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1.1. IntroductIon

Selectively attending to one part of the environment while ignoring other parts is crucial 
for all human and animal behavior. What we perceive through our senses and how we 
process this information forms the basis for all our actions and decisions. While our visual 
channel is exposed to an unlimited amount of information in the environment at any 
moment in time, it is virtually impossible for our cognitive system to take in and process 
all this information simultaneously. In fact, the quantity of information is compromised 
at every stage of processing: while about 1010 bits of information per second reach 
the retina, only 104 bits/sec are transferred to layer IV of the primary visual area (V1) of 
the cerebral cortex (Anderson, van Essen, & Olshausen, 2004; Eliasmith & Anderson, 
2003; van Essen & Anderson, 1995; van Essen, Olshausen, Anderson, & Gallant, 1991). 
Furthermore, it is believed that the human limit for consciously perceiving visual 
information lies at around 100 bits/sec (Anderson, et al., 2004; Landauer, 1986). This 
highlights the importance of selecting certain relevant bits of information while at the 
same time ignoring other, less relevant bits of information. Attention is the concept 
used to describe the mechanism responsible for selecting this information. In order to 
better understand why we make certain decisions and take certain actions rather than 
others, a lot of research is devoted to investigating why we attend to certain things, how 
we attend, which structures and connections in the brain are responsible for attention 
and which processes underlie the allocation of attention.

One of the most frequently debated issues in this regard is centered on the bottom-up 
top-down dichotomy. According to the former viewpoint, attention is assumed to be 
primarily under the control of stimulus-properties and therefore automatically captured 
by salient objects in the environment such as a bright light, a moving object, or a 
colorful item against a gray background (i.e., anything deviant from the surrounding), 
while the latter viewpoint argues that attention can be voluntarily guided by intrinsic 
behavioral goals (i.e., we look at certain things because we consciously choose to do 
so). Nowadays, the research community has strayed from a hardcore bottom-up or 
top-down view towards examining the interplay between the two processes. However, 
the multitude of research methods, tasks and measurement techniques, while advancing 
our understanding of attentional and oculomotor guidance, has led to conflicting 
evidence. For example, the use of different task requirements, measurements of 
reaction times, eye movements and brain oscillations, simple computer generated 
scenes versus natural scene displays all have led to different theories, assigning each 
process a different degree of importance in guiding attention, ultimately leaving the 
debate far from settled.

This thesis is making an effort to reconcile the divergence and conflicting evidence 
with regard to the underlying mechanism guiding overt attention by giving a detailed 
discussion and providing empirical evidence concerning the nature and characteristics 
of salience-driven effects. Thus, it provides an attempt to reconcile the two extremes 
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of the bottom-up/top-down continuum by reviewing and comparing contradictory 
findings and integrating them into a combined contribution framework by focusing on 
the strengths and limitations of effects of stimulus-salience. With the help of the current 
state of knowledge with regard to the nature of salience-effects, a particular focus 
will be placed on resolving conflicting evidence regarding the question of whether 
or not certain stimulus properties have a special status with regard to their attention-
capturing effects.

In the first part of this chapter, the concept of attention and more particularly 
selective attention is defined. This is followed by a discussion of existing theories 
of attention. In the second part, bottom-up and top-down mechanisms of attention 
are discussed in detail and theories in favor of each will be treated. The focus of the 
next section is on the link between attention and eye movements and a theory will 
be discussed that highlights the temporal characteristics of bottom up and top down 
processes based on eye movement results, referred to as the Independent Timing 
Account (ITA). On the basis of the results of the current thesis, this theory will be 
extended and modified. Following a discussion of different stimulus classes and the 
control of eye movements, an explanation will be given on how the revised theory 
relates to other findings and how it can potentially resolve some of the conflicting 
views in this regard. Finally, the findings of the current thesis will provide evidence for 
the importance of the concept of salience by evaluating them against a recent account 
that is purely based on temporal characteristics of visual processing as an explanation 
for overt visual selection.

1.2. the concept of AttentIon

As with almost any concept, everyone has a notion of what attention is but when asked to 
define it people have a hard time explaining it. While there is usually agreement on the 
core definition, opinions diverge as to the more specific aspects. This problem becomes 
particularly apparent when trying to scientifically investigate the concept of attention. 
Generally a concept represents an idea about something that is formed through mentally 
combining all its particulars and characteristics. Not surprisingly, a quick search through 
the web results in numerous different definitions of attention of which the most basic 
describes it as the cognitive process of selectively concentrating on one aspect of the 
environment while ignoring other things. When we compare this definition to the one by 
William James made in his textbook Principles of Psychology in 1890 -

“[… everyone knows what attention is. It is the taking possession by the mind, in 
clear and vivid form, of one out of what seem several simultaneously possible objects 
or trains of thought. Focalization, concentration, of consciousness are of its essence. It 
implies withdrawal from some things in order to deal effectively with others, and is a 
condition which has a real opposite in the confused, dazed, scatterbrained state which 
in French is called distraction, and Zerstreutheit in German.]” (James 1890, p.403).
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While this shows that the general notion of attention has remained incredibly 
stable throughout history, many advances have been made - largely thanks to recent 
innovations in technology such as EEG, fMRI and eye-tracking - especially with regard 
to the underlying processes that are assumed to guide the allocation of attention. 
These findings help to clarify our understanding of what lies at the heart of all human 
and animal behavior and will be outlined in detail in the following sections. Due to the 
vast literature in the field of attention research the scope of this thesis will be limited 
to the current state of knowledge derived from covert and overt selective attention 
studies as measured by reaction times (RTs) and eye movement behavior.

1.2.1. spatial selective attention
Selective attention refers to the process of selectively focusing on one aspect of the 
environment while at the same time ignoring others. It has both a strong spatial and 
intentional aspect. In order to effectively select an item, for example a key, we need to 
know what a key is, i.e., we have to have some sort of mental representation or template 
of the item that we are looking for. In order to successfully locate the key, we need to 
orient our attention to different locations in our environment and compare what we 
see in the environment to our template of the key. This seems like a trivial task but 
everyone is familiar, in one way or another, with the frustration of looking for an item, 
such as your reading glasses, keys, or a lighter or has at some point encountered the 
thought: “I swear I have had it just a second ago but now it seems to have disappeared”. 
If you have ever had the experience of not remembering where you parked your car 
it becomes painfully obvious that not even the size of the item that you are looking 
for seems to matter. Things become even worse when you do not exactly know what 
object that you are looking for looks like, for example when you are picking up a friend 
from the airport that you have not seen in 15 years. Furthermore, an airport is usually 
a busy place, with hundreds of people walking by, and a multitude of stores colorfully 
and brightly advertising products that provide distractions, making it even harder to 
focus on your object of search.  All these examples show how important the study of 
selective attention is to everyday life and that it is intimately linked to visual search, 
actively moving your eyes to different parts of the environment.

1.3. Bottom-up And top-down control

One of the most pervasive questions in the history of attention research focuses on the 
driving force of attention, whether it is determined by bottom-up factors or controlled in 
a top-down manner. Before moving on to a more detailed discussion of the paradigms 
used to investigate the two mechanisms and the resulting evidence in favor of either one 
of them, it is an essential prerequisite to clearly define the meaning of those two terms.

Already in 1890, William James, in describing several characteristics of attention, 
pointed to the distinction between passive and active attention. While he described 
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the former in terms of reflexive, non-voluntary, and effortless, he referred to active 
attention as being a voluntary form of attention. This distinction between passive and 
active attention reflects our modern dichotomy of bottom-up and top-down quite well. 
In line with James’ definition of passive attention, bottom-up selection is completely 
determined by a distinctive physical stimulus property relative to other features in the 
environment, often referred to as stimulus-salience. 

Concordantly with James’ definition of active attention, top-down selection implies 
that the object that receives our attention is completely under the control of the 
observer. That is, attention is volitional, purely determined by the observer’s intention 
or behavioral goal. 

1.3.1. bottom-Up control and stimulus salience
Bottom–up processing can best be described as data-driven or stimulus-driven 
processing. In this sense, the properties of the environment determine our perception 
and in turn our cognition. Traditionally, bottom-up processing is closely coupled 
with stimulus-salience. Salience is one, possibly the most dominant factor resulting 
in bottom-up selection and is usually defined as a characteristic or physical property 
of a stimulus in the environment that is distinct from its surrounding context with 
regard to at least one of its defining features. A non-exhaustive enumeration of such 
properties that render a stimulus salient include a distinct color, shape, size, luminance, 
orientation, movement or other type of contrast, which are thought to attract attention 
in an automatic fashion, a phenomenon termed attentional capture.

In a computational sense, salience is described in terms of its feature contrast, that 
is, the contrast of a certain region or location relative to other regions or locations (Itti 
& Koch, 2000; 2001). However, approaches differ widely with regard to how contrast 
is computed (Cheng, Zhang, Mitra, Huang & Hu, 2011; Guo, Ma, & Zhang, 2008; Harel, 
Koch, & Perona, 2006; Hou & Zhang, 2007; Itti, Koch, & Niebur, 1998; Koch & Ullman, 
1985; Liu, Sun, Zheng, Tang, & Shum, 2007). The fact that salience is generally defined 
in terms of a contrast highlights one of the difficulties with regard to the concept of 
salience. Salience is a relative concept, that is, an object or stimulus can only be salient 
in relation to other objects or stimuli.  

1.3.1.1. Attentional Capture

Within the framework of bottom-up and top-down selection of attention, a crucial 
question concerns the extent to which we are able to successfully exert cognitive 
control over the information that we select from the environment. In cases, in which, 
contrary to our current behavioral goals and intentions, we are distracted by a specific 
(salient) property in our visual field, this is referred to as attentional capture (e.g., 
Theeuwes, 1991; 1992; 1994; Yantis, 1993; 1996; see also; Caputo & Guerra, 1998; Eimer, 
Kiss, Press, & Sauter, 2009;  Joseph & Opticon, 1996; Kawahara & Toshima, 1996; Kim 
& Cave, 1999; Kumada, 1999; Mounts, 2000; Todd  & Kramer, 1994) - or oculomotor 
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capture in cases the stimulus property captures not just our attention but also our gaze 
(e.g., Theeuwes, Kramer, Hahn & Irwin, 1998; Theeuwes, Kramer, Hahn, Irwin, & Zelinsky, 
1999) (see section 1.4. for the relationship between attention and eye movements).

One of the cardinal studies that has investigated attentional capture in a research 
setting used the additional singleton paradigm (Theeuwes, 1992; see also Hickey, 
McDonald, & Theeuwes, 2006), also known as the irrelevant singleton paradigm (Becker, 
2007; Theeuwes, 1991, 1992, 1994; Yantis & Egeth, 1999) to show that capture can occur 
in a purely stimulus-driven manner. In a set of experiments, Theeuwes (1992) presented 
participants with a visual search display in which either five, seven, or nine elements 
were presented at equal distance from the center of the display. The elements consisted 
either of squares or circles and contained either a horizontal or vertical line segment 
each. Participants had to manually respond to the orientation of the target line in the 
green circle that was either surrounded by green squares (shape target) or by red circles 
(color target). Crucially, on some of the trials a distractor singleton replaced one of the 
non-targets: in the shape condition one of the green non-target squares was replaced 
by a red square, and in the color condition one of the red circles was likewise replaced 
by a red square. That is, when participants were searching for a particular shape, the 
distractor had a unique color and when participants were looking for a specific color 
the distractor had a unique shape. Since the distractor singleton never contained the 
target line and was defined in a different feature dimension as the element containing 
the target, the distractor singleton was completely irrelevant to the participants’ task 
(Remington, Johnston, & Yantis, 1992; Theeuwes & Godijn, 2002; Yantis & Egeth, 1999). 
That is, attending to the distractor would have been counter-productive to the task 
at hand. This set-up was crucial to determine the purely stimulus-driven disruptive 
effect of a salient element to an unrelated ongoing task. The results showed that when 
participants searched for a color singleton, reaction times to the target were unaffected 
by the presence of a shape distractor. However, when participants were searching for a 
target defined in the shape dimension, the presence of a color distractor significantly 
increased reaction times towards the target line. That is, while a shape distractor did not 
capture attention during search for a color target, a color distractor captured attention 
even though it was irrelevant to the search task. The slowing of response times as 
indication for attentional capture is explained through a shift of attention to the location 
of the salient distractor that precedes the allocation of attention toward the target 
element (Theeuwes, 1992; 1994). The effect of attentional capture by the distractor 
singleton was still present even when the participants practiced the task extensively. 
Furthermore, when the salience of the color singleton was reduced compared to the 
shape singleton, the initial results were reversed. The shape distractor interfered with 
search for a color target by slowing down response times, whereas the color distractor 
no longer interfered with search for a shape singleton. This result showed that the 
degree or the occurrence of attentional capture strongly depends on the relative-
salience of the elements. Attention is only captured by an irrelevant distractor if it is 
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perceptually more salient than the target. Based on these results, Theeuwes (1992) 
concluded that early processes are only affected by the relative differences between 
features which leads to a shift in attention to the most salient element, irrespective of 
whether this element is the object of search or not.

In line with this first account of attentional capture, a large body of literature has 
accumulated that provides additional evidence for the automatic attention-capturing 
effect of stimulus-driven properties. A number of these basic physical stimulus-properties 
have been identified that include color (Harris, Remington & Becker, 2013; Theeuwes, 
1992; Turatto & Galfano, 2000; 2001), shape (Theeuwes, 1992; Turatto & Galfano, 2000), 
size (Harris, Remington & Becker, 2013), orientation (Donk & van Zoest, 2008; Siebold, van 
Zoest & Donk, 2011; Siebold & Donk, 2014a, b; van Zoest & Donk, 2004) and luminance 
contrast (Franconeri, Hollingworth, & Simons, 2005; Siebold & Donk, 2014a; Turatto & 
Galfano, 2000), perceived motion (Hillstrom, & Yantis, 1994; Theeuwes, 1995a) and abrupt 
onsets (Fuchs, Theeuwes, & Ansorge, 2013; Jonides & Yantis, 1988; Remington, Johnston, 
& Yantis, 1992; Yantis, & Jonides, 1996; 1990). 

Besides these low-level stimulus properties, it has also been shown that stimuli that are 
associated with a certain behavioral or personal relevance capture attention in an automatic 
fashion. Such stimuli include objects that elicit a strong emotional reaction (Bradley, Mogg, 
Millar, et al., 1997; Lang, Bradley, & Cuthbert, 1998; Ohman, 1986; Stormark, Nordby, & 
Hugdahl, 1995) such as fear (Mathews, Mackintosh, & Fulcher, 1997; Ohman, Lundqvist, 
& Esteves, 2001; Ohman, Flykt, & Esteves, 2001; Rinck, Becker, Kellerman, & Roth, 2003; 
Soares, Estevez, Lundqvist, & Ohman, 2009), or arousal (Arnell, Killman, & Fijavz, 2007). 
While the former, basic stimulus properties that do not elicit an emotional reaction capture 
attention can be extracted on the basis of early processing, the latter kind of stimuli 
require a certain degree of processing to be able to identify them as behaviorally relevant. 
Nevertheless, they are considered to affect attentional selection in a bottom-up manner. 
All these stimuli and their properties discussed share the common effect that they have 
on attention as they all lead to a spontaneous rapid behavioral response.

In a nutshell, attentional capture is the result of an interference of a goal-directed 
intentional behavior by an irrelevant (salient) stimulus or element present in the visual field 
that carries bottom-up activation at an early pre-attentive stage of information processing. 
This results in an attentional shift to the irrelevant object or location leading to an overall 
increase in reaction time with regard to the task at hand. In this case, initial visual processing 
is completely bottom-up driven and cannot be controlled in a top-down manner. 

In the following section, one of the most influential theories of attention and a 
model of early visual selection will be discussed, which are both consistent with the 
findings of attentional capture.

1.3.1.2. Feature Integration Theory (FIT)

Treisman and Gelade developed a theoretical framework, the Feature Integration 
theory (FIT) (Treisman & Gelade, 1980, see also Treisman, Sykes & Gelade, 1977; for an 
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excellent review see Quinlan, 2003), which became one of the most influential theories of 
attention. According to this theory, which is specifically concerned with visual attention, 
all basic stimulus features in the environment that fall within the field of vision, such 
as color, size or orientation are processed pre-attentively (Elizabeth, 2006).This initial, 
pre-attentive stage of information processing is unlimited in capacity and occurs in 
parallel and automatically, leading to a rapid accumulation of low-level information from 
different locations or sources simultaneously. The information obtained from various 
features is separately coded in different feature maps. Only later, in a second stage, 
the attentive stage, is the information from the various feature maps integrated into 
a master map, which requires attention to be focused. This latter stage operates in a 
serial fashion requiring more time than the initial parallel processing of information. The 
result of this second stage of information processing is a conscious multi-dimensional 
percept of an object, in which all its individual defining features that were coded in 
separate maps have been integrated.

FIT was, amongst others, the result of a set of experiments in which participants were 
presented with a number of letters written in different colors. Participants either had 
to search for a specific target feature, such as a certain unique shape, or a conjunction 
of two features, such as a letter written in a specific color (Treisman & Gelade, 1980; 
see also Treisman, Sykes & Gelade, 1977). In addition, the set size of the display was 
manipulated by increasing the number of distractor items (from one to 30). The basic 
finding was that the speed with which participants were able to find a single target 
feature was unaffected by the set size manipulation, suggesting that features were 
processed in parallel. On the other hand, response times for finding a conjunction 
target increased with the number of distractor items presented, indicating that these 
targets were harder to find and required serial processing.

1.3.1.3. Salience Map Models

While FIT represents a functional theoretical framework, a different approach was 
taken around the same time by Koch and Ullman (Koch & Ullman, 1985). They devised 
a saliency map model which was formulated in terms of the underlying neural 
mechanisms. The model as well as its computational version (Itti & Koch, 2000; 2001) 
is largely based on FIT (Treisman & Gelade, 1980). In fact, the first stage of the model is 
analogous to the pre-attentive stage of FIT. That is, the model incorporates a neuronal 
representation of the various basic features that characterize a stimulus such as color, 
luminance, movement or orientation, which are computed in parallel across the visual 
field, allowing for multiple simultaneous representations of various features. Each 
feature is coded in its respective cortical feature map by a set of center-surround 
operations. The resulting normalized information from the separate feature maps is 
then combined into a topographic salience map, in which each location in the map 
integrates the activations of the individual feature maps into one single conspicuity or 
salience measure (for related models see Bruce & Tsotsos, 2009; Clark & Ferrier, 1988; 
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Humphreys & Müller, 1993; Itti & Baldi, 2006;  Itti, Koch & Niebur, 1998; Itti & Koch, 
2000; 2001; Navalpakkam & Itti, 2005; Niebur & Koch, 1996; Sandon, 1990; Walther, 
Itti, Riesenhuber, Poggio, & Koch, 2002; Zhang, Tong, Marks, Shan, & Cottrell, 2008). 
That is, the salience measure of a given location indicates how distinct this location 
is from its surroundings, which is independent of its original feature dimension (Koch 
& Ullman, 1985; Nothdurft, 2000). The salience map can be thought of as resembling 
the master map in FIT.

Next, in a winner-take-all fashion, the location of highest activation is computed 
which represents the location with the highest overall salience value. According to the 
model, this location is the most likely candidate for attentional selection. After this 
most salient location in a scene has been selected by visual attention, the activity at 
this location is suppressed through a mechanism of inhibition of return (IOR) and the 
location with the second highest salience activation is selected. In the same way, all 
consecutive locations are selected in order of decreasing salience activations, resulting 
in a serial scan of the environment (see also, Nothdurft, 2000; Sagi & Julesz, 1985a, b). 
Behavioral evidence for the salience map model was first obtained by Niebur and Koch 
in 1996. In a set of experiments, they reported that their participants scanned complex 
natural scenes in order of decreasing salience, in line with the model’s predictions 
(see also Parkhurst, Law & Niebur, 2002). While not explicitly testing the assumptions 
of the model, convergent behavioral findings were also found in our first study (see 
Chapter 2).

1.3.1.4. Summary

Most theories of visual attention presume the existence of two separate stages of 
information processing. Before attention can be engaged in the first place, information 
present in our visual field is first processed pre-attentively. The original FIT and salience 
map models (Itti & Koch, 2000; 2001; Koch & Ullman, 1985) assume that the pre-
attentive stage involves stimulus-driven processing only. As a consequence, attentional 
selection based on the outcome of the pre-attentive stage is assumed to be initially 
driven by physical stimulus-properties. Salience map models give a description of 
how this purely stimulus-driven information is processed: activations resulting from 
different stimulus-properties are simultaneously encoded in different feature maps 
and are integrated in an overall salience map which identifies the location with the 
highest activation as the most salient location, being a strong candidate for selection. 
Thus, according to a bottom-up model, the pre-attentive stage is solely able to extract 
stimulus-information and not modulated by goal-driven factors.

