeping everything – that is, all events – from happening all at once. Another way to 

put it is that we place things in the order in which entropy, or disorder, increases. But, as Hawking 

observed (1989, p. 156): “This makes the second law of thermodynamics almost trivial. Disorder 

increases with time because we measure time in the direction in which disorder increases.”  

   Although this may sound like a truism, we shall see it is in fact about something that is in need of 

explanation. The notion of time hinges on the absence of a kind of symmetry: if it weren’t for an 

arrow of time 
81

, lop-sidedly pointing from the past toward the future, we could not experience 

changes of things in the universe from one moment to another. It bears on an important distinction we 

came across before, viz., the distinction between the synchronic and the diachronic approach: a 

process of change can only be analysed diachronically, since measuring changes in and of systems 

inevitably comes down to analysing  a sequence of synchronic time slices. Our subjective sense of the 

direction of time relies on the objectively established thermodynamic arrow of time. Therefore, it is 

not as if this is just in the eyes of the beholder, it reflects an immutable reality. 

   Or does it? The short answer is: yes, it does. But it needs further clarification and elaboration. This is 

what this chapter is about. 

   For that purpose we must go back to the very beginning of the history of our universe. At this point 

cosmology comes in, which places the events the universe went through from the Big Bang onwards 

in a historical context. But it is also where cosmology and quantum mechanics, a non-historical branch 

of physics, are coming together. 

   I shall argue, based on a sequence of events providing relevant necessary and sufficient conditions, 

that there was one primeval symmetry breaking which preceded all other symmetry breakings that 

occurred successively in the very early universe. And it was this one that caused the one-sided arrow 

of time to come into being. This implies that there must have been a particular state of symmetry 

preceding that event. But how did the conditions arise under which that symmetry broke first and what 

can be said about the instant it occurred? And, first of all, what kind of symmetry was it?  

                                                      

81

 The term “arrow of time” was coined by the British astronomer Eddington. 
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   We know from discussions in previous chapters that, generally speaking, the more manipulations an 

object can sustain looking unchanged, the more symmetric it is. Four main types of geometric 

symmetry a system can possess were reviewed, viz., rotational symmetry, translational symmetry, 

dilation symmetry (or scale invariance), and reflection symmetry. A more generally applicable type 

we encountered was permutation symmetry (see Chapter 1 and Subsection 8.2.6). All four geometric 

symmetries also apply to the laws of physics; these symmetries are more abstract in that they concern 

manipulations that leave the laws explaining the phenomenon under study unchanged. A type of 

symmetry with respect to the passage of time is time-reversal symmetry, particularly relevant to the 

subject under discussion here. The universe is a very special case among complex systems, possessing 

very special features, which cause translational and rotational symmetry, and possibly also dilation 

symmetry, to coincide. The underlying idea, given that sufficiently large regions are studied, is that 

not only every special direction but also every location in the expanding universe is equivalent to 

every other with the consequence that the laws are uniform throughout space.  

   The starting point of the argument is the hypothesis – partially evidence-based –  that the universe is 

a finite system of a particular kind: it is not enclosed by walls and it is expanding. Most cosmologists 

agree that it began extremely hot and small, that gravity operated, and that it cooled and expanded 

from the very outset. Furthermore it is assumed that the initial conditions involved a state of low 

entropy as well as a high degree of homogeneity and thus isotropy; the latter is a particular kind of 

symmetry, implying that the properties of the system in question are the same in all orientations or 

directions.
82

 This is a rare combination, implying that such a universe has a pre-eminent capacity for 

the later generation of order, complexity and biofriendly planets. But the presumed set of 

extraordinary initial conditions, especially the low-entropy state and the spatiotemporal uniformity, 

hinges crucially on a sequence of events which must explain retrospectively how these conditions 
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 In cosmology, physics, chemistry, geology and the life sciences there is, roughly speaking, a distinction to be 

made between the universe on the one hand, and all other (complex) systems on the other. The universe is the 

odd-man-out in this scheme, for it is taken to be finite, but unbounded; it is neither contained nor “walled in”. 

Thus, while all other material systems can theoretically and/or practically be viewed from the outside, the 

universe can only be inspected from within. This has far-reaching consequences for the applicability of various 

kinds of symmetry. Isotropy, for example, applied to the universe, means that space in all directions is 

equivalent. But “in all directions” implies that it is viewed from one particular observation point in space, which, 

in the case of the universe also involves another kind of symmetry, viz,, rotational symmetry (since we cannot 

step outside and rotate the universe as we wish). And if the universe is observed from various points in space 

still another type of symmetry applies, i.e., translational symmetry. However, since all points and directions are 

taken to be equivalent according to the big bang theory, rotational and translational symmetry effectively 

coincide: when an observer shifts from one observation point to another, looking in any direction, the universe 

remains unchanged as for isotropy and homogeneity. These two concepts taken together are known as the 

Cosmological Principle; they are closely related, but not the same: a system can be overall isotropic, while not 

homogeneous, but the reverse does not hold. Even if the constituent parts are not perfectly identical or isotropic, 

the individual differences tend to average out to zero. This state of affairs actually applies to today’s universe in 

which the stars, the galaxies and the clusters are anisotropic as well as inhomogeneous.  The universe is also the 

only complex system that does not interact with something like an environment – at least on the basis of what we 

now know, and disregarding what the “multiverse thesis” may have in the offing – : presumably it neither 

dissipates energy to, nor takes in energy from “the outside”. As a consequence it eventually maximizes its 

entropy and reaches thermo-dynamic equilibrium solely through processes generated internally, such as 

expansion, density reduction, cooling and star- and galaxy-formation. 
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could prevail in the first place. It is thus these events whose occurrence must be made plausible first. 

On them in turn depends the credibility of my claim about the primeval symmetry breaking. These 

events and associated states – to be elaborated in the sections ahead – , constituting the argument, are 

successively, from right after the Big Bang onwards: violent quantum fluctuations in – a miniscule 

blob of – primeval plasma � super-cooling � inflation, smoothing out (almost) all wrinkles � 

remnant irregularities � origination of matter and radiation � clumping of matter into stars and 

galaxies by gravitation � black holes � maximum entropy. Insights into this sequence of events I  

derived for the greater part from books by Penrose (2004), Greene (2003, 2004), Hawking (1989), 

Hawking and Penrose (1996) and Hawking and Mlodinow (2010). The argument is an illustrative 

example of abduction: it reconstructs the early history of the universe backwards, from posited as well 

as observationally verified events and states up to the initial low entropy and uniformity, in the process 

making sense of the latter. The link on whose credibility the argument hinges critically is the 

occurrence of inflation preceded for the briefest moment by a fiercely fluctuating quantum-gravity 

field. Not surprisingly, the general principles of which these events and states are special cases are, as 

I hold, the principle of symmetry breaking and the propensity for stability preservation.  

 

   Since the precise conditions in those first infinitesimally small fractions of seconds of the universe’s 

existence are shrouded in mist, we may never know the chronological order in which things happened, 

if we should come to know them at all. Inevitably this journey to the beginning of time, although 

relying on insights derived from authoritative quantum scientists and cosmologists, involves venturing 

into largely unknown territory. Therefore, the question may arise what its role is in the context of this 

investigation. Furthermore, given the pretension of this book as being first and foremost a 

philosophical enterprise, the relevance in that respect of the relatively speculative and eccentric 

cosmological theory underlying the argument may be called into doubt.  

   As for the first question: far from being an irrelevant side-step, this venture into the very beginning 

of time is playing a crucial part in the main thrust of the book’s argument. Its starting point is that the 

irreversibility of time is in need of explanation, rather than to be taken as a brute fact of nature, i.e., a 

state obtaining without depending on any other facts. It aims to make plausible that, by contrast, the 

notion of the arrow of time rests critically on another (postulated) fact, namely, on the first primeval 

symmetry breaking, the “mother” of all subsequent symmetry breakings in the widest sense. Seen 

from that perspective it is a critical step towards establishing the fundamentality and universality of 

the principle of symmetry breaking, and, in its wake, of the propensity for stability preservation.  

   It might be argued that it is not time that is irreversible, but processes and events occurring in time.  

But it is precisely the fact that all processes and events, by definition, occur in time (and space), which 

renders the difference rather irrelevant; it is equally impossible to reverse processes that have actually 

taken place, as it is to reverse the time it took for the processes to happen. In other words, time in 

itself, abstracted from events and processes is meaningless, as much as events and processes are 
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without taking account of time (recall Wheeler’s statement that thanks to time not everything happens 

all at once).  

   But what about the philosophical relevance of this undertaking? This question bears directly on the 

scientific status of cosmology in general, which is still a matter of debate among scientists and 

philosophers on the ground of its presumed speculative character. If this implies that in fact the 

foundations of ground-breaking cosmological theories are challenged, the philosopher of science must: 

(i) face the problem of how to justifiably use their conclusions in a philosophical investigation, and: 

(ii) decide, how, if at all, he should position himself in this debate. 

   But how speculative is cosmology actually? And what is wrong with a speculative theory, if 

anything at all? While parts of cosmology are well within the scope of firmly established science, 

other parts are indeed considered speculative by some theorists. Penrose, for example, – contrary to 

Greene, Icke, Hawking and Mlodinow – is sceptical about the relevance of inflationary cosmology as 

well as of spontaneous symmetry breaking to the evolution of the very early universe, on the ground 

that they lack sufficient and unambiguous observational support; even so he does not dismiss them out 

of hand (Penrose, 2004, p. 735). On the other hand, Penrose does not in principle reject cosmological 

theses and theories – nor, for that matter, speculative proposals and models in particle physics – 

merely for the fact that they are observationally irrefutable. As he himself argues, a large part of our 

universe is not accessible to direct observation, but that does not necessarily render cosmological 

theories scientifically inadmissible. The standard theory of cosmology presumes that the unobservable 

region of the universe resembles the observationally accessible region (id., pp. 1020-1022). This form 

of generalization is methodologically perfectly admissible.
83

 The same applies to abductive inference 

which has turned out to be a remarkably effective heuristic strategy in the field of cosmology and 

astrophysics. Illustrative examples are – indeed! – inflationary cosmology, the finally successful 
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 Another case in point of speculative, even  provocative, but methodologically perfectly admissible thinking in 

cosmology is a proposal from the theoretical physicist Lee Smolin (1997) as cited in Richard Dawkins (2008) 

The Oxford Book of Modern Science Writing. Smolin  wants to dismiss “the Platonic ideal that the world is a 

reflection of some perfect mathematical form.” (Dawkins, 2008, p. 362). He proposes a solution to the question 

why the universe is so manifestly favourable to life which invokes cosmological natural selection, “…or the idea 

that processes of self-organization may account for the organization of the universe… . […] To explore these 

ideas means to give up, to some extent, the Platonic model of physical theory  in favor of a conception  in which 

the explanation for the world rests upon the same kind of historical and statistical methodologies that underlie 

our understanding of biology.” (ibid.; my italics).  “I have never heard a good a priori argument that the world 

must be organized according to mathematical principles. […]…. we must […] admit that in many cases there is a 

simple, non-mathematical reason that an aspect of the world follows a mathematical law. Typically, this happens 

when a system is composed of an enormous number of independent parts, like a rubber band, the air in a room, 

or an electorate.” (id., p. 366; my italics).These ideas are interesting for a number of reasons. Firstly, Smolin 

goes as far as applying the principle of natural selection beyond the boundaries of its traditional realm, animated 

nature. Secondly, he point to processes of self-organization, accounting for the organization of the universe, as 

the deeper reason behind the workings of mathematical laws, a statement that must sound familiar by now. In 

doing this he also refers, though not explicitly, to Anderson’s “More is Different” essay. In fact he is coming 

within an inch of designating natural selection as an organizational principle of a truly universal nature. And 

finally, he invokes a metaphysical worldview in which fundamental physical laws are depending on self-

organizing processes, rather than the reverse, i.e., these laws transcending, explaining and predicting said 

processes. 
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search for the Higgs boson, the discovery of the planet Neptune, Hoyle’s discovery of the quantity of 

carbon in the universe, compatible with the emergence of life, and numerous other pivotal theories and 

discoveries that owing to abduction’s explanatory power make sense of nagging puzzles which  

otherwise had remained unsolved. Moreover, in many of these cases the explanation turns out to rest 

critically on the principles of symmetry breaking and stability preservation. The above reflections 

amply justify endorsing and using inflationary cosmology and the notion of spontaneous symmetry 

breaking for the purpose of this inquiry. However, over and above these considerations, the 

philosopher of science needs not take a position in the debate about the scientific status of cosmology. 

He transcends these issues, for the important insights he wishes to draw upon, shared by many,  

though not all cosmologists, can be interpreted in such a way as to render them relevant from a 

philosophical perspective. This, as also stated in Section 1.3, will be achieved by using them in the 

context of the synthesising approach of this book, applied to the search for organizing principles.  

 

   This chapter is structured as follows: In Section 11.2 a brief history of primeval symmetry breakings 

is reviewed. It begins with invoking the so-called no-boundary condition, proposed by Stephen 

Hawking, so as to side-step the problematic infinities associated with the Big Bang singularity, the 

presumed infinitely compressed zero-size starting point of the universe. Subsequently the first ever 

symmetry breaking, viz., the breaking of the time-reversal symmetry, prevailing in the minuscule 

time-slice between t = 0 and Planck time, is discussed, as well as the (fractionally) later successively  

splitting off of the previously unified four fundamental forces. Section 11.3 deals with the earlier 

mentioned time-reversal symmetry the fundamental forces possess, treating the past and the future on 

equal footing, contrary to how we perceive the flow of time running from the past to the future. It 

furthermore establishes the highly special initial conditions in the universe which enabled the 

emergence of a one-sided arrow of time. Section 11.4 discusses the question how the universe came to 

start off in this highly unusual state, viz., its uniformity, homogeneousness and (thus) isotropy 

combined with low entropy, and argues that symmetry breakings have from the very outset played a 

pivotal role in this respect. Section 11.5 more specifically designates the symmetry breakings 

representing the particular set of events and conditions which enabled this aberrant state. Finally, in 

section 11.6 it is argued that symmetry breaking and stability preservation, the principles instrumental 

in the shaping of the early universe, can be conceived as selection principles, requiring that only one 

of a pair or set of solutions can become actualized in nature. 

 

11.2  Side-stepping the singularity: a brief history of very early symmetry breakings  

Astrophysicists and cosmologists have traditionally endorsed the received view that time, space and 

energy arose simultaneously with the Big Bang; however, lately some quantum-cosmologists, among 

them Lee Smolin en Eric Verlinde, have developed new, rather provocative, but intriguing ideas on the 

origin of time and space (see also footnote 83 above). But if we nonetheless take this monumental 
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without taking account of time (recall Wheeler’s statement that thanks to time not everything happens 

all at once).  
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83

 The same applies to abductive inference 
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search for the Higgs boson, the discovery of the planet Neptune, Hoyle’s discovery of the quantity of 
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event to be the actual moment of creation, then logically and ontologically this primeval symmetrical 

state in which time did not yet run must have been confined to the Big Bang singularity, an infinitely 

compressed zero-size starting point.
84

 At this point the curvature of space-time is taken to be infinite, 

and all classical theories break down. Hawking (1989, p. 50) points out that even if there were events 

before the Big Bang they would be useless to determine what would happen afterward because 

predictability would fail at the Big Bang. 

   Here the so-called no-boundary condition, proposed by Hawking (id., p. 157) and Hawking and 

Mlodinow (2010, pp. 135-136/139,142-43,164,185), comes to the rescue: to avoid the problem of 

having to explain what we do not and cannot know it is hypothesized that the no-boundary condition 

applies, implying that the current universe is finite in extent but has no boundaries, edges or 

singularities. Space-time should then be conceived as the closed surface of a four-dimensional sphere, 

in which time and the three spatial dimensions have become unified. Since this goes beyond our 

picturing capacity, a thought experiment offers a way out: one can, in an analogous manner, by simply 

subtracting one spatial dimension, look at the Earth and let the universe begin, for example, at the 

South Pole and expand northward. The beginning would be a “smoothed-out” location, but one like 

any other. Because there is nothing south of the South Pole, it is meaningless to ask what happened 

before. One could take endless walks along the equator without falling off the earth while inevitably 

returning to the 0-meridian after every roundtrip. Thinking along these lines space-time would be 

finite but would have no boundary.
85

 This view draws on Einstein’s theory of general relativity as well 

as on quantum mechanics – implying a smallest possible or Planck-sized primeval spatial speck – and 

neatly side-steps the problematic infinities of the singularity.   

   To return to cosmology, taking the no-boundary condition into account, I suggest that the initial 

temporal symmetry prevailed in the minuscule time-slice between the Big Bang, at t = 0, and the so-

called Planck time, at about 10
-43

 seconds thereafter. This is – paradoxically enough – the time interval 

below which the notion of time breaks down.
86

 It is also the time at which the size of the universe was 

roughly the Planck length of about 10
-33

 centimetres (Greene, 2003, p. 419).The latter is the scale 

                                                      

84

 The term “singularity” derives from a particular feature of the solutions of the mathematical equations which 

describe the evolution of the universe. 

85

 Hawking and Mlodinow (2010, p. 185) define the no-boundary condition as follows: “The requirement that 

the histories of the universe are closed surfaces without a boundary.” The no-boundary condition is closely 

related to the so-called multiverse idea – akin to Wheeler’s famous many worlds interpretation – which allows of 

the birth of innumerable  tiny “parallel universes” of which at least one develops into the universe as we know it. 

As these ideas, associated with string theory, are far beyond the purport of this inquiry, I won’t go into them any 

further. 

86

 It may seem as if we have swapped one problem for another: both the concepts of singularity and Planck time 

are fraught with circularities and contradictions: if the Big Bang is taken to be the event which brought the 

universe into being, then time and space must have been already there as the necessary conditions for events to 

occur. Furthermore, if the Big Bang is supposed to be a quantum event, preceding the Planck time, – which is in 

accordance with the most plausible present ideas – then the question arises how it could have occurred in a time-

interval within which time has no meaning. All this goes to show that at the very boundary of time and space 

reality was shrouded in an impenetrable fog. A practical solution might be to cut the Big Bang out of the 

equation and have the universe start off at Planck time; but this is impossible as long as we hold on to the 

distinction between t = 0 and t = 10
-43

 sec. ATB. 
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below which quantum fluctuations in the fabric of space-time must have been enormous. The sub-

Planck-sized primordial energy field, according to Heisenberg’s uncertainty principle, undulated 

wildly up and down between different values which, for the briefest moment imaginable, on average 

represented a symmetrical state.
87

 According to Greene (2004, p. 331) this is because there are as 

many up as down fluctuations, and hence they average out to zero.  

   It was presumably at Planck time that the first symmetry breaking in the history of the universe took 

place. But what exactly was the symmetry that was broken? We now enter a region of the 

cosmological domain which is in all probability the hardest to grasp intuitively and yet makes perfect 

sense once examined more closely; but it requires necessarily the acceptance of the facts provided by 

and statements made by authoritative authors in the field. As will be discussed in more detail in 

Section 11.3 there is a strange discrepancy between the way fundamental force laws describe reality 

with respect to time and the way we perceive the “flow of time”. These laws possess a feature called 

“time-reversal symmetry” which is aptly defined by Greene (id., p. 541) as: “[a] property of the 

accepted laws of nature in which laws make no distinction between one direction in time and the other. 

From any given moment, the laws treat past and future in exactly the same way.” This implies that 

these laws simply do not allow of time running exclusively one-sidedly from the past towards the 

future. But this statement is surely at odds with the way we experience the unfolding of events and 

processes in reality. And this in turn has important consequences which are a crucial element of the 

argumentation of the thesis of this chapter and through that also of the argumentation of the central 

thesis of this book. For the fact that the laws and the way we perceive the state of affairs in the real 

world with respect to the flow of time do not match conveys the message that once the laws must have 

accurately described reality, implying that the discrepancy was absent. It follows that that there must 

have been an infinitesimally small time-slice just before Planck time in which the above-mentioned 

time-reversal symmetry must have prevailed in reality. And this entails that at that point conditions 

allowing of thermodynamic equilibrium in the far distant future exactly counter-balanced conditions 

securing equilibrium in the distant past. In other words, entropy should have increased towards the 

past with the same probability as towards the future. Thus, there simply was no arrow of time. It was 

this time-reversal symmetry, balancing the above conditions, that was bound to be broken. It is here 

that the abovementioned quantum-field symmetry comes in: since this state was inherently unstable it 

was almost immediately undone at Planck time by the very first symmetry breaking, to the effect that 

the field’s stability was repaired and the arrow of time arose, pointing uni-directionally towards the 

future. And it was at this point – paradoxically enough, not a point in time – that  time actually began 

to run. Note that this argument, faithful to my intentions stated in the Introduction (Chapter 1), is 

wholly system-oriented, viz., towards the universe in its pre-infancy.  

                                                      

87

  According to Greene (2004, p. 540) quantum fluctuations are “The unavoidable, rapid variations in the value 

of a field on small scales, arising from [Heisenberg’s] quantum uncertainty.” A field is undergoing value 

fluctuations because its value can “jitter around the value zero but it can’t be uniformly zero throughout a region 

for more than a brief moment”  (Greene, 2004, p. 331).  
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  There still remains a nagging question that awaits an answer: how to reconcile time symmetry with a 

timeless universe between t = 0 and Planck time? (see also footnote 86 about this issue). A way out 

seems to be to say that at the Big Bang time already existed in the sense that the necessary conditions 

were set for time to begin to run uni-directionally from the past to the future at Planck time. To put it 

another way: there was no irreversibility before Planck time, but time itself could be seen as to exist in 

the symbol t in the mathematical equations.     

   Presumably there was one other symmetry breaking that occurred fractionally later than Planck time, 

10
-43

 sec. after the Big Bang (ATB). It is assumed that before that point in time there was one primeval 

super-force which thereafter successively gave rise to all four fundamental forces, including gravity. 

As the universe started to expand and cool the latter would have been the first to split off. This is in 

accordance with the idea that below Planck time the universe was ruled by a force called quantum-

gravity which unfortunately so far has remained elusive; this is why theoretical physicists’ most 

challenging mission, reconciling gravity with the non-gravitational forces in one great unified theory, 

has not yet been accomplished.  

   According to the current theory the universe started cooling and expanding from the Planck time 

onwards, when the temperature was 10
32 

K, another number which, this time not for its smallness but 

its magnitude, is entirely beyond human comprehension. The crucial symmetry breakings following 

after the two initial ones occurred time-wise almost in conjunction: it is assumed that between 10
-36

 

sec and 10 
-34

 sec. ATB a burst of inflation caused the universe to expand hugely by a factor of – very 

roughly – 10
30

 to 10
100

. This expansionary blast practically coincided at 10
-35

 sec. ATB with the 

crystallization or “freezing out” of the strong nuclear force from the up till then unified three non-

gravitational forces. Meanwhile the temperature which was initially about 10
28

 K had cooled 

substantially. Thus, it seems likely that from the very outset two opposite forces have been in 

operation, the one attractive, i.e. gravity, and the other expansive, responsible for the expansion of the 

universe, followed fractionally later by the strong force. We shall see that both these forces play a 

crucial role when it comes to explaining the presumed statistically highly unlikely, low entropy initial 

state of the universe.  

   The next fundamental symmetry breaking, in terms of the extremely small time scale that applied to 

the early universe, occurred much later, namely at about 10
-12

 sec. ATB, when the temperature had 

dropped to around 10
16

 K. In fact two phase transitions happened at once:  prior to 10
-12

 sec. ATB the 

weak and electromagnetic forces, as we know them now, were one unified force, now called the 

electroweak force, but at the much lower temperature they crystallized into two separate forces. 

Presumably at about the same time the electroweak Higgs field – as discussed before, called after the 

Scottish physicist and Nobel laureate Peter Higgs and meanwhile in all likelihood discovered in the 

LHC in Geneva –  condensed into a nonzero value, thereby endowing all kinds of fundamental 

particles, which had been mass-less before, with mass. This event does not mark the end of crucial 

symmetry breakings in space-time, but they suffice as a brief history of the early universe at this point. 
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Their deeper meaning will be discussed in the following sections. But first we shall make a side-step 

to address an issue that demands further attention here and now. 

 

11.3  How the laws of physics relate to symmetry and asymmetry 

As pointed out in the previous section, there is a strange discrepancy between the laws of physics 

describing the way systems interact in nature and our temporally lop-sided experience thereof. It is 

akin to the earlier discussed anomaly between the fundamental force laws equations’ perfect  

symmetry and the asymmetry of their solutions which describe the real world. Only this time it 

pertains to temporal asymmetry. Besides Greene (2004, p. 159), also Penrose (2004, pp. 697-698) and 

Hawking (1989, p.152) claim there is no arrow of time inherent in the force laws of physics, they treat 

forward and backward in time on precisely equal footing. However, this needs to be put more 

precisely: saying that the laws are time-symmetric actually means that it is the mathematical equations 

to which this applies. The equations simply leave no room for an asymmetric or diachronic approach. 

Inasmuch as the laws describe processes, induced by forces – though in fact caused by entities, or 

force-carriers, such as photons, as agents – these are  fully reversible. But the solutions refer to 

processes in the real world that are time-asymmetric. However, while it is one thing to gain this 

insight, it is quite another to come to grips with its consequences.    

   Since, as Greene points out (2004, p. 160), the laws of physics – reformulated above as the equations 

of the fundamental force laws – describe how things change toward the future with equal probability 

as toward the past, the entropy of a physical system must also increase toward the future with equal 

probability as toward the past. This, indeed, renders entropy useless for explaining the arrow of time. 

Greene refers to partially melted ice cubes in a glass in a warm environment to make his point: you 

may be assured that after half an hour they are more melted, but you should be equally assured that 

they are more melted half an hour earlier (id., p.161). Absurd as this may sound, it makes sense when 

bearing in mind Greene’s explication and re-interpretation of the second law of thermodynamics:  

 

“…the second law is derivative: it is merely a consequence of probabilistic reasoning applied to [the 

known laws of nature].” (ibid.). “As it’s usually described, the second law of thermodynamics implies 

that entropy increases towards the future at any given moment [But] [s]ince [the laws] treat forward 

and backward in time identically, the second law actually implies that entropy increases both toward 

the future and toward the past from any given moment.”(id., p.162).“[Thus] the statistical/probabilistic 

reasoning behind the second law of thermodynamics applies equally well in both temporal directions.” 

(id., p. 161).  

  

   Clearly this reasoning poses a problem, because for half of the equation it leads to absurd and, at any 

rate, highly counterintuitive conclusions that are completely at odds with our experience. For partially 
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As pointed out in the previous section, there is a strange discrepancy between the laws of physics 

describing the way systems interact in nature and our temporally lop-sided experience thereof. It is 

akin to the earlier discussed anomaly between the fundamental force laws equations’ perfect  

symmetry and the asymmetry of their solutions which describe the real world. Only this time it 

pertains to temporal asymmetry. Besides Greene (2004, p. 159), also Penrose (2004, pp. 697-698) and 

Hawking (1989, p.152) claim there is no arrow of time inherent in the force laws of physics, they treat 
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   Since, as Greene points out (2004, p. 160), the laws of physics – reformulated above as the equations 

of the fundamental force laws – describe how things change toward the future with equal probability 

as toward the past, the entropy of a physical system must also increase toward the future with equal 

probability as toward the past. This, indeed, renders entropy useless for explaining the arrow of time. 

Greene refers to partially melted ice cubes in a glass in a warm environment to make his point: you 

may be assured that after half an hour they are more melted, but you should be equally assured that 
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“…the second law is derivative: it is merely a consequence of probabilistic reasoning applied to [the 

known laws of nature].” (ibid.). “As it’s usually described, the second law of thermodynamics implies 

that entropy increases towards the future at any given moment [But] [s]ince [the laws] treat forward 

and backward in time identically, the second law actually implies that entropy increases both toward 

the future and toward the past from any given moment.”(id., p.162).“[Thus] the statistical/probabilistic 

reasoning behind the second law of thermodynamics applies equally well in both temporal directions.” 

(id., p. 161).  

  

   Clearly this reasoning poses a problem, because for half of the equation it leads to absurd and, at any 

rate, highly counterintuitive conclusions that are completely at odds with our experience. For partially 
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melted ice cubes do not start off as water, only to turn spontaneously into ice and to start melting once 

again (id, p. 162), (although, given enough time, with a vanishingly small chance, they could).  

   Now, recall that open systems, e.g. chemical clocks, which continuously exchange energy with their 

environment can seemingly go against the second law by alternating between two physical states; but 

once the supply of energy stops entropy resumes its habitual course. And we know by now that even 

during flipping the second law remains fully intact. We also know that high entropy is the standard: all 

physical systems tend to proceed to and stay in a state of thermodynamic equilibrium, equivalent to 

high entropy. So it is a low entropy initial state of a system that needs explaining, rather than a  

statistically equally unlikely entropy dip it may undergo on its way to a high or maximum entropy end 

state.  

   This is where cosmology comes in again. The reasoning applied to ice cubes, or whatever other  

systems, in principle also holds for the universe as a whole: the fundamental laws of physics – insofar 

as expressed by the equations – treat its past and future on equal footing. And, as we have seen above, 

if we wish to get a grasp of the origin and the deeper nature of the arrow of time we have to go back to 

the beginning of time and space. This is where cosmology and quantum mechanics come together, for 

the universe was the result of a quantum event and was quantum-sized. If we draw a parallel between 

local systems and the universe, then the latter’s most likely initial state should have been a state of 

high entropy, i.e. high disorder, because that is the natural ground state of all physical systems. Since 

entropy is a double-edged sword, the universe’s future states will also tend to be disordered. Thus, 

according to this scenario the universe should be in a disorganized, high-entropy state at every 

moment of its existence. But what we see on various scales of reality, ranging from the Earth to the 

sky, is the opposite of total disorder. Now we have two options: we either try to explain that the 

universe as we know it, through an extraordinarily rare fluctuation, underwent a phase transition, a 

huge entropy dip, coming from a normal disordered state, only to once again turn back to the usual 

high-entropy condition. Or we assume that the universe started off in a state of low entropy and high 

order, analogous to the ice cubes’ evolution through time, if on a much larger time scale. The former 

option is problematic because we then have to address the question how the universe that we see could 

have arisen as the result of an equally aberrant fluke at some point in time during its evolution. It gets 

even more troubling in the light of the organization the universe exhibits today, also given the vast and 

consistent evolutionary body of evidence. So the latter option looks far more plausible, but then of 

course it is this statistically unlikely initial state that is in need of explanation.  

 

   A shift of perspective comes to aid here. Our goal is to convincingly arrive at a uni-directional 

cosmological arrow of time, with entropy lower in the past and higher in the future. But this requires 

us to reconcile a highly special and unusual set of initial conditions with a state of low entropy. For 

what was highly special about the very early universe was not primarily its extremely high 

temperature and density, but its great uniformity, homogeneousness and, consequently, isotropy. We 
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know by now that it was due to inflation that the quantum irregularities prevailing before the Planck 

time were smoothed and straightened out in a flash which left the universe not only much cooler and 

bigger but also almost entirely isotropic and uniform. So we must try to understand how these 

conditions agree with very low entropy. Thus, what this is about is to see how two utterly different 

physical systems, the one a household system, e.g. gas in a box, the other the universe, each departing 

from wholly different initial conditions, can both proceed from a low entropy state towards a high 

entropy state. Now, to achieve that we have to add a new variable to the equation, namely gravity, a 

fundamental force that was in operation from the very outset. For a closed system, such as gas in a 

container, initially concentrated in a corner, entropy increases as the gas spreads itself throughout the 

box, finally arriving at thermodynamic equilibrium. But with the universe, a (presumably) finite 

system that is not enclosed by walls, is expanding and cooling, and in which, contrary to a container 

filled with gas, gravity prevails, “…things tend to be the other way about. A uniformly spread system 

of gravitating bodies would represent low entropy […] whereas high entropy is achieved when the 

gravitating bodies clump together.” (Penrose, 2004, pp. 706-707). While with a gas the maximum 

entropy, or thermodynamic equilibrium, is reached when it is spread throughout the space in question, 

for large gravitating bodies holds that this state is achieved when black holes form. The cardinal point 

is that the nearly uniform gas that filled the very early universe was extremely low in entropy. And, 

also according to Greene (2004, p. 172), when gravity matters, as it did in the high-density early 

universe, clumping or clotting instead of uniformity is the state  toward which a gas tends to evolve – 

provided of course that there were minuscule differences in temperature and density from the outset, 

as indeed observational evidence seems to confirm. Thus, Greene (id., p. 171) states:  “The Big Bang 

started the universe off in a state of low entropy, and that state appears to be the source of order we 

currently see.” This does not in any way violate the second law, because – as we know meanwhile – 

the initial low entropy state provided the room for the entropy increase caused by the formation of 

clumps, viz., protons, neutrons, atoms, molecules, stars, galaxies, solar systems and planets, and 

ultimately black holes, all in their own time after the inflation. In that sense low entropy was the 

source of later organization.  

 

   We may now have established the very special initial conditions in the universe under which the 

stage was set for a one-sided arrow of time. But the question how the universe came to start off in this 

extraordinarily rare state has remained unanswered. To address the issue we shall once more refer to 

the work done by Greene (2004) and Penrose (2004) in that domain.  

    

11.4  How  symmetry and symmetry breaking bear upon the evolution of the cosmos 

As the title of this section aims to emphasize, symmetry and symmetry breaking are two sides of the 

same coin, complementarily and chronologically intertwined, albeit conceptually distinct. Indeed, this 

book is first and foremost about symmetry breaking as one of the principles governing self-organized 
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patterns exposed by complex systems. But I have made a point of taking consistently a step back when 

discussing cases of symmetry breaking in order to determine the particular kind of symmetry that is 

broken. For failing the understanding of the preceding phase of the process it is impossible to grasp the 

relevance of symmetry breaking in general as well as in any particular case. In this respect it is 

interesting to quote again Greene (2004, p. 225) when saying: “… the three forces other than gravity – 

electromagnetism and the strong and the weak nuclear forces – are founded on […] compelling 

principles of symmetry.” To paraphrase Greene, the symmetries of nature are not consequences of the 

laws of nature. Seen from this perspective, symmetries are the foundation from which laws spring.   

This statement has important consequences, for it seems to endorse Laughlin’s, Anderson’s, Davies’, 

Kaufmann’s and other (complexity) theorists’ ideas that organizing principles, in this case symmetry, 

and for that matter, given their close complementary interconnection, symmetry breaking, are the 

source of fundamental laws, rather than the reverse. And due to the presumed close operational 

relationship between the principle of symmetry breaking and the propensity for stability preservation 

this may well apply to both principles.  

   Coming to the topic of this section: symmetry breakings have from the outset played a pivotal role in 

the evolution of the universe. But this implies that symmetries preceding these breakings must have 

been equally important. Greene (id., pp. 227-228) points out that observational evidence attests to the 

– almost perfect – uniformity of the primeval radiation’s temperature; this is important because, as we 

saw above, when gravity matters homogeneity implies low entropy. So it supports the conclusion that, 

after the Planck time, the universe started off with low entropy and a lop-sided arrow of time. 

Furthermore, even now the temperature of the cosmic background radiation differs by less than a 

thousandth of a degree from one part in the sky to another. This means that the universe has since the 

Big Bang evolved nearly uniformly with respect to, among other things, average temperature and 

density throughout the largest part of its evolution; that is, it has evolved according to the 

Cosmological Principle, implying that, on average, it has remained symmetric as for homogeneity and 

thus also for isotropy. But an evolving universe is, by definition, one that changes over time, and thus 

is not temporally symmetric. We can now see that time is critically positioned at the junction of two 

symmetries: in a universe in which we could not experience changes from one moment to another time 

would be a meaningless concept. But cosmological time would be equally pointless in a universe 

without a high degree of overall spatial symmetry; if the cosmic electromagnetic microwave 

background radiation, a remnant from the early universe, would show quite different temperatures in 

different regions, the universe’s age and evolution over time would be virtually unmeasurable (id., p. 

228).  

   As mentioned before, symmetry breakings can be broken down into two types (see Subsection 

8.2.6): (1) explicit symmetry breaking, to be considered irrelevant for the purpose of this investigation, 

and (2) spontaneous symmetry breaking, indeed highly relevant, both in the context of this book and 

the purpose of this chapter. With this we revert to the strange dichotomy between the laws’ perfectly 
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time-reversible equations and their time-irreversible solutions, discussed before in this and the 

previous section. While this concerns a special case of spontaneous symmetry breaking, viz., the 

breaking of temporal symmetry, the notion in general – also briefly mentioned in Section 6.2 and 

explicated in Subsection 8.2.6 – has a wider scope, for in fact it applies to all symmetries in physics as 

the following definitions show. Icke succinctly defines spontaneous symmetry breaking as follows: 

 

 “A solution of an equation of motion that is manifestly symmetric need not itself show that symmetry. 

For example, the laws of planetary motion are spherically symmetric, and yet planets orbit on ellipses 

in a plane. On a quantum level the self-interaction of particles can lead to spontaneous symmetry 

breaking.” (Icke, 1997, p. 326; just to avoid confusion: what is meant here is that the equation is 

symmetric, whereas the solution is not).  