Alternative views assume that the output of the pre-attentive stage is not a sole 
function of stimulus-driven processes but may in fact be determined by the goals or 
intentions of an observer. The next section provides an outline of this latter view. Here, 
goal-driven processing of information will be discussed and some of the shortcomings 
of the previously discussed models will be highlighted.
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1.3.2. top-Down control
Obviously, attentional selection does not solely depend on stimulus-properties. That is, 
visual search is not confined to bottom-up selection. If it was, we would never be able 
to voluntarily select items or objects in our environment that serve a behavioral goal, 
or we would select them purely on the basis of chance or because they incidentally 
happen to be salient. This would make visual search tremendously inefficient and 
ultimately affect our lives in an unpleasant way. While most researchers acknowledge 
the contribution of both stimulus-driven and goal-driven processes to the allocation of 
attention, they diverge with regard to the extent of the contribution that they describe 
to either of the two processes.

According to the models of attentional selection discussed above, goal-driven 
control is contingent upon stimulus-driven control (see also Hochstein & Ahissar, 2002; 
Hoffman, 1979; Itti & Koch, 2000; 2001; Julesz & Bergen, 1983; Koch & Ullmann, 1985; 
Lamme & Roelfsema, 2000; Theeuwes & Burger, 1998; Theeuwes, 2010; Treisman 
& Gelade, 1980; van Rullen & Koch, 2003).That is, selection can be based on goal-
driven processes but only after initial selection on the basis of stimulus-properties.

On the other hand, according to proponents of a goal-driven account of visual 
selection, all selection is ultimately governed by goal-driven control (Bacon & Egeth, 
1994; Folk, Remington & Johnston, 1992; Folk, Remington & Wright, 1994; Gibson 
& Jiang, 1998; Gibson, Kelsey, 1998; Posner, Snyder, & Davidson, 1980; Posner, 1980). 
In this sense, stimulus-driven control does exist, but only plays a subordinate role, 
since goal-driven processes determine whether and what type of stimulus-driven 
selection can occur.  In fact, a number of findings suggest that initial selection does 
not necessarily always depend on stimulus-properties but that the activation from 
salient locations can be attenuated or even completely overridden by goal-driven 
processes (e.g., Desimone, & Duncan, 1995; Itti, & Koch, 2001). In this sense, goal-
driven information can modulate pre-attentive processing, resulting in selection being 
determined by top-down factors rather than stimulus-properties. In line with this, it has 
been shown that under certain circumstances stimulus-properties that are thought to 
render a stimulus salient fail to capture attention (Bacon & Egeth, 1994; Folk & Annett, 
1994; Hillstrom & Yantis, 1994; Jonides & Yantis, 1988; Yantis & Egeth, 1999; Yantis 
& Johnson, 1990; Yantis & Johnston, 1990; Yantis & Jonides, 1984; 1990) or the eyes 
(e.g., Underwood, Foulsham, van Loon, Humphreys, & Bloyce, 2006). 

In the following section, a number of theories with regard to goal-driven processing 
will be discussed.

1.3.2.1. Contingent-Attentional Capture

Broadly speaking, the idea that specific task settings can override stimulus-driven 
properties originated from a set of experiments that led to the theory of contingent 
attentional capture, or originally referred to as the contingent involuntary orienting 
hypothesis (Folk, Remington & Johnston, 1992, see also Ansorge, Horstmann 
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& Scharlau, 2010; Ansorge, Kiss, Worschech, & Eimer, 2011; Eimer, & Kiss, 2008). The 
idea was that in previous studies that reported effects of attentional capture derived 
from abrupt onsets in cases of spatial uncertainty of the target, the locations of both 
cues and targets were defined by the same stimulus-property – an abrupt onset (e.g. 
Jonides 1980; Remington, Johnston, & Yantis, 1992; Yantis & Jonides, 1990). In this 
sense, the capture effect might have been due to the observer’s attentional task 
set to look for an onset, as the target was defined through an onset and therefore 
an onset cue or distractor interfered and resulted in capture. In order to test this 
assumption, Folk et al. (1992) conducted a set of experiments in which participants 
had to indicate the identity of a target (either an X or a =) that was presented in one 
of four potential boxes. The targets were either single abrupt onsets or defined by 
a red color amongst white distractor items. In one condition no cue was presented, 
whereas in the other three conditions the target display was preceded by an onset 
cue that was either presented in the central box and had no spatial relationship 
to either target or distractor or it was either valid (presented in the target box) or 
invalid (presented in one of the three non-target boxes). They found that the invalid 
cue only captured attention when observers looked for an onset target. When they 
were responding to the color target, response times were not affected by the onset 
cue. In a similar experiment, they found that a color cue disrupted search for a color 
target but not for an onset target. In line with their hypothesis, they concluded that 
involuntary shifts of attention only occur if the distractor or cue shares a property with 
the target element or the attentional set of the observer as a result of specific task 
instructions (Folk et al., 1992, see also Folk, Leber, & Egeth, 2002; Folk, Remington 
& Wright, 1994).

1.3.2.2. Singleton Detection versus Feature Search Strategies

A different, but related idea to the contingent capture hypothesis stems originally 
from Bacon & Egeth (1994; see also Bravo & Nakayama, 1992; LaBerge & Brown, 
1989; Pashler, 1988).  Comparable to the previous hypothesis, they also assume that 
ultimately all visual selection is governed by goal-driven processes. However, rather 
than assuming that attentional capture is a result of the discontinuity between the 
search-relevant property and the distractor property, they assumed that observers can 
adopt different strategies to the particular kind of search they are performing. In this 
sense, the idea that people can actively engage in one or the other search strategy 
makes this hypothesis a proponent of goal-driven processing. Bacon & Egeth (1994) 
(see also Leber & Egeth, 2006) proposed that, in studies that tend to find effects of 
attentional capture by an irrelevant stimulus-property, as in for instance in Theeuwes’ 
(1991; 1992; 1994) additional singleton paradigm, observers had adopted a singleton 
detection strategy. According to this, observers in the classic irrelevant singleton 
paradigm were looking for no particular singleton value, even though the identity of 
the element containing the target was known in advance. That is, observers adopted 

22



1

IN
TR

O
D

U
C

TIO
N

a search strategy that was detrimental to their performance. Since the target element 
was known, there was no need for observers to engage in this strategy but they could 
have rather adopted a so-called feature search mode in order to prevent interference 
from distractors. They tested this hypothesis by performing a set of experiments similar 
to the irrelevant singleton paradigm. However, they implicitly encouraged observers to 
engage in a feature search strategy and discouraged a singleton detection strategy by 
presenting observers with additional redundant target shapes (Experiment 2), leading 
to more target than non-target shapes on some trials, or by adding additional irrelevant 
shapes (squares in addition to circles and diamonds in Experiment 3). The results 
revealed that the attentional capture effect previously observed was abolished. That 
is, attention was not shifted to irrelevant color singletons during parallel search. They 
concluded that if participants engage in a feature search mode, top-down effects 
can successfully override the effect of bottom-up salient information (see also Leber 
& Egeth, 2006).

However, the explanation that in Theeuwes’ experiments observers had engaged in 
a singleton detection strategy that was detrimental to the task is a post-hoc explanation. 
A different account for the divergent findings was given by Theeuwes himself (Theeuwes, 
2004, see also Belopolsky, Zwaan, Theeuwes, & Kramer, 2007; Belopolsky, & Theeuwes, 
2010; Theeuwes, 1994; Theeuwes, van der Burg, & Belopolsky, 2008). Instead of 
assuming that people can voluntarily engage in a singleton detection mode or a feature 
search mode, Theeuwes’ (1994; 2004) idea was that these different attentional sets 
translate into the size of the attentional window, similarly to the metaphor of a zoom 
lens of attention (Eriksen and Yeh; 1985, see also Eriksen & St. James, 1986). According 
to the idea of an attentional window, the size of this window can be adjusted based on 
expectancies resulting from previous experience. When search is parallel and attention 
is diffused, the size of the attentional window is relatively large, encompassing most 
if not all of the visual field and attentional capture by irrelevant distractors is likely. 
On the other hand, when the focus of attention is narrow as during serial search, the 
attentional window is assumed to be small, and observers only focus on a subset of 
the display explaining why irrelevant distractors fail to capture attention as they fall 
outside of the attentional window. The attentional window hypothesis furthermore 
assumes that within a given attentional window (whether large or small), initial selection 
is determined according to stimulus-properties, or salience. 

The attentional window hypothesis is able to explain a number of findings which at 
first sight seem to be in line with the idea that selection is ultimately under top-down 
control. For example, Yantis and Jonides (1990) reported that abrupt onsets, which are 
believed to be highly salient and capture attention in an automatic fashion against the 
will of the observer, failed to do so in cases in which observers received information 
about the likely location of the target in advance (see also Theeuwes, 1991). They 
presented observers with a central cue pointing either to the right or left of the display 
that had a validity of 80% in predicting the location of the upcoming target letter. 
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Subsequently two figure-eight placeholders were displayed that turned into one out of 
six potential letters. Observers had to indicate whether the letter H or E was presented. 
On half the trials the target letter was a no-onset letter, created through the removal 
of some of the figure-eight placeholder lines whereas on the other half of the trials, 
the target was an onset letter, appearing at one of two locations that were previously 
occupied by six dots. The results showed that observers were faster at detecting 
the target on trials in which its location was validly cued. Furthermore, abrupt onset 
distractors were not more likely to capture attention than no-onset distractors. Only 
on invalidly cued trials, the abrupt onset captured attention. Yantis and Jonides (1990) 
argued that on validly cued trials observers were able to prepare by displaying focal 
attention on the potential target location which prevented the abrupt onset from 
capturing attention. This was confirmed by the finding that attentional capture was only 
prevented if the cue preceded the search display, and if the percentage of validly cued 
trials was sufficiently reliable. These findings are in line with the attentional window 
hypothesis: participants were able to restrict the size of the attentional window due 
to the spatial cue to a certain region of the search display, preventing capture from 
distractors that fell outside of the window.

1.3.2.3. Dimension Weighting Account

A third theory that falls into the category of theories assuming that observers can 
adjust to the task requirements prior to search and therefore assumes a strong goal-
driven influence on selection (Bacon & Egeth, 1994; Folk & Remington, 1998; Folk et 
al., 1992) is the so-called Dimension Weighting Account first proposed by Müller and 
colleagues (Müller, Heller & Ziegler, 1995).  In their original study, they examined the 
relationship between targets defined within feature dimensions and targets defined 
across feature dimensions during a visual parallel search task. In the within-feature 
dimension condition, observers were presented with simple displays containing one out 
of three different potential targets that were defined in the orientation dimension, each 
having a unique orientation, amongst multiple vertical distractor lines. In the across-
feature dimension condition, they were presented with similar displays containing 
vertical distractor lines and one out of three potential target lines, but rather than only 
differing in orientation contrast, they additionally differed in size and color. In a third 
condition, which served as control, there was only one possible orientation target so 
that compared to the other two conditions, observers had knowledge about the exact 
target identity prior to performing the task. This set-up resulted in one condition to 
consist in mixed trial blocks (across-feature dimension condition), whereas the other 
two conditions contained pure trial block. In all conditions, observers were required 
to detect the presence versus absence of the target by giving a manual response. The 
results revealed that observers were on average 60 ms slower to detect a target when 
it was defined across feature dimensions (orientation, size or color) as compared to 
both the control condition and the condition in which the target was defined within 
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a single feature dimension (orientation). They concluded that in order to detect the 
presence of a target across dimensions observers have to first establish the feature 
dimension in which the target is presented which takes more time as compared to 
when the dimension is known in advance and observers can prepare to search for a 
specific dimension. This preparation in case of prior knowledge regarding the target 
feature dimension is implemented through a set of weights representing top-down 
influences. Accordingly, certain features can be emphasized or de-emphasized prior 
to the deployment of attention (Found & Müller, 1996; Müller et al., 1995; for an 
alternative explanation involving bottom-up or inter-trial priming see Kristjansson, 
Wang, & Nakayama, 2002; Maljokovic & Nakayama, 1994; Theeuwes, Reitmann, 
& Mortier, 2006).

1.3.2.4. Summary

There is ample evidence showing that pure bottom-up accounts of visual selection 
fail at explaining a number of empirical phenomena, amongst others, why attentional 
capture can be prevented under some specific circumstances, such as when information 
regarding a target’s feature is known prior to search (however, see Awh, Belopolsky 
& Theeuwes, 2012; Kristjansson, et al., 2002; Maljokovic & Nakayama, 1994; Theeuwes 
et al., 2006;  Theeuwes & van der Burg, 2008) or when its spatial location is cued in 
advance. A number of purely top-down accounts, such as the contingent attentional 
capture hypothesis (Folk et al., 1992; Folk, Leber, & Egeth, 2002), the idea that observers 
can employ different search strategies (Bacon & Egeth, 1994; Leber & Egeth, 2006), 
or the Dimension Weighting Account (Müller et al., 1995) give viable explanations for 
these phenomena. They share the common assumption that all selection is ultimately 
governed by a person’s intentions, motivations and behavioral goals and basically 
assume that pre-attentive processing is ultimately determined by the goals of an 
observer, a view opposite to the one proposed by FIT and the original salience map 
model. However, they differ with regard to the content of specific target information 
that is needed for goal-driven behavior to guide selection. While the contingent 
attentional capture hypothesis is relatively broad in this sense, assuming that attentional 
capture can be abolished if the target possesses a property that is not shared with any 
distractor element, Bacon & Egeth (1994) are more specific by assuming that observers 
can enter different search modes, depending on the best strategy for a specific task.  
Finally, Müller et al. (1995), in a similar fashion argue that observers can prepare for 
a certain feature dimension, by applying different weights to different dimensions 
depending on search relevance. 

However, it has to be noted that alternative accounts to purely goal-driven theories 
exists that are likewise able to explain a number of the findings discussed above. 
The attentional window hypothesis, for instance, constitutes one example of a more 
stimulus-driven account that can explain why under certain circumstances attentional 
capture affects are abolished. 
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1.3.3. combined control
The previous sections have shown that neither purely bottom-up nor purely top-down 
models of attention can fully account for visual selection. In fact, many of the previous 
examples have shown that the boundary between stimulus-driven and goal-driven 
influences is not always clear and that extreme accounts on either side fail to give a 
complete picture of the underlying mechanisms that guide visual selection.  Therefore, 
the next three paragraphs describe extensions of existing and previously discussed 
theories as well as one promising theory that combines aspects of both stimulus-
driven and goal-driven control in order to account for a multitude of circumstances of 
attentional selection.

1.3.3.1. Feature Inhibition Theory

While the Feature Integration Theory (FIT, as discussed in section 1.3.1.2.) was initially 
bolstered by a large number of studies providing convergent evidence for its validity 
(e.g. Treisman & Gormican, 1988; Treisman & Schmidt, 1982), problems began to emerge 
which lead to a revision of the FIT. For example, the idea that features were combined 
in a later stage was challenged by findings suggesting that feature conjunctions can 
occur already during pre-attentive processing (Enns & Rensink, 1991; Gilchrist, Findlay, 
&Heywood, 1999; Theeuwes & Kooi, 1994; for a review see Tsal 1989). Furthermore, it 
remained unclear how perceived featural attributes relate to known representations 
of these attributes at a neurophysiological and psychophysiological level during the 
early stages of processing (Briand & Klein, 1989).

The revised FIT, called Feature Inhibition Theory (Treisman & Sato, 1990) takes into 
account most of the initial challenges by incorporating a mechanism that takes into 
account task- related information, a so-called feature inhibition mechanism, which 
suppresses activity arising from task-irrelevant feature locations. In this way, the revised 
FIT constitutes an example of a theory that emphasizes the relevance of both stimulus-
driven as well as goal-driven control in the selection of information.  Pre-attentive 
processing does no longer only consist of bottom-up processes but also includes 
top-down processes allowing the prioritization of task-relevant information by the 
inhibition of irrelevant information. 

1.3.3.2. Extended Salience Map Models

Most salience map models (as discussed in section 1.3.1.3.) give a computational 
approach of how early stimulus-driven selection occurs explicitly in the absence of goal-
driven processes. That is, these models acknowledge the existence of higher-order 
processes but they are restricted to situations in which only stimulus-properties are 
considered (e.g., Einhäuser et al., 2008; Itti, 2006; Li & Snowden, 2006). In other words, 
salience models are only assumed to accurately predict selection in the absence of a 
specific task, usually during free-viewing of scenes or in cases in which all items to select 
from a display constitute potential targets (Itti & Koch 2000; 2001; Koch & Ullman, 1985). 
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Nevertheless, approaches were undertaken to incorporate influences of goal-driven 
processing into salience map models. One such example is the addition of a weighting 
factor that assigns different weights to locations in the salience map based on current 
behavioral goals and the motivational state of an observer (e.g., Navalpakkam & Itti, 
2005; Wolfe, 1994, see also the following section 1.3.3.3. Guided Search).

1.3.3.3. Guided Search

The final theory that will be discussed, Guided Search (Cave & Wolfe, 1990; Wolfe, 1994; 
1996; 1989; 2007; Wolfe, Cave & Franzel, 1989; Wolfe & Gancarz, 1996), has undergone a 
number of revisions and adaptations since the idea of Guided Search was first proposed 
(Wolfe, 1994; 1989), having resulted in its current version, Guided Search 4.0 (Wolfe, 
2007). The original version of Guided Search has a strong foundation in FIT (Treisman 
& Gelade, 1980) in that it assumes a two-stage system of attention, an early parallel 
pre-attentive and a later serial attentive stage (Cave & Wolfe, 1990; Wolfe et al., 1989; 
Wolfe, 1994). Crucially, in contrast to the original FIT, top-down information could be 
employed in the pre-attentive stage to guide selection by the second, attentive stage 
(Cave & Wolfe, 1990; Wolfe et al., 1989). For example, if observers were searching 
for a pre-specified target as defined by a particular color, participants’ search could 
be pre-attentively guided by information about that specific color without having 
identified any of the search objects yet. This can explain, for example, why people 
are more likely to attend to an item that shares one of these properties with the 
target (e.g., Findlay, 1997; Hooge & Erkelens, 1999; Motter & Belky, 1998; Pomplun 
et al., 2001; Scialfa & Joffe, 1998; Williams & Reingold, 2001). Thus, the efficiency of 
search depends on the ability of the activation map - the outcome of the pre-attentive 
stage - to guide further processing. In the original model, this was implemented as a 
sampling bias of particular items through feature weights that were applied to highlight 
certain features over others.  In the separate feature maps, goal-driven activation of an 
element (based on knowledge derived from task-requirements) is increased through 
this weighting factor depending on the similarity of this element to the target, similarly 
to the Dimension Weighting Account (Müller et al., 1995). Independently from these 
goal-driven influences, stimulus-driven activations are represented through differences 
in local feature contrast, analogously to the salience map models (e.g., Itti & Koch, 
2000; 2001; Koch & Ullman, 1985). The combined activation from both stimulus-driven 
and goal-driven influences is represented in the overall activation map, in which the 
location with the highest activation is the most likely candidate for attentional selection.

However, in order for this guidance to occur, information regarding a certain target 
property is needed. Depending on the tasks instructions, no such information might 
be available and pre-attentive processing cannot guide attention resulting in inefficient 
search. In the latest version of Guided Search (Wolfe, 2007), the attentive stage of 
processing is not only based on the outcome of the pre-attentive stage of processing 
but rather guidance is represented as a control signal which is derived from early 
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processing but not always identical to the output of the first stage of processing. That is, 
depending on the search task, information processing can in some circumstances bypass 
the processing bottleneck of selective attention in an early stage of feature selection via 
an additional pathway (Ariely, 2001; Chong & Treisman, 2003; Oliva & Torralba, 2001). 
The resulting information from both pathways, the one passing through the selective 
filter and the one bypassing it, is then limited by a second later bottleneck (Chun 
& Potter, 1995) at the stage of response or decision mechanisms. Another addition 
of Guided Search 4.0 is that it takes into account temporal characteristics of visual 
processing (see also section 1.5 Temporal Characteristics of Visual Selection). In this 
sense, at the stage of object recognition, a target can be successfully identified if 
sufficient information has accumulated reaching a target threshold for identification.

1.3.3.4. Summary

The last section on combined control has shown that it is important to consider both 
stimulus-driven as well as goal-driven factors when trying to account for the guidance 
of attentional selection. Most current theories of attention therefore integrate the 
contributions of both control mechanisms. One factor that has already been considered 
by the latest version of Guided Search, the temporal characteristics of attentional 
processes, seems to be a promising aspect when investigating the influence of both 
bottom-up and top-down factors of attentional processing. A theory that is particularly 
concerned with the time-course of stimulus-driven and goal-driven processes will be 
discussed next. However, since this theory is largely based on findings from oculomotor 
research, a discussion of it will be preceded by findings establishing a link between 
covert attention and overt eye movements.