 

    Another definition comes from Baker (2011, p. 130) (see also footnote 68, Subsection 8.2.6): 

“Whenever a ground state [a system in a state of lowest energy] fails to be invariant under a symmetry 

of the laws, we have a case of spontaneous symmetry breaking.” The term “spontaneous” is somewhat 

cryptic because it is not immediately clear what it refers to; but in fact both definitions leave no doubt 

that it points to all states, events or processes that are the result of symmetry breakings which are not 

predicted by the laws, but are consistent with their solutions.
88

  

    

11.5  Spontaneous symmetry breakings shaping the universe 

At this point we must revisit the crucial symmetry breakings that occurred in the very early universe. 

In Chapters 8 and 9 we discussed the association between phase transitions and symmetry breakings 

with respect to self-organization of complex systems. We know that condensing steam into water 

through cooling and freezing water into ice are phase transitions which are symptoms of an underlying 

reduction in symmetry and an increase of organization and complexity. And we also know that not 

only can physical objects in the universe undergo phase transitions, but so can the cosmos as a whole. 

This is where inflationary cosmology comes into the picture.  

   Inflation was a very early crucial process of spontaneous symmetry breaking (see also Subsection 

8.2.6, Roger Penrose on ferromagnetism). It was accompanied by a phase transition which is in a 

particular sense analogous to condensing steam or freezing water: as we have seen before water can be 

“super-cooled” in that its temperature can be reduced below the freezing point (0
o 

C) without ice 

forming. Alan Guth, who became the founding father of inflationary cosmology in 1980, suggested 

that the universe might have been in a similar state, with the temperature dropping below a critical 
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 The power of symmetry also comes to light in the limited number of shapes the universe as a whole can 

possess. Contrary to our intuitions that there must be innumerable possibilities, it turns out that there are only 

three models that are completely symmetric: positive curvature, bloating outwards, flat space of zero curvature, 

and the saddle, i.e., negative curvature, shrinking inwards. Of these the flat-shaped universe is now considered 

the most plausible.    
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threshold without the symmetry between the forces being broken instantly. In other words, the 

universe, or rather the Higgs field, an all-encompassing energy field which stands for all of the 

vacuum or space-time, was delayed in reaching the least-energy state. Contrary to a broken symmetry 

the super-cooled state would have been inherently unstable, because a tremendous amount of pent-up 

energy would, according to Greene (2004, pp. 277-278), have caused an equally substantial amount of 

negative pressure. This rather outlandish kind of pressure, contrary to normal positive pressure, 

contributes to “negative” gravity, that is, a repulsive force. Hence this stored-up energy is assumed to 

have had an extremely strong repulsive, anti-gravitational effect. In short, while the Higgs field 

overstayed its welcome in the symmetrical state, only to remain for the briefest of moments in a high-

energy, negative-pressure state, the outward push that was generated was enormous. As Greene (id., p. 

284) aptly concluded: “…we have exactly what the Big Bang theory was missing, a bang, and a big 

one at that.” More or less at the same time, that is, 10
-35

 sec. ATB, the Higgs field – more precisely 

called the grand unified Higgs field, to be distinguished from the electroweak Higgs field discussed 

below – condensed into a nonzero value which made the strong force split off from the electroweak 

force at a temperature of about 10
28

 K. Crucially important in the context of this chapter is that 

inflation, accounting for the smoothness and isotropy of the universe, is needed to explain the low-

entropy initial conditions that in turn explains time’s arrow. The inflationary burst virtually smoothed 

out all pre-inflation quantum irregularities. But equally important is that not all wrinkles vanished: the 

micro-background radiation discovered in the 1960s provides evidence of their primeval existence. 

And were it not for these remnants of the distant past there had not been stars, galaxies, black holes, 

and for that matter planets with humans to observe them. For, after the inflationary outburst had died 

down, gravity, with the help of the tiny inhomogeneities, caused matter to clump. Also it should be 

pointed out that, though inflation reduced gravitational entropy, overall entropy went up, but much 

less than in the absence of inflation would have been the case. This is because the Higgs field released 

its pent-up energy for the production of about 10
80

 particles of matter and radiation, embodying a huge 

amount of entropy which more than compensated the entropy dip from inflation (id., p. 376).
89
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 It is important to take due note of the level of organization to which the entropy increase pertains when 

discussing the relationship between clumping of matter and entropy. The creation of a huge amount of particles 

after the inflation that led to a massive entropy increase took place in space, that is to say, the particles became 

dispersed throughout the universe as a whole. This process is comparable to the precipitation through which a 

thundercloud releases its energy, producing entropy on account of the particles, i.e., raindrops or hailstones 

making up the shower. But within a clumping cloud of hydrogen gas the outcome with respect to entropy can be 

entirely different. The American mathematical physicist John C. Baez at the University of California in 

Riverside claims that the entropy of such system, contracting under its own gravitation, on balance drops (Baez, 

1998). He argues that as the cloud of gas shrinks it loses potential energy, while the kinetic energy goes up, 

resulting in higher temperature; a gravitationally contracting cloud of gas has negative specific heat. Thus, as the 

cloud shrinks each atom roams about a larger region in momentum space, increasing the entropy, but about a 

smaller region in position space, reducing the entropy (the argument refers to Heisenberg’s uncertainty 

principle!). Baez claims that of the two opposing tendencies the latter wins. According to him, based on a 

mathematical analysis which I won’t go into here, the position uncertainty of the atoms decreases faster than the 

momentum uncertainty grows: hence the net entropy reduction. Once the cloud has contracted to the stage that a 
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   Finally the question needs to be addressed what actually triggered the inflation; we may know now 

the necessary conditions for it – in short, super-cooling of the grand unified Higgs field and the 

subsequent symmetry breaking – , but what was the sufficient condition, or the efficient cause, or even 

more precisely, the contingent event, that set the process in motion? The answer is to be found in the 

violent quantum fluctuations we encountered earlier and that presumably have prevailed in the Planck 

time interval. It is assumed that one such fluctuation in the midst of primordial chaos must have been 

just right for the burst of expansion. And it is the low-entropy, uniformly smooth state produced by 

inflationary stretching that set the stage in the universe for the subsequent evolution to higher entropy, 

thus revealing a lop-sided arrow of time.
90

                   

   The analogy with condensing steam and freezing water also applies to the phase transition through 

which later the symmetry between the weak and electromagnetic forces was spontaneously broken. 

The difference being that also in this case, it is not a substance that condensed or froze, but a field, the 

electroweak Higgs field, which at about 10
-12

 sec. ATB and at about 10
16

 K condensed into a non-zero 

value throughout all of space, technically called a non-zero vacuum value. The symmetry breaking is 

thought to have been represented by the transition of mass-less or zero-value particles into massive or 

non-zero value particles,  

   In the next section I intend to summarize our findings, thereby also referring to Prigogine’s ground-

breaking ideas on this score dating back to the 1980s.  

 

11.6  Symmetry breaking and stability preservation as selection principles  

It was Ilya Prigogine (whose work was discussed in Section 2.1) who in Order out of Chaos 

(Prigogine and Stengers, 1984) raised the matter of the second law of thermodynamics as a symmetry 

breaking selection principle. Interestingly, he also comments on the earlier discussed anomaly between 

equations and solutions: there are equations which are indeed invariant to time inversion t� - t, but 

the realization of these equations may correspond to evolutions that lose this symmetry (id., p. 260). 

He writes: “ [The second law] becomes a selection principle stating that only one of the two types of 

solutions [one going to equilibrium in the far distant future and one to equilibrium in the far distant 

past] can be realized or observed in nature.” (ibid.). And “…the second law becomes a selection 

principle of initial conditions. Only initial conditions that go to equilibrium in the future are retained.” 

(id., p. 276) Also: “… entropy is a selection principle breaking the time symmetry.” (id., p. 297). 

Furthermore: 

 

 “… most systems of interest to us, including all chemical systems and therefore all biological systems 

are time-oriented on the macroscopic level. Far from being an “illusion” this expresses a broken time-

                                                                                                                                                                      

star arises of sufficient mass to set nuclear fusion into motion, enabling a state of prolonged homeostasis, the 

entropy balance becomes restored through the dissipation of heat and radiation into the star’s surroundings.            
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 Inflation also explains two other troublesome cosmological problems, viz., the so-called horizon problem and 

the flatness of the universe. I prefer not to go into these issues because they carry us too far afield.   
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threshold without the symmetry between the forces being broken instantly. In other words, the 
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-35

 sec. ATB, the Higgs field – more precisely 
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force at a temperature of about 10
28

 K. Crucially important in the context of this chapter is that 
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80

 particles of matter and radiation, embodying a huge 

amount of entropy which more than compensated the entropy dip from inflation (id., p. 376).
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symmetry on the microscopic level. Irreversibility is either true on all levels or on none. It cannot 

emerge as if by a miracle, by going from one level to another.  …irreversibility is the starting point of 

other symmetry breakings.” (id., p. 285; my italics). 

 

   These are remarkable statements that seem to belie the by now well-established idea that entropy, 

representing the arrow of time, is an emergent phenomenon that arises only at the macroscopic level of 

complex systems. But on closer inspection the two views are not incompatible at all: the fact that 

certain phenomena become observable only at the macroscopic level and hence are called emergent, 

does not preclude them from existing or occurring at the microscopic level as well. But at that level 

they may be far beyond our observational or computational reach. It is – again – a matter of scaling. 

Prigogine then goes on to say: 

 

“Even small classical systems, such as those formed by a few hard spheres, may present intrinsic 

irreversibility. However, to reach [and perceive] irreversibility in quantum systems we need larger 

systems such as those realized in liquids, gases, or in field theory.[…] [In quantum mechanics, as in 

classical mechanics] irreversibility begins as the result of the limitation of the concept of wave 

function due to a form of quantum instability.” (id., p. 286;  my italics)  

 

   Prigogine here refers to a basic feature of the standard interpretation of quantum mechanics. This 

concerns the measurement of a quantum system which causes a coherent state function – a 

superposition of states – to collapse into a discrete state function. This process corresponds to a 

macroscopic property of the measuring apparatus and is time-asymmetric. It is known as decoherence, 

undoing the entanglement of superposed states, thereby decoupling the causal chain between the 

quantum and the classical level. I venture to call this an instantiation of symmetry breaking.
91

 

Therefore, a description of this phenomenon is unquestionably relevant to this chapter and to this book 

in general. 

   The gist of Prigogine’s message, along the lines of my earlier mentioned argument, is that time 

asymmetry is the result of symmetry breaking that occurred under the conditions of an extremely hot 

and dense, but rapidly cooling and expanding very early universe. According to this view, seen in the 
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 Here again we run into the dichotomy between laws, preserving the perfect symmetry, and the real world in 

which the symmetry can be spontaneously broken: Schrödinger’s famous equation describing the wave function 

is reversible and deterministic, while the reduction of the wave function to one of its superimposed physical 

states (also known as “Eigenfunctions”), representing the world as we know it, is irreversible. The same, as we  

can now understand, applies to the quantum laws with respect to the interaction particle-antiparticle: the 

equations are symmetric, yet there is an asymmetry between particles and antiparticles in the real world. Our 

building blocks are particles, viz., electrons, protons and neutrons, while antimatter, except in the laboratory, 

remains obscure.  

   It is important to point out again that quantum measurements in fact do not exist or are, at least, a contradiction 

in terms. Not only does every measurement of a quantum-entity contain an element of irreversibility, it is also 

facilitated by an amplification whereby a quantum event produces an effect on a macroscopic level, such that we 

can read the measuring instruments (see also Prigogine et al, 1984, p. 228). 
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context of our inquiry, the deeper meaning of the principle of symmetry breaking and of the second 

law of thermodynamics – reformulated by me as propensity for stability preservation – is that from the 

outset they have operated as selection principles, requiring that only one of a pair or set of solutions 

can become actualized and observable in nature. This assumes that they have been principles 

restricting initial conditions to the effect that only conditions which allow equilibrium in the far distant 

future were retained, as opposed to conditions that secure equilibrium in the far distant past. In the 

cosmological context this means that the universe started off in a state of low entropy. Due to 

instability inherent in the entangled superposed states, a breaking of the symmetry was triggered as a 

result of which only temporal irreversibility remained. On Prigogine’s view macroscopic 

irreversibility only reveals the time-oriented polarization of our universe; it applies to all levels of 

organization in nature, including the quantum level. Thus, according to Prigogine, the temporal 

irreversibility is somehow “inscribed” into the fundamental structure of matter; therefore entropy, 

whether or not observable or measurable, was inherent in the microscopic level from the very 

beginning.     

   It is interesting to compare these statements with ideas presented by quantum physicist Vlatko 

Vedral at the Universities of Oxford and Singapore (2011, p. 25). Vedral argues that “classical space-

time emerges out of quantum entanglement through the process of decoherence.” Here both views 

seem to converge. But Vedral’s starting point, i.e., the assertion that entanglement, instead of 

irreversibility, presumably holds on all organizational levels as some kind of hidden symmetry, 

appears exactly opposed to Prigogine’s, and, for that matter, to mine. So the jury is still out in regard 

to the question which of the two is in fact the underlying reality. However, the difference must not be 

overstated, since efforts to hold on to entanglement and to delay decoherence  as systems pass the limit 

between the quantum and the classical level of organization have so far remained unconvincing.         

   It should be noted that Prigogine actually bundles the second law – or, in my terms, the propensity 

for stability preservation – and symmetry breaking into one fundamental principle, witness the fact 

that he refers to the second law as a symmetry breaking selection principle. I prefer to differentiate 

between the two on the ground that, however much they operate in conjunction, they actually produce 

two different outcomes: the former effectively preserves thermodynamic stability – also in the sense of 

restoring it – while the latter enables the restoration of stability, but only through responding to 

instability by a phase transition towards a wholly new state of organization or complexity.  

   However, given our cognitive shortcomings concerning the conditions in the very beginning of time 

we can’t make statements with any degree of certainty here. For all we know, the difference between 

the two principles was perhaps reduced to the point of irrelevance, albeit that distinguishing them 

remains necessary.   

   The conclusion to be drawn from the above is that the uni-directional tendency of entropy may be 

interpreted as an instantiation of broken symmetry. If this holds true there must have been a phase of 

infinitesimally short duration from the moment of creation onwards during which the universe was 
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time-symmetric. But this implies that even then the onset of instability was already a fact and the stage 

had been firmly set for a phase transition towards irreversibility of time.  
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12 

 

Final steps towards a theoretical framework 

 

12.1 Introduction 

In the previous chapters, as is appropriate for a philosophical investigation, an attempt has been made 

at restoring order to the abundance of distinct views and interpretations of key concepts such as 

complexity, self-organization and emergence. Furthermore the relevance of the organizational 

principles, central to the inquiry, has been severely put to the test, in particular through employing the 

methodological principle of abduction. This aims to lead up to an outline of a coherent theoretical 

framework that should help us to understand how these concepts relate to one another. It concludes 

with a recapitulation of the preceding argumentation which explicitly designates the two deeper 

organizing principles that can adequately explain and predict a broad range of emergent phenomena 

and that may be taken to be universal as well as fundamental. The eventual selection of these two 

principles is the result of a rigorous process of elimination of hypothesized rival principles. The 

recapitulation is thus intended as a final confirmation of the central hypothesis’ plausibility, in the 

foregoing substantiated in a step-by-step sequence of arguments.     

   What remains now is to examine and establish the scientific status of the organizing principles. To 

this end relative or qualified definitions of both universality and fundamentality are employed which 

will be further discussed in Section 12.2. (A qualified definition of universality was already proposed 

in Section 10.1). I hold that the two retained principles can at least lay equal claim on universality and 

fundamentality as do the fundamental force laws. In Section 12.3 law-imposed regularity, 

predictability, determinism and contingency are analysed inasmuch as they are relevant to the 

organizing principles in comparison with the laws of physics. Finally – taken care of in Section 12.4 – 

the outline of the theoretical framework is described by taking stock of the required constitutive 

ingredients; the section rounds off with the above-mentioned recapitulation, containing the conclusion 

of the inquiry.         

 

12.2 Fundamentality and universality: the proposed principles versus the fundamental laws 

In Chapters 4 and 5 we addressed at some length the ontological and epistemological issues associated 

with the concept of emergence and the notion of organizing principles versus fundamental physical 

law. In Chapters 2 and 7-10 the range of applicability of relevant organizing principles was explored 

and established by appealing to analogies and similarities between model-based and real-world self-

organizing processes of disparate scales and material composition, described by various scientists. 

Alongside of this evidence-based explanation,
92

 aiming at establishing the empirical and theoretical 

                                                      

92

 There is a subtle but important difference between “evidence” and “proof”, which is of particular relevance to 

abduction as an explanatory strategy. According to The Oxford Dictionary of Philosophy (2008, p. 123) evidence 
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adequacy of my thesis, the framework’s conceptual coherence was assessed by exploring and testing 

the scope, the consistency and connectedness of the subsidiary theses and of associated key-concepts. 

At this point of the inquiry it is opportune to revisit once more the grey area between ontology and 

epistemology. 

   Issues related to the universality of laws versus the universality of organizing principles, seen from 

the perspective of their ontology, have already been dealt with extensively in Chapter 4. I argued that 

organizing principles in the abstract are Janus-faced, the one face, the more detached one, representing 

the capacity to describe, explain and predict future emergent states of complex systems; the other, the 

more involved one, reflecting the role of a formal cause of emergent patterns. In the former role they 

transcend the physical processes they describe, just like fundamental physical laws, while in the latter 

they are considered to be inherent in the universe and to evolve with it.  But according to challenging 

ideas from Laughlin (2006) and Davies (2007) discussed in Sections 4.3 and 4.4 respectively, 

fundamental physical laws can also be seen as to be inherent in the universe and to evolve with it, 

rather than to reside in some Platonic otherworld. This has far-reaching consequences: it not only calls 

into question the fundamental force laws’ presumed universality, but it also gives cause for reframing 

the perspective so as to view organizing principles as creating enabling conditions for these  laws.              

   In Section 5.7, in the context of Batterman’s views on the explanatory inadequacy of fundamental 

physical laws with respect to emergence, a distinction was made between two kinds of natural laws, (i) 

fundamental laws, and (ii) less fundamental laws. Mixed up with this distinction is another one, viz., 

fully universal laws versus less universal laws. However, these distinctions are inconsistent with my 

belief that both universality and fundamentality are relative or qualified notions; this leaves no room 

for a distinction as made by Batterman. According to my view laws or principles claiming universality 

and/or fundamentality need to be qualified in the sense that they only apply across a well-defined 

domain, instead of over all times and locations. (Not to be confused with ceteris paribus laws or 

principles which are only valid when satisfying certain hidden assumptions; see footnote 48, Section 

5.9). Thus, on this view neither universality nor fundamentality is an all-or-nothing affair, but there are 

degrees of it. 