1.4. AttentIon And eye movements

In contrast to early findings, which reported that the execution of an eye movement 
can be made in the absence of attention (Klein, 1980; Posner, 1980; Remington, 1980), 
there is now a large body of literature indicating a strong link between covert shifts 
in attention and overt eye movements (Corbetta, Miezin, Shulman, & Petersen, 1993; 
Deubel & Schneider, 1996; Henderson, 1992; Hines, Paul, & Brown, 2002; Hodgson 
& Müller, 1999; Hoffman & Subramaniam, 1995; Kowler, Anderson, Dosher, & Blaser, 
1995; Rizzolatti et al., 1987; Rizzolatti, Riggio, & Sheliga, 1994; Rushworth, Ellison & Walsh, 
2001; Schall & Hanes, 1993; Sheliga, Riggio, Craighero, & Rizzolatti, 1995;  Shepherd, 
Findlay & Hockey, 1986; McPeek & Keller, 2002a,b;  McPeek, Maljkovich, & Nakayama, 
1999; for a review see Schneider & Deubel, 2002). For example, neurophysiological 
evidence has revealed a number of neuronal activation patterns in brain regions that 
show congruent activity in response to both shifts of attention and execution of eye 
movements, such as parietal and frontal regions (Bushnell, Goldberg & Robinson, 1981; 
Corbetta et al., 1998), area V4 of the visual cortex (Fischer & Boch, 1985), the frontal 
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eye field (FEF) (Armstrong, Fitzgerald, & Moore, 2006; Moore & Armstrong, 2003; 
Moore & Fallah, 2004) and the pulvinar (e.g., Robinson & McClurkin, 1989), indicating 
a tight coupling between underlying processes of attention and saccades. Findings 
that show a link between attention and eye movements can be broadly classified into 
two different accounts of how the allocation of eye movements is coupled to shifts 
in attention. 

On the one hand, a number of researchers argue that attention is a by-product 
of saccade programming to a spatial location, one example of which is given in the 
premotor theory of attention (Rizzolatti et al., 1987; Rizzolatti, et al., 1994; Sheliga et 
al., 1995). However, a complete discussion of this controversial theory falls outside the 
scope of this thesis (for a recent review see Smith & Schenk, 2012).

On the other hand, it is argued that the link between covert shifts of attention 
and shifts in gaze is characterized by the former preceding the latter. For example, 
the visual attention model (VAM; Schneider, 1995) assumes that the allocation of 
attention is a prerequisite for the execution of a saccadic eye movement. In this sense, 
directing an eye movement to a saccadic target is preceded by a shift in attention to this 
location (e.g., Godijn & Pratt, 2002; Shepherd et al., 1986; Henderson, 1992; Hoffman 
& Subramanian, 1995; Irwin & Gordon, 1998; Kowler et al., 1995; Deubel & Schneider, 
1996; van der Stigchel & Theeuwes, 2005). Studies that have shown this obligatory covert 
shift in attention prior to a shift in gaze usually employed a dual-task paradigm (Deubel 
& Schneider, 1996; Henderson et al., 1989; Hoffman & Subramaniam, 1995; Kowler et 
al., 1995; Schneider & Deubel, 1995; van der Stigchel & Theeuwes, 2005). For instance, 
Hoffman and Subramaniam (1995) investigated the relationship between attention and 
eye movements by examining whether instructing participants to saccade to a pre-
specified location would improve stimulus identification at this location (see also Deubel 
& Schneider, 1996; Henderson et al., 1989; Kowler et al., 1995). The particular shape that 
participants had to identify could either be located at the saccade-goal or somewhere 
else in the display, so that attention was either spatially congruent or incongruent with 
the saccade end point. Furthermore, the stimulus was removed from the display before 
the saccade was initiated. When the stimulus appeared at the saccade-goal, participants 
were better able to identify it than when it was presented somewhere else in the display. 
In line with previous findings, this suggested that attention was shifted to the location 
of the saccade-goal prior to the initiation of the saccade. Crucially, when participants 
were instructed to attend to a certain location in space that either coincided with the 
saccade-goal or not, they found that participants were significantly better to identify 
the stimulus when it was presented at the location of the saccade-goal, irrespective 
of whether they were instructed to attend to this location or not. Thus, attention was 
automatically directed toward the location of the saccade-goal prior to the initiation of 
the saccade, indicating that a shift in attention is a prerequisite for the allocation of an 
eye movement (Deubel & Schneider, 1996; Hoffman & Subramaniam, 1995; Henderson 
et al., 1989; Kowler et al., 1995; Schneider & Deubel, 1995; 2002).
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More recently, this finding was extended to a sequence of saccades (Godijn & 
Theeuwes, 2003, see also McPeek & Keller 2002b for similar findings in rhesus 
monkeys). In their study, Godijn and Theeuwes used a dual-task paradigm similar to 
the previously reported studies. Participants’ primary task was to perform a sequence 
of two saccades to two predetermined targets presented amongst non-targets that 
were arranged equidistant from central fixation. The order of the saccade sequence 
was either voluntarily chosen by the participant (Experiments 1 and 2) or predetermined 
as indicated by two arrows of different sizes pointing towards the saccade-goals, the 
larger line indicating the first saccade-goal. On half of all trials four letters were briefly 
presented (47 ms) at variable stimulus-onset asynchronies (SOAs). The letters were 
presented at two no-saccade locations and two locations near (Experiments 1-3) or 
at the saccade-goal (Experiments 4-5). In Experiments 4 and 5 the two sets of letters 
were presented either simultaneously or sequentially in order to investigate the time-
course of covert attentional allocation prior to gaze shifts. The secondary task was 
a forced-choice non-speeded letter identification task, in which participants had to 
indicate which of two letters had been presented during the trial. The major result of 
all five experiments was that participants performed significantly better during the 
letter identification task when the letter was presented at or near a saccade-goal as 
compared to when it was presented at a no-saccade location, suggesting that attention 
had been covertly allocated to both saccade-goals prior to the execution of the first 
saccade. Even though letter identification was better for a letter presented at the first 
saccade-goal than at the second saccade-goal, the findings suggest that attention is 
allocated in parallel to all locations of a future saccade-goal, in line with a spatial model 
of attention. Support for the spatial model was particularly derived from the results of 
Experiment 4 which showed that letter identification performance was unaffected by 
both the mode of letter presentation – simultaneous or sequential – and the order in 
which letters were presented – first at first saccade-goal or first at second saccade-goal.

While these findings strongly suggest that a shift in attention is necessary for a 
saccade to be programmed to the same location in space, a shift of attention does not 
always entail that a saccade is programmed (Deubel & Schneider, 1996; Henderson, 
1992; Hoffman & Subramaniam, 1995; Kowler et al., 1995; Posner et al., 1980; Schneider 
& Deubel, 1995; 2002). Furthermore, the link between covert attention and overt 
saccade-goals does not resemble a one-to-one spatial mapping (Theeuwes, de Vries, 
& Godijn, 2003; Godijn & Theeuwes, 2003), suggesting a certain degree of dissociation 
between the oculomotor and attentional systems. Recently, Belopolsky and Theeuwes 
(2009) addressed this issue by dissociating the maintenance of attention at a certain 
location from shifts of attention to a location. Rather than a dual-task paradigm, they 
used a paradigm that enabled the measurement of saccade preparation and the 
allocation of attention simultaneously. Attentional allocation was measured through a 
modification of the original Posner cueing task (Posner, 1980), in which attention had 
to be allocated toward one of two (Experiment 1) or four (Experiment 2) figure-eight 
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placeholders as indicated by a central cue. The cue validity was either high (80% 
in Experiment 1) or low (25% in Experiment 2). Following a variable time interval, 
line segments were removed from the placeholders to reveal target digits (1 or 2 in 
Experiment 1; 1, 2 , 3 or 4 in Experiment 2) or distractor letters (H or P in Experiment 1; 
H, P, U or F in Experiment 2). Participants were required to make an eye movement to 
a certain location corresponding to the identity of the target (to the top left stimulus 
if the target was 1; to the top right stimulus if the target was 2; bottom left if target 
was 3 and bottom right if target was 4), which either coincided with the location of the 
target or not. 

The results of the first experiment, in which the cue validity was high (80%) showed 
that participants were faster to saccade to the target when the cue was valid as 
compared to when it was invalid, and crucially they were faster when the locus of 
attention coincided with the target location, thus the saccade-goal. No differences 
were found between the maintenance of attention at the validly cued location and the 
shifting of attention to the uncued location. When the cue validity was low (25%), as 
in Experiment 2, saccades were suppressed towards the location at which attention 
was maintained (valid cue trials), whereas saccades were facilitated when they had 
to be shifted to the uncued location (invalid cue trials). Furthermore, an inter-trial 
analysis showed that whether or not attentional and saccade-goals were incongruent 
or not on the previous trial affected saccade preparation on the following trial: saccade 
preparation to the attended location was suppressed following an incongruent trial 
(Experiments 1 and 3), but was facilitated following a congruent trial (Experiment 2).  
These results strongly suggest that the preparation of overt saccadic eye movements 
can be dissociated from covert attention. However, this dissociation takes on a very 
specific character and is never neutral: the preparation of a saccade is either suppressed 
or facilitated to the location at which attention is maintained, which is dependent on 
the probability of saccade initiation to the attended location. In contrast, in cases in 
which covert attention is shifted, this was always accompanied by the initiation of a 
saccade, supporting the previous findings that shifts of saccadic eye movements are 
preceded by shifts in covert attention.

1.4.1. saccades as Measurement tool
The evidence suggesting that a shift in attention is sine qua non for the programming 
of an eye movement has sparked a great deal of interest in using eye movement 
measurements in the study of attention. Compared to manual reaction times, the 
registration of eye movements provides a number of advantages. Eye movements 
are elicited much earlier in time compared to manual responses. Since attention 
operates on a high temporal scale, the analysis of eye movements allows for a better 
understanding of the early stages of attentional processing as compared to reaction 
time measures. (e.g., Ludwig & Gilchrist, 2002). Additionally, eye movements, or more 
precisely fixations, provide spatial information regarding the allocation of attention, 
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even though it has to be noted, as pointed out in the previous section 1.4., that the 
spatial mapping between eye fixations and the locus of attention is not 100% accurate 
(Theeuwes et al., 2003; Godijn & Theeuwes, 2003). Finally, especially rapid saccadic 
responses, in the range of 100 - 150 ms, are largely automatic, providing insight into 
early attentional processing at a level of unconscious processing, that is, observers 
can elicit a saccade to a location without necessarily having been aware of it (e.g., van 
Zoest, & Donk, 2010).  

1.4.2. summary
Even though theories differ with regard to their view on the presumed coupling 
between attention and eye movements, it is generally assumed that there is a strong link 
between the two. To date, it is most likely that attention may precede the allocation of 
saccades (e.g., Deubel & Schneider, 1996; Henderson, 1992; Hoffman & Subramaniam, 
1995; Kowler et al., 1995; Schneider & Deubel, 2002). In this sense, covert attentional 
processes can be used to preview a location in the visual field by selecting items for 
further processing by eye movement fixations. While a shift in attention does not 
necessarily induce an eye movement to the same location (e.g., Deubel & Schneider, 
1996; Henderson, 1992; Hoffman & Subramaniam, 1995; Kowler et al., 1995), the locus of 
a fixation most likely must have obligatorily been preceded by a shift in covert attention 
to this location (McPeek & Keller, 2002a, b; Schall & Hanes, 1993).

The amount of evidence in favor of the findings that overt eye movements are 
preceded by covert shifts in attention has led to the registration of eye movements 
as a research tool for attention as it provides, amongst other advantages, a higher 
temporal and spatial resolution compared to manual response times. This makes eye 
movement recordings a good candidate for the investigation of stimulus-driven and 
goal-driven processes in guiding the allocation of attention, especially at an early 
stage of processing.

The next section focuses on findings of these temporal aspects of the two processes 
and will discuss a promising theory with regard to the temporal interplay between 
stimulus-driven and goal-driven processes.

1.5. temporAl chArActerIstIcs of vIsuAl selectIon

The previous section has highlighted a few of the many difficulties that research on 
attention has faced in explaining the processes and mechanisms driving it. In the 
following section, a detailed description of the transient nature of salience-effects on 
oculomotor selection behavior will be given. Before moving on to the presentation of 
the latest insights into the nature of salience-effects, the current state of knowledge 
with regard to the temporal characteristics of salience-driven and goal-driven 
effects on attentional selection will be treated. Since transience entails a temporal 
component, findings on the temporal characteristics of salience-driven effects will be 
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reviewed followed by the presentation of a theory on the timing of visual selection, the 
Independent Timing Account (ITA; van Zoest, Donk, & Theeuwes, 2004).  

1.5.1. selection early and late in time
The idea that stimulus-driven effects generally precede goal-driven influences is certainly 
not new. In fact, it is already reflected in the very first models of attention (e.g., Treisman 
& Gelade, 1980; Wolfe, 1994) and is consistent with many other views (e.g., Hochstein 
& Ahissar, 2002; Lamme & Roelfsema, 2000; van Rullen & Koch, 2003; van Rullen, 2007). 
However, the question that remains is how salience-driven and goal-driven processes 
interact in guiding attention (Egeth, Leonard, & Leber, 2010; Hochstein & Ahissar, 2002; 
Lamme & Roelfsema, 2000; Pomplun 2006; Rutishauser & Koch, 2007; Tatler, Baddeley, 
& Gilchrist, 2005; Zhang et al., 2008). That is, are the two processes dependent on each 
other, or do they operate independently? Does the initial salience-based activation 
subside irrespective of top-down activation setting in, or does the top-down activation 
override salience-based activation?  In order to answer these questions, it is vital to look 
at the individual time courses of salience-driven and goal-driven processes as they are 
reflected in the temporal dynamics of overt visual selection.

It has been shown repeatedly in the literature that salience-based processes lead to 
rapid selection (e.g., Donk, & Soesman, 2010; Theeuwes, 1992; 1994; 2004; 2005; van 
Zoest & Donk, 2004), while goal-driven processes are assumed to be slower in nature. 
On the other hand, while the effect of salience-driven selection is less strong or even 
absent for slower responses, these later responses seem to be predominantly goal-
driven (Ludwig & Gilchrist, 2002; Mulckhuyse, van Zoest, & Theeuwes, 2008). In line 
with this assumption, neurophysiological evidence has shown that neuronal activations 
generated in response to the presentation of a stimulus display is relayed from low-level 
visual areas such as V1 to hierarchically higher structures in the cortex encompassing 
temporal, parietal and frontal areas (Hochstein & Ahissar, 2002; Lamme & Roelfsema, 
2000). This feed-forward processing of information is consistent with the finding of 
early stimulus-driven processing and might in fact represent the underlying neural 
mechanism of bottom-up processing. Furthermore, the same studies have shown that 
following the initial feed-forward sweep of activity, hierarchically higher structures 
communicate with lower-level areas through feedback connections, affecting their 
rate of neuronal firing. This recurrent feedback processing might represent goal-driven 
influences on the part of the observer, such as behavioral goals or strategies.

In order to understand the exact relationship and dependencies between 
salience-driven and goal-driven processes, it is essential to investigate their temporal 
characteristics. So far, only a few of the theories and models discussed above have 
taken into account the temporal aspects of these two processes (see also Hickey, van 
Zoest & Theeuwes, 2010; Kim & Cave, 1999; Theeuwes, 1995b). The next section will 
discuss a theory of attentional selection that is purely based on temporal characteristics 
of salience-driven and goal-driven selection. 
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1.5.1.1. The Independent Timing Account

In a number of studies, van Zoest and Donk (2004, 2005, 2006, 2008, 2010; Donk & van 
Zoest, 2008, 2011; van Zoest et al., 2004) separately and directly investigated the time-
course of salience-driven and goal-driven processes in oculomotor control and based 
on their results formulated a temporal account of visual selection, the Independent 
Timing Account of visual selection, in the following referred to as ITA (see also Donk 
& Soesman, 2010, 1011).  In these studies, observers were presented with a set of 
homogeneously aligned line segments referred to as non-targets or background 
lines and two singletons - one target and one distractor. These singletons were line 
segments that were tilted relative to the non-targets. Thus, salience was systematically 
manipulated by the degree of tilt of the singletons relative to the non-targets. The 
observers’ goal was represented as a specific line identity (right-tilted compared to 
the left-tilted distractor). They instructed participants to make a speeded and accurate 
eye movement to the right-tilted target singleton following central fixation. On some 
trials, the target line had a larger orientation contrast relative to the non-targets than 
the distractor line. In this case the target was considered to be more salient than the 
distractor. On other trials it was reversed, and the distractor was more salient than the 
target. They recorded eye movements and divided the resulting saccadic latencies into 
separate time bins to investigate the time-course of selection.

The results showed that the very fastest responses were predominantly directed 
toward the salient singleton irrespective of whether it was the target or distractor. On 
the other hand, slower responses were in most cases correctly directed toward the target 
singleton irrespective of its salience. That is, early in time, selection was predominantly 
salience-driven whereas later in time it was consistently goal-driven, irrespective of 
whether salience information was relevant for the task at hand or not, which is the central 
idea of ITA. In other words, the theory proposes that, in line with previous findings, 
salience-driven and goal-driven selection operate on different time scales, independently 
contributing to visual selection. An important feature of salience-driven processes is that 
their contribution in terms of activation is considered to be transient, fading over time, 
while goal-driven activation on the other hand takes time to build up but once in effect, is 
sustained over time (Donk & van Zoest, 2008; van Zoest & Donk, 2010; see also, Cheal & 
Chastain, 2002; Cheal & Lyon, 1991; Müller & Rabbit, 1989; Nakayama & Mackeben, 1989). 
The activation of both processes is assumed to be combined in an overall activation map. 
Due to the shift in time with the regard to the contribution of salience-driven and goal-
driven activity, early access of the activation map resulting in a response to be more likely 
to be salience-driven as goal-driven activation has not (yet) contributed to the activation 
pattern. On the other hand, later access results in goal-driven selection to be more likely 
since salience-based activation has faded while goal-driven activation has accumulated. 
Thus, ITA, in comparison to previous models and theories of attention, assumes that 
selection is not purely based on the strength of the activation in the activation map but 
rather on its interaction with the temporal characteristics of the activation pattern.
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1.5.2. are salience-effects truly transient in nature?
Over the last decade, evidence for the validity of ITA has accumulated and many 
studies consistently replicated the time-course for salience-driven and goal-driven 
selection (e.g., Donk & van Zoest, 2008; Hunt, von Mühlenen, & Kingstone, 2007; 
van Zoest & Donk, 2005; 2006; 2008; 2010; van Zoest, et al., 2004). However, one 
of the major shortcomings of ITA is that the entire theory is based on the findings 
obtained from single eye movement studies (Donk & van Zoest, 2008; Hunt et al., 
2007; van Zoest & Donk, 2005; 2006; 2008; 2010; van Zoest, et al., 2004). That is, all 
findings were based on the saccadic latencies resulting from an initial eye movement 
following fixation. The average time span of a saccade reported in these studies ranges 
between 80 ms and 400 ms. Thus, the time-course of salience-driven and goal-driven 
selection was limited to an extremely brief time period following the presentation of 
a search display. Therefore, the question that arises is whether the transient effect of 
salience-driven processes observed in an initial eye movement after the presentation 
of a search display can be generalized to a sequence of eye movements. That is, are 
salience-driven effects truly transient in nature in that the activation decays passively 
over time and subsequent eye movements are completely unaffected by salience, or 
are salience-effects transient within each individual eye movement? In the latter case, 
the temporal pattern of salience-based effects as found in an initial eye movement 
would be replicated in a subsequent eye movement. This would be in line with the 
assumption of the salience map model (Itti & Koch, 2000; 2001; Koch and Ullman, 1985). 
According to this model, following the selection of the most salient location in a scene, 
the activation arising from this location is inhibited and subsequently the location with 
the second-highest activation will be selected. Thus, a subsequent eye movement 
would be directed towards the second-most salient location in a scene.

In order to test the assumptions of ITA with regard to the transient nature of salience-
effects, we conducted a set of experiments in which participants were presented with 
a stimulus display similar to the ones used by van Zoest et al. (2004). It consisted of a 
number of homogeneously aligned background line segments that were either vertically 
or horizontally oriented. Embedded were either one (Chapter 5), two (Chapters 3, 4 
and 5) or three singletons (Chapter 2). These singletons were line segments that were 
defined on the basis of their orientation contrast relative to the background lines. That 
is, the larger the orientation contrast between singleton and background line, the 
higher their salience and vice versa. Apart from Chapters 4 and 5, the singletons were 
classified into target and distractor singletons. The target (singleton) was defined on 
the basis of a particular identity (right-tilted relative to the background lines in Chapter 
3 or a pre-specified target superimposed on one of the singletons, see Chapter 2), and 
could either be more or less salient compared to the distractor singleton(s). Participants 
were instructed to make a speeded and accurate eye movement to the pre-specified 
target following central fixation. Thus, in all experiments salience was irrelevant to the 
observer’s task. In order to investigate the time-course of salience-driven processes, 
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and, to a lesser extent that of goal-driven processes, saccadic eye movements were 
recorded by means of an eye tracker. The resulting latencies were ranked ordered by 
increasing latency and subsequently divided into five equal time bins, separately for 
an initial and a subsequent eye movement.

In a first study (Siebold, van Zoest, & Donk, 2011, see Chapter 2), three differently 
salient right-tilted singletons were presented and participants were instructed to 
make a speeded and accurate eye movement to a probe dot that was superimposed 
on either of the three singletons but absent on two-thirds of all trials. In a second 
experiment they were instructed to search for the only right-tilted singleton (amongst 
two left-tilted distractors) which could be the most, medium or least salient singleton 
in the display. The results of both experiments showed an identical pattern. In line 
with previous findings (Donk & van Zoest, 2008, Hunt et al., 2007; van Zoest & Donk, 
2005; 2006; 2008; 2010; van Zoest, et al., 2004) and in accordance with ITA (van 
Zoest & Donk, 2004), initial eye movements were salience-driven for short-latency 
responses up to approximately 170-200 ms but were unaffected by stimulus-salience 
for slower responses. In addition, the results of Experiment 2 showed that slower 
initial eye movements were increasingly more likely to be correctly directed toward 
the target singleton with increasing latency. Furthermore, in line with ITA, we found 
that a subsequent eye movement was completely unaffected by stimulus-salience, 
irrespective of whether it was elicited early or late in time (Experiments 1 and 2). 
Rather, second eye movements were consistently directed toward the target singleton 
(Experiment 2). These results showed for the first time that the effects of stimulus-
salience are indeed transient, affecting oculomotor selection only for fast response 
latencies on an initial eye movement. The finding that a subsequent eye movement 
was unaffected by stimulus-salience seems to be contradicting the assumptions of 
a salience map model, according to which the subsequent eye movement should 
have been directed towards the singleton with the second-highest salience value (the 
medium salient singleton). However, observers in our study were equally likely to select 
the medium or least salient singleton on a second saccade, indicating that in contrast 
to the predictions of purely bottom-up driven salience map models, the effect of 
stimulus-salience is short-lived, fading away rapidly after a few hundred milliseconds 
following display onset. Thus, we showed that, at least in a static display, the effect of 
stimulus-salience decays rapidly. 

So far, based on the findings of our study, we have found evidence concordant 
with the ITA. The assumption that salience-effects are transient in nature as based on 
findings from single eye movement studies has been corroborated by showing that 
salience does not affect visual selection past an initial eye movement. We can therefore 
conclude that the transient effect of salience has been established for a sequence of 
two eye movements in the case of salience derived from static orientation contrasts.

In a second study (Siebold & Donk, 2014a, see Chapter 3), we investigated whether 
the transience of the salience-effect can be replicated for dynamic stimuli. As will be 
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discussed in the following section (1.6. Relation to other Findings), controversial findings 
were reported with regard to the effect of static compared to dynamic stimuli. It is 
possible therefore, that a dynamic or transient stimulus amongst otherwise static stimuli 
is inherently more salient than a static stimulus which differs from its surroundings 
in a simple feature dimension like color or orientation. Possibly, the former results 
in stronger, earlier, or sustained effects of stimulus salience on selection behavior. 
Furthermore, it might be feasible that, under the assumption that dynamic stimuli are 
more salient than static stimuli, salience-effects are re-instated for a subsequent eye 
movement thereby violating the assumption that salience is transiently represented. 
In order to assess the time-course of salience-driven processes for static and dynamic 
stimuli, we first replicated the findings of the initial study with a different paradigm. 
We presented observers with a target and one distractor singleton that were defined 
in the orientation domain and had a specific identity. Depending on the orientation of 
the background lines (vertical or horizontal) either the target or the distractor singleton 
was considered to be more salient. Observers were instructed to make a speeded 
and accurate eye movement to the target singleton, either directly from fixation, or 
preceded by an eye movement to an additional fixation dot. The latter instruction was 
used so that observers would select either of the two singletons with their second eye 
movement. The findings of the first study were replicated. Effects of stimulus salience 
were transient and no effect of salience was found for a second eye movement. In a 
second and third experiment, target and distractor singleton had an identical orientation 
contrast relative to the background (target being right-tilted and distractor left-tilted). 
Salience was implemented as a rapid luminance flicker (Experiment 2) or as an increase in 
luminance contrast (Experiment 3). The instructions were identical to the first experiment 
with the addition of a supplementary condition, in which the salience-manipulation 
was implemented contingent upon the initial eye movement landing on the additional 
fixation dot. The results of both studies revealed similar patterns of results to the ones 
obtained for a static manipulation of salience. Both the luminance flicker and the increase 
in luminance contrast affected visual selection only for fast responses on an initial eye 
movement. Slower initial saccades as well as second eye movements were completely 
unaffected by stimulus-salience in case the manipulation was present from stimulus 
onset. However, when the manipulation was implemented contingent upon the initial 
eye movement landing on the additional fixation dot, the effect of stimulus-salience 
was re-instated for a second eye movement, for both the luminance flicker and the 
increase in luminance contrast. That is, fast-response saccades were again salience-
driven. These findings have important implications for the assumption that salience is 
transiently represented and highlight the need for an extension of the ITA.

1.5.2.1. The Independent Timing Account – Revised

The results of our studies are largely in line with the assumptions of ITA, providing 
additional evidence for the viability of the core assumption that salience-effects are 
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transient in nature. Concordant with previous studies (Donk & van Zoest, 2008; Hunt 
et al., 2007; van Zoest & Donk, 2004; 2005; 2006; 2008; 2010; van Zoest et al., 2004), 
the results of our experiments have shown that the end point of an eye movement that 
immediately follows the presentation of the search display is determined purely on the 
basis of stimulus-properties, and therefore salience-driven, irrespective of the task of 
the observer, if the eye movement is initiated rapidly, within the first 250 ms of display 
onset (Siebold et al., 2011; Siebold, van Zoest, Meeter & Donk, 2013; Siebold & Donk, 
2014a, b). On the other hand, slower responses are unaffected by stimulus-salience 
but rather directed in line with task requirements, thus goal-driven. Crucially, our first 
study showed that not just slower responses of the initial eye movement but also a 
following eye movement is unaffected by salience, irrespective of whether it is elicited 
early or late in time. This suggests that salience-effects are truly transient in nature and 
that the pure course of time from the moment of stimulus presentation determines the 
dominant mode of selection. In this sense, a spatial shift of overt attention, thus a shift 
in saccade end point does not lead to a renewed effect of salience.

Since the onset of a search display is an unavoidable result of the nature of most 
experimental designs, it might represent a special case of information presentation that 
has no resemblance to visual perception phenomena in the real world. A local stimulus 
onset, or a local change in stimulus-information, differs from a display onset in two 
ways: first, a local stimulus onset is a temporally unique event amongst a display that 
has already been present. As a consequence, it also differs with regard to the amount 
of goal-driven activation that has accumulated in response to the already present 
items. That is, at the time of display onset no goal-driven activations are present since 
the observer is unable to draw on a memory representation. In contrast, in the case of 
a single local stimulus onset or a single local salient change in stimulus-information, 
the time from display onset has enabled goal-driven processes of the otherwise static 
display to set in. Therefore, stimulus-driven effects observed in immediate response 
to the presentation of a search display might be the result of an inability to draw on 
prior knowledge, which might not be the case for a stimulus onset or a salient change in 
stimulus-information. The initial ITA makes no claim in this regard, since its observations 
are based on an initial eye movement only, which by definition follows display onset. 

The results of our second study showed, however, that even though the target 
stimulus had been presented from display onset, fast responses of a subsequent eye 
movement were directed to a salient stimulus-change. Thus, even when having been 
exposed to the target from display onset, and salience being completely irrelevant 
to the task, the effects of stimulus-salience were re-instated in case the salience-
manipulation occurred during an eye movement. Based on this latter finding, the ITA 
needs to be extended to events other than the onset of a search display as timing 
reference for salience-driven processes. It seems that disregarding the differences 
between a display onset and a temporally unique stimulus event, the information 
processes leading to selection are similar in both cases. 
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Basically, the presentation of a display is equivalent to a local salience increase 
in the sense that in both cases, at least one salience value is increased. Thus, the 
important factor determining whether or not salience-effects occur seems to be an 
increase in local salience (see also Silvis & Donk, 2014). Accordingly, the visual system 
is assumed to be generally responsive to salience increases but this responsiveness 
rapidly fades away with time. Eventually, the salience-driven activity distribution levels 
out in the sense that locations differing in salience do no longer result in different 
levels of activity in the corresponding locations in the salience map but merely serve 
as equivalent placeholders for goal-driven processes. Since goal-driven processes are 
temporally delayed compared to salience-driven processes as a result of goal-driven 
activation building up at a lower rate, selection on the basis of salience is a quick and 
efficient way of orienting until goal-driven processes are sufficiently build up to drive 
selection. Thus, in line with the original ITA, the moment in time at which the activation 
map is accessed determines whether selection is more likely to be salience-driven or 
goal-driven. 

It has to be noted, however that the temporally unique change in information 
contingent upon an eye movement has to represent an increase in relative-salience in 
order for it to capture attention (Silvis & Donk, 2014; Spehar & Owens, 2012). While not 
explicitly stated in the revised ITA, this suggests that non-transient salience increments 
elicit oculomotor capture whereas non-transient salience changes, which do not 
involve increments in salience, do not elicit capture. In this way, the presentation of 
new (salient) information results in a temporary increase in salience-driven activation 
that rapidly enters the activation map. For a brief period of time this salience-based 
activation exceeds that of (already accumulated) goal-driven activation, which causes 
selection to be once more salience-driven. Therefore, an increase in local salience 
can be regarded as interfering with the influence of ongoing goal-driven processes, 
serving as a placeholder mechanism for selection. In this way the processes leading to 
selection are similar in response to both salient stimulus changes and display onsets. 
In both cases, selection based on salience values seems to be the dominant mode until 
goal-driven processes are sufficiently updated (in case of salient stimulus changes) or 
accumulated (in cases of display onsets). In this sense, selection behavior does not 
differ qualitatively in response to display onset or local stimulus onset. Based on these 
assumptions, the revised ITA can explain why salience-effects are re-instated following 
an update of information but are not re-instated when the display remains stable over 
successive eye movements.

Furthermore, even though the current findings are based on oculomotor research, 
the independent temporal operations of stimulus-driven and goal-driven processes 
in combination with the moment in time at which the activation map is accessed for 
a response might be able to explain the discrepancy in the literature with regard to 
conflicting findings with regard to the role of attentional capture. For example, studies 
that predominantly report a large effect of stimulus salience might be predominantly 
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based on processing early in time, whereas studies reporting no or smaller effects of 
stimulus salience might be based on processing at a later point in time. 

1.5.3. summary
In contrast to the original ITA  (Donk & van Zoest, 2008; van Zoest et al., 2004; 
van Zoest & Donk, 2005, 2006, 2008, 2010), the revised ITA takes into account the 
difference between the temporal reference frames of display onset and a (salient) 
change of information in just part of the visual field relative to the initiation of an 
eye movement. In the former case, when all information in the visual field appears at 
the same moment in time, the revised ITA is in line with the original ITA. In this case, 
selection early in time relative to display onset will be made based on the relative-
salience of an item. Later in time, when goal-driven activation has accumulated, 
a response will be more likely to be in line with task-requirements and unaffected 
by stimulus-salience.

When the display does not remain stable over the course of time but if the 
relative-salience in just a part of the visual field is changed, this change will affect the 
information accrual of stimulus-driven activations. The revised ITA proposes that this 
temporal dynamic of information can be regarded in a similar way as the presentation 
of a complete display: an increase in salience leads to oculomotor capture irrespective 
of whether it is derived from the presentation of a display or the increase of a single 
salience value in the display (see also Silvis and Donk, 2014). 

Thus, the crucial difference between the original and the revised ITA is that the 
revised ITA can account for a renewed effect of salience long after display onset. 
In other words, it accounts for selection not just in case the display remains stable 
over time but also for situations in which salience values increase over time. In sum, 
both versions of ITA assume salience-driven and goal-driven processes to operate in 
different temporal time scales. According to the original ITA, the activation of salience 
accumulates rapidly but is transient in nature, fading over time, while the activation of 
goal-driven processes accumulates at a slower rate but is sustained once accumulated. 
In addition, the revised ITA suggests that this is only the case in a stable environment. 
Since this is not the case in the real world, the revised ITA suggests that the activation 
accrual of both processes is further affected by the temporal dynamics of information 
change. In this sense, the initiation of a response not only relative to display onset but 
relative to any change in the visual field, as long as it is accompanied by an increase 
in stimulus-salience (Silvis & Donk, 2014; Spehar & Owens, 2012), determines whether 
selection is primarily salience-driven or goal-driven.

In the following sections, the assumptions of the revised ITA and their consequences 
for selection will be discussed in the framework of various stimulus-property classes. 
It will be argued that the revised ITA does not assume a special status of dynamic over 
static stimuli in eliciting oculomotor capture, which might potentially also hold for 
attentional capture. 
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1.6. relAtIon to other fIndIngs: stImulus clAsses

Below, a number of findings will be discussed with regard to the specific stimulus-
properties that are thought to elicit purely stimulus-driven attentional capture. 
However, these results are equivocal with regard to their conclusions and the debate 
is far from settled. In particular, the issue concerns the question of whether dynamic, 
or in particular onset stimuli, have a special status in eliciting salience-driven effects 
as compared to static stimuli. After thoroughly discussing controversial findings, an 
attempt will be made to reconcile the controversial findings by relating them to the 
revised ITA in the hope to be able to account for the differences between the accounts. 
However, whether or not the results of the revised ITA, which are based purely on 
oculomotor research, do indeed extend to attentional studies remains to be proven.

1.6.1. stimulus-Property classifications
The previous sections have given a detailed description of how the recent findings 
regarding the transient nature of salience-effects can be integrated with the existing 
ITA of visual selection. Based on the findings that outlined the circumstances under 
which salience-effects are re-instated, the original ITA has been modified and 
extended. In this section it will be pointed out how this revised account of the temporal 
dynamics of stimulus-driven and goal-driven processes might be able resolve some 
of the controversies in the literature, and help clarify one of the most discussed issues 
over the last two decades. This issue was touched on earlier when discussing the 
circumstances under which top-down control can override stimulus-driven influences. 
To recapitulate, on the one extreme is the view that early attentional and oculomotor 
processing is without any exception driven purely by the stimulus properties in the 
visual field resulting in attentional or oculomotor capture (e.g., Theeuwes, 1992; 1994) 
whereas on the other extreme is the idea that capture is always contingent on the 
attentional set of the observer and therefore ultimately determined by goal-driven 
processes (e.g., Folk et al., 1992). In the latter case, goal-driven processes can override 
stimulus-driven capture depending on the task instructions. Abundant evidence was 
reported for the notion that neither of these two extreme accounts can give an accurate 
explanation for the allocation of both overt and covert attention. Resulting from this, 
the idea emerged that possibly not all stimulus-properties should be treated alike 
and that some specific properties might be more or less effective at producing purely 
stimulus-driven capture. This has led to a secondary debate about whether these purely 
stimulus-driven properties exist and secondly, which properties they include.

The following section will present a more detailed discussion of this issue.

1.6.1.1. Static versus Onset Stimuli

The difference between a static and an onset singleton is not so much on the basis of 
the feature dimension that characterizes it but rather the temporal and spatial aspects 
that define it.  That is, any singleton can either be static or dynamic irrespective of the 

41



1

IN
TR

O
D

U
C

TIO
N

dimension in which it is defined (color, shape, size, orientation, etc.).  The moment in 
time at which it is presented relative to the appearance of a search display defines it 
as static or dynamic. Thus a stimulus is considered static if its appearance does not 
change over the course of the trial. 

The effect of abrupt onsets on attentional capture in otherwise static displays is 
probably the most researched class of stimulus properties in the literature (e.g., Jonides 
& Yantis, 1988; Schreij, Owens, & Theeuwes, 2008; Schreij, Theeuwes, & Olivers, 2010; 
Yantis, 1993, 2000; Yantis & Hillstrom, 1994; Yantis & Jonides, 1984; 1990). In order to 
explain why certain manipulations fail to produce attentional capture, it was argued 
that there is a qualitative difference in the strength of attentional capture derived 
from static stimuli as opposed to dynamic, and in particular onset stimuli. In line with 
this idea, it was found that task demands can override the attentional capture effect 
of irrelevant static stimuli, such as color, shape or brightness (Jonides & Yantis, 1988; 
Yantis & Egeth, 1999). On the other hand, a number of studies have reported that 
irrelevant onsets do result in attentional capture (e.g., Jonides and Yantis, 1988; Schreij, 
Owens, & Theeuwes, 2008; Schreij, Theeuwes, & Olivers, 2010; Theeuwes, Kramer, 
Hahn, & Irwin, 1998; Yantis & Jonides, 1984), arguing for a special status of onset stimuli 
in automatically attracting attention irrespective of the task-setting of the observer. 
This special status was derived from the idea that an abruptly onsetting stimulus is 
often accompanied by a luminance change to which the visual system is particularly 
sensitive (Breitmeyer & Ganz, 1976; Nakayama & Mackeben, 1989; Todd & van Gelder, 
1979). Alternatively, an abruptly onsetting stimulus might have an inherent ecological 
significance (Cole, Gellatly, & Blurton, 2001; Jonides & Yantis, 1988; Rauschenberger 
& Yantis, 2001; Yantis, 1993, 2000; Yantis & Hillstrom, 1994), in that abruptly appearing 
stimuli require immediate behavioral responses (see also the behavioral urgency 
hypothesis by Franconeri and Simons, 2003).

1.6.1.2. Luminance Transients versus New Objects

In order to understand why onset stimuli are more effective at producing attentional 
capture than static stimuli, the stimulus aspects coinciding with a stimulus onset 
were investigated in more detail. According to one view, Todd and van Gelder (1979) 
proposed that the visual system is comprised of two separate systems, a transient and 
a sustained system. While the former is characterized by a low spatial acuity and a 
sensitivity to rapid changes in information, such as onsets or movement in all parts of 
the visual field, the latter is characterized by a high spatial acuity and a sensitivity to 
static information confined to the center of the visual field (see also Breitmeyer & Ganz, 
1976, Nakayama, & Mackeben. 1989). 

Concordantly with the idea of sustained and transient systems, it was proposed 
that the special role of onsets in capturing attention is determined by the sensory 
transience in luminance that accompanies it. According to the transient hypothesis 
(e.g., Franconeri et al., 2005; Yantis & Jonides, 1984), attentional capture occurs due to 
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a change in salience as a result of luminance transients. For example, Franconeri and 
colleagues (2005) used an altered version of the additional singleton paradigm (Yantis 
& Jonides, 1984; see also Theeuwes, 1991; 1992; 1994; 2004) in which an annulus of 
two different widths was positioned around figure-eight placeholders. The annulus 
constricted over time, either in a way that it temporarily occluded the placeholders or 
so that the placeholders were constantly visible. In both cases, a new object was added 
to the search array. In the former case, it was added during the brief period of occlusion 
by the annulus so that the onset was not accompanied by any luminance transients 
whereas in the latter condition it created luminance transients. The results showed that 
attentional capture occurred only in the condition in which the onset was accompanied 
by luminance transients. Support for the transient hypothesis comes from a variety of 
manipulations of luminance transients, including luminance changes, apparent motion 
and looming stimuli (Abrams & Christ, 2003; Folk et al., 1994; Franconeri & Simons, 
2003; Hollingworth, Simons, & Franconeri, 2010). However, there exists a separate 
discussion with regard to the effectiveness of moving stimuli in capturing attention. 
Rather than motion per se, it is argued that it might be the onset of motion that captures 
attention (Abrams & Christ, 2003; Abrams & Christ 2005a,b; Christ & Abrams, 2008; 
Kawahara, Yanase, & Kitazaki, 2012) or that there might be a distinction between various 
kinds of motion, and different temporal aspects of motion (Franconeri & Simons, 2003, 
2005; Skarratt, Cole & Gellatly, 2009; Sunny & von Mühlenen, 2011; von Mühlenen 
& Lleras, 2007; von Mühlenen, Rempel, & Enns, 2005).

Contrary to the transient hypothesis, an alternative account for the effectiveness 
of onset stimuli over static stimuli assumes that an abrupt onset represents a new 
perceptual entity or object, new in the sense that it had not been presented previously 
in the display. Thus, the factor that leads to attentional capture resulting from onsets is 
the appearance of a new object in the visual field (e.g. Yantis & Hillstrom, 1994; Yantis, 
1993; 1998; 2000; see also Cole, Kentridge & Heywood, 2004; Hillstrom & Yantis, 1994; 
Yantis & Gibson, 1994; Yantis & Jonides, 1996). 

Evidence for the idea that a new object captures attention stems, amongst others, 
from a study that investigated the extent to which new objects compared to changes of 
existing objects are subject to change blindness (Cole, Kentridge, & Heywood, 2004). 
The rationale was to test whether it is an onset per se, that is, a change in luminance, 
that captures attention or whether the appearance of a new object is imperative for 
attentional capture.  In this study, Cole and colleagues (2004) implemented a one-shot 
change blindness paradigm in which observers were simultaneously presented with 
a pair of images on each trial, one to the left and one to the right of central fixation. 
Between the presentation of the first and second image, a blank screen was shown 
for 100 ms. Each display contained a variable number of objects (16 to 24) that varied 
in shape, color, and luminance. In one condition, the second image included a new 
(additional) object, whereas in another condition, the second image contained a 
luminance change at the location of an old (already present) object. Participants were 
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instructed to manually indicate whether they noticed a change in the right or left image. 
The results showed that participants were better able to detect the presence of a new 
object compared to a luminance change of an existing object (see also Enns, Austen, 
Di Lollo, Rauschenberger, & Yantis, 2001; Rauschenberger & Yantis, 2001; Theeuwes, 
1995a, for similar results). In further experiments, these results were replicated using 
color changes and offsets instead of luminance changes. It was additionally found that 
the onset advantage was abolished if the onset included only parts of objects rather 
than whole objects. In line with the new object hypothesis (Yantis & Hillstrom, 1994), 
Cole et al. (2004) concluded that the appearance of a new object is the crucial factor 
leading onsets to capture attention in a stimulus-driven manner.