   However, this statement, in particular with respect to universality, flies in the face of the received 

wisdom, holding that universality does not allow of exceptions: exceptions do not prove the rule, they 

prove the rule wrong. For according to this belief – which, as we have seen in previous chapters, is 

challenged by a number of eminent scientists – universal laws are deemed to be universal in virtue of 

                                                                                                                                                                      

is no more than “that which raises or lowers the probability of a proposition.”. By contrast: “Informally, [proof] 

is a procedure that brings conviction. More formally, [proof] is a deductively valid argument starting from true 

premises, that yields the conclusion.” (id., p. 294). In science – i.e. the natural sciences – proof is taken to be that 

which (experimentally and/or observationally) establishes convincingly a hypothesis’ validity. Although in 

practice the terms are often conflated, evidently “proof” is logically and epistemologically a stricter requirement 

than is “evidence”. In the context of this philosophical inquiry I have no other pretension than supplying 

evidence, as defined above, albeit that part of it is derived from model-based or real-world experiments or 

observations performed by scientists. This position is in full agreement with the heuristic strategy of abduction. 

And, of course, in the end both proof and evidence bring us merely nearer to the truth.          
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clauses or hidden conditions have to be met in order to render these laws true; they also transcend and 

operate independently of any particular level of organization; (ii) they are spatiotemporally 

unbounded, that is, apply over all times and locations. By contrast, the qualified definition of 

universality I wish to use – previously discussed in Section 10.1 – does allow of exceptions: it applies 

over all objects, systems and phenomena within a specific domain of investigation. As far as this 

qualification pertains to the range of applicability of organizing principles, as we shall see in what 

follows in this section, it means that these principles, including the two selected ones, apply only to 

complex systems, not to systems in general.  

   The term fundamental laws, according to many scientists and philosophers, primarily refers to the 

force laws of physics, that is, to the laws that describe each of the four fundamental forces in nature, 

viz., the weak and the strong nuclear force, the electro-magnetic force, and last but not least 

gravitation (with respect to the latter, this includes Newton’s laws of gravity and the laws of Einstein’s 

general relativity theory). If we take this definition seriously, the laws of thermodynamics, though 

considered fundamental by many, should not be included since they do not count as force laws. Some 

use an even stricter definition: fundamental laws are considered to be only the laws which explain and 

govern the behaviour of matter at the most basic organizational level; as it happens those are at present 

the quantum laws, but it might as well be an even more basic level at some time in the future. Phrased 

more generally, however, fundamentality is taken to be a defining property of the laws on which 

ultimately all valid scientific explanation rests. I prefer this broader notion of fundamentality, but wish 

to qualify it in such a manner that it does not apply bottom-up over the entire organizational hierarchy 

in nature. After all, fundamental force laws do neither explain nor predict adequately emergent 

phenomena exhibited by complex systems. At the same time I propose to rephrase fundamentality in 

such a way as to make it apply not only to laws, but – not surprisingly, given the purport of this 

inquiry – to principles as well.   

   Fundamentality is thus not the same as universality, albeit that the difference in practice is rather 

subtle: fundamental laws often happen to be conflated with universal laws, causing confusion even 

when applied to the same system. The conceptual difference may therefore seem trivial, but it isn’t. 

Fundamentality is a vertical concept referring to the depth or profundity of a law or principle, i.e., 

according to my qualified definition, the (relatively very high) degree to which it is underlying other 

valid explanations of a particular kind of phenomena in the world. By contrast, universality is a 

horizontal notion, which, on my view, pertains to the scope of empirical adequacy of a law or 

principle generalizing over all things of a kind, in other words, its range of applicability throughout 

space and time within a well-defined domain. The trouble here is that these terms, which differ with 

respect to their conceptual content, tend to be conflated to the extent that they are practically 
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adequacy of my thesis, the framework’s conceptual coherence was assessed by exploring and testing 
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degrees of it. 
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challenged by a number of eminent scientists – universal laws are deemed to be universal in virtue of 
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interchangeable. Even worse, they are mostly taken to be valid without exception, both vertically and 

horizontally. Thus, in practice often both fundamental and universal laws are presumed to underlie all 

valid scientific explanations as well as to apply without exception through space and time, and we find 

that each of the terms is – incorrectly but understandably – used for laws satisfying both the 

requirements for fundamentality and universality.
94

 In this section I have made an attempt at avoiding 

this confusion by sharply distinguishing the two concepts along the lines as defined above. 

   As we noted earlier there are at present severely divergent views on the matter of the universality 

and fundamentality of the force laws of physics. I take the position that the quantum laws are not 

universal because of the measurement problem discussed before. I consider this a basic issue in the 

context of this investigation. Measuring a quantum system seems to pose a serious problem because it 

reveals that quantum mechanics cannot be easily applied to the classical properties of a measurement 

apparatus. (see also footnote 91). It thus brings to light the limited universality of quantum mechanics 

in that respect. Therefore, in accordance with my qualified definition, here also the universality is 

restricted to a specific domain. Furthermore, for some time now a debate has been going on about the 

autonomy of higher-order laws, such as the laws of biology, or, in a broader context, the laws of the 

life sciences. Traditionally many physicists have claimed that these laws are just ceteris paribus laws, 

which do not match the range of universality of physical laws. But Kornet 
95

 persuasively argues that 

biological laws, though not universal in terms of independence of levels of organization, are, in 

principle, spatiotemporally unlimited, because life on earth is not necessarily unique.  

   How do organizing principles fit into this framework? 

   In the Introduction to this book I proposed symmetry breaking and the propensity for stability 

preservation as the deeper principles underlying a multitude of emergent phenomena exhibited by 

complex systems; clearly, this refers to their fundamentality. Meanwhile the six rival candidate-

principles, initially suggested in Chapter 3, and nominated in Chapter 7, have been reduced to the 

above two. Do these principles, presumably underlying the enormous diversity of form and pattern in 

nature, meet the requirements of qualified fundamentality and universality described above?  

   Indeed, they do. Both principles, even after a rigorous examination, stand the test. But, as we dig 

deeper, there comes a point where fundamentality and universality are getting entangled. As for 

fundamentality, we know that the two principles are indifferent to particular levels of configuration of 

matter; they apply to complex systems and their behaviour going up the entire scale from the micro- to 

the macro-cosmos. But since their range of applicability is limited to complex systems, they are not 
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cone, encompassing generalizations over all things of a kind in space-time; by contrast, fundamental laws 

represent the lowest point of a cone – turned around and resting on its apex – underlying all valid explanations in 

science. If you set back the cone on its base with the apex where it belongs, then it turns out surprisingly difficult 

to tell the difference between fundamentality and universality. Laughlin, himself one of the physicists calling the 

universality of the laws of physics into doubt, conflates the two terms indiscriminately by referring to the speed 

of light, Planck’s constant and Newton’s gravitational constant as being both universal and fundamental 

constants (Laughlin, 2006, pp. 19, 30, 75).  
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completely universal. More specifically, they do not apply to truly elementary particles – another 

cryptic notion! – viz., quarks and electrons, which are not composites but are taken to be, at least for 

the present, indivisible. At this point, the extreme lower end of the organizational hierarchy, the 

distinction between fundamentality and universality becomes fuzzy (which is not to say that it 

becomes conceptually meaningless).  

   Now, a critic might object that, for all the above arguments, none of the two selected organizing 

principles are in the fundamental force laws’ league with respect to universality and fundamentality. 

For these principles’ range of applicability is inferred abductively, that is, on the basis of the analogy 

or similarity regarding form or persistence between spatially or temporarily ordered emergent patterns; 

these are exhibited by numerous distinct types of self-organized complex systems and are considered a 

special case of these principles. By contrast, he might argue, the fundamental force laws’ 

fundamentality and universality are not derived from evidence based on analogy between complex 

systems residing in consecutive levels of ascending organization and complexity, but on properties of 

matter in general and on constants. These properties are, for example, mass, energy, momentum, 

impulse, radiation pressure, charge, spin, etc., while constants are the result of measurements that 

produce the same value every time, such as the ultimate velocity of light, Newton’s gravitational 

constant, the fixed mass-ratio between elementary particles, etc. In other words, fundamental force 

laws wholly abstract from these levels, implying that complexity does not even come into the picture. 

By implication the argument has it that analogy does not prove anything, or worse, does not even 

provide firm evidence, which calls the scientific status of organizing principles into question. Thus the 

critic’s objection actually aims first and foremost at the methodological admissibility of the principle 

of abduction. But that is not a discussion I wish to go into here, because I take it that this question has 

been settled after the elaborate analysis and review of abduction in Chapter 6. As far as the substance 

of the critic’s objection is concerned, suffice it to recall that organizing principles, just like 

fundamental laws, are composition- and substrate-neutral, for they are indifferent to the physical, 

chemical, molecular, or even organismal composition of the systems under study.  

   But to go again deeply into these aspects of self-organization would be missing the point. The point 

at issue is to compare the two selected principles’ position, viewed from the perspective of a qualified 

notion of fundamentality and universality, with the fundamental force laws’ position in that respect. 

The outcome of that analysis, briefly put, is the following: on the one hand fundamental laws, 

although scoring relatively high on universality, are lacking in fundamentality, because they cannot 

explain and predict a host of  emergent phenomena exhibited by complex systems on the macro-level. 

And there is no reason why we should be satisfied with the reductionists’ faith that, even if such 

explanations have not yet been achieved, they are in the offing. Furthermore, insofar as fundamentality 

pertains to the fundamental laws’ applicability throughout the hierarchy of organizational levels, they 

are also falling short: for example, as Laughlin (2006, p. 31) pointed out, Newton’s laws make 

decidedly false predictions on the scale of atoms on the one hand, and on astronomical scales on the 
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distinction between fundamentality and universality becomes fuzzy (which is not to say that it 

becomes conceptually meaningless).  

   Now, a critic might object that, for all the above arguments, none of the two selected organizing 
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or similarity regarding form or persistence between spatially or temporarily ordered emergent patterns; 

these are exhibited by numerous distinct types of self-organized complex systems and are considered a 
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impulse, radiation pressure, charge, spin, etc., while constants are the result of measurements that 

produce the same value every time, such as the ultimate velocity of light, Newton’s gravitational 

constant, the fixed mass-ratio between elementary particles, etc. In other words, fundamental force 

laws wholly abstract from these levels, implying that complexity does not even come into the picture. 

By implication the argument has it that analogy does not prove anything, or worse, does not even 

provide firm evidence, which calls the scientific status of organizing principles into question. Thus the 

critic’s objection actually aims first and foremost at the methodological admissibility of the principle 

of abduction. But that is not a discussion I wish to go into here, because I take it that this question has 
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of the critic’s objection is concerned, suffice it to recall that organizing principles, just like 

fundamental laws, are composition- and substrate-neutral, for they are indifferent to the physical, 

chemical, molecular, or even organismal composition of the systems under study.  

   But to go again deeply into these aspects of self-organization would be missing the point. The point 

at issue is to compare the two selected principles’ position, viewed from the perspective of a qualified 

notion of fundamentality and universality, with the fundamental force laws’ position in that respect. 

The outcome of that analysis, briefly put, is the following: on the one hand fundamental laws, 

although scoring relatively high on universality, are lacking in fundamentality, because they cannot 
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other. Finally, as observed above, quantum laws do not make correct predictions about the behaviour 

of classical systems. On the other hand the two organizing principles, central to our investigation, 

score heavily on relative fundamentality in terms of their applicability throughout the organizational 

hierarchy. As for universality, they are doing well in terms of the spatiotemporal validity in their 

particular domain, complex systems. But they are lacking in universality due to the fact that they do 

not apply to non-complex entities or elementary building blocks of matter. There is still another point 

that deserves attention: if it holds true – which I claim – that in our world both principles, operating on 

the macro-level of complex systems, are insensitive to (though not infringing) fundamental force laws, 

then it would make sense that in principle they would also hold in universes where different physical 

laws apply. Seen that way organizing principles would even outdo the laws. So undoubtedly the two 

principles score high marks on both counts, on their own, as well as compared with fundamental laws.    

   Laughlin (2006), following the same train of thought, makes an interesting comment on higher-order 

laws versus fundamental laws in this respect.
96

 He poses the question which laws are the more 

ultimate, the “laws of the parts”, governing the behaviour of the parts constituting a system, or the 

“laws of the collective”, the transcendent emergent higher-order laws, such as the laws of hydronamics 

(id., p. 207). He doesn’t give an outright answer, but the tenor of his argument leaves no doubt that he 

considers the less fundamental, higher-order laws the more ultimate. Interestingly, “ultimate” is a term 

which seems to encompass both fundamentality and universality. 

   It seems that the two organizing principles can at least lay equal claim on both universality and 

fundamentality vis-à-vis the fundamental laws of physics. This claim is all the more credible if we 

allow for gradual differences in the value of both parameters, rather than sticking to an unwieldy all-

or-nothing affair. These conditions enable the introduction of a level playing field for the fundamental 

laws as well as for other laws or principles with respect to the pretension of fundamentality and 

universality. 

    

12.3 How law-like regularity, predictability, determinism and contingency relate to organizing 

principles   

Since around mid-19
th

 century, when Auguste Comte introduced the famous hierarchy of the sciences, 

it has become common practice to determine the scientific status of disciplines and their theories by 

the extent to which they rely on law-like regularities and are capable of developing laws. In other 

words, the degree of exactitude inherent in these disciplines has become the criterion for their 

                                                      

96

 Laughlin (2006, pp. 207/ 209) refers to higher order laws, e.g. the laws of hydronamics, which evolve from the 

deeper laws underneath – i.e. the laws describing the behaviour of the parts of a given system – but are at the 
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organizing principle – more or less as Anderson does. According to Laughlin collective behaviour does not 
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laws, which is a form of dependence..        

 233

scientific ranking. Exactitude, in turn, depends crucially on the level of organization which is the 

domain of their research. And it places physics more or less automatically at the top of the pecking 

order, while less exact disciplines such as biology, economics, sociology and psychology are 

correspondingly ranked lower. Exactitude thus has become a measure for universality and 

fundamentality, albeit primarily in the sense of universal and fundamental acceptance by the global 

scientific community. However, it also affects universality on a deeper level of cognition; for, as 

Kornet points out (2002, p.60): “…the capacity of [less exact disciplines] to formulate laws is 

necessarily limited.” To give these lower rated disciplines their due she proposes “…that scientific 

status [be] related not to the level of organization that is studied but to the methods that a discipline 

develops appropriate to that level.”. This proposal not only offers a fairer treatment of the less exact 

sciences, it also provides a useful criterion for judging organizing principles’ scientific status both in- 

and by itself, and vis-à-vis fundamental laws. For in fact this is precisely what complexity researchers 

and theorists have done: developing methods appropriate to their particular domain of investigation, 

i.e., complex systems, and, more precisely, the interplay between levels of organization under study, 

the macro- and the micro-level of such systems. Translated into strategies fitting the relevant 

discipline it means using the capacity for discovering and studying lawlike regularities to the utmost. 

Indeed, as we know by now, complexity research and theorization heavily rely on the effective use of 

mathematics and mathematical modelling. Both selected organizing principles are closely associated 

with algorithms or mathematical higher-order rules we came across before; illustrative examples are 

Feigenbaum’s number, the Kleiber law of quarter-power scaling, and other power laws of universal 

applicability, e.g., critical phase transitions exponents, Mandelbrot’s and other complexity theorists’ 

non-linear equations, the Fibonacci sequence, etc. The discovery and application of these and other 

lawlike regularities, constraining the set of physically possible states of self-organizing complex 

systems, show that indeed the appropriate methods have been faithfully and successfully employed. 

The capacity for exactitude has thus been effectively utilized. This should not only enhance the 

scientific status of the study of complex systems, but should also make skeptics aware of the strong 

position the selected organizing principles can claim with regard to universality and fundamentality in 

relation to the laws of physics. Our critic, this time invoking the argument of authority, might say that 

in claiming this we distance ourselves from the mainstream view which holds that only fundamental 

physical laws satisfy the demands of universality without exception: the burden of proof that 

organizing principles are better than just ceteris paribus generalizations (or, in terms of 

fundamentality, less fundamental laws, like the ones described by Batterman in Section 5.7) rests upon 

us. But since we have already qualified these concepts to the extent that they do not and cannot claim 

completeness, this argument does not hold water. Moreover, why should we adhere to the received 

wisdom? After all, the universality of the laws of physics – and, for that matter, also their 

fundamentality – is under severe attack, on good grounds, from leading scientists, among them – 
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12.3 How law-like regularity, predictability, determinism and contingency relate to organizing 

principles   

Since around mid-19
th

 century, when Auguste Comte introduced the famous hierarchy of the sciences, 

it has become common practice to determine the scientific status of disciplines and their theories by 

the extent to which they rely on law-like regularities and are capable of developing laws. In other 

words, the degree of exactitude inherent in these disciplines has become the criterion for their 

                                                      

96

 Laughlin (2006, pp. 207/ 209) refers to higher order laws, e.g. the laws of hydronamics, which evolve from the 

deeper laws underneath – i.e. the laws describing the behaviour of the parts of a given system – but are at the 

same time independent of them, in that they would be the same even if the deeper laws were changed. He calls 

these higher laws emergent and considers them the consequence of collective behaviour – in fact operating as an 

organizing principle – more or less as Anderson does. According to Laughlin collective behaviour does not 

follow from laws, but instead laws – or, more precisely, law-like regularity described by laws – depend on (the 

facts) of collective behaviour; on this view collective behaviour is a necessary condition for the existence of 

laws, which is a form of dependence..        

 233

scientific ranking. Exactitude, in turn, depends crucially on the level of organization which is the 

domain of their research. And it places physics more or less automatically at the top of the pecking 

order, while less exact disciplines such as biology, economics, sociology and psychology are 

correspondingly ranked lower. Exactitude thus has become a measure for universality and 

fundamentality, albeit primarily in the sense of universal and fundamental acceptance by the global 

scientific community. However, it also affects universality on a deeper level of cognition; for, as 

Kornet points out (2002, p.60): “…the capacity of [less exact disciplines] to formulate laws is 

necessarily limited.” To give these lower rated disciplines their due she proposes “…that scientific 

status [be] related not to the level of organization that is studied but to the methods that a discipline 

develops appropriate to that level.”. This proposal not only offers a fairer treatment of the less exact 
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the macro- and the micro-level of such systems. Translated into strategies fitting the relevant 
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systems, show that indeed the appropriate methods have been faithfully and successfully employed. 
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scientific status of the study of complex systems, but should also make skeptics aware of the strong 

position the selected organizing principles can claim with regard to universality and fundamentality in 

relation to the laws of physics. Our critic, this time invoking the argument of authority, might say that 

in claiming this we distance ourselves from the mainstream view which holds that only fundamental 

physical laws satisfy the demands of universality without exception: the burden of proof that 

organizing principles are better than just ceteris paribus generalizations (or, in terms of 

fundamentality, less fundamental laws, like the ones described by Batterman in Section 5.7) rests upon 

us. But since we have already qualified these concepts to the extent that they do not and cannot claim 

completeness, this argument does not hold water. Moreover, why should we adhere to the received 

wisdom? After all, the universality of the laws of physics – and, for that matter, also their 

fundamentality – is under severe attack, on good grounds, from leading scientists, among them – 
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besides Laughlin – Anderson, Pagels, Kauffman, Goodwin, Davies and Ulanowicz, and the 

philosopher Batterman.  