1.6.2. Unique-event account
Both the transient hypothesis and the new object hypothesis focus strongly on aspects 
inherent to a specific stimulus property in explaining why certain stimuli are more 
effective at capturing attention than others. A different theoretical approach was 
taken by von Mühlenen, Rempel and Enns (2005). In line with the idea that temporal 
characteristics constitute an important factor in explaining capture effects, these 
researchers proposed the so-called unique-event account. According to this hypothesis, 
any stimulus, regardless of the feature dimension, can lead to attentional capture if it 
is temporally unique. In other words, attentional capture by a particular stimulus will 
occur if the stimulus is characterized by a unique event in an otherwise stable or static 
environment. On the other hand, it will not capture attention when the event temporally 
coincides with other changes in the visual field. This idea was derived from the results of a 
set of experiments in which participants were presented with a figure-eight placeholder 
array that could vary in the number of items presented. After 1 second, line segments 
were removed to reveal a number of letters. During this moment either a new letter 
was presented or an existing letter either changed color or started moving. The letter 
manipulation could occur at different SOAs relative to the revelation of the letters, either 
preceding, coinciding or following it. In each condition, participants had to manually 
respond to the presence of a target letter, which either could be one of the manipulated 
or added letters or one of the letters that did not undergo a change. The results showed 
that attentional capture, measured as a cost in reaction time to the manipulated letter 
as opposed to the same letter when it constituted an existing or unchanged letter, was 
just as effective for a moving letter or a letter that changed color as for a letter onset. 
Furthermore, the effect of attentional capture of all three manipulations was strongest 
if it preceded the revelation of the letter at a short interval (150 ms) and was weakest 
when it occurred either longer in advance (coinciding with the onset of the placeholder 
display) or when it coincided with the display change. Thus, the authors (von Mühlenen 
et al., 2005) concluded that attention is most likely to be captured when the manipulation 
occurs at a moment in time when the other elements in the visual field are static, that 
is, when the manipulation is temporally (and spatially) unique.
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1.6.3. the Role of Revised Ita
The revised ITA, as well as the original version, place a high importance on the temporal 
characteristics of stimulus-driven processes in explaining effects of oculomotor 
selection. Thus, when trying to compare the ITA to the previously described hypotheses 
and accounts it can be considered most similar to the unique-event account (von 
Mühlenen et al., 2005) purely because of the similarity with regard to the importance 
that both accounts ascribe to the temporal domain. A further common aspect of 
both accounts is that they do not distinguish between particular stimulus dimensions 
or features in terms of their effectiveness in eliciting capture. In contrast, all other 
hypotheses regard a certain property of a stimulus as crucial in determining its ability to 
produce capture. Thus, whether it is the appearance of a particular transient signal or a 
new object is considered irrelevant by both the unique-event account and ITA. Evidence 
for the importance of the temporal characteristics of a stimulus comes from behavioral 
(Donk & van Zoest, 2008; Hunt et al., 2007; van Zoest & Donk, 2004; 2005; 2006; 
2008; 2010; van Zoest et al., 2004) as well as neurophysiological studies (Hochstein 
& Ahissar, 2002; Lamme & Roelfsema, 2000) and indirect support is given by the fact 
that comprehensive evidence for either of the previous accounts can be considered 
equivocal at best.

However, despite the similarity with regard to the relevance of the temporal domain, 
the two accounts differ in a number of respects. Most importantly, while the ITA is 
based on oculomotor findings, the unique event account (as well as most of the findings 
described in section 1.6) is concerned with covert attention. Therefore, all following 
comparisons between the ITA and theories regarding findings on attentional capture, 
despite the established link between oculomotor and the attentional systems (see 
section 1.4), can only be considered tentative. 

Besides this very crucial point, the unique-event account furthermore differs in 
the prediction of stimulus selection in immediate response to display presentation. 
The purely temporal based extreme of the unique-event account would predict each 
element to be equally likely to be selected in response to display onset, since all 
items are appearing simultaneously so that no individual item is temporally unique. 
However, it has been repeatedly shown that selection very early in time, as indicated 
by eye movements, in immediate response to the presentation of a stimulus display 
generally favors a salient element over any other element in the display, even though 
it does not represent a temporally unique event (Donk & van Zoest, 2008; Hunt et al., 
2007; van Zoest & Donk, 2004; 2005; 2006; 2008; 2010; van Zoest et al., 2004, Siebold 
et al., 2011; Siebold et al., 2013; Siebold & Donk, 2014a, b). In line with this, the results 
of von Mühlenen et al. (2005) still showed attentional capture for a stimulus, whose 
appearance or change coincided with the removal of the placeholder lines. It was just 
diminished compared to the condition in which it preceded or followed the transition 
from placeholders to letters. This shows that in addition to the temporal dynamics, the 
existing local feature contrast of a stimulus relative to its immediate surround, thus the 
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salience of a stimulus, captures attention. In this sense, the temporal uniqueness of the 
salient event might boost the perceived salience of an already salient stimulus. This 
explains why upon display onset, the eyes are more likely to be directed to the most 
salient element in the visual field. While the unique-event account cannot explain these 
results, both the revised ITA and the original ITA do account for this effect.

The results of our second study have shown that a dynamic stimulus or a stimulus 
accompanied by a transient signal is not any more effective at producing oculomotor 
capture than a static stimulus. In all cases, capture was observed for the fastest eye 
movements. Furthermore, in all cases the effect of salience was transient and responses 
were less affected by salience with increasing latencies. A second eye movement, 
therefore, was completely unaffected by salience, irrespective of the salience-
manipulation, that is, irrespective of whether it was a static orientation contrast, a 
luminance flicker or a change in luminance contrast, when the manipulation was  present 
from display onset. However, if the salient signal was presented at a later point in time, 
even when it was presented during the moment in time of saccadic suppression in 
which no information enters the visual system (Matin, 1974; Riggs, Merton, & Morton, 
1974), capture effects were re-instated. Thus, the crucial factor in determining whether 
or not capture can be observed is the moment in time a response is initiated relative 
to the presentation of salient information, no matter whether it is a static increase or 
a dynamic manipulation and no matter whether the event is temporally unique or not. 
The two latter findings present a refinement of the core assumption of the original ITA 
with regard to the transient nature of salience-effects.              

However, again, it is important to note that most of the previous research that tried 
to elucidate whether onset stimuli or stimuli accompanied by transient changes have a 
special status as compared to static stimuli in eliciting capture were largely based on 
covert attention studies. Both the ITA as well as the revised ITA are based on findings 
involving oculomotor capture. Therefore, the generalization of findings derived from 
oculomotor capture to findings based on attentional capture has to be treated with 
caution. The explanation given by the revised ITA for the discrepancy in findings with 
respect to the debate on whether or not certain stimuli are more effective at eliciting 
attentional capture than others is therefore a tentative one. Despite the finding that 
shifts in attention are closely coupled with overt shifts of saccadic eye movements, it is 
important for future research to verify the, for now, speculative claim that no stimulus 
class is inherently any more effective than any other class in eliciting capture using 
covert measures of attention. 

1.6.4. summary
In sum, the revised ITA provides a tentative explanation to account for the controversies 
in the literature regarding the debate on whether or not certain stimuli, such as 
abrupt onsets or the accompanying transient signal have a special status in capturing 
attention in a purely bottom-up fashion as compared to static stimuli (Boot, Kramer, 
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& Peterson, 2005; Bravo & Nakayama, 1992; Christ & Abrams, 2008; Cole, Kuhn, 
Heywood, & Kentridge, 2009; Enns, et al., 2001; Franconeri, Hollingworth, & Simons, 
2005; Franconeri & Simons, 2003; Folk et al., 1994; Godijn & Theeuwes, 2002; Hillstrom 
& Yantis, 1994; Hollingworth, Simons, & Franconeri, 2010; Irwin, Colcombe, Kramer, 
& Hahn, 2000; Jonides & Yantis, 1988; Ludwig & Gilchrist, 2002, 2003; Nakayama, 1990; 
Skarratt, et al., 2009; Theeuwes, 2010; Theeuwes et al., 1998; Theeuwes, et al., 1999; 
von Mühlenen, et al., 2005; von Mühlenen & Lleras, 2007; Wu & Remington, 2003; Yantis 
& Egeth, 1999; Yantis & Jonides, 1984; for a review see Rauschenberger, 2003). That 
is, even though the revised ITA is based on oculomotor research, it might be able to 
resolve the issue of whether or not qualitative differences exist in the effectiveness of 
producing attentional capture between certain stimulus-properties. According to the 
revised ITA, there is no such qualitative difference between stimulus-properties, at least 
when considering their effects on oculomotor capture. Effects of stimulus-salience, 
whether derived from a static or a dynamic manipulation, are transient in nature. Thus, 
they are equally strong (and/or equally long-lasting or equally early in time), temporally 
short-lived and critically dependent on the moment in time an eye movement is initiated 
in relation to the presentation of stimulus-information (Donk & Soesman, 2010, 2011; 
Donk & van Zoest, 2008; 2011; Dombrowe, Olivers, & Donk, 2010; Siebold, et al., 2011; 
van Zoest & Donk, 2004, 2005, 2006; van Zoest et al., 2004). This latter aspect seems 
to be the crucial factor determining whether or not oculomotor capture occurs, rather 
than the type of stimulus-salience-manipulation used. In other words, a salient stimulus 
is only effective at capturing the eyes shortly after its presentation. It is speculated, 
that this logic might extent in the same way to the mechanisms of covert attention. 

1.7. does sAlIence reAlly mAtter?

So far, visual selection and the deployment of attention was discussed largely in terms of 
the bottom-up (salience-driven) and top-down (goal-driven) dichotomy. Furthermore, 
it has been shown that most of the seemingly contradictory findings reported in the 
literature can be accounted for by the temporal characteristics of salience-effects, in 
particular by its transient nature and the exact conditions under which the effects of 
salience can be re-instated. The ITA has been refined by incorporating these recent 
results and a descriptive account of how salience might be processed by the visual 
system was presented along with a description of how its time-course varies from that 
of goal-driven processes. It seems that this revised theory of temporal processing 
accounts quite well for a huge body of recent findings on oculomotor selection. 
However, recently some researchers have argued that the classification of attentional 
guidance into a bottom-up/top-down dichotomy is not appropriate (de Vries, Hooge, 
Wiering, & Verstraten, 2011). In contrast, they argue that the allocation of overt attention 
is purely determined by the inherent processing-speed of an individual item within the 
visual field.
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In the final section of this introduction, a detailed account of their notion of visual 
selection will be provided and the latest evidence will be presented showing that such 
an account is unable to substitute the traditional bottom-up/top-down dichotomy. That 
is, it will be shown that the notion of salience and its representation in the visual system 
is sine qua non for our understanding of oculomotor guidance.

1.7.1. the Processing-speed account
A few years ago, de Vries and colleagues (2011) reported a set of experiments 
on the basis of which they concluded that early time-dependent salience-driven 
effects on oculomotor selection behavior, as previously shown by a large number 
of studies reporting concordant evidence (e.g., Donk and van Zoest, 2008, Siebold, 
et al., 2011; van Zoest et al., 2004) can be explained purely on the basis of inherent 
differences in the speed of visual processing of individual elements. The rationale 
of this idea was based on physiological findings obtained largely from single cell 
neuronal recordings of awake macaque monkeys (and cats) showing that certain 
visual stimulus-properties, such as spatial frequency (e.g., Mazer, Vinje, McDermott, 
Schiller, & Gallant, 2002) and luminance contrast (Albrecht, 1995; Carandini, Heeger, 
& Movshon, 1997) affected the temporal pattern of spiking in neurons located in area 
V1 of the primary visual cortex. These researchers found that low spatial-frequency 
stimuli (Mazer, et al., 2002) and high-contrast stimuli (Albrecht, 1995; Carandini, et 
al., 1997) resulted in increased neuronal spiking at shorter response latencies as 
compared to high spatial frequency and low contrast stimuli, which elicited neuronal 
spiking at longer response latencies.

Based on these findings, de Vries et al. (2011) investigated whether the temporal 
variations observed in neuronal spiking transferred to differences in temporal processing 
times in terms of saccadic latencies of human observers using similar stimulus displays. 
In a first experiment, they presented observers with two superimposed stimulus 
grids, one sampled at a high and the other one at a low spatial frequency. Each grid 
contained a number of vertically aligned non-target line segments and one orientation 
singleton each. The singletons were equally salient in the orientation domain, both 
tilted 45 degrees relative to the non-targets and placed at equidistant locations from a 
fixation dot located at the center of the grids. Observers were asked to make a speeded 
eye movement toward either of the two orientation singletons.

In line with their predictions, the results revealed that short-latency saccades were 
significantly more often directed toward the singleton embedded in the low spatial 
frequency grid than the one located on the high spatial frequency grid. This tendency 
decreased with increasing latencies. In fact, slower saccade latency responses were 
equally likely to be directed to either of the two singletons. These findings are similar 
to ones reported based on salience-manipulations. In these studies, it is typically found 
that a salient element is selected significantly more often at short response latencies 
but that selection drops to chance level for longer saccade latencies.
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In a second experiment, they performed an additional luminance contrast 
manipulation of the two grids, since a higher luminance contrast has been shown to 
elicit neuronal spiking for fast latencies whereas a low luminance contrast resulted 
in increased spiking at a later point in time (Albrecht, 1995; Carandini, et al., 1997), 
analogously to the effects of a spatial frequency manipulation. The results of this 
experiment were in line with the first one, showing that fast-latency responses were 
more likely to be directed toward the singleton with the higher luminance contrast. 
However, a similar effect was also found for slower latency saccades. De Vries et al. 
(2011) took these results to indicate that each item in a display has an inherent speed 
with which it can be processed. That is, if an eye movement is initiated early in time, 
it will automatically be directed toward the only element that has been processed at 
this point in time. Given the assumption that an element has to be available to the 
visual system and be detected in order to be selected, the prioritized selection of 
one element over another at short saccadic latencies is the result of faster processing 
of the former singleton, making it the only element that has been processed, hence 
detected, at a short latency. On the other hand, if a response occurs at a later point in 
time, more time is available to process more elements which allows for the detection 
of additional potential targets. This, in turn, leads to competition for selection between 
those elements explaining why observers were equally likely to select either of the two 
singletons with equal probability at slower saccade latencies. In this sense, preferential 
selection of the low spatial frequency and the high luminance contrast target at short 
latencies are a result of premature selection, since processing of the whole stimulus set 
had not been completed at the time a response was initiated. Applying this reasoning 
to account for temporal variations in selection based on manipulations of stimulus-
salience, de Vries et al. (2011) argue that a salient element receives selection priority 
at short saccade latencies because it is the only element that is sufficiently processed 
at this point in time and therefore the only element available for selection. In contrast, 
a response at a later moment in time [...”allows for a more informed saccade, which 
will appear goal-driven.” p. 917]. In this sense, selection is determined purely by the 
amount of information that has been processed at any given moment in time, rather 
than by an interplay between stimulus-driven and goal-driven processes.  

1.7.2. Yes, salience Matters!
At first sight, the processing-speed theory seems to provide a valid explanation for 
previously obtained data patterns, as it represents an elegant and parsimonious 
approach at explaining underlying mechanisms of attentional selection. However, the 
fact that the seemingly coherent data patterns that they obtained in relation to the data 
patterns resulting from an explicit manipulation of stimulus-salience, does not imply 
that they represent one and the same thing. It is premature to conclude that the de 
Vries et al. (2011) findings can explain the results obtained from a completely different 
manipulation purely on the basis of similar data patterns. In the following section, a few 
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difficulties will be pointed out that arise when comparing the two different accounts 
– the processing-speed and the relative-salience account. Finally, recent evidence will 
be provided indicating that a processing-speed account indeed fails to explain the 
results of salience-manipulations. That is, stimulus-salience proofs to be an important 
factor in the guidance of overt attention and cannot simply be explained by inherent 
differences in processing-speed between individual elements.

The first point of conflict arises through the definition of salience. Whereas in 
most studies, salience is implemented as an independent variable that is explicitly 
manipulated in terms of a contrast, de Vries et al. (2011) treat salience as a dependent 
variable at best. While they are not explicitly investigating the influence of or on 
salience, they conclude that the speed with which an element is processed determines 
selection, and that […”rather than a competition between bottom-up and top-down 
processing, stimulus-driven and goal-driven saccades are merely a reflection of how 
much information has been processed and is therefore available at any given time.”, 
p.921]. In this sense, a salient element would be defined as the element with the shortest 
processing-speed and is therefore at best dependent on the time at which an element 
has been processed, or at worst a by-product of processing-speed and therefore 
irrelevant. However, this seems a very post-hoc explanation which furthermore defies 
any kind of empirical testing. If salience is assumed to be a completely subjective 
entity, the claim that the element that was selected most rapidly was salient is non-
falsifiable. While not explicitly stating the former, de Vries et al. (2011) do so implicitly 
by assuming that their findings can explain similar data patterns obtained by explicitly 
manipulating salience.

A further issue with the de Vries et al. (2011) study is that, given its behavioral nature, 
it is very difficult if not impossible to make claims regarding the underlying mechanisms 
of information processing. Thus, assuming that a high percentage of selection for one 
particular element at short latencies is the result of only this one element having been 
sufficiently processed at this moment in time is not more than speculation. It might very 
well be that both elements had been processed at short latencies but that observers 
display a preference for elements that are subjectively less ambiguous.

In addition to these more theoretical concerns, we conducted a third study (Siebold, 
van Zoest, Meeter, & Donk, 2013, see Chapter 4) in which we provide empirical evidence 
that the generalization of the conclusion derived by de Vries et al. (2011) to similar 
findings that are based on a salience-manipulation is inappropriate and that salience 
does play a significant role in explaining visual selection behavior. In this study, we 
presented participants with stimulus displays very similar to de Vries et al.’s (2011). 
However, rather than superimposed grids that differed in spatial frequency or luminance 
contrast, we presented observers with a single display in which the singletons differed 
in the orientation contrast relative to the background lines. Thus, the stimulus display 
contained multiple homogeneously aligned background lines (non-targets) and two 
orientation singletons. Identically to de Vries et al. (2011), the singletons could be 
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presented at two out of eight possible grid locations equidistant from the center 
of the grid. Crucially, however, one of the singletons, the so-called fixed singleton 
had an orientation contrast relative to the background that was fixed and therefore 
identical across conditions. In contrast, the orientation contrast of the other singleton, 
the variable singleton, could be either larger or smaller compared to the fixed singleton. 
In this way, depending on the orientation contrast of the variable singleton, the fixed 
singleton was either more or less salient than the variable singleton, even though its 
identity did not change across conditions. This manipulation enabled us to test the 
core assumption of the processing-speed account, namely that a particular element has 
an inherent processing-speed which determines its chances for attentional selection. 
Since the identity of the fixed singleton remained unchanged across conditions, it 
was argued that the time at which the fixed singleton is available for selection by the 
oculomotor system should not differ between conditions. On the other hand, according 
to an account that assumes that the relative-salience between elements determines 
their likelihood for selection, the availability of the fixed singleton should be contingent 
on the relative-salience of the variable singleton.

Similarly to de Vries et al. (2011), we instructed participants to make a speeded eye 
movement to either of the two singletons. In order to test whether a processing-speed 
account is able to account for previously reported similar findings, we developed two 
models, one corresponding to the processing-speed account and one corresponding 
to the relative-salience account. The rationale was that based on the observed data 
patterns, that were expected to be similar to de Vries et al. (2011), it is impossible 
to conclude which account is a better candidate for explaining selection behavior. 
However, the accounts differ with regard to the mechanisms they propose to underlie 
selection. While according to a processing-speed account the drop in performance 
for a salient element is due to more elements having been processed resulting in 
competition for selection, a relative-salience account assumes that the performance 
drop can be accounted for by effects of salience being transient in nature, subsiding 
with increasing latency. These differing assumptions were incorporated in the models. 
Based on participants’ performance in the experiment, in terms of eye positions and 
saccadic latencies we computed parameter values for each model that served as input 
for significance testing. The results showed that the model assuming that the relative-
salience between elements is the major determinant of oculomotor selection was better 
able to account for the behavioral results than the model assuming that each individual 
element has an inherent processing-speed which ultimately determines selection. In 
fact, the salience model outperformed the processing-speed model for the data of 
each individual participant.  

Support for the importance of relative stimulus-salience as a major determinant of 
oculomotor selection is further derived from the findings of a fourth study (Siebold 
& Donk, 2014b, see Chapter 5). In comparison to all previous studies in which always 
two or more singletons (either one target and one or two distractor(s), or two targets) 
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were presented, in this study we explicitly investigated time-dependent effects of the 
number of singleton targets (one or two) displayed and how this effect interacts with 
the salience level of the respective stimuli on visual search performance. As before, 
observers had to make a speeded eye movement to the target singleton presented 
amongst vertically oriented background lines. In each display, either one or two targets 
were presented that were either equally salient, and therefore physically identical 
(Experiments 1 and 2), or they differed with regard to the orientation contrast relative 
to each other (Experiment 2), resulting in one target being more salient than the other.

The results of both experiments showed that the availability for selection of the 
target was significantly higher when presented alone as compared to the same target 
when presented together with an identical singleton. This suggests that the salience 
of an element is reduced when it is paired with another equally salient element as 
compared to when it is the only element presented. These findings provide additional 
evidence against the processing-speed account according to which the speed with 
which a particular element is processed, and therefore available, should not vary 
between the two presentation conditions as all elements were physically identical. 
The results of the second experiment additionally showed that the relative-salience 
between elements is the crucial factor determining the availability for selection of a 
given stimulus. The availability of a given singleton in the dual condition was affected 
by the orientation contrast of the singletons (both either 22.5° or 67.5°). We thus 
demonstrated that the effect was not due to the difference in response alternatives 
between the conditions (i.e. response competition in the dual as opposed to the 
single presentation condition) but rather due to an early perceptual effect of stimulus-
salience, highlighting an important role of the broader display context in determining 
oculomotor selection performance.

Thus, based on these two studies, we conclude that the availability of an individual 
element to the oculomotor system is not a result of its visibility, which presumably 
determined the processing-speed in the de Vries et al. (2011) study, but rather depends 
on its salience, a property defined in relation to the other elements in the visual field. 
This finding supports the idea of the previously discussed salience map models which 
assume a topographic representation of salience in the brain. Our results have shown 
that salience, rather than an inherent processing-speed of an element is the major 
determinant of oculomotor selection, which provides evidence for the importance of 
the concept of a salience representation in the brain.

1.7.3. summary
In 2011 de Vries and colleagues proposed the idea that salience might be a redundant 
concept when trying to explain overt selection behavior. They proposed a processing-
speed account of visual selection according to which individual items differ with respect 
to how fast they can be processed by the oculomotor system. In that sense, the selection 
of an item early in time is the sole result of this item having been processed faster than 
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any other item in the display. While the data patterns obtained by de Vries et al. (2011) 
are similar to those reported based on a salience-manipulation, this account differs 
significantly with regard to the mechanisms assumed to underlie selection. According 
to de Vries et al. (2011), the drop in performance of selecting a salient element at around 
250 ms post stimulus presentation is due to an increase in competition for selection 
between the singletons, as with increasing latencies more stimuli have been processed. 
In contrast, a relative-salience account attributes the decrease in performance of 
selecting a salient element to the transient nature of salience-effects. In that sense, 
with increasing latencies, the visual system is increasingly less sensitive to salience 
information. While a processing-speed approach is very intuitive as an element needs to 
be visible and therefore processed in order to be selected, our results have shown that 
the relative-salience between items is a stronger factor in guiding attention. Therefore, 
the concept of a salience map is important for explaining overt selection.

1.8. summAry And conclusIon

This introduction has shown that despite many decades of research spent on elucidating 
the phenomenon of attentional allocation, there is still no clear answer to the question 
of what exactly guides visual attention. Since both purely stimulus-driven (e.g., Koch 
& Ullman, 1985;  Treisman, 1960; Treisman & Gelade, 1980; Treisman et al., 1977) and purely 
goal-driven theories of attention (e.g., Bacon & Egeth, 1994; Folk, et al., 1992; Folk, et al., 
1994; Gibson, & Kelsey, 1998; Gibson & Jiang, 1998; Posner, et al., 1980; Posner, 1980) 
fail to fully capture phenomena of attentional selection, there is general agreement that 
ideas of both sets of theories need to be combined in order to give a complete account 
of attention, that is, focus has shifted from establishing the dominant mode of selection 
toward the interplay of stimulus-driven and goal-driven processes (e.g., Egeth, et al., 2010; 
Hochstein & Ahissar, 2002; Lamme & Roelfsema, 2000; Navalpakkam & Itti, 2005; Pomplun 
2006; Rutishauser & Koch, 2007; Tatler, et al., 2005; Treisman & Sato, 1990; van Zoest & 
Donk, 2004; Wolfe, 2007; Zhang et al., 2008; see also Awh, Belopolsky & Theeuwes, 2011 
for a critical discussion of the bottom-up and top-down dichotomy).  

One line of research in this regard comes from eye movement studies of visual 
search. Due to the high temporal and spatial resolution of eye movements as compared 
to RTs, the temporal characteristics of stimulus-driven and goal-driven processes could 
be investigated in more detail. These findings have led to the ITA of visual selection 
which can account for a large number of conflicting findings based on RT results. In 
particular, these findings have shown that selection is predominantly salience-driven 
early on as reflected in fast eye movements being directed toward a salient element. 
Slower responses on the other hand seem to be under top-down control in line with task 
requirements. The ITA claims that both processes operate in a different time window, 
salience-driven processes being rapid but transient whereas goal-driven processes 
being slow but sustained.
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However, since initial results were derived from single eye movement studies of a 
limited temporal lifetime (between 80 ms and 400 ms post stimulus display) the focus 
of this thesis is to investigate the validity of the claim that salience-driven processes are 
truly transient in nature. The following chapters will describe that salience-effects are 
transient in nature even for a sequence of two eye movements. However, in contrast 
to the original ITA, which uses display onsets as reference frame for the temporal 
development of salience-driven and goal-driven processes, our results show that 
display onsets present just one type of reference frame. Salience-driven processes 
seem to be transient in relation to any salient change in information that occurs in the 
visual field during a saccade. Thus, following an update of information, salience-effects 
are re-instated. Following a re-instatement, salience-effects disappear once more, thus 
being transient in nature. Based on these findings the ITA has been revised.

The results presented in this thesis and in particular the nature of the temporal 
aspects of salience-effects might furthermore be able to reconcile conflicting findings in 
the literature with regard to the special status of particular stimulus classes. The revised 
ITA assumes that the temporal characteristics of salience-effects do not differ between 
different kinds of salience-manipulations, that is, no special status is assumed to exist 
for certain stimulus properties, such as abrupt onsets or transient luminance signals.   

However, since the set of experiments reported in this thesis is limited to visual 
search paradigms containing simple, mainly orientation stimuli, more research is needed 
to verify the assumptions made by the revised ITA, particularly research on covert 
attention.  Nevertheless, the revised ITA provides a theoretical basis for the explanation 
and further exploration of many phenomena of overt attentional selection behavior.
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2.1. ABstrAct

The goal of the current study was to investigate how salience-driven and goal-driven 
processes unfold during visual search over multiple eye movements. Eye movements 
were recorded while observers searched for a target, which was located on (Experiment 1) 
or defined as (Experiment 2) a specific orientation singleton. This singleton could either 
be the most, medium, or least salient element in the display. Results were analyzed as a 
function of response time separately for initial and second eye movements. Irrespective 
of the search task, initial saccades elicited shortly after the onset of the search display 
were primarily salience-driven whereas initial saccades elicited after approximately 
250 ms were completely unaffected by salience. Initial saccades were increasingly 
guided in line with task requirements with increasing response times. Second saccades 
were completely unaffected by salience and were consistently goal-driven, irrespective 
of response time. These results suggest that stimulus-salience affects the visual system 
only briefly after a visual image enters the brain and has no effect thereafter.
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2.2. IntroductIon

Imagine you are looking for your friend in a large shopping mall crowded with people. 
Even though you know exactly what your friend looks like, you have difficulty identifying 
him in the turmoil because your gaze is automatically captured by other people and 
the colorful and brightly blinking advertisements of the shops. In the literature on 
overt visual selection the previous situation is, in one way or another, a commonly cited 
example of how salient objects capture one’s eyes automatically, thereby hindering 
or slowing goal-directed visual search. However, is it really true that salient objects 
attract our gaze automatically? Even if this is the case, are we really distracted by 
salient events when we scrutinize our visual environment or might the impact of the 
effect be negligible? 

These questions have been investigated for multiple decades without definitive 
results. On the one hand, empirical evidence does indeed show that salient objects or 
features in the visual field receive selective priority by attracting attention and the eyes 
(Itti & Koch, 2001; Koch & Ullman, 1985; Li, 2003; Treisman & Gelade, 1980; Treisman 
& Sato, 1990; Wolfe, 1994; Wolfe et al., 1989). However, this evidence is primarily 
derived from reaction time (RT) studies (Donk & Soesman, 2010; Theeuwes, 1992, 1994, 
2004, 2005; van Zoest & Donk, 2004) and studies in which the results are based on the 
analysis of participants’ initial eye movements only (Donk & van Zoest, 2008; Hunt et 
al., 2007; van Zoest & Donk, 2005, 2006, 2008, 2010; van Zoest et al., 2004). Studies 
examining overt visual selection behavior under free-viewing conditions, i.e. those in 
which multiple eye movements are made, do not provide unequivocal evidence for the 
idea that visual selection is salience-driven (Parkhurst et al., 2002; Peters, Iyer, Itti & 
Koch, 2005; Itti, 2005; Betz, Kietzmann, Wilming & König, 2010; Chen & Zelinsky, 2006; 
Findlay, 1997; Findlay, Brown, & Gilchrist, 2001; Foulsham & Underwood, 2009; Ludwig 
& Gilchrist, 2006; Malcolm & Henderson, 2010; Neider & Zelinsky, 2006; Noudoost, 
Chang, Steinmetz, & Moore, 2010; Underwood et al., 2006; Zelinsky, Zhang, Yu, Chen, 
Samaras et al., 2006). For instance, Parkhurst, Law, & Niebur (2002) examined the 
relationship between stimulus-salience and observers’ fixation locations of free-
viewing static images displaying complex artificial and natural scenes. They obtained 
a significant correlation between fixation locations and stimulus-salience, albeit this 
correlation became weaker over time, i.e. over multiple eye movements. This suggests 
that selection is consistently salience-driven over multiple eye movements. 

In contrast, a number of other studies have demonstrated that eye movement 
behavior under free-viewing conditions is unaffected by salience and primarily under 
goal-driven control (Betz, Kietzmann, Wilming & König, 2010; Chen & Zelinsky, 2006; 
Findlay, 1997; Findlay, Brown, & Gilchrist, 2001; Foulsham & Underwood, 2009; Ludwig 
& Gilchrist, 2006; Malcolm & Henderson, 2010; Neider & Zelinsky, 2006; Noudoost, 
Chang, Steinmetz, & Moore, 2010; Underwood et al., 2006; Zelinsky, Zhang, Yu, Chen, 
Samaras et al., 2006). For instance, Underwood et al. (2006) recorded eye movements 

59



2

O
c

u
lO

m
O

tO
r

 E
V

ID
E

N
c

E
 FO

r
 tO

P-D
O

W
N

 c
O

N
tr

O
l FO

llO
W

IN
G

 tH
E

 IN
ItIA

l SA
c

c
A

D
E

while observers searched for a target in pictures of natural office scenes containing two 
objects differing in relative-salience. The results indicated that the presence of the high 
saliency object was ineffective in distracting observers from selecting the less salient 
target object, suggesting that specific task requirements can provide a ‘‘[…] cognitive 
override that renders saliency secondary.’’ 

These inconclusive and contradictory results regarding the contribution of salience-
driven and goal-driven control in visual selection are manifested in a continuing debate 
that is far from being settled. A definitive conclusion is hampered by widely differing 
approaches (e.g., RT versus eye movement studies; free-viewing versus single eye 
movements, static versus dynamic scenes etc.) rendering any direct comparisons 
between studies difficult if not impossible. One factor, however, that might be crucial 
in determining whether or not visual selection is salience-driven or goal-driven, is time. 
It has been shown that the contribution of salience-driven and goal-driven processes 
is contingent upon the timing of an individual saccade relative to the presentation of 
a visual display (Donk & van Zoest, 2008; Hunt et al., 2007; van Zoest & Donk, 2005, 
2006, 2008, 2010; van Zoest et al., 2004). 

For instance, Donk and van Zoest (2008) instructed participants to make one single 
eye movement to the most salient element in a search display amongst a distractor 
and multiple homogeneously aligned background elements. They investigated how 
the proportion of correct eye movements varied as a function of saccadic latency 
and found that eye movements were accurate for very brief saccadic latencies but 
dropped to chance level when latencies were longer. They concluded that salience-
driven processes do affect visual selection but only during a brief period after 
the presentation of a display. Hunt, von Mühlenen, and Kingstone (2007) drew a 
similar conclusion. In their study, observers had to make an eye movement to a 
color singleton in the presence of an irrelevant distractor. Eye movements were 
registered and the proportion of trials in which the eyes were erroneously captured 
by the onset distractor was examined separately for different quartiles of the saccadic 
latency distribution. The results showed that short-latency responses were often 
misdirected towards the distractor whereas long-latency responses were not. Finally, 
van Zoest and Donk (2008) investigated the time-course of goal-driven control within 
an initial eye movement during visual search. They instructed participants to make 
one eye movement to a pre-specified target, which differed in stimulus-salience 
and/or the feature dimension from simultaneously presented non-targets and one 
distractor. Performance accuracy in selecting the target was investigated as a function 
of saccadic latency and the results indicated that goal-driven processes increased as 
a function of response latency.

Together, these results indicate that the timing of a response within an initial eye 
movement is crucial in determining the contribution of both salience-driven and goal-
driven processes to overt visual selection. If response time is essential in determining 
how a single eye movement is controlled, it is important to determine whether the mode 
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of control is also time-dependent in a sequence of eye movements. In other words, is 
salience-driven and goal-driven control contingent upon the response timing of each 
individual saccade in a sequence of multiple saccades? Surprisingly, not much is known 
about the temporal characteristics of selective control over multiple eye movements.

The present study investigated in two different experimental tasks how the second 
eye movement in a sequence is affected by salience-driven and goal-driven processes, 
respectively, while taking into account the response time of each individual eye 
movement. In line with previous studies, response time of the initial saccade refers 
to the time interval between the onset of the search display and the initiation of a 
saccade, i.e. saccadic latency. Given the nature of the paradigm, in which static stimuli 
were presented, second saccades were not directly triggered by a stimulus onset and 
therefore response time could not be expressed in terms of saccadic latency, However, 
research has shown that the inter-saccadic interval (ISI), the time interval between the 
start of fixation of the previous saccade and the initiation of the following saccade, 
can be regarded as an equivalent measure of saccadic latency (Roos, Calandrini, 
& Carpenter, 2008). Therefore, the response time of the second saccade refers to 
ISI. Participants were instructed to search for a small probe dot superimposed upon 
one of three differently salient singletons (Experiment 1) or to search for the only 
right-tilted singleton (Experiment 2) in the display. Eye movements were recorded and 
categorized as being directed to either the most, medium, or least salient singleton, 
separately for initial and second eye movements per quintile of the respective response 
time distribution.

For a complete account of visual selection, it is necessary to integrate both findings 
of salience-driven and goal-driven processes in one framework. One way of doing this is 
by assuming varying time-courses of the relative contributions of both processes. Based 
on previous findings (Donk & van Zoest, 2008; Hunt et al., 2007; van Zoest & Donk, 2008) 
two potential patterns of time-courses come into consideration: Assuming a saccade-
confined time-course view, the relative contribution of salience-driven and goal-driven 
processes is dependent on the response time of each individual saccade in a sequence 
of eye movements. For each eye movement, visual selection is salience-driven only for 
very fast responses. As time elapses, stimulus-salience becomes irrelevant and visual 
selection becomes increasingly goal-driven. Importantly in this view, the pattern of 
salience-driven and goal-driven processes is identical over multiple saccades, with 
salience-driven processes being reinstated after every fixation for each following 
saccade anew. Alternatively, it is possible that the relative contribution of salience-
driven and goal-driven processes is dependent on the response time of the initial eye 
movement only. Only within the initial saccade is visual selection salience-driven for 
very fast responses. Subsequently, saccadic selection is purely goal-driven, not only 
for slower responses but for all following eye movements irrespective of response time. 
According to this absolute time-course view, stimulus-salience plays only a very limited 
role in guiding visual selection.
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2.3. experIment 1

The aim of Experiment 1 was to investigate how stimulus-salience affects visual search 
over a sequence of eye movements. To this end, participants were instructed to 
search for a very small black probe dot superimposed upon one of three differently 
orientated singletons relative to multiple uniformly aligned background lines. On 
each trial, the singleton that contained the target dot could be the most, medium, 
or least salient singleton in the display. On two-thirds of the trials no target was 
present. The probe dot could only be identified with foveal vision so that participants 
were forced to make multiple eye movements in order to determine whether the 
target was present. The relative-salience of the singletons was irrelevant to the task 
so that task requirements and subsequent target selection were independent of 
salience information. Eye movements were recorded and initial and second saccades 
were separately analyzed as a function of response time. In line with the saccade-
confined time-course view, it was expected that salience is reinstated after the initial 
eye movement. The proportion of second eye movements directed to any of the 
three singletons was predicted to vary with response time: salience-effects were 
expected to be found only for fast-response saccades but not for slow response 
saccades. Alternatively, following the assumptions of the absolute time-course view, 
salience information is only transiently effective in the visual system. Accordingly, it 
was predicted that second eye movements are completely unaffected by salience 
information, irrespective of response time.

2.3.1. Method

2.3.1.1. Participants

The sample in Experiment 1 consisted of 12 participants, who were either paid 
volunteers or psychology students at the Vrije University of Amsterdam. Ages 
ranged from 18 to 26 years (mean: 20.75 years); 11 of the participants were female. 
All participants reported normal or corrected-to-normal stereoscopic visual abilities. 
They were naïve with regard to the experimental stimuli and the purpose of the study. 
The experimental session lasted for approximately 60 minutes. Due to an excess of 
saccade destination errors (72.78%), the data of one participant was excluded from 
further analysis.

2.3.1.2. Ethics Statement

The present study, including the consent procedure, was approved by the ethics board 
of the Faculty of Psychology and Education (VCWE) and conducted according to the 
principles of the Declaration of Helsinki. Participants received information about the 
study and their rights and gave informed consent. As the study was not associated with 
any risks (non-invasive) for participants and all data obtained during this study were 
analyzed anonymously, only verbal consent was obtained.
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2.3.1.3. Apparatus

A standard Pentium IV class computer with a processor speed of 2.3 GHz running C++ 
software package controlled stimulus presentation, timing of events, and acquisition of 
necessary response data. Stimuli were presented at eyelevel, 75 cm from the chinrest, 
on a 21 Inch Iiyama SVGA (Super Video Graphics Array) monitor, running at 1024 by 
768 pixel resolution, and refreshing at a rate of 100 Hz. Manual input was given through 
a standard keyboard placed on the table directly in front of the participant. The position 
of the right eye was recorded by means of a head mounted video-based Eyelink II 
eye tracker (SR Research Ltd., Mississauga, Ontario, Canada), with a 500-Hz temporal 
resolution, a 0.01° of visual angle spatial resolution (noise limited), and a gaze position 
accuracy of 0.5°. Calibration of participants’ eye movements was achieved with a grid 
of nine calibration points (Stampe, 1993) in order to minimize errors resulting from non-
linearity due to infrared source reflections. In the event of occasional excessive head or 
extreme eye movements during a block of trials, manual adjustment of drift corrections 
or complete recalibration was required. Participants were tested individually in a dimly-
lit, sound-attenuated research laboratory room, while the researcher monitored eye 
movement performance and supervised calibrations from a computer screen situated 
in an adjacent room.

2.3.1.4. Stimuli

The visual stimuli in Experiment 1 consisted of multiple white line segments (78.6 cd/m2) 
presented on a black background screen (0 cd/m2). Each line segment had a size of 
0.76 * 0.15 cm and was presented in a 17 * 17 items square matrix grid with a raster 
width and height of 17.4 * 17.4 deg of visual angle. Three of these line segments, the 
singletons, differed in the orientation contrast relative to multiple homogeneously 
aligned background lines. Depending on the size of the orientation contrast, the 
singletons were referred to as the least (22.5°), medium (45°), and most salient singleton 
(67.5°), respectively. The singletons were randomly oriented to the left or right and 
were presented at a retinal eccentricity of 5.3 deg at central fixation. The group of 
uniformly oriented background elements was horizontally aligned. The target stimulus 
consisted of a black pixel randomly located at the center of one of the three singletons. 
The singletons were randomly presented at one of six potential grid locations on an 
imaginary circle around the center of the grid. Moreover, the presentation locations 
of the three singletons were subject to configurational constraints, in such a way that 
the positions of the singletons represented the intersections of one of two isosceles 
triangles on the imaginary circle. The central fixation preceding a trial, as well as the 
calibration stimuli consisted of a white disk of 0.3 cm in diameter.

2.3.1.5. Design and Procedure

Participants were seated in front of a computer screen with their forehead and chin 
resting on a head rest. Before the testing session, eye-movements were calibrated to 
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a precision of 0.5 deg of visual angle. Participants were instructed to search for the 
probe dot and to press the spacebar if it was present. On two-thirds of the trials no 
probe dot was presented. The singleton locations within a particular configuration 
were mixed across trials. For an illustration of a typical trial sequence see Figure 2.1.