  This section aims to examine how lawlike regularity, determinism and contingency, and with that, 

predictability, relate to organizing principles. Contingency is a subtle concept: it is not the same as 

coincidence, or as chance or randomness, although they resemble each other. Something, an event or 

state of affairs in the world, is contingent if it has actually happened or exists, but not necessarily so. 

Thus, lawlike regularity which makes things happen of necessity, and contingency are conceptual 

opposites. This distinction resembles the one between the structural and the historical perspective, 

discussed previously, but is not identical. For, while many historical events and processes are 

contingent, it is not true, as Kornet points out (2002, pp. 55-56), that all of them are. The force laws – 

or more precisely, their equations – describe interactions between physical entities that are in principle 

fully time-reversible and thus spatiotemporally unbounded and non-historical. But the events and 

processes ruled by them, their instantiations, are entirely historical. For example, the return of the 

comet Halley, or the next solar eclipse (Kornet, 2002, p. 56), whose occurrences are temporally 

determined by physical force laws, viz., Newton’s laws of motion and gravitation, are undoubtedly 

historical events and spatiotemporally bound. But they are not contingent because their appearance can 

be predicted with great precision. Batterman’s rainbow 
97

, reviewed in Section 5.7, as we shall further 

discuss below, is a case apart: while its occurrence obeys a physical law (albeit a higher-ordered one), 

its precise appearance is unpredictable.      

   How do the two selected organizing principles fit into this conceptual framework? Here their 

inherent ambiguity comes to light again. On the one hand there is an element of predictability in the 

occurrence of symmetry breakings in that they are always triggered by unmanageable instability 

caused by various kinds of environmental or internal pressures. At a deeper level the principle of 

symmetry breaking – as well as its partner, the propensity for stability preservation – is the formal 

cause of emergent self-organized patterns produced by complex systems which exhibit a certain 

regularity as to form and/or periodicity. On the other hand they are invariably accompanied by phase 

transitions, triggered by contingent or even random perturbations or fluctuations (albeit many, if not 

all, transitions occur near the critical threshold, such as the freezing of water at or just below 0 degrees 

C). Thus, although the onset of instability is an unmistakeable symptom as well as a signal of a 

forthcoming symmetry breaking, its precise occurrence, near the bifurcation point, is mostly entirely 
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 Batterman too conflates fundamentality with universality, given his appeal to lesser fundamental laws in order 

to make sense of emergent phenomena, such as the rainbow. But be this as it may, Batterman’s appeal to these 

higher-order laws in order to explain otherwise unexplainable emergent patterns gains even more credibility 

when the phenomenon of convergence in biology is taken into consideration. For example, torpedo-shaped, 

streamlined bodies can be peculiar to organisms whose genetic-make up is totally different, as is the case with 

sharks and whales, and whose common organismal design lacks any common developmental history. It is an 

instance of convergent evolution and wholly due to the constraints imposed by the laws of hydrodynamics, 

which find expression through organizing principles, selecting from various options the particular form which 

renders the organism viable and stable (see Simon Conway Morris (2003) for an elaborate study of convergence 

in biology).       
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unpredictable. This applies to systems and processes on all imaginable scales, ranging from the 

freezing of water to earthquakes and supernovae. So we have two distinct categories of events and 

processes which differ markedly with regard to the precision of the timing of their occurrence: those 

determined by fundamental force laws and those governed by organizing principles. In fact the 

situation is even more complicated than just that. Batterman’s rainbow is a good example of a type of 

emergent phenomenon which arises only under particular atmospheric conditions and invariably 

exhibits the same part of the visible, fixed colour spectrum, described by higher-order laws, in this 

case geometrical optics. However, the occurence of a rainbow, and even more so the exact moment of 

its appearance, is unpredictable. So there is a sub-category of historical types of events or processes, 

whose occurrence is contingent or ruled by chance around the bifurcation point, but which are, when 

they occur, nevertheless determined by higher-order physical laws.  

   It is important to draw a distinction between epistemological and ontological contingency and 

randomness.  Some events or processes may seem contingent or even random despite the fact that they 

are ruled by laws, but their unpredictability may be due to our lacking in cognitive or computational 

capabilities. Earthquakes appear to be a particularly interesting example of epistemological 

contingency: they may, in principle, be determined by physical laws and thus predictable, but the 

(more or less) exact timing of the intricate causal pathway from laws to happenings is (as yet) beyond 

our cognitive power. By contrast, according to Kauffman (see Subsection 2.2.1), Darwinian pre-

adaptations are inherently beyond prediction, which is an ontological claim (whether true or not).  

   The question now arises whether there are organizing principles exerting influence on a deeper level 

underlying higher-order physical laws. I argue that this is indeed the case: all higher-order laws are 

domain- or level-specific, that is to say, they operate on the organizational level on which the 

emergent phenomena under study appear, which is exactly why they possess the explanatory power 

that fundamental laws are lacking. But this also implies that their scope is limited to just that level, 

though it may be spatiotemporally unlimited. By contrast, the principle of symmetry breaking and the 

propensity for stability preservation apply to all levels – even, in some particular sense, if we follow 

Laughlin, the quantum level inasmuch it concerns quantum measurements. It follows that, in principle, 

all of the events determined by higher-order laws can, on a deeper level, be attributed to instantiations 

of both principles. This can also be established empirically: for example, treating light as a collection 

of rays that can be dispersed in a rainbow reveals that the latter is an instantiation of symmetry 

breaking, while its persistence, however short-lived, is due to the propensity for stability preservation. 

Comparable analyses can be made of numerous other events which rest on higher-order laws, but on a 

more fundamental level obey organizing principles.  

   

   Finally, to round off this section, an issue regarding the notion of determinism needs to be attended 

to. It regards determinism with respect to its particular relevance to the properties and behaviour of 
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inherent ambiguity comes to light again. On the one hand there is an element of predictability in the 

occurrence of symmetry breakings in that they are always triggered by unmanageable instability 

caused by various kinds of environmental or internal pressures. At a deeper level the principle of 

symmetry breaking – as well as its partner, the propensity for stability preservation – is the formal 

cause of emergent self-organized patterns produced by complex systems which exhibit a certain 

regularity as to form and/or periodicity. On the other hand they are invariably accompanied by phase 

transitions, triggered by contingent or even random perturbations or fluctuations (albeit many, if not 

all, transitions occur near the critical threshold, such as the freezing of water at or just below 0 degrees 

C). Thus, although the onset of instability is an unmistakeable symptom as well as a signal of a 

forthcoming symmetry breaking, its precise occurrence, near the bifurcation point, is mostly entirely 
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processes which differ markedly with regard to the precision of the timing of their occurrence: those 
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situation is even more complicated than just that. Batterman’s rainbow is a good example of a type of 

emergent phenomenon which arises only under particular atmospheric conditions and invariably 

exhibits the same part of the visible, fixed colour spectrum, described by higher-order laws, in this 

case geometrical optics. However, the occurence of a rainbow, and even more so the exact moment of 

its appearance, is unpredictable. So there is a sub-category of historical types of events or processes, 

whose occurrence is contingent or ruled by chance around the bifurcation point, but which are, when 

they occur, nevertheless determined by higher-order physical laws.  

   It is important to draw a distinction between epistemological and ontological contingency and 

randomness.  Some events or processes may seem contingent or even random despite the fact that they 

are ruled by laws, but their unpredictability may be due to our lacking in cognitive or computational 

capabilities. Earthquakes appear to be a particularly interesting example of epistemological 

contingency: they may, in principle, be determined by physical laws and thus predictable, but the 

(more or less) exact timing of the intricate causal pathway from laws to happenings is (as yet) beyond 

our cognitive power. By contrast, according to Kauffman (see Subsection 2.2.1), Darwinian pre-

adaptations are inherently beyond prediction, which is an ontological claim (whether true or not).  

   The question now arises whether there are organizing principles exerting influence on a deeper level 

underlying higher-order physical laws. I argue that this is indeed the case: all higher-order laws are 

domain- or level-specific, that is to say, they operate on the organizational level on which the 

emergent phenomena under study appear, which is exactly why they possess the explanatory power 

that fundamental laws are lacking. But this also implies that their scope is limited to just that level, 

though it may be spatiotemporally unlimited. By contrast, the principle of symmetry breaking and the 

propensity for stability preservation apply to all levels – even, in some particular sense, if we follow 

Laughlin, the quantum level inasmuch it concerns quantum measurements. It follows that, in principle, 

all of the events determined by higher-order laws can, on a deeper level, be attributed to instantiations 

of both principles. This can also be established empirically: for example, treating light as a collection 

of rays that can be dispersed in a rainbow reveals that the latter is an instantiation of symmetry 
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complex systems. In particular it concerns a distinction, discussed in Chapter 7 and figuring in Table 

1, between deterministic versus non-deterministic properties and behaviour. 

   Simply put determinism is the doctrine that every event has a cause. To quote the Oxford Dictionary 

of Philosophy (2008, p. 97): “The usual explanation of this is that for every event, there is some 

antecedent state, related in such a way that it would break a law of nature for this antecedent state to 

exist yet the event not to happen.” The Dictionary next modifies the definition by saying: “This a 

purely metaphysical claim, and carries no implications for whether we can in principle predict the 

event.” Even with this proviso this definition, attributing a singular cause to every event is highly 

problematic. As discussed in footnote 29, Section 4.6, causal pluralism, implying that there are causal 

entities on different levels of organization, is much more plausible.  

   Still, the notion of determinism prevails in some scientific domains, for example, chaotic systems. 

Here, it is assumed that, theoretically and at least conceptually, the event can be predicted. But how do 

we tell the difference between predictability and non-predictability in practice? And, in what frame of 

perspective are these terms being used here, viz., ontologically or epistemologically, or both? This 

appears to be a recurrent issue that we encountered before. The answer is not readily forthcoming, 

since it pertains directly to our cognitive and computational shortcomings; as Krauss (2012, p. 1190) 

observed: “We are limited in both what we can measure and in our interpretation of the data.” This 

observation cuts both ways: chaotic systems are, on fundamental mathematical grounds, taken to be 

deterministic. This means that their future states are entirely determined by their initial conditions, 

without any contingent or chance influences involved. Nonetheless their more distant future is 

unpredictable due to high sensitivity to the slightest perturbations of these conditions, or rather, our 

lack of knowledge of these perturbations and their impact. This shortcoming can be either 

computational, viz., a lack of measuring capacity, or cognitive, that is, the failure to grasp their real 

significance, or both. But whichever of the two applies, it is clearly epistemic. Ironically though, it 

may, for all practical purposes, be deemed to be ontological as well. After all, stating that a systems’ 

behaviour is perfectly deterministic and thus – in principle – perfectly predictable becomes futile if 

this prediction turns out to be far beyond our cognitive powers, without any chance for the better in 

prospect. Thus, whether chaotic systems and their behaviour are ontologically or epistemologically 

deterministic or non-deterministic remains a moot point in practice. In fact this conclusion also holds 

for non-deterministic, i.e., probabilistic systems’ behaviour. For here, by the same token, our 

computational and cognitive shortcomings could be playing a trick on us. (Interestingly, this is 

precisely what some prominent quantum physicists, among them Nobel-prize laureate ‘t Hooft, argue 

with respect to the so-called wave-particle duality; this argument entails the faith that ultimately there 

is an underlying reality which will at some time in the future be revealed to us). In the end, mindful of 

Einstein’s famous credo: “God doesn’t play dice with the universe”, the matter may turn out to be 

primarily a metaphysical issue, in the sense that it depends on our worldview whether we choose the 

one, the ontological, or the other, the epistemological pathway to the truth.  
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   Still, which outcome is actually predetermined by law and which is probabilistically decided remains 

a bit of a nagging question. The issue brings us back to the relationship between causal and initial 

conditions. In fact the laws of nature in itself do not explain anything: in order to generate an 

explanation knowledge of the initial conditions is essential (as chaos theory rightly states). All a law is 

doing is representing a functional relationship between physical variables, which is not overmuch. 

What is needed above all is a description of the conditions at t = 0, but alas, this is often not available. 

Instead we must have recourse to a different perspective, in this case the multi-level approach, to find 

an answer. According to the classical (Newtonian) laws of the kinetic gas theory the motion of each of 

the hundreds of billions of molecules of gas in a container is fully determined and is thus – in principle 

– knowable and predictable. But in practice the knowledge of the micro-level is inaccessible to us 

because following each individual particle is impossible. An aspect-shift is needed to infer the 

macroscopic properties of the gas from its constituents’ behaviour: on the micro-level there is no 

temperature, pressure, or entropy, there are merely collisions with the container walls by the molecules 

and seemingly chaotic collisions with their neighbours. But the macroscopic properties of the 

collective behaviour of the molecules as well as the value of the parameters, including entropy, can be 

easily derived from the probabilistic distribution of their motions with the help of a thermometer and a 

pressure gauge. The fact that it concerns very large numbers now becomes an advantage since the 

predictive power increases as the number grows. Moreover, as has become perfectly clear by now, 

temperature, pressure, entropy, etc., are phenomena whose emergence depends crucially on a large 

collection of particles, because these notions are meaningless for a single particle. Now, the behaviour 

of systems exhibiting the Bénard instability, proceeding from disorder to conduction to convection and 

back, is making sense if we not only apply the multi-level approach, but – contrary to the above 

description of the measurement of variables which is basically synchronic – also the diachronic 

approach. For, while these systems in the beginning behave probabilistically on the micro-level, but 

predictably on the macro-level, and thus may be taken to be non-deterministic, they may, 

paradoxically, be considered deterministic chaotic systems on account of their later unpredictable 

behaviour. In conclusion, however important the conceptual distinction between the two notions, it is, 

in cases such as the above, practically reduced to irrelevance.  

   The famous Lorenz attractor is the paradigmatic diachronic image of the behaviour of a chaotic 

system such as the weather, proceeding in stages towards convection. It is the result of inchoate, but 

highly effective model-based research showing how various thermodynamic states successively 

alternate under variable environmental conditions: equilibrium (in fact a state of isotropy and thus 

maximum disorder in terms of entropy) � near-equilibrium (conduction) � severe disequilibrium, 

producing transient higher order (convection) � and extreme disequilibrium (chaos). (Be sure to 

distinguish disorder from chaos!). Another illustrative example, on the level of quantum particles, is 

the decay of an unstable isotope, for example U-235, into lead: while the half-life of a sample of 

ionized U-235 atoms is well known and has been measured by approximation with relatively great 
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complex systems. In particular it concerns a distinction, discussed in Chapter 7 and figuring in Table 
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behaviour is perfectly deterministic and thus – in principle – perfectly predictable becomes futile if 

this prediction turns out to be far beyond our cognitive powers, without any chance for the better in 

prospect. Thus, whether chaotic systems and their behaviour are ontologically or epistemologically 

deterministic or non-deterministic remains a moot point in practice. In fact this conclusion also holds 

for non-deterministic, i.e., probabilistic systems’ behaviour. For here, by the same token, our 

computational and cognitive shortcomings could be playing a trick on us. (Interestingly, this is 

precisely what some prominent quantum physicists, among them Nobel-prize laureate ‘t Hooft, argue 

with respect to the so-called wave-particle duality; this argument entails the faith that ultimately there 

is an underlying reality which will at some time in the future be revealed to us). In the end, mindful of 
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primarily a metaphysical issue, in the sense that it depends on our worldview whether we choose the 

one, the ontological, or the other, the epistemological pathway to the truth.  
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approach. For, while these systems in the beginning behave probabilistically on the micro-level, but 

predictably on the macro-level, and thus may be taken to be non-deterministic, they may, 

paradoxically, be considered deterministic chaotic systems on account of their later unpredictable 

behaviour. In conclusion, however important the conceptual distinction between the two notions, it is, 

in cases such as the above, practically reduced to irrelevance.  

   The famous Lorenz attractor is the paradigmatic diachronic image of the behaviour of a chaotic 

system such as the weather, proceeding in stages towards convection. It is the result of inchoate, but 

highly effective model-based research showing how various thermodynamic states successively 
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precision, the time at which one such atom will decay into lead is wholly unpredictable; however, we 

know with certainty that lead is the attractor towards which eventually all the atoms converge. As in 

the previous case, both the multi-level and the diachronic approach are required to see more clearly 

what is (more or less) deterministic and what is probabilistic in the process of radioactive decay: 

despite the fact that the behaviour of a single quantum particle on the micro-level is inherently 

unpredictable and non-deterministic – contrary to the classical Newtonian theory – , a large collection 

of them allows of a relatively accurate macro-level approximation of their collective (half)-life. Here it 

also holds that the distinction between probabilistic and (relatively) deterministic behaviour is not 

clear-cut, unless the system is broken down into two levels and studied diachronically. So here again 

collectiveness begets predictability.  

   Determinism, it turns out, is, for all practical purposes, a concept much less easily applicable than 

the theory suggests. Therefore, the above discussion about how determinism relates to complex 

systems’ behaviour is particularly relevant in the context of this section as well as of this chapter as a 

whole. It clarifies as well as qualifies the significance of determinism with respect to its influence on 

self-organization and emergence in practice and, as such, contributes to acquiring a better 

understanding of the issue in question: how do we tell the difference between deterministic and non-

deterministic behaviour of complex systems? 

 

12.4 The ingredients of the theoretical framework  

We have now reached the point where it becomes opportune to take stock of the ingredients, identified 

in the foregoing chapters and sections, which between them make up the outline of a synthesized  

theoretical framework as intended in this investigation. Such a framework should contain conceptual 

as well as heuristic tools that jointly constitute a coherent explanatory structure eventually leading up 

to a fully-fledged theoretical apparatus. It must, last but not least, comprise a recapitulation, intended 

as a final confirmation of the central hypothesis’ plausibility with regard to the role of the two 

proposed organizing principles. The latter offer an adequate explanation of observed but as yet 

unexplained emergent phenomena and processes, enabling us to reconstruct how these came about, 

and to predict the future states of associated complex systems. Below are listed the key concepts as 

well as other important concepts germane to self-organization in nature, the relevant heuristic tools, 

and the recapitulation. 
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(1) Key concepts:  

(i) Self-organization  

(ii) Emergence and emergent phenomena 

(iii) Complexity (as opposed to simplicity) and complex systems, conceptualized as a central category;  

    (related terms such as “non-linear”, “chaotic”, dynamical”, “non-equilibrium”, “dissipative” and  

    “self-organizing” are considered largely equivalent)  

(iv) Organizing principles, viz., symmetry/symmetry breaking and the propensity for stability  

     preservation  

(v) Rival organizing principles, viz., scaling and scale invariance, tendency towards organizational   

     hierarchy, fractal formation, natural selection  

(vi) Stability versus instability; metastability  

(vii) Phase transitions 

(viii) Bifurcations 

(ix) Causal underdetermination 

(x) Upward and downward causation 

(xi) Collectivity 

(xii) Entropy / second law of thermodynamics 

 

(2) Other concepts associated with self-organization in nature: 

(i) Chaos versus order 

(ii) Period doublings 

(iii) Attractor  

(iv) (Qualified) Universality 

(v) (Qualified) Fundamentality 

(vi) Fundamental physical force laws 

(vii) Primary versus secondary organizational levels 

(viii) Forward versus backward instantiation 

(ix) Integration versus differentiation 

(x) Biological fitness 

(xi) Symbiosis/biological altruism  

  

(3) Heuristic tools:  

(i) Hermeneutic circle/ formal cause 

(ii)Abductive reasoning (also known as: “inference to the best explanation”)  

(iii) Dynamical computational modelling 
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(4) Recapitulation 

Self-organization in nature, coming to expression through emergent patterns of behaviour of systems 

at various levels of complexity, appears to reach beyond the explanatory and predictive power of 

fundamental force laws. In accordance with the method of abductive inference it is hypothesized that a 

puzzling, and/or prolonged unexplained state of affairs associated with complex physical systems, – 

i.e., any particular emergent phenomenon, whether the origination of a novel complex system or a 

novel pattern of such system’s properties or behaviour – is a special case of a general law, rule or 

principle. Such general laws could in principle be either the known fundamental laws of nature, or a 

set of other rules, viz., organizational principles relevant to emergent pattern formation exhibited by 

complex systems. Failing fundamental force laws to satisfactorily determine the future states and 

properties of these systems, a set of six relevant rival organizing principles is proposed, and subjected 

to a rigorous process of elimination. Two of them are eventually retained which may be expected to 

render the observed phenomena a matter of course. 

   As a result of the investigation undertaken, I propose symmetry breaking and the propensity for 

stability preservation as principles which can, in principle, plausibly describe, explain and predict, 

invariably conjointly, emergent patterns across the structural hierarchy in nature. In this capacity they 

transcend physical processes in nature. They can be considered to be universal with respect to a well-

defined domain, i.e., complex systems, and as such they apply to the organizational hierarchy in nature 

in its entirety and are spatiotemporally unbounded, also in virtue of the possibility that they may even 

apply in other worlds where different fundamental physical laws operate. However, while these 

principles’ instantiations, viz., symmetry breakings and thermodynamic processes – or, in a more 

direct sense, contingent perturbations and fluctuations – are deemed to be the efficient cause of said 

emergences, they themselves are considered to be the formal cause of emergent phenomena. In this 

capacity they are seen as to form part of a hermeneutic circle, associated with physical processes in 

nature, and to evolve with the universe. Of course, the subsequent experimental identification of these 

principles and the substantiation of their proposed involvement with the emergent behaviour of 

complex systems are required in order to provide firm empirical evidence in support of the central 

thesis. 
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13 

 

Concluding observations 

 

13.1 The foregoing in retrospect 

Bearing in mind the philosophical pretentions of this investigation it is opportune at this point to take a 

bird’s-eye view from the perspective of the philosopher of the work done in the preceding chapters. In 

that context some reflections on the way the stage of the investigation has been set are appropriate.  

   I began this book with the introductory statement that the argument is both dual and complementary: 

it follows two equally important but mutually dependent pathways in search of the true nature of the 

phenomenon of emergence and the way it is connected with spontaneous self-organization in nature. 

The one pathway pertains to the substance of the argument and is in fact a comprehensive case-study 

of emergent self-organization across the scientific landscape. The other is about the form of the 

investigation and concerns the application of the methodological principle of abduction, not only with 

respect to the present case, but also when science is facing ill-understood states of affairs in the world 

in need of explanation.  

  For all my opinions on the matter explicated above, this two-pronged approach leaves the reader free 

to interpret it as he wishes and to look at it from the perspective of his preference: he may either regard 

it primarily as a comprehensive case-study about emergent pattern formation by complex systems, to 

be made intelligible with the help of abduction; or, by contrast, he may view it first and foremost as a 

methodological enterprise in which the case-study serves the purpose of demonstrating the explanatory 

and predictive power of abductive inference for a larger purpose. Irrespective of whether he leans 

towards the former or the latter option, the edifice of the argumentation rests on these two pillars. The 

case-study in turn rests upon another pair of pillars, the one empirical, indirectly evidence-based, and 

drawing for a large part upon popular-scientific sources, represented by authoritative authors, the other 

conceptual in nature. Between them, they are instrumental in accomplishing the mission undertaken: 

how to get a grasp of emergence failing the fundamental force laws to deliver on the expectations on 

this score. As the reader has meanwhile duly noted, the empirical evidence is largely supplied by the 

six case-studies which in fact constitute the overall case-study and represent a kind of “frame story” of 

cases within a case. The point I wish to make here is that the philosopher, in my view, whatever 

methodological strategies he chooses or endorses, must look beyond the boundaries of his own 

research project and try and evaluate the importance and consequences of these choices for other 

domains of inquiry. Thus, to paraphrase Bernard Shaw – albeit he gave it another drift – , the 

philosopher should be intent upon “widening the circle of his compassion”. 

  So what, in this context, can the philosopher say about the relevance of abductive inference as a 

heuristic strategy, not only with a view to the research topic of this investigation, but also under 

conditions when science across various disciplines is breaking new ground?  
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   About one thing there can be no doubt at all: heuristics as an investigative approach and abduction as 

an argument form are beautifully matched. While a heuristic method, generally speaking, aims at 

finding a solution for a problem for which no algorithm exists, abduction provides a concrete method 

or strategy precisely satisfying conditions that require an appeal to intuition and imagination. It 

perfectly meets the heuristic pretension of being both a scientific method and an art, i.e., the art of 

discovery. Although relying heavily on expedients such as working hypotheses, associations, 

analogies and generalizations, sound heuristics requires that promising solutions are subsequently 

subjected to severe testing so as to establish a firm evidence-based footing. On that score heuristics 

and abduction also agree. 

   Although abductive inference is broadly accepted as a methodologically admissible argument form, 

it has come under attack by critics, in particular critics of the philosophical doctrine of realism, who 

point out a serious flaw: abduction’s deeper implication is that when we have a best current 

explanation of some phenomenon we are justified in reposing trust in it simply on that account. But 

the best explanation, as earlier pointed out in Chapter 3, may not be all that plausible in its own right 

and explanatory success alone is not a guide to the truth. Indeed, as Van Fraassen (1989, p. 143) 

objected, the best explanation may be the best of a bad set. Although this objection is valid on purely 

logical grounds there are ways to evade it, as Van Fraassen himself indicated: the best explanation 

requires an extra, corroborative step so as to render it plausible in itself. This step, explicated in 

Chapter 3, employs the explanatory power of analogies and similarities between entirely distinct 

emergent phenomena which are to be explained. The other, more often raised objection, is that 

abduction is not deductively valid for it tends to reverse the statement: “If it rains, the streets are 

getting wet.” into “The streets are wet, thus in all likelihood it has been raining.” But this criticism 

misses the point: it does not appreciate the fact that it is precisely this turn-around which makes 

abduction an effective heuristic strategy. And why should such a method be necessarily deductively 

valid at all? Thus, the controversial aspects of abduction, at least with respect to the scientific practice, 

must not be overstated. In actual fact, despite the above logically valid objections, abduction is on 

largely pragmatic grounds increasingly viewed as a central part of methodology, i.e., the theory of 

inquiry, rather than of logic in the traditional sense (see also footnote 50, Section 6.1). In other words, 

the demonstrable fact that it works under a set of conditions that occur when science enters new 

ground or faces unexpected or – on the contrary – lingering explanatory problems, should justify its 

use. 

   This is as far as a philosophical inquiry can go with a view to the objectives formulated at the 

beginning: (1) to clarify the role of organizing principles in explaining and predicting emergent 

phenomena in nature, and (2) to use this as a case for demonstrating the importance of abduction as an 

integral part of the theory of inquiry, not only with respect to the subject-matter of this book, but also 

with a view to a larger applicability, albeit – as explicated above – not necessarily in that order. But, as 
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will be shown in the next section, it appears that some further widening of the circle of the 

philosophers’ compassion, beyond his usual operational field, is not only possible, but also advisable.   

 

13.2 The tension and alienation between science and philosophy 

Leonard Susskind, one of the founders of string theory in physics, was asked in a recent interview in 

New Scientist to comment on criticism by philosophers voicing that the hypothesis of a multiverse, 

associated with string theory, cannot be tested experimentally, and thus string theorists have 

abandoned the true, broadly accepted scientific method in their theorising. His response leaves no 

doubt as to his opinion:  

 

 “You cannot stop thinking about something because somebody has a philosophical prejudice about 

the way science should be done. What constitutes good science will ultimately be decided by the 

scientists doing the work, and not by philosophers […] who stand around yakking when they don’t 

really have anything to say.” (Susskind, 2013, p. 31). 

  

   He continues saying that the multiverse idea could be disproved by someone presenting a solid 

argument for the value of dark energy – another associated problem – that does not depend on the 

existence of a multiverse (ibid). Stephen Hawking and his co-writer Leonard Mlodinow, in their book 

The Grand Design, deliver another scathing verdict on philosophy by saying:  

 

“Traditionally these [fundamental metaphysical questions: what is the nature of reality? Where did the 

universe and everything in it come from, etc., R.N.] are questions for philosophy, but philosophy is 

dead. Philosophy has not kept up with modern developments in science, particularly physics. 

Scientists have become the bearers of the torch of discovery in our quest for knowledge.” (Hawking 

and Mlodinow., 2010, p.5). 

 

   The question arises what, in light of the foregoing reflections and these outright denials of 

philosophy of science’s relevance to science, is actually the position of philosophy in the current 

scientific world. And an even more compelling question: is there still a clearly identifiable and 

autonomous field of operation?  

   The condemnation of philosophy as being irrelevant to science is not new. In ancient times and the 

Middle Ages metaphysics and the other scientific disciplines – read “philosophy”– co-existed 

peacefully. But the rise of modern science in the 16
th

 and 17
th

 centuries gave cause for both tension 

and alienation between, on the one hand, empirical sciences whose methodology is based on 

quantification of observed phenomena, and, on the other, experimentally un-disprovable first 

principles, the domain of philosophy, or, more precisely, metaphysics. In the course of the following 

centuries ever more areas of interest of philosophy were “confiscated” by the modern sciences. This 
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culminated in the 20
th

 century in sharp criticism from the movement of the “logical empiricists”, who 

stigmatized metaphysics, and with that in fact all of philosophy, as unscientific. (It should be noted 

that the theory-ladenness of observation, inspired in particular by Karl Popper and Willard van Orman 

Quine, sealed the fate of logical empiricism; but this is another discussion than the one concerning the 

still growing alienation between science, in particular physics, and philosophy).   

   Still, a convincing case can be made by philosophers that scientists not only, almost without 

exception, entertain metaphysical worldviews which do not rest on experience, they actually cannot do 

without them. It is the philosopher of science Nicholas Maxwell in his book The Comprehensibility of 

the Universe, who has precisely done that: he claims that scientific progress is not possible without 

general metaphysical assumptions about the world that are not supported by any empirical evidence 

(Maxwell, 1998). Ironically, Susskind is proving Maxwell’s point by defending an – as yet – non-

testable multiverse against critics who are with certainty not just philosophers but also fellow-

scientists (see also Chapter 11 on Roger Penrose).  

   Be this as it may, what message does all this convey to philosophers? One thing is abundantly clear: 

the physicists’ attitude is a serious impediment to, rather than an encouragement of their ambition to 

“widen their circle of compassion”, the more so when it is seen by the former as invading their 

domain. So what “legitimate” operational territory remains to be explored by philosophers, in 

particular philosophers of science, whose area of interest comes closest to the natural sciences’ realm? 

   As far as my view on the position of the philosopher of science in today’s scientific world is 

concerned, I revert to Section 1.1 in the Introduction; there I argued that the methodological principle 

of abduction allows scientific research programmes about self-organization to be reframed in such a 

way as to render them relevant from the philosopher’s perspective in the context of a specific 

investigation. This involves by implication a step towards a more qualitative than quantitative 

approach towards reality, albeit not by any means a total alienation from lawlike regularities. In fact 

the way the investigation in this book is set up from the outset is based on what I perceive as the main 

task of philosophy of science, that is, clarifying concepts underlying scientific theories and models. 

Since this is complementary to the scientists’ domain – who, as Susskind put it: “are doing the work” 

– it should count as a genuine contribution to scientific debates, whether or not scientists agree. 
98

 But 

                                                      

98

 The idea of philosophy of science fulfilling a function complementary to science was earlier proposed by 

Hasok Chang (2004). However, in one particular aspect his approach goes substantially further than mine, 

namely, in that he is claiming that philosophy in its complementary function can even generate scientific 

knowledge where science itself fails to do so. He attributes an equally important role to history in this respect 

and uses the informal abbreviation “HPS” for both history and philosophy in a complementary role. He argues: 

“[This role] is to recover and even create [suppressed and neglected] questions anew and, hopefully, some 

answers to them as well.”. He bases this assertion on the observation that specialist science necessarily 

suppresses and neglects knowledge because (i) it takes some elements of science for granted inasmuch as they 

are foundations for studying other issues, and (ii) specialist science must prioritize due to limitations of material 

and intellectual resources. Chang’s interpretation of philosophy as being complementary to science is an 

interesting example of how the philosopher of science can “widen the circle of his compassion”, in this case by 

filling cognitive gaps left by specialist science, rather than getting involved with more practical problem solving. 

Finally, a parallel can be drawn between Chang’s view on complementary science and the design and purpose of 
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obviously science’s progress is not best served if they do not. Somehow philosophers have to prove 

their usefulness in a wider field of application with the help of concrete practical cases where their 

particular skills show to full advantage. 

 

   There may be such a case through which widening the circle of the philosopher’s compassion could 

be achieved, this time indeed outside his usual operational field, but entirely within his competence. It 

concerns a potentially useful practical contribution to the solution of problems facing our current 

society. What I have in mind is the recent involvement of philosophers of science in revealing fallacies 

and “tunnel visions” which have led to a number of criminal mistrials that have stirred up a lot of 

commotion lately. Careful scrutiny by some philosophers, among them Ton Derksen, (2009, Edition 

22, nr 1, Homepage), of the way several sensational criminal investigations have been conducted and 

the ensuing major crime cases are persecuted and sentenced, has brought to light that the reasoning 

underlying the argumentation leading up to verdicts needs a reappraisal. This applies in particular to 

cases that rest on circumstantial evidence rather than on evidence acquired by forensic trace and track 

research, finger-prints, DNA traces, etc. Police officers, public prosecutors and even judges appear to 

be particularly focused on evidence supporting the “theory” as to who is the perpetrator, instead of 

paying due attention to evidence disproving or calling into doubt their theory. Besides this tendency 

towards tunnel-vision thinking, there is in some cases the tricky problem of how to interpret statistical 

correlations that on closer inspection turn out to be non-significant or are erroneously taken to be 

meaningful causal relationships. Typically, fallacies can occur when prosecutors and judges tend to go 

primarily for supporting evidence while disregarding counter-evidence, and suffer from cognitive 

blindness to circular reasoning and to rendering immune their own hypothesis. We can appreciate the 

fact that this way of thinking may be more or less inherent in law enforcers’ and possibly even judges’ 

practice, but it does no good to the legal system if it arguably leads to mistrials, however few, 

relatively speaking, there are. The philosopher of science can be of help here by explicating and 

clarifying the use of scientific thinking, aiming to empirically “getting it right” in pursuit of the truth, 

as an integral part of prosecutors’ and judges’ practice and education. What this comes down to is 

pronouncing theories giving clues to perpetrators only admissible in the manifest absence of evidence 

to the contrary. This requires more or less plausible rival hypotheses to be severely tested in such a 

way as to ascertain that the one eventually selected offers the best explanation. Interestingly we see 

here an application of the methodological principle of abduction far from the well-trodden path. 

Calling upon abduction this way bears directly and significantly upon one of the main objectives of 

this study: widening the philosopher’s circle of compassion to the extent that the principle of 

abductive inference, besides for studying the case in hand, viz., the origin of emergence, is applied 

                                                                                                                                                                      

my investigation: given the predictive and explanatory deficiency of the fundamental laws of physics with 

respect to emergence, the latter may actually be seen as another example of philosophy of science fulfilling a 

complementary function vis-à-vis specialist science. 

248

Chapter 13



 244

culminated in the 20
th
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beyond the domain of this research  programme. This in particular holds true if it not only concerns 

cases where it serves to break new scientific or philosophical ground per se, but when it contributes to 

solving serious problems facing our present society. Moreover, it is an example of the philosopher’s 

particular skills employed in practice, rather than of “arm-chair philosophy”. It might even have a 

positive feedback spin-off effect resulting eventually in a more compliant attitude of scientists towards 

philosophy, based on well-understood self-interest. 

 

13.3 Why have the origin of earthly life and of humankind and human consciousness been left largely 

unattended in this book? 

Prominent researchers of complex biological systems, among them Stuart Kauffman, have pointed out 

that, while synthesizing life from scratch in the laboratory would be a truly ground-breaking scientific 

triumph with far-reaching and incalculable consequences, whatever sort of man-made life is created 

will inevitably be far simpler than current life. Thus, experimentally engineered life, possibly within 

reach in the next hundred years or so, might, or might not, provide the key to the origin of life on earth 

(Kauffman, 2008, p. 46). 

   In the light of the above, it is not to be wondered that in studies of and books about complex systems 

and emergence, life and its origin, and especially human consciousness, the paradigmatic emergent 

phenomena, are usually placed in the centre of attention. But as I have emphasized from the outset, the 

main issues of this investigation neither turn first and foremost on the emergence of earthly life, nor on 

the prospect of creating life in the laboratory. It is my firm belief that nature is a continuum in which 

both inanimate and animate matter have spontaneously formed ever more complex patterns of self-

organization that obey the same fundamental and universal principles, principles whose operation goes 

beyond the explanatory power of the fundamental force laws of physics.  

   Along that line of thought I have in the previous chapters undertaken to demonstrate that these 

principles, i.e. symmetry breaking and the propensity for stability preservation, indeed operate in the 

gap left by the fundamental force laws of physics. As again pointed out in Section 13.1, the evidence I 

have provided to substantiate this claim, the central thesis of this inquiry, is partly the result of a 

conceptual analysis, and for a comparable part derived from indirectly empirically founded 

experimental or model-based research carried out by others. 