Prior to the main experimental testing session, participants were presented with 
3 practice blocks of 20 trials each, identical to the experimental trials in order to 
familiarize them with the eyetracking device and the experimental stimuli. These practice 
trials were not included in any subsequent analysis. Participants completed a total of 540 
experimental trials presented in random order, equally distributed across 27 blocks. Eye-
movements were recalibrated twice during the experimental session upon completion 
of every 180 trials. Following the testing session, participants were fully debriefed as 
to the purpose of the experiment. A within-subject design was used with the factors 
Salience (most, medium, and least) and Response Time Bin (1, 2, 3, 4, and 5).

2.3.1.6. Data Analysis

Fixation locations and durations of fixations and saccades were extracted from the raw 
eye tracking data by applying velocity, angle and duration criteria (Stampe, 1993). A 
trial was discarded if the response time of the initial eye movement remained below an 

 
 

locations within a particular configuration were mixed across trials. For an illustration of a 

typical trial sequence see Figure 2.1. 

 

Figure 2.1: A Typical Trial Sequence in Experiment 1. Prior to each trial, participants maintained fixated on a 

centrally presented disk until a stable fixation was detected. Upon depression of the spacebar, a drift correction was 

applied and a trial was initiated with the presentation of a centrally presented fixation cross. Following 500 ms, the 

fixation cross was replaced by the search display, which was presented for 3000 ms. Following each block, feedback 

regarding the speed of participants’ initial saccade was provided and participants were given the opportunity to take 

a short break. 

 

Prior to the main experimental testing session, participants were presented with 3 practice 

blocks of 20 trials each, identical to the experimental trials in order to familiarize them with the 

eyetracking device and the experimental stimuli. These practice trials were not included in any 

subsequent analysis. Participants completed a total of 540 experimental trials presented in 

random order, equally distributed across 27 blocks. Eye-movements were recalibrated twice 

during the experimental session upon completion of every 180 trials. Following the testing 

figure 2.1. A typical trial sequence in experiment 1. Prior to each trial, participants maintained 
fixated on a centrally presented disk until a stable fixation was detected. Upon depression of the 
spacebar, a drift correction was applied and a trial was initiated with the presentation of a centrally 
presented fixation cross. Following 500 ms, the fixation cross was replaced by the search display, which 
was presented for 3000 ms. Following each block, feedback regarding the speed of participants’ initial 
saccade was provided and participants were given the opportunity to take a short break.
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arbitrary threshold of 80 ms (anticipation error) or exceeded an arbitrary threshold of 

600 ms. An individual saccade was discarded if it fell outside the range of 3 deg of one 

of the three singletons. The complete dataset of a participant was excluded if more than 

15% of trials had to be discarded. Only those trials were analyzed in which no probe dot 

was present. The reason for this was that the key press that was required to signal target 

presence may have potentially interfered with saccade programming or execution. For 

instance, participants might have moved their eyes to the keyboard during a manual 

response. For initial saccades, a repeated measures analysis of variance (ANOVA) 

was performed on the proportion of eye-movements directed towards each of the 

three singletons with Salience (most, medium, and least) and Response Time Bin (1–5) 

as independent within-subject factors. In addition, pair-wise post-hoc comparisons 

were performed between each combination of levels within the two factors Salience 

and Response Time Bin. Similar analyses were performed for second saccades, with 

the exception that separate ANOVAs were performed, contingent upon the landing 

position of the initial saccade.

2.3.2. Results
Due to nonconformity to the previously established threshold criteria, 7.8% of initial 

saccades were excluded from analysis (3.6% due to an anticipation error, 0.3% due 

to the latency exceeding the threshold of 600 ms and 3.9% of initial saccades landed 

outside the range of 3 deg of visual angle of any of the three singletons.

2.3.2.1. Salience-Driven Influences on Initial Saccades

In order to compare the salience conditions across different points of the response 

time distribution, five bins were created. To this end, the overall distribution of each 

participant’s response times of the initial saccades was rank ordered from fastest 

to slowest responses, irrespective of the saccade destination, and subsequently 

partitioned into five response time bins. For each participant, the proportion of initial 

saccades directed toward each of the three singletons was determined separately 

per bin and subsequently averaged across the sample in order to obtain the mean 

proportion of saccades directed toward each singleton per bin. A similar procedure 

was followed for the classification of second saccades, with the exception that the 

gaze proportions of only two singletons were examined per bin. The results of the 

ANOVA (see Figure 2.2) displayed a statistically significant main effect of Salience 

F(2, 20) = 22.196, MSE = .007, η2 = .155, p < .001]. Moreover, this effect was qualified 

by a significant interaction between Salience and Response Time Bin [F(8, 80) =13.510, 

MSE = .008, η2 =.445, p < .001], indicating that the proportion of initial eye movements 

directed towards each of the three singletons varied as a function of response time. 

Note, that as the proportions of eye movements directed to the three singletons add 

up to 1 for each bin, no first-order effects could be obtained for the factor Response 

Time Bin. Similarly, this applies to all subsequent analyses.
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Post-hoc pair-wise comparisons between Salience separately for fastest and slowest 
responses revealed that, for fast-response saccades, participants were more likely to 
select the most salient singleton over the medium [t(10) = 3.074, p < .05] and the least 
salient singleton [t(10) = 9.350, p < .001] and more likely to select the medium salient 
singleton over the least salient singleton [t(10) = 6.943, p < .001]. This preference 
disappeared for slow-response saccades, with participants being equally likely to make 
an eye movement to either of the three differently salient singletons (most versus 
medium salient: t(10) > 1; most versus least salient: t(10) > 1; and medium versus least 
salient: t(10 )= -1.357, p = .205).

2.3.2.2. Salience-Driven Influences on Second Saccades

For the analysis of second saccades only those trials were included in which the second 
eye movement landed on either of the two remaining singletons. Furthermore, in order 
to obtain reliable results, the data of two observers were excluded from the condition in 
which the initial eye movement landed on the least salient singleton as they contributed 
less than ten trials per bin to this salience condition.

In order to investigate how oculomotor performance was affected by salience 
following the initial eye movement, the proportions of second saccades were analyzed 
as a function of response time, contingent upon the landing position of the initial 
saccade. Three separate repeated measures ANOVAs (given the initial saccades 
landed on A) the most, B) the medium, or C) the least salient singleton) were performed 
on the proportions of second saccades directed toward either of the two remaining 
singletons with Salience (2) and Response Time Bin (5) as within-subject factors. The 
results of all three analyses (see Figure 2.3) revealed neither a significant main effect 
of Salience [F > 1, n.s. for all analyses] nor a significant interaction between Salience 

 
 

 

Figure 2.2: Salience-Driven Selection in Initial Saccades in Experiment 1. Proportions of initial saccades 

directed towards each of the three singletons (22.5°, 45° and 67.5°), separately for each bin of the response time 

distribution and irrespective of target identity. 

 

Post-hoc pair-wise comparisons between Salience separately for fastest and slowest 

responses revealed that, for fast-response saccades, participants were more likely to select the 

most salient singleton over the medium [t(10) = 3.074, p < .05] and the least salient singleton 

[t(10) = 9.350, p < .001] and more likely to select the medium salient singleton over the least 

salient singleton [t(10) = 6.943, p < .001]. This preference disappeared for slow-response 

saccades, with participants being equally likely to make an eye movement to either of the three 

differently salient singletons (most versus medium salient: t(10) > 1; most versus least salient: 

t(10) > 1; and medium versus least salient: t(10 )= -1.357, p = .205). 

figure 2.2. salience-driven selection in Initial saccades in experiment 1. Proportions of initial 
saccades directed towards each of the three singletons (22.5°, 45° and 67.5°), separately for each 
bin of the response time distribution and irrespective of target identity.

66



2

O
c

u
lO

m
O

tO
r

 E
V

ID
E

N
c

E
 FO

r
 tO

P-D
O

W
N

 c
O

N
tr

O
l FO

llO
W

IN
G

 tH
E

 IN
ItIA

l SA
c

c
A

D
E

and Response Time Bin [for A): F(4, 40) = 1.402, MSE = .020, η2 = .090, p = .251, 
n.s.; for B): F,1, n.s.; and for C): [F(4, 32) = 2.129, MSE = .021, η2 = .171, p = .100]. 
Irrespective of the landing position of the initial saccades, participants were equally 
likely to make a second eye movement toward either of the two remaining singletons. 
Furthermore, saccade destinations were invariant over response time. This indicates 
that participants displayed a consistent pattern of oculomotor performance for second 
saccades across all five bins. An analysis of the data including probe dot trials showed 
the same pattern of results as reported above, both for initial and second saccades, 
indicating that the presence of the probe dot and the associated key press did not 
affect the results.

 
 

 

 

Figure 2.3: Salience-Driven Selection in Second Saccades in Experiment 1. Proportions of second saccades 

directed toward either of the two remaining singletons, separately for each bin of the response time distribution and 

irrespective of target identity, given that the initial saccade landed on A) the most, B) the medium, or C) the least 

salient singleton. 

 

2.3.3. Discussion 

Regarding oculomotor performance of the initial saccades, the results of Experiment 1 

indicated a change in the distribution of saccades directed to the three singletons with response 

time. In fact, the results remarkably resemble previous findings reported by Donk and van Zoest 

(2008). In line with their findings, saccades elicited shortly after the onset of the search display 

were primarily salience-driven, whereas saccades that were elicited later in time, after 

approximately 250 ms, were unaffected by salience. Analyses of the second saccades showed 

that the pattern of oculomotor performance fundamentally differed from that of the initial 

saccades, in line with an absolute time-course view. No difference in performance was observed 

for saccades elicited early in time compared to those elicited later in time. Thus, irrespective of 

response time, participants were equally likely to make an eye movement to either of the two 

remaining singletons, even though they differed in relative-salience. Importantly, this was true 

irrespective of whether the initial eye movement landed on the most, medium or least salient 

 
 

 

 

Figure 2.3: Salience-Driven Selection in Second Saccades in Experiment 1. Proportions of second saccades 

directed toward either of the two remaining singletons, separately for each bin of the response time distribution and 

irrespective of target identity, given that the initial saccade landed on A) the most, B) the medium, or C) the least 

salient singleton. 

 

2.3.3. Discussion 

Regarding oculomotor performance of the initial saccades, the results of Experiment 1 

indicated a change in the distribution of saccades directed to the three singletons with response 

time. In fact, the results remarkably resemble previous findings reported by Donk and van Zoest 

(2008). In line with their findings, saccades elicited shortly after the onset of the search display 

were primarily salience-driven, whereas saccades that were elicited later in time, after 

approximately 250 ms, were unaffected by salience. Analyses of the second saccades showed 

that the pattern of oculomotor performance fundamentally differed from that of the initial 

saccades, in line with an absolute time-course view. No difference in performance was observed 

for saccades elicited early in time compared to those elicited later in time. Thus, irrespective of 

response time, participants were equally likely to make an eye movement to either of the two 

remaining singletons, even though they differed in relative-salience. Importantly, this was true 

irrespective of whether the initial eye movement landed on the most, medium or least salient 

figure 2.3. salience-driven selection in second saccades in experiment 1. Proportions of second 
saccades directed toward either of the two remaining singletons, separately for each bin of the 
response time distribution and irrespective of target identity, given that the initial saccade landed 
on A) the most, B) the medium, or C) the least salient singleton.
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2.3.3. Discussion
Regarding oculomotor performance of the initial saccades, the results of Experiment 1 
indicated a change in the distribution of saccades directed to the three singletons with 
response time. In fact, the results remarkably resemble previous findings reported by 
Donk and van Zoest (2008). In line with their findings, saccades elicited shortly after 
the onset of the search display were primarily salience-driven, whereas saccades that 
were elicited later in time, after approximately 250 ms, were unaffected by salience. 
Analyses of the second saccades showed that the pattern of oculomotor performance 
fundamentally differed from that of the initial saccades, in line with an absolute time-
course view. No difference in performance was observed for saccades elicited early 
in time compared to those elicited later in time. Thus, irrespective of response time, 
participants were equally likely to make an eye movement to either of the two remaining 
singletons, even though they differed in relative-salience. Importantly, this was true 
irrespective of whether the initial eye movement landed on the most, medium or least 
salient singleton. In all cases, participant’s performance was at chance level, suggesting 
that salience-driven processes did not affect visual selection in any way. 

Even though the pattern of results concerning initial saccades is remarkably similar 
to that reported previously (Donk & van Zoest, 2008), it is important to note that the 
nature of the search task used in Experiment 1 was different from the one used in 
previous work. In prior studies on saccadic target selection, observers were instructed 
to search for a specific target identity (e.g., the left-tilted among right-tilted elements) 
or for a certain salience level (e.g., the most salient singleton in the display). In the 
present study observers searched for a small probe dot superimposed upon one of 
the three singletons. In two-thirds of the trials no probe dot was presented, having 
urged observers to sequentially fixate each of the three singletons. One may argue 
that the absence of an effect of stimulus salience in the second eye movement is 
an artifact of the specific task used. Because of the small size of the probe dot, 
observers were forced to employ a very narrow focus or attentional window 
(Belopolsky & Theeuwes, 2010; Theeuwes, van der Burg & Belopolsky, 2008). This 
may have prevented potential effects of stimulus salience on performance, especially 
during the second eye movements when the attentional window might have been 
narrowly focused. 

Furthermore, salience-effects have previously been found primarily for fast-
response saccades. Potential salience-effects might not have been represented in the 
data due to the relatively slow responses of second saccades. In order to allow for a 
more direct comparison with previous work and to provoke faster second saccades, 
we designed a second experiment in which observers were instructed to search for a 
specific target identity. In contrast to Experiment 1, this should speed up responses, 
thereby increasing the probability of finding salience-driven effects during the second 
eye movement. In addition, the nature of this task allowed for an investigation of 
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the time-course of goal-driven processes over multiple eye movements, rendering 
possible a direct comparison between the contribution of salience-driven and goal-
driven processes within one experiment.

2.4. experIment 2

Experiment 2 was similar to Experiment 1 with the exception that instead of a visual 
search for a probe dot, observers were instructed to make an eye movement to 
the only right-tilted singleton in the search display. In contrast to the probe dot in 
Experiment 1, this target could be perceived with parafoveal vision. The right-tilted 
orientation singleton could be the most, the medium, or the least salient singleton in 
the display. As in Experiment 1, eye movements were recorded and initial and second 
saccades were separately analyzed as a function of response time. Relative singleton 
salience was completely irrelevant to the task, as was the case in Experiment  1. 
Based on the findings of Experiment 1, it was predicted that the pattern of salience-
driven processes is in accord with the absolute time-course view, which assumes 
that visual search is unaffected by stimulus-salience following a brief time-interval 
after stimulus presentation. Assuming that the time-course of goal-driven processes 
follows a complementary pattern to the time-course of salience-driven processes, it 
was furthermore predicted that visual search during initial saccades is unaffected by 
goal-driven processes shortly after stimulus onset but is increasing with increasing 
response time (van Zoest & Donk, 2008). Following the absolute time-course view, visual 
search was expected to be consistently goal-driven, in line with the task requirements, 
irrespective of response time of second saccades.

2.4.1. Method

2.4.1.1. Participants

A new sample was drawn for Experiment 2, consisting of 12 participants, who were 
either volunteers or psychology students at the Vrije University of Amsterdam. Ages 
ranged from 18 to 33 years (mean: 23.25 years); 10 of the participants were female. All 
participants reported normal or corrected-to-normal stereoscopic visual abilities. As in 
Experiment 1, participants were naïve to the experimental stimuli and the purpose of 
the study. The experimental session lasted for approximately 120 minutes. Participants 
received either course credits or 18 € in return for taking part in the study.

2.4.1.2. Apparatus

The computer hard- and software as well as the testing environment were identical 
to Experiment 1. The position of the right eye was recorded by means of a video-
based Eyelink 1000 eye tracker (SR Research Ltd., Mississauga, Ontario, Canada), with 
a 1000-Hz temporal resolution, a 0.01° of visual angle spatial resolution (noise limited), 
and a gaze position accuracy of 0.5°.
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2.4.1.3. Stimuli and Procedure

The visual stimuli were identical to those used in Experiment 1 with the exception 
that instead of a black probe dot, the target stimulus was defined as the only right-
tilted singleton among two left-tilted singletons and homogeneously oriented 
background lines. Moreover, in order to prevent target selection to be purely 
based on identity rather than salience information, the group of uniformly oriented 
background elements was either vertically or horizontally aligned. The sequence 
of events in a trial was identical to Experiment 1. Participants completed a total 
of 1080 experimental trials presented in random order, equally distributed across 
54 blocks. Eye-movements were recalibrated 5 times during the experimental session 
upon completion of every 180 trials. On each trial, the right-tilted target stimulus was 
either the most, medium, or least salient element in the display. The orientation of 
the homogeneous background elements and the configuration of the three singletons 
were randomly varied across trials. Within a particular configuration, the locations of 
the most, the medium, and the least salient singleton were randomly assigned. As in 
Experiment 1, prior to the testing session participants were presented with 3 practice 
blocks of 20 trials each, which were not included in any subsequent analysis. After 
completion of the testing session, participants were fully debriefed as to the purpose 
of the experiment.

2.4.1.4. Data Analysis

The criteria used to extract fixation locations and durations of fixations and saccades 
were identical to those used previously. The same analyses were performed on the 
data as described in Experiment 1. In addition, repeated measures analyses were 
run on the proportion of eye movements correctly directed towards the right-tilted 
target, averaged over all three salience conditions, with Response Time Bin (5) as 
independent within-subject factor. These analyses were run separately for initial and 
second saccades and the average performance was subsequently compared against 
chance level for each bin. In cases, in which the sphericity assumption was violated, 
Greenhouse-Geisser corrections were performed.

2.4.2. Results and Discussion
Due to nonconformity to the previously established threshold criteria, 6.26% of initial 
saccades were excluded from analysis (2.70% due to an anticipation error (,80 ms), 
0.70% due to the latency exceeding the threshold of 600 ms and 2.85% of initial 
saccades fell outside the range of 3 deg of visual angle of any of the three singletons.

2.4.2.1. Salience-Driven Influences on Initial Saccades

The procedure used to create the five bins for initial and second saccades was identical 
to the one used in Experiment 1.
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The results of the ANOVA (see Figure 2.4) displayed a statistically significant 
main effect of Salience [F(1.104, 12.147) = 32.858 (Greenhouse-Geisser corrected), 
MSE = .016, η2 = .315, p < .001], again qualified by a significant interaction between 
the Salience and Response Time Bin [F(8, 88) = 28.068, MSE = .007, η2 = .417, p < .001], 
indicating that the proportion of initial eye movements directed towards each of the 
three singletons varied as a function of response time. Post-hoc pair-wise comparisons 
between Salience separately for fastest and slowest responses revealed that while 
for fast-response saccades, participants were more likely to select a relatively high or 
medium salient singleton over a less salient singleton [t(11) = 9.514, p < .001 and t(11) = 
10.792, p < .001, respectively], the proportion of eye movements directed to the most 
or medium salient singleton did not differ significantly [t(11) = 2.086, p = .061]. For the 
slowest-response saccades, participants were equally likely to make an eye movement 
to either of the three differently salient singletons (most versus medium salient: t(11) > 1; 
most versus least salient: t(11) = - 1.350, p = .204; and medium versus least salient: 
t(11) = -2.189, p = .051). In line with previous findings (Donk & van Zoest, 2008; van 
Zoest & Donk, 2005, 2006), and in particular Experiment 1, the results revealed that 
eye movements were primarily salience-driven for very fast responses (up to around 
200 ms) after stimulus onset, whereas saccades elicited later in time were completely 
unaffected by salience.

2.4.2.2. Salience-Driven Influences on Second Saccades

For the analysis of second saccades only those trials were included in which the second 
eye movement landed on either of the two remaining singletons.

Three separate repeated measures ANOVAs (given the initial saccades landed 
on A) the most, B) the medium, or C) the least salient singleton) were performed 

 
 

 

Figure 2.4: Salience-Driven Selection in Initial Saccades in Experiment 2. Proportions of initial saccades 

directed towards each of the three singletons (22.5°, 45°and 67.5°), separately for each bin of the response time 

distribution and irrespective of target identity. 

 

2.4.2.2. Salience-Driven Influences on Second Saccades 

For the analysis of second saccades only those trials were included in which the second 

eye movement landed on either of the two remaining singletons. 