   Rather than focusing on one emergent phenomenon, e.g. life, however important and fascinating, I 

preferred to broaden the perspective in order that a higher degree of generalization with regard to the 

underlying principles would be attainable. In other words, the main question to be posed is not: why 

does a given instance of a particular kind of emergent phenomenon, in this case life, occur? It is: why 

– and how – do emergent phenomena occur at all? Accordingly, life should at best turn out to be a 

special case, alongside of other cases, of a general organizing law or principle. Thus, while in the 

previous chapters ample attention has been given to examples of self-organization pertaining to 

(populations of) living systems, besides instances of inanimate self-organized systems, life is not the 
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main theme of this inquiry. Seen in the context of the grand scheme of events in the world at large, 

life, despite its huge impact on our planet, is just a spin-off of the evolutionary mainstream of and 

within our universe, that may have been either a fluke or a necessity.  

   Finally, by now it has become very clear that, whatever case of self-organization in nature we come 

across, there is no valid reason to assume that a supervising or intervening authority is involved, 

simply because there is no need for one. The thumping heart needs no oscillator, nor does the ant 

colony need a coordinator; Mother Earth needs no caretaker or preserver and a fluid in a state of 

convection needs no artist to form beautiful hexagonal cells. And, for clarity’s sake, it would be a 

gross misconception to attribute organizing principles, as conceived so far, to a kind of intervening 

agent as meant above. These principles’ status and modus operandi are nowhere near the sort of 

properties and behaviour ascribed to such agent, any more than the fundamental laws of physics. Self-

organizing behaviour of complex systems, however remarkable, always arises spontaneously, be it that 

a certain set of conditions must be satisfied for it to emerge, and that invariably the two designated 

organizing principles are involved.  

   To avoid misunderstanding: the fact that the Earth goes its own way, without controller or caretaker, 

is not to say that humankind should be indifferent to the short-term warming up of the atmosphere of 

which we may well be, at least partly, the cause. And neither does the fact that the Earth has on a 

geological time-scale, on average, proven biofriendly guarantee that we are safe from the 

consequences of our irresponsible stewardship. On the contrary, humankind is, in principle, perfectly 

capable of wiping itself and its livestock out, while leaving the Earth virtually undisturbed. And as far 

as the biofriendliness of the Earth is concerned, this is a contingent state of affairs, which could have 

been different and which might in the distant future change for the worse. 

 

13.4  Reductionism and emergentism made subservient to heuristics 

Reductionism claims that all natural phenomena can ultimately be understood and explained in terms 

of either a system’s constituent elements at the next lower level of organization or in terms of the 

properties of elementary building blocks at the most fundamental level. This relation is considered 

transitive, implying that higher-order laws, with the help of bridge laws, invariably can be deductively 

derived from more fundamental laws. (Obviously, the notion of reductionism has more interpretations 

than merely the above; however, I prefer to confine myself to said one, which is arguably the most 

relevant in the framework of this investigation). By contrast, emergentism holds that new properties 

that arise as systems get more complex or are replaced by more complex systems, following 

transitions, cannot be fully explained at the immediately lower or at any of even lower levels. Those 

new systems and properties are real existents, just like elementary particles and their interactions, 

elephants, humans, stars, motorcars, rivers and bridges and their properties/behaviour.  

   The debate between reductionists and emergentists that has been cropping up repeatedly in this 

investigation reflects a fundamental difference of opinion with respect to the underlying metaphysics 
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that is still far from being resolved. True, today both sides agree in principle that all matter consists of 

a limited variety of elementary particles whose properties obey a limited variety of fundamental laws. 

Yet relations are strained between them on account of serious disagreement about the interpretation of 

the consequences of this generally accepted doctrine. Besides some practical points at issue the debate 

especially concerns differences in metaphysical interpretation. The trenchancy and harshness marking 

the way the parties involved have for a long time been carrying on this debate must not be made light 

of. Admittedly, emergence has been gaining acceptance among physicists, chemists, biologists and 

neuroscientists, as well as among philosophers. But the arch-reductionists among them still voice their 

grim resistance against emergence and the associated notion of downward causation in terms not to be 

misconstrued. An illustrative example, but allegedly not exceptional, is the philosopher of mind 

Valerie Gray Hardcastle (1996) who attributes “perverse metaphysics” to the proponents of 

emergence; for good measure she calls them “consciousness mysterians”, implying that they are 

revisiting the doctrine of vitalism, long since eclipsed by the advance in molecular genetics. 

   However, as long as this debate continues there is scope for an alternative approach. It is my 

considered opinion that both science and philosophy will benefit more by viewing the notions of 

reductionism and emergentism from a wholly different perspective, i.e. by asking the question which 

of the two approaches serves best the interest of heuristics under a particular set of research 

conditions. According to this line of thought they can both be seen as, in principle, equally useful 

heuristic strategies that, depending on the conditions of a concrete research programme and the nature 

of the phenomena to be explored, might each yield optimal results. Once this idea gains enough 

ground the two metaphysical worldviews, which have been the primary source of conflict all along, 

become abstract notions, in the sense that they are less relevant to the practice of science. The 

character of a metaphysical doctrine then recedes into the background, while the two worldviews, 

conceived as investigative strategies, may even gain importance. 

   Although I have made it abundantly clear that I welcome the present paradigm-shift that has brought 

emergence back to the fore, there is no denying that reductionism can claim brilliant scientific 

achievements over the last century and fully deserves, alongside of emergentism, its position as a 

crucially important heuristic strategy in a setting as described above. But for this approach to be 

successful dogmatism and ideology on either side of the divide must be banished.  

 

 

                                                                       ***********  

Heemstede, March 2014 
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Summary in Dutch 

 

Op Zoek naar Organisatieprincipes als Formele Oorzaken van Emergentie: 

Voorbij de Voorspelkracht van de Fundamentele Natuurwetten 

 

1. Structurering van het onderzoek 

Dit boek gaat over het verschijnsel emergentie en hoe het zich verhoudt tot de manier waarop de 

natuur zichzelf organiseert. Maar het handelt evenzeer over methoden die tot een goed begrip van deze 

met elkaar verbonden fenomenen leiden. Het betoog is dus zowel tweeledig als complementair: het 

volgt twee verschillende en even belangrijke wegen, die desondanks over en weer afhankelijk van 

elkaar zijn. De eerste weg betreft de inhoudelijke kant, t.w. de kwestie van de emergente 

patroonvorming eigen aan zelforganiserende complexe systemen; het is in feite een case-study van 

zelforganisatie in al zijn aspecten. De tweede weg heeft betrekking op de vorm van het onderzoek en 

is methodologisch van aard: hij wordt in belangrijke mate bepaald door de heuristische strategie 

abductie, waarop in dit boek een beroep wordt gedaan om verschijnselen als de bovengenoemde te 

verklaren. De toepassing van deze strategie, ook wel genoemd “afleiding van de beste verklaring”, laat 

tevens zien dat het methodologische principe van abductie een groter doel kan dienen: het is bij uitstek 

effectief wanneer de wetenschap wordt geconfronteerd met – soms ongewone of verrassende – 

toestanden in de wereld welke om een verklaring vragen.  

   Emergente patronen van zelforganisatie betreffen de eigenschappen en het gedrag van zowel levende 

als niet-levende complexe systemen van geheel verschillende schaalgrootte, massa, levensduur en 

materiële samenstelling. Emergentie is een verzamelbegrip waaronder alle onbegrepen verschijnselen 

vallen die niet alleen veranderingen en transformaties van complexe systemen betreffen maar ook het 

ontstaan van geheel nieuwe systemen. Emergente eigenschappen en emergent gedrag verrijzen 

spontaan en blijken niet reduceerbaar te zijn tot de bilaterale interacties van de meest basale 

individuele componenten van het systeem. Immers tot nu toe zijn de vier fundamentele krachtwetten 

die elk een bepaald aspect van dit gedrag beschrijven, t.w. de kwantumwetten, Maxwell’s 

elektromagnetische wetten, Newton’s zwaartekrachtwetten, en de wetten van Einstein’s 

relativiteitstheorie, niet in staat gebleken deze fenomenen bevredigend te verklaren en te voorspellen. 

Dit vraagt om een alternatieve verklaring.  

   Op dit punt komen de organisatieprincipes waarnaar in de titel van mijn dissertatie wordt verwezen 

in het beeld. Deze zouden in beginsel de epistemologische lacune moeten kunnen vullen die de 

krachtwetten open laten. Talrijke voorbeelden van emergent gedrag, vertoond door geheel 

verschillende complexe systemen, wekken het sterke vermoeden dat slechts een gering aantal 

principes in het spel is die in dit opzicht over de nodige verklarende en voorspellende kracht 

beschikken. En wel omdat ondanks die onderlinge verschillen steeds dezelfde kenmerken naar voren 

komen: (i) emergent gedrag en eigenschappen hangen af van collectiviteit, d.w.z. ze ontstaan alleen 
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indien een kritisch, veelal groot aantal entiteiten een samenhangend geheel vormen dat we een 

complex systeem noemen; (ii) alle complexe systemen zijn gelaagd: het microniveau representeert de 

samenstellende delen, het macroniveau het collectief, dus het systeem als geheel; dit is op zijn beurt 

ingebed in een omgeving of supersysteem. Bezien we heel veel sterk verschillende systemen in 

onderling verband dan wordt een hiërarchie zichtbaar van in elkaar sluitende niveaus van entiteiten 

van steeds grotere massa, omvang en – meestal – complexiteit: elektronen/quarks � nucleonen � 

atomen � moleculen � genen � chromosomen � cellen � organen � organismen � meercellige 

organismen � ecosystemen � biosferen � planeten � sterren/zonnestelsels � sterrenstelsels � 

sterrengroepen � universum; (iii) emergent gedrag en eigenschappen van complexe systemen blijken 

afhankelijk te zijn van het behoud of herstel van stabiliteit; bij een kritische waarde van bepaalde 

parameters, die dreigt de stabiliteit van het systeem als geheel te verstoren, tendeert laatstgenoemde 

een faseovergang te ondergaan die vrijwel altijd leidt tot een verbreking van de symmetrie van 

bepaalde van zijn eigenschappen; deze heeft op zijn beurt als consequentie zowel een hogere graad 

van organisatie van het systeem als behoud of herstel van zijn stabiliteit; (iv) de hogere orde 

zelforganiserende verschijnselen zijn emergent op grond van het feit dat zij nieuw zijn en, zoals 

hierboven gesteld, niet reduceerbaar blijken te zijn tot het gedrag van individuele leden van het 

collectief.  

   Het bovenstaande in aanmerking nemende poneer ik de stelling dat slechts twee gezamenlijk en 

complementair werkzame organisatieprincipes schuilgaan achter de overweldigende variatie van 

emergente vormen en patronen in de natuur: het principe van symmetriebreking  en de (natuurlijke) 

geneigdheid tot stabiliteitsbehoud. Deze stelling representeert de centrale these van dit boek. Hij wordt 

stap voor stap onderbouwd door een beroep te doen op twee strategieën die behoren bij het 

methodologische principe van abductie: (i) de reductie – door middel van een proces van eliminatie – 

van een reeks concurrerende hypotheses – in dit geval 6 – gerepresenteerd door een gelijk aantal 

voorlopig genomineerde kandidaat-principes tot die principes die aantoonbaar het meest relevant zijn 

voor emergente patroonvorming door complexe systemen (en die uiteindelijk zullen blijken de beide 

voorgestelde principes te zijn); (ii) de integratie van verschillende elementen tot een gesynthetiseerd, 

coherent beeld, voorstellende de hoofdlijnen van een theoretisch raamwerk; de elementen waaruit dit 

raamwerk is opgebouwd zijn analogieën en overeenkomsten tussen emergente gedragspatronen van 

geheel verschillende complexe systemen. Laatstgenoemde strategie impliceert tevens een 

ondersteunende extra stap die nodig is om de geloofwaardigheid op zichzelf van de geselecteerde 

principes te bevestigen. Dit met het oog op het pareren van het bezwaar dat deze selectie, die geacht 

wordt de beste verklaring te vertegenwoordigen, niet meer zou kunnen zijn dan de beste van een 

betekenisloze, irrelevante verzameling.  

   Zelforganisatie op alle organisatieniveaus in de natuur vindt spontaan plaats. Er komt geen opzichter 

of coördinator aan te pas. Dit is een opmerkelijke prestatie gegeven het feit dat alle systemen, al dan 

niet levend, de tweede wet van de thermodynamica gehoorzamen. Krachtens deze wet tenderen 
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systemen die permanent verstoken zijn van een externe energiebron met aan onvermijdelijkheid 

grenzende waarschijnlijkheid naar een grondtoestand van thermodynamisch evenwicht. Deze toestand 

wordt gekenmerkt door maximale wanorde of entropie, een omstandigheid die zowel een totaal verlies 

aan interne structuur alsmede een totaal ontbreken van energieverschil met de omgeving impliceert. 

Maar vele systemen, t.w. zij die van buiten energie toegevoerd krijgen, blijken zich, soms duurzaam, 

ver van hun thermodynamisch evenwicht te bevinden. Die toestand zal, op enig, veelal onvoorspelbaar 

moment, resulteren in onbeheersbare instabiliteit, die weer aanleiding geeft tot symmetriebreking. Ik 

wijs erop dat, enigszins contra-intuïtief, stabiliteit en thermodynamisch evenwicht niet hetzelfde zijn, 

en, in zeker opzicht, zelfs met elkaar in strijd zijn. Want stabiliteit is allereerst het vermogen van een 

systeem om verstoringen te weerstaan, terwijl uiteindelijk perfect thermodynamisch evenwicht totaal 

verval van zijn structuur impliceert en daarmee zijn dood of bestaanseinde. Bij nader inzien echter 

blijken de twee op een heel subtiele manier met elkaar te zijn verstrengeld en zelfs afhankelijk van 

elkaar. De sleutel tot deze eigenaardige haat-liefdeverhouding is een evenwichtsoefening uitgevoerd 

door zogenaamde open systemen die hoogwaardige energie, in staat om werk te verrichten, opnemen, 

terwijl zij laagwaardige energie, in feite afval, uitstoten; het resultaat van deze naar evenwicht 

tenderende energieboekhouding is behoud van stabiliteit op langere termijn. Een illustratief voorbeeld 

is de Aarde, welks beide halfronden beurtelings overdag door de Zon worden voorzien van 

hoogwaardige energie in de vorm van warmte, om ’s nachts die warmte, maar dan in de vorm van 

laagwaardige energie, weer uit te stralen in de ruimte. Elk der halfronden wisselt een toestand van 

relatief lage entropie gedurende de dag af met een toestand van relatief hoge entropie in de nacht. 

Entropie is een maat, maar dan in omgekeerd evenredige zin, voor zowel de organisatiegraad van een 

systeem als voor het temperatuur- of energieverschil met zijn omgeving. Open systemen als de Aarde, 

maar ook vele kleinere, mits toevoer van energie of energierijk materiaal is verzekerd, kunnen 

afwisselend van orde naar wanorde gaan zonder dat hun structuur of duurzame stabiliteit wordt 

bedreigd, daarbij ogenschijnlijk inbreuk makend op de tweede wet; in werkelijkheid blijft deze echter 

volledig intact. Maar deze elkaar afwisselende toestanden kunnen ook gepaard gaan met dreigende 

instabiliteit, een noodzakelijke voorwaarde voor de verbreking van de symmetrie van een complex en, 

per definitie, open systeem. Symmetrie zowel als symmetriebreking zijn welbekende abstracte 

principes in de natuurkunde, maar hun actieradius overschrijdt verre de beperkte wereld van puur 

theoretische, mathematische concepten en modellen. Een systeem bevindt zich in een symmetrische 

toestand als één of meer van zijn eigenschappen op het macroscopische niveau onveranderd blijven 

onder specifieke manipulaties. Symmetriebreking is een proces dat een systeem, onder invloed van 

aanhoudende, van buiten komende, verstorende invloeden instabiel geraakt, dwingt een kritische 

overgangsdrempel te passeren op weg naar een nieuwe, meestal minder symmetrische, maar meer 

energiezuinige, stabiele en georganiseerde fysische staat. De symmetrie “moet”verbroken worden 

omdat deze het herstel van de stabiliteit in de weg staat. 
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   Voor de empirische onderbouwing van de centrale these maakt het onderzoek gebruik van case-

studies, deelstudies van de eerdergenoemde veelomvattende case-study, ontleend aan publicaties van 

gezaghebbende wetenschapsbeoefenaren. Hierbij komen de eerder genoemde zes principes aan het 

licht die voorlopig voldoende relevantie tot emergente patroonvorming lijken te hebben, t.w. 

schaalverandering, fractaalvorming, organisatorische hiërarchievorming, natuurlijke selectie, de 

geneigdheid tot stabiliteitsbehoud, en symmetrie/symmetriebreking. Zij vormen gezamenlijk de reeks 

kandidaat-principes die vervolgens aan strenge criteria worden getoetst met het doel om tenslotte de 

meest  relevante te behouden. Deze methodologische aanpak past geheel in het kader van abductie.  

   Het gebruik van abductie als onderzoeksstrategie impliceert dat organisatieprincipes worden 

gepostuleerd onder de aanname dat zij bestaan, zij het op een subtiele en ambigue manier. Een 

ontologische analyse laat geen twijfel dat organisatieprincipes, waarvan verwacht wordt dat zij de 

toekomstige staat van complexe systemen kunnen verklaren en voorspellen, zelf niet aan tijd en ruimte 

gebonden zijn. Zij kunnen wel uitspraken doen over tijdruimtelijk gebonden emergente verschijnselen, 

maar kunnen ze niet beïnvloeden in de rol van efficiënte of mechanische oorzaak; deze is 

voorbehouden aan de eerder genoemde verstorende fysische invloeden. Maar ik betoog dat zij kunnen 

worden beschouwd als hun formele oorzaak, één van de vier klassieke oorzaken ontleend aan 

Aristoteles’ causaliteitsleer. In die hoedanigheid zijn zij nauw verbonden met natuurlijke processen, zij 

het niet in materialistische zin. Complexe systemen die emergent zelforganiserend gedrag vertonen 

kenmerken zich door interne circulaire causale relaties tussen verschillende organisatieniveaus en 

maken gebruik van terugkoppelingsmechanismen. Ik gebruik de notie van de hermeneutische cirkel 

met het doel om inzicht te krijgen in causale circuits die de interacties tussen meerdere 

organisatieniveaus binnen systemen verbinden en gebaseerd zijn op het terugkoppelingsprincipe. 

Langs die weg wordt het mogelijk organisatieprincipes die puur mechanische causale relaties 

overstijgen toch te zien als een integrerend en essentieel deel van zo’n circulair causaal verband, eigen 

aan emergente zelforganisatie. 

   Een specifiek probleem, ten grondslag liggend aan de ontoereikende verklaarbaarheid van 

emergentie, heeft te maken met de ingewikkelde causale relatie tussen het macroniveau van complexe 

systemen waar de emergente fenomenen tot uitdrukking komen, en het microniveau waar strakke 

fundamentele wetten of regels heersen. Het betreft een  verschijnsel, door sommige natuurkundigen 

aangeduid als “causale ontkoppeling”, dat ons verhindert om deze fenomenen tot het organisatieniveau 

van de microwetten te traceren. Dit ondanks het feit dat macroscopisch zelforganiserend gedrag, op de 

ene of de andere manier, de consequentie is van het feit dat alle systemen op hun microniveau de 

fundamentele wetten gehoorzamen. Om die reden is, in de context van dit onderzoek, de term “causale 

ontkoppeling” vervangen door “causale onderdeterminatie”; deze frase houdt ermee rekening dat 

genoemde ontkoppeling in fysische zin geen bewezen feit is. 

 

 

260



 256
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   Voor de empirische onderbouwing van de centrale these maakt het onderzoek gebruik van case-
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2. Doel en betekenis van de centrale these 

Wetenschappers betrokken bij de ontwikkeling van de chaostheorie zo’n dertig tot veertig jaar geleden 

wisten toen reeds dat de fundamentele krachtwetten het gedrag van complexe systemen niet, of 

tenminste niet adequaat, verklaren en voorspellen. Ook de wetenschapsbeoefenaren die zich sinds 

ongeveer de eeuwwisseling bezighouden met zelforganiserende complexe systemen gaan intuïtief uit 

van de veronderstelling dat deze kennisleemte door zoiets als organisatieprincipes zou kunnen worden 

gevuld. Maar concrete voorstellen in die richting zijn tot heden niet gedaan. Daarom is er behoefte aan 

een theoretisch raamwerk opgebouwd rond specifiek benoemde organisatieprincipes ter verklaring en 

voorspelling van emergentie. 

   De eerdergenoemde twee principes die de kern van de centrale these van dit onderzoek vormen 

worden verondersteld ten grondslag te liggen aan het collectieve emergente gedrag van complexe 

systemen. Zij worden geacht te gelden voor de gehele structurele hiërarchie in de natuur die reikt van 

de microkosmos, via de mesokosmos, tot de macrokosmos, daarbij zowel de niet-levende als de 

levende wereld omvattend.  

   “Symmetriebreking” is de gangbare aanduiding voor wat meestal een reductie is van de symmetrie 

van vormen en patronen in de natuur. De verbreking van symmetrie is niet een zaak van alles of niets: 

het is een zodanige reductie ervan als consistent is met behoud of herstel van de stabiliteit van het 

systeem in kwestie, niet meer en niet minder. Voorts zal de symmetrie van complexe systemen en hun 

gedrag bij dreigende instabiliteit en de daaropvolgende faseovergang naar een nieuwe stabiele toestand 

vrijwel altijd afnemen; maar onder zekere omstandigheden, zo bijvoorbeeld de overgang van ijs naar 

water door ontdooiing, kan hij ook toenemen. De term “symmetriebreking” is echter zo ingeburgerd 

dat het beter is eraan vast te houden.  

   Het principe van symmetriebreking kan alleen worden begrepen als we een duidelijk beeld hebben 

van de betekenis van het begrip symmetrie. Zoals eerder kort aangeduid is symmetrie, zeer algemeen 

gedefinieerd, een eigenschap van een systeem die onveranderd blijft onder bepaalde manipulaties die 

transformaties van dat systeem teweegbrengen. Die manipulaties betreffen o.m. rotatie (wenteling), 

translatie (verschuiving van de positie van het te bestuderen systeem of van de waarnemer), reflectie 

(spiegelbeeldvorming) en plaatsverwisseling van een gering aantal samenstellende delen van een 

systeem (permutatie). Een bol kan al deze operaties ondergaan zonder enige verandering in zijn 

uiterlijke verschijning. De imaginaire plaatsverwisseling van een paar watermoleculen in een glas 

water laat het systeem als geheel onveranderd. Een systeem bezit al deze symmetrieën als onder deze 

manipulaties zijn macroscopische eigenschappen  onveranderd blijven.  

   Tegen onze intuïtie in is symmetrie niet equivalent met, en evenmin een maatstaf voor de orde, de 

organisatie, of, meer precies, voor de complexiteit van een systeem. In feite is de graad van symmetrie 

omgekeerd evenredig met de graad van organisatie. Zo zou een zeshoek meer symmetrisch kunnen 

lijken dan een cirkel; maar in feite heeft een cirkel de hoogste graad van symmetrie voor een plat, 
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tweedimensionaal object. Dus, organisatie in de natuur is het resultaat van symmetriereductie, niet van 

symmetrietoename.  

   De term “geneigdheid tot stabiliteitsbehoud”, het tweede organisatieprincipe waarop de centrale 

these steunt, brengt tot uitdrukking dat zelforganisatie en de daarmee verbonden emergente 

verschijnselen draaien om stabiliteit. Maar hij geeft tevens goed weer de nauwe verbondenheid van dit 

principe met het principe van symmetriebreking, dat ook, maar op een andere wijze, draait om 

stabiliteit, of, evenzeer, om een tekort daaraan. Immers instabiliteit, geïnduceerd door aanhoudende 

verstorende invloeden die het systeem tot een faseovergang kunnen dwingen, leidt vrijwel altijd tot 

symmetriebreking die de deur opent naar stabiliteitsherstel. Stabiliteit is dus een relatief begrip en 

primair omgevingsgevoelig. Daarom geeft de term “geneigdheid” ook goed weer dat het 

organisatieprincipe in kwestie niet op dezelfde strikte wijze opereert als een natuurwet.  

 

3. Overzicht van dit boek  

Indachtig het hiervoor genoemde doel kunnen de achtereenvolgende hoofdstukken worden opgedeeld 

in vijf groepen: (i) drie inleidende en grotendeels beschrijvende hoofdstukken, t.w. hfst. 1, 2 en 3; (ii) 

drie discursieve, vooral filosofisch getinte hoofdstukken, namelijk hfst. 4, 5 en 6; (iii) vier eveneens 

discursieve, maar primair taxonomische hoofdstukken, gewijd aan de classificatie, afbakening en 

algemene toepasbaarheid van de  kernconcepten, t.w. hfst. 7, 8, 9 en 10; (iv) een hoofdstuk, t.w. 11, 

dat symmetriebrekingen in het vroege heelal behandelt voor zover relevant in de context van het 

onderzoek, en tenslotte, (v) twee afsluitende hoofdstukken, namelijk  12 en 13, welke laatste van een 

meer bespiegelend karakter is.  

   Hoofdstuk 1, de Inleiding, beschrijft allereerst de structuur van de argumentatie, gericht op het stap 

voor stap onderbouwen van de centrale these, evenals de methodes tot dat doel aangewend. Het legt 

vervolgens uit waarom er behoefte is aan een theoretisch raamwerk dat emergente fenomenen 

bevredigend verklaart en voorspelt. Tevens bevat het een uiteenzetting die beoogt de lezer te 

overtuigen dat dit onderzoek inderdaad een filosofisch, en geen wetenschappelijk project is. Een 

aparte paragraaf is gewijd aan het wegnemen, met redenen omkleed, van mogelijke twijfel aan de 

wetenschappelijke standaard van de gebruikte bronnen; zulks vanwege het feit dat deze grotendeels 

bestaan uit populairwetenschappelijke werken, zij het van gezaghebbende wetenschappers. Hoofdstuk 

2 dient twee verschillende doelen: (1) Het draagt ter onderbouwing van de centrale these empirisch 

bewijs aan, vervat in case-studies van systemen van sterk uiteenlopende aard, omvang en massa die 

opmerkelijke overeenkomsten tussen hun eigenschappen en gedrag blootleggen. Eerst wordt als 

erkenning van hun invloed op het hedendaagse complexiteitsonderzoek een kort overzicht gegeven 

van de chaos- en fractaalbeweging in de zeventiger en tachtiger jaren van de vorige eeuw, alsmede van 

het werk van een drietal andere prominente tijdgenoten, t.w. Leo Kadanoff, Philip Anderson, en Ilyia 

Prigogine. Daarna worden zes contemporaine cases behandeld, beschreven door prominente 

wetenschappers van verschillende disciplines. Tenslotte wordt aandacht besteed aan de convergentie 
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van ontdekkingen in het complexiteitsonderzoek. (2) Door het aldus verschaffen van empirisch bewijs 

voor de centrale these, zowel in de vorm van reëel als modelmatig materiaal, is hoofdstuk 2 een 

belangrijke schakel in de argumentatie van dit boek. Hoofdstuk 3  grijpt terug en gaat dieper in op de 

centrale these; deze wordt gesplitst in subsidiaire claims welke onderbouwd worden in de daarop 

volgende hoofdstukken. Voorts worden de eerder genoemde zes concurrerende organisatieprincipes 

gepresenteerd die vervolgens in hoofdstuk 7 kandidaat worden gesteld en in hoofdstuk 8 nader worden 

onderzocht en beoordeeld. 

   Hoofdstuk 4 bevat een ontologische analyse van de kernbegrippen van dit onderzoek waarin o.m. 

organisatieprincipes worden vergeleken met fundamentele natuurwetten door een beroep te doen op 

het antropische principe. Het onderscheid tussen de synchronische en diachronische benadering van de 

werkelijkheid wordt besproken. Verschillende soorten causaliteit, relevant voor complexe systemen, 

worden belicht, terwijl van Aristoteles’ klassieke viervoudige typologie van oorzaken gebruik wordt 

gemaakt om problemen samenhangende met ingewikkelde circulaire causale relaties binnen deze 

systemen op te lossen. Hoofdstuk 5 behandelt epistemologische, conceptuele en methodologische 

kwesties; de begrippen zelforganisatie en complexiteit worden geanalyseerd en gedefinieerd, en de 

epistemologische en rekenkundige grenzen van onze kennis van emergente fenomenen in algemene 

zin worden onderzocht. Het beweerde tekortschietende verklarende en voorspellende vermogen van 

fundamentele krachtwetten met betrekking tot  het emergente gedrag van complexe systemen wordt 

kritisch bezien en bevestigd. De definiërende eigenschappen van emergentie worden geresumeerd, en 

wiskundige computermodellen worden erkend als een onmisbaar methodologisch hulpmiddel bij het 

complexiteitsonderzoek. Hoofdstuk 6 verheldert de rol van abductie als een effectieve heuristische 

strategie, waarnaar eerder werd verwezen in de paragrafen 1.1 en 1.2 van de Inleiding. Enkele 

illustratieve en spectaculaire voorbeelden van succesvolle abductie worden besproken. Deze beogen 

het argument te staven dat het zin heeft, zowel voor filosofen als wetenschappers, om het 

veronderstelde verband tussen concreet benoemde organisatieprincipes en de emergentie van 

zelforganiserende patronen aan de hand van deze methode te onderzoeken.  

   Hoofdstuk 7 presenteert een taxonomie van emergente fenomenen, en gaat, met behulp van drie 

tabellen die illustratieve voorbeelden bevatten, dieper in op het onderscheid tussen de verschillende 

subklassen. Het draagt de zes eerder genoemde concurrerende organisatieprincipes voor als kandidaten 

voor uiteindelijke selectie. In hoofdstuk 8 worden deze principes verder diepgaand getoetst; daartoe 

wordt in het bijzonder hun relevantie voor de verschillende soorten emergentie onderzocht en 

vergeleken. Met het oog op het vinden van een ruwe kwantitatieve maatstaf worden ze gerelateerd aan 

de emergente fenomenen vermeld in de eerdergenoemde tabellen. Met behulp daarvan kan de 

reikwijdte van hun universele toepasbaarheid worden getoetst. Voorlopig worden drie van de 

genomineerde principes geselecteerd. In hoofdstuk 9 wordt, ter wille van de conceptuele helderheid, 

een tussenstap ondernomen om de actieradius van een aantal andere kernbegrippen te bepalen; dit 

betreft de mogelijke verbreding en afbakening van hun operationele speelruimte alsmede verdere 
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classificatie waar nodig. In hoofdstuk 10 worden uiteindelijk, door middel van verdergaande 

eliminatie, twee principes als de meest relevante behouden, t.w. symmetriebreking en de geneigdheid 

tot stabiliteitsbehoud. Om het hoogst mogelijke niveau van generalisatie van de te verklaren 

verschijnselen te bereiken wordt de zoektocht naar overeenkomstige emergente patronen tot op 

kosmologische schaal uitgebreid. Dit leidt tot de conclusie dat het principe van natuurlijke selectie in 

feite een speciaal geval is van de geneigdheid tot stabiliteitsbehoud en zich dus niet kwalificeert als 

een universeel organisatieprincipe op zichzelf. In dit verband, maar in het bijzonder vanwege zijn 

bijdrage tot de stabiele groei van populaties, wordt ook de rol van altruïsme besproken; hier komt   

opnieuw naar voren dat stabiliteit prevaleert over biologische fitheid, en daarmee stabiliteitsbehoud 

over natuurlijke selectie.  

   Hoofdstuk 11 is speciaal gewijd aan een onderzoek naar het ontstaan van de zogenaamde “pijl van 

de tijd” en zijn diepere samenhang met symmetriebrekingen in de allereerste bestaansmomenten van 

het heelal.  

   Hoofdstuk 12 vormt de afsluiting van het onderzoek. De beweerde universaliteit van de beide 

kernprincipes, in relatie tot die van de fundamentele natuurwetten, wordt onderbouwd. Voorts wordt 

de relevantie van begrippen als wetmatige regelmaat, voorspelbaarheid, determinisme en toeval 

(contingentie) tot deze principes geanalyseerd. Het betoog wordt afgerond met een schets van een 

theoretisch raamwerk dat complementaire conceptuele en heuristische ingrediënten bevat die 

opportuun zijn voor het onderhavige onderzoek; voor zover gebruik gemaakt wordt van abductie kan 

het tevens dienen om andere onbegrepen fenomenen te verklaren. Het hoofdstuk besluit met een 

recapitulatie waarin de centrale these, zoals geformuleerd in de paragrafen 1.1. en 1.2. van de 

Inleiding, wordt bevestigd en de twee geselecteerde principes worden aangewezen als bij uitstek 

relevant. 

   Hoofdstuk 13 tenslotte bevat enkele algemene overdenkingen. Het kijkt terug op de voorgaande 

hoofdstukken vanuit het perspectief van de filosoof. Bovendien wordt speciale aandacht geschonken 

aan de groeiende spanning en vervreemding tussen de exacte wetenschap en de filosofie als gevolg 

waarvan een duidelijk herkenbaar werkterrein voor laatstgenoemde uit het zicht dreigt te raken. Ter 

bevordering van een vruchtbare discussie over dit probleem worden ideeën gepresenteerd die de 

praktische toepasbaarheid van de wetenschapsfilosofie met betrekking tot de aanpak van bepaalde 

problemen waarmee onze huidige samenleving kampt illustreren. Voorts wordt uitgelegd waarom in 

dit onderzoek het ontstaan van het leven op aarde, van de mensheid en van menselijk bewustzijn, 

paradigmatische gevallen van emergentie, doelbewust onderbelicht zijn gebleven. Tenslotte is een 

pleidooi gehouden voor de behandeling op gelijke voet van emergentisme en reductionisme als 

complementaire, maar onderling gelijkwaardige onderzoeksstrategieën, dienstbaar aan de heuristiek 

als effectieve methode voor probleemoplossing. 
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Dankwoord 

 

 

Van een onbekende Engelse schrijver, vermoedelijk een filosoof, is de volgende uitspraak opgetekend: 

“Your integrity is like a sword; you should not wave it until you’re about to put it to the test”. Op dit 

wijze woord wil ik parafraseren als volgt: “Wisdom is like a sword, you should not wave it until your 

deepest convictions are about to be put to the test”.  

   Of mij dit gelukt is laat ik ter beoordeling gaarne aan anderen over. Maar wat vast staat is dat bij de 

succesvolle afronding van dit filosofische onderzoek de steun en hulp van anderen niet konden worden 

gemist. Een speciale vermelding verdienen de promotores, Hans Radder en Henk de Regt, die met hun 

constructieve en aanmoedigende begeleiding een cruciale bijdrage hebben geleverd. Hun commentaar 

was waar nodig kritisch, maar altijd opbouwend. Een bijzonder woord van dank ben ik voorts 

verschuldigd aan Theo Kuipers die mij vanaf het begin met goede raad en effectieve daad heeft 

bijgestaan. Mijn paranimfen, Leonard Schutte en Peter Westbroek, ben ik erkentelijk voor de tijd en 

aandacht die zij aan mijn manuscript hebben gegeven in de rol van meelezers; Leonard’s brede en 

diepe kennis van computers werd bovendien regelmatig ingezet om mijn tekortkomingen op dit punt te 

compenseren. In dit verband noem ik vooral ook Bart van der Schriek, op wie ik nooit vergeefs een 

beroep deed om mij met voor mij onoplosbare problemen met onder meer tekstverwerking te helpen. 

Diedel Kornet en Arie de Bruin ben ik dankbaar voor de inspirerende steun en aandacht tijdens mijn 

aan het proefschrift voorafgaande filosofiestudie (2003-2007) in Leiden. Ook daarna heb ik van hun 

inzicht en oorspronkelijk denken geprofiteerd tijdens prikkelende discussies in groepsverband. Voorts 

hebben de hoogleraren en docenten van de – toenmalige – faculteit Wijsbegeerte mij met hun kennis 

en wijsheid geïnspireerd en in staat gesteld om na afronding van eerdergenoemde studie alsnog aan 

een proefschrift te beginnen. Een eveneens stimulerende omgeving was en is nog steeds voor mij, 

directeur van dit eerbiedwaardige instituut sinds 1977, de Koninklijke Hollandsche Maatschappij der 

Wetenschappen, niet in het minst vanwege de doelbewust nagestreefde wisselwerking tussen 

geïnteresseerde leken en wetenschappers.  

   Er zijn ongetwijfeld vele anderen die niet genoemd zijn maar die wel meegeleefd hebben en 

voortdurend belangstelling hebben getoond; ook zij verdienen daarvoor een dankbetuiging. 

   Tenslotte, maar eigenlijk in de allereerste plaats, ben ik dank verschuldigd aan mijn echtgenote, 

Madeleine, en de kinderen, Justine, Mariëtta en Rudolf. Zij hebben mij gedurende het gehele proces 

niet alleen zowel moreel als praktisch gesteund, maar vooral veel consideratie en geduld betracht voor 

een echtgenoot en vader die allereerst met zichzelf bezig was. De afronding van dit project geeft 

daarom perspectief op andere, en in dit opzicht betere, tijden. 
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politieke en levensbeschouwelijke attitude van deze faculteit deed hem besluiten in 1957 over te 
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leek met wetenschappelijke belangstelling.  
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