 

Three separate repeated measures ANOVAs (given the initial saccades landed on A) the 

most, B) the medium, or C) the least salient singleton) were performed on the proportions of 

second saccades directed toward either of the two remaining singletons with Salience (2) and 

Response Time Bin (5) as within-subject factors. The results of all three analyses (see Figure 2.5) 

revealed neither a significant main effect of Salience [for A): F(1, 11) = 3.117, MSE = .016, η2 = 
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figure 2.4. salience-driven selection in Initial saccades in experiment 2. Proportions of initial 
saccades directed towards each of the three singletons (22.5°, 45°and 67.5°), separately for each bin 
of the response time distribution and irrespective of target identity.
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on the proportions of second saccades directed toward either of the two remaining 
singletons with Salience (2) and Response Time Bin (5) as within-subject factors. The 
results of all three analyses (see Figure 2.5) revealed neither a significant main effect 
of Salience [for A): F(1, 11) = 3.117, MSE = .016, η2 = .057, p = .105, n.s.; for B): F(1, 11) = 
1.329, MSE = .014, η2 = .025, p = .273, n.s.; and for C): F(1, 11) = 2.065, MSE = .028, 
η2 = .044, p = .179, n.s.], nor a significant interaction between Salience and Response 
Time Bin [for A): F(4, 44) = 2.591, MSE= .012, η2 = .142, p = .05, n.s.; for B): F(4, 
44) = 2.354, MSE = .010, η2 =.134, p = .068, n.s.; and for C): F(4, 44) = 2.226, MSE = 
.018, η2 =.122, p = .082, n.s.]. In line with Experiment 1, this suggests that salience-
driven effects are limited to initial eye movements, and are completely irrelevant to 
visual search for eye movements elicited after approximately the first 200 ms after 
stimulus onset. In addition to the time-course of salience-driven processes, another 
goal of Experiment 2 was to investigate whether goal-driven processes also develop 
according to the absolute time-course view. To this end, all following analyses were 
performed on accuracy.

 
 

   

 

Figure 2.5: Salience-Driven Selection in Second Saccades in Experiment 2. Proportions of second saccades 

directed toward either of the two remaining singletons, separately for each bin of the response time distribution and 

irrespective of target identity, given that the initial saccade landed on A) the most, B) the medium, or C) the least 

salient singleton. 
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n.s.], indicating that performance in target selection did not vary with response time. Separate t-

tests comparing each bin against chance level confirmed that performance accuracy differed 

significantly from chance [p < .001 for all bins] with performance accuracies around 70% across 

all bins. Thus, irrespective of response time and target-salience, participants’ performance was 

equally good at selecting the right-tilted singleton, indicating that visual search was primarily 

goal-driven during second saccades. A major motivation for Experiment 2 was to decrease the 

response times of second saccades in order to increase the likelihood of finding salience-driven 

effects. In Experiment 2, the fastest saccades were initiated on average 100 ms earlier compared 

to those in Experiment 1, showing that the manipulation was successful. As salience-effects are 

more likely to be found for fast-response saccades, the absence of an effect on fast responses of 
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figure 2.5. salience-driven selection in second saccades in experiment 2. Proportions of second 
saccades directed toward either of the two remaining singletons, separately for each bin of the 
response time distribution and irrespective of target identity, given that the initial saccade landed 
on A) the most, B) the medium, or C) the least salient singleton.
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2.4.2.3. Goal-Driven Influences on Initial Saccades

A repeated measures ANOVA was performed on the proportions of initial saccades 
correctly directed towards the right-tilted singleton, averaged over all salience 
conditions, with Response Time Bin (5) as within-subject factor. The results (see 
Figure 2.6A) displayed a statistically significant main effect of Response Time Bin 
[F(1.814, 19.953) = 18.982, MSE = .010, η2 = .633, p < .001], attributable to an increasing 
proportion of initial eye movements correctly directed toward the target with increasing 
response time. In line with previous findings (van Zoest & Donk, 2006), this suggests 
that goal-driven processes unfold at a different rate than salience-driven processes. 
Indeed, compared with the pattern of salience-driven processes, the influence of goal-
driven processes follows a reversed pattern, with visual search being unaffected by 
top-down control for very fast responses but primarily goal-driven for saccades elicited 
later in time.

2.4.2.4. Goal-Driven Influences on Second Saccades

A similar analysis was performed for the proportion of second saccades correctly 
directed towards the target. The results (see Figure 2.6B) of the repeated measures 
ANOVA revealed no significant main effect of Response Time Bin [F(4, 44) = .356, MSE = 
.003, η2 = .028, p = .838, n.s.], indicating that performance in target selection did not vary 
with response time. Separate t-tests comparing each bin against chance level confirmed 
that performance accuracy differed significantly from chance [p < .001 for all bins] with 
performance accuracies around 70% across all bins. Thus, irrespective of response time 
and target-salience, participants’ performance was equally good at selecting the right-
tilted singleton, indicating that visual search was primarily goal-driven during second 
saccades. A major motivation for Experiment 2 was to decrease the response times of 
second saccades in order to increase the likelihood of finding salience-driven effects. In 
Experiment 2, the fastest saccades were initiated on average 100 ms earlier compared 
to those in Experiment 1, showing that the manipulation was successful. As salience-
effects are more likely to be found for fast-response saccades, the absence of an effect 
on fast responses of second saccades in Experiment 2 demonstrates that second eye 
movements are indeed completely unaffected by salience and not merely an inevitable 
result of the increased response times of second saccades as found in Experiment 1.

Comparing the findings of salience-driven and goal-driven processes obtained 
in Experiment 2, it is evident that the time-courses of both processes develop in 
a complementary fashion over multiple eye movements, in line with the absolute 
time-course view. For very fast responses of initial saccades, up to approximately 
200–250 ms after stimulus onset, visual search was primarily salience-driven, whereas 
it was unaffected by goal-driven processes. With increasing response time, visual 
search became increasingly top-down controlled and less salience-driven. Crucially, 
this pattern was not found for second saccades, with visual search being continuously 
goal-driven and unaffected by salience-driven processes, irrespective of response time.
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2.5. generAl dIscussIon

The goal of the current study was to investigate how salience-driven (Experiments 
1 and 2) and goal-driven (Experiment 2) processes unfold during visual search over 
multiple eye movements (especially second eye movements), while taking into account 
the response time of each individual eye movement. Regarding the contribution of 
salience-driven processes to the control of the initial saccades, the results of both 
Experiment 1 and 2 resemble previous findings reported by Donk and van Zoest (2008). 
In line with these findings, saccades elicited shortly after the onset of the search display 
were primarily salience-driven, whereas saccades that were elicited later in time, after 
approximately 200 ms, were completely unaffected by salience. More importantly, 
the results of both Experiment 1 and 2 unambiguously revealed that second saccades 
were completely unaffected by salience, irrespective of whether an eye movement was 
elicited early or late in time, that is, irrespective of response time. 

Together, these results suggest that the effect of stimulus-salience is crucially 
time-dependent, in line with the absolute time-course view, exclusively operating in 
an extremely brief time interval for approximately 200 ms after stimulus onset. The 
contribution of goal-driven effects seems to develop in a complementary fashion, 
gradually building up over time. Indeed, the results of Experiment 2 revealed that eye 
movements elicited shortly after stimulus onset were completely unaffected by top-down 
control. However, for slower responses of the initial saccades, eye movements were 
increasingly guided by top-down control. Critically, search was completely goal-driven 
with consistently high performance across all response time bins of second saccades.

One might argue, however, that based on the paradigm it is not surprising to 
find an absence of salience-effects on second saccades. That is, through removal 
of the fixation cross with stimulus onset, initial saccades might have been inevitably 
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Figure 2.6: Goal-Driven Selection in Experiment 2. Proportions of eye movements correctly directed toward the 

right-tilted target singleton, separately per salience condition each bin of the response time distribution for A) initial 

and B) second saccades. 

figure 2.6. goal-driven selection in experiment 2. Proportions of eye movements correctly 
directed toward the right-tilted target singleton, separately per salience condition each bin of the 
response time distribution for A) initial and B) second saccades.
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faster than second saccades, as the disengagement of attention from fixation has 
been exogenously pre-performed (e.g., Posner, Walker, Friedrich, & Rafal, 1984). While 
response times of second saccades were indeed longer than those of initial saccades 
in Experiment 1, this was not the case in Experiment 2. In fact, response times of 
second saccades in Experiment 2 were not only around 100 ms faster than those of 
Experiment 1 but crucially even faster than the briefest responses of initial saccades. 
Thus, the additional step of disengagement of attention for second saccades does not 
seem to be inevitably associated with a cost in response time for those saccades. Given 
the speed of second saccades in Experiment 2, the circumstances were optimal for 
potential effects of salience to become evident; finding that stimulus-salience did not 
affect these very fast second saccades strongly corroborates an absolute time-course 
view of salience-driven effects in visual search.

2.5.1. Relation to findings of Persistent effects of salience
How do these results relate to previous findings of salience-driven and goal-driven 
effects in overt visual search? While the findings of our present study are clearly 
consistent with studies indicating that visual search is primarily under top-down 
control, they seem to contradict findings showing persistent effects of salience over 
time (Parkhurst et al., 2002; Peters, et al., 2005; Itti, 2005). This apparent discrepancy 
might arise from a fundamental difference in paradigms used across studies. Those 
studies finding persistent effects of salience usually employ images of complex natural 
and artificial scenes in a free-viewing paradigm, that are intrinsically susceptible to two 
potential limitations. Given that images depict objects, whether natural or artificial, 
and given that objects tend to contain the most salient regions in a display, it might 
be possible that the persistent effects of salience do not represent salience-effects per 
se but rather object-presence effects. Indeed, recently Einhaüuser, Spain and Perona 
(2008) found that observers preferentially fixate ‘‘interesting’’ objects rather than salient 
regions in an image and concluded that salience only indirectly affected visual search, 
acting through recognized objects (Einhaüuser, Spain, & Perona, 2008, Elazary & Itti, 
2008). In other words, salience is only effective if objects tend to be more salient than 
the background, but does not guide search directly. Given that salience is intricately 
linked with object presence, it is conceivable that the operationalization of salience 
in previous studies may reflect the potential impact of object presence rather than 
stimulus-salience (Nuthmann & Henderson, 2010).

Another potential limitation that is related to the fact that object-presence co-varies 
with salience, is the central fixation bias (Parkhurst et al., 2002; Buswell, 1935; Mannan, 
Ruddock & Wooding, 1995; 1996; 1997; Parkhurst & Niebur, 2003; Tatler et al., 2005). 
As images are usually taken in a way that objects are located in the center of the image, 
salience-effects might not only covary with object-presence effects, but observers 
might persistently fixate salient regions because they happen to be located in the 
center of the image. Due to the simple stimuli and the highly controlled paradigm used 
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in the present study, any potential limitations due to central bias or object-presence 
effects are eliminated, lending unambiguous support to the absolute time-course view 
of salience-driven and goal-driven processes, assuming that visual search is primarily 
under top-down control following a brief period of initial salience-driven effects just 
after stimulus onset.

2.5.2. Goal-Driven control and trans-saccadic Memory
It is evident from our results that the relative contribution of salience-driven and goal-
driven processes obtained for initial saccades differs fundamentally from that obtained 
for second saccades. How can we account for this difference in eye movement behavior 
over multiple saccades? Taking into account findings from oculomotor research on 
trans-saccadic memory, initial saccades differ from all following saccades in the amount 
of information that is available concerning the stimulus display. Studies in this field have 
demonstrated that information that has been acquired from the visual periphery during 
one fixation is carried-over to the following saccade, thereby affecting the pattern of 
subsequent eye-movements (Carlson-Radvansky, 1999; Pollatsek, Rayner & Collins, 
1984; Rayner, McConkie & Zola, 1980; Verfaille & de Graef, 2000). 

Incorporating these findings into our results, we can account for the pattern of 
salience-driven and goal-driven processes over time as follows: Prior to the presentation 
of a stimulus display, no information regarding the properties of the stimuli is available. 
Therefore, the initial eye movement is purely driven by the relative-salience of features 
if it is initiated within approximately 200–250 ms after presentation onset. Initial eye 
movements that are initiated past this crucial time interval are already, at least partly, 
guided by top-down control, as the more time passes between presentation onset and 
the initiation of a saccade, the more likely it becomes that information about stimulus 
properties is acquired from the visual periphery. This information accumulates over time, 
being carried over from one fixation to the next. Thus, every following eye movement 
is primarily top-down controlled, drawing on information acquired over previous 
fixations. This suggests that the relative contribution of salience-driven and goal-driven 
processes to visual search is only indirectly time dependent, contingent upon the 
amount of information that is available prior to a saccade. This has implications for the 
stimuli used and can potentially account for differences found between studies using 
static and those using dynamic scenes. For static scenes, the amount of information 
available about a scene increases as a function of time. The scope of the present study 
forecloses any conclusion regarding the pattern of eye movements for dynamic scenes. 
It can be speculated that, under dynamic viewing conditions, the relative contribution 
of salience-driven and goal-driven processes over time operates differently, as the 
information contained in the scene is continuously changed. Whether this implies a 
larger contribution on the part of salience-driven processes, either through a larger 
continuous effect of salience or through salience being reinstated after every fixation 
remains an intriguing question for future research.
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3.1. ABstrAct

Recently, we showed that salience only affects initial saccades in a static stimulus 
environment; subsequent saccades were unaffected by salience but instead directed in 
line with task requirements (Siebold, van Zoest, & Donk, 2011). Yet, multiple studies have 
shown that people tend to fixate salient regions more often than non-salient ones when 
they are looking at images, in particular when salience is defined by dynamic changes. 
The goal of the current study was to investigate how oculomotor selection beyond an 
initial saccade is affected by salience as derived from changing as opposed to static 
stimuli. Observers were presented with displays containing two fixation dots, one target, 
one distractor and multiple background elements. They were instructed to fixate on one 
of the fixation dots and make a speeded eye movement to the target, either directly or 
preceded by an initial eye movement to the other fixation dot. In Experiment 1, target 
and distractor differed in orientation contrast relative to the background such that 
one was more salient than the other, whereas in Experiment 2 and 3 the orientation 
contrast between the two elements was identical. Here, salience was implemented by 
a continuous luminance flicker or by a difference in luminance contrast, respectively, 
which was presented either simultaneously with display onset or contingent upon 
the first saccade. The results showed that in all experiments, initial saccades were 
strongly guided by salience, whereas second saccades were consistently goal-directed 
if the salience-manipulation was present from display onset. However, if the flicker or 
luminance contrast was presented contingent upon the initial saccade, salience-effects 
were reinstated. We argue that salience-effects are short-lived but can be reinstated if 
new information is presented, even when this occurs during an eye movement.

Keywords: overt visual search; salience-driven selection; goal-driven selection; eye 
movements; saccadic latency; inter-saccadic interval; rapid luminance change.
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3.2. IntroductIon

For more than four decades, one of the most intriguing and fiercely debated topics in 
the field of vision research revolves around the simple question of what guides visual 
selection (e.g. Bacon & Egeth, 1994; Folk, Remington, & Johnston, 1992; Theeuwes, 
1991; Yantis & Jonides, 1990). Traditionally, researchers have been advocating either 
a stimulus-driven or goal-driven account as underlying trigger of visual selection 
but nowadays the idea that visual selection is the outcome of an interplay between 
stimulus-driven and goal-driven influences is most prevalent (e.g., Egeth, Leonard, 
& Leber, 2010; Hochstein & Ahissar, 2002; Lamme & Roelfsema, 2000; Pomplun 2006; 
Rutishauser & Koch, 2007; Tatler, Baddeley, & Gilchrist, 2005; Zhang, Tong, Marks, Shan 
& Cottrell, 2008). A major issue that remains to be settled concerns the question how 
this interplay evolves over time (e.g., Donk & van Zoest, 2008; 2011; Hunt et al., 2007; 
van Zoest & Donk, 2005; 2006; 2008; 2010; van Zoest et al., 2004).

One fruitful approach to address this question is to investigate how selection varies 
with the timing of a response. The timing of an initial saccade relative to the onset of a 
stimulus display seems crucial in determining the primary mode of control during visual 
search. A number of studies have shown that eye movements elicited up to 250 ms 
after display onset are primarily salience-driven, whereas eye movements elicited later 
in time are predominantly goal-driven (Donk & van Zoest, 2008; 2011; Hunt et al., 2007; 
van Zoest & Donk, 2005; 2006; 2008; 2010; van Zoest et al., 2004). Donk and van Zoest 
(2008) demonstrated that even when participants are explicitly instructed to make an 
eye movement to the more salient of two simultaneously presented singletons, only 
rapidly elicited eye movements prioritized the salient over the less salient singleton. 
This finding is in line with multiple studies showing that salience-effects tend to be 
limited to the time period immediately following the presentation of a display (Donk 
& van Zoest, 2008; 2011; Hunt et al., 2007; van Zoest & Donk, 2005; 2006; 2008; 2010; 
van Zoest et al., 2004) and suggests that after visual input enters the brain, salience 
may be rapidly but only transiently represented.

An important question is whether the transience of salience-effects as demonstrated 
in single eye movement studies extends beyond a single eye movement. In other 
words, are salience-effects limited to the first few hundreds of milliseconds after 
the presentation of a display and rendered moot thereafter or are salience-effects 
reinstated each time an eye movement is made?

Many studies suggest that salience does not play a significant role beyond a first eye 
movement (e.g., Foulsham & Underwood, 2007; Henderson, Brockmole, Castelhano, 
& Mack, 2007). The results of these studies have demonstrated a dominant role of goal-
driven processes in the control of eye movements. Indeed, since the classical work of 
Yarbus (1967), it has been repeatedly shown that people tend to fixate informative rather 
than salient locations in a visually presented picture suggesting that eye movements 
are under goal-driven control with no or only a subordinate role for salience-driven 
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processes (Castelhano, Mack, & Henderson, 2009; Einhäuser, Rutishauser, & Koch, 
2008; Einhäuser, Spain, & Perona, 2008; Foulsham & Underwood, 2008; Henderson, 
Brockmole, Castelhano, & Mack, 2007; Land & Hayhoe, 2001).

However, studies showing goal-driven processes to be predominant in determining 
overt selection during visual search, cannot exclude salience as a factor affecting 
selection behavior above and beyond goal-driven processes. The demonstration 
that eye movements in real-world scenes are affected by information content 
(e.g., Einhaeuser, Spain, & Perona, 2008), scene context (e.g., Kunar, Flusberg & Wolfe, 
2006; Torralba, Oliva, Castelhano, & Henderson, 2006), or task demands (Al-Aidroos, 
Harrison, & Pratt, 2010; Einhaueser, Rutishauser, & Koch, 2008; Henderson, Malcolm, 
& Schandl, 2009; Kiss, Jolicoeur, Dell’Aqua, & Eimer, 2008; Leber & Egeth, 2006; 
Navalpakkam & Itti, 2005; Rao, Zelinsky, Hayhoe, & Ballard, 2002) confirms the 
importance of top-down influences but does not preclude the possibility that eye 
movements are additionally salience-driven, in particular in the presence of items 
that are salient enough to attract the gaze (Parkhurst, Law, & Niebur, 2002; Tatler, 
Baddeley, & Gilchrist, 2005).

The present study aimed to systematically investigate the extent to which oculomotor 
control beyond an initial saccade is susceptible to salience-driven influences. To this 
aim we investigated the time courses of salience-driven processes on oculomotor 
selection separately for first and second saccades made in the presence of dynamic 
visual changes and saccade-contingent visual changes and compared those to the 
time courses obtained in the presence of static salience differences. Dynamic stimuli, 
often accompanied by luminance changes, have been shown to be particularly effective 
in attracting attention (e.g., Enns, Austen, Lollo, Rauschenberger, & Yantis 2001; 
Franconeri & Simons, 2003; Franconeri, Hollingworth, & Simons, 2005; Hollingworth, 
Simons, & Franconeri, 2010; Rauschenberger, 2003; Yantis & Jonides, 1984) and the 
gaze (Boot, Kramer, & Peterson, 2005; Godijn & Theeuwes, 2002; Irwin, Colcombe, 
Kramer, & Hahn, 2000; Ludwig & Gilchrist, 2002, 2003; Theeuwes, Kramer, Hahn, 
&  Irwin, 1998; Theeuwes, Kramer, Hahn, Irwin, & Zelinsky, 1999; Wu & Remington, 
2003). However, previous studies have typically looked at the immediate effects of 
luminance changes rather than at its influence beyond an initial saccade.

If dynamic stimuli are indeed powerful enough to capture the eyes in a task in which 
a single eye movement has to be made, the question arises how a dynamic stimulus, 
such as a flickering element affects the time-course of salience-driven processes over 
a sequence of eye movements. Recently, Siebold et al. (2011) addressed the question 
how salience derived from a orientation contrast affects initial and subsequent 
oculomotor selection and demonstrated that only initial short-latency eye movements 
were salience-driven whereas long-latency initial eye movements as well as second 
eye movements were primarily goal-driven. The results of this study suggest that 
salience-effects are not reinstated when an eye movement has been made. However, 
Siebold et al. (2011) used static singletons. Static singletons might have less ability to 
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drive selection than dynamic singletons. Indeed, there are various studies suggesting 
that static singletons might in fact fail completely to attract attention and the eyes 
while dynamic singletons typically attain high selection priority (Cole, Kuhn, Heywood, 
& Kentridge, 2009; Jonides & Yantis, 1988; Rauschenberger, 2003; Yantis & Egeth, 
1999; Yantis & Jonides, 1984). The present study aimed to examine how salience 
as derived from a luminance change affects selection in time. Do salience-driven 
processes develop in a different fashion when dynamic stimulus characteristics such 
as changes in luminance contrast are used compared to static orientation contrasts? 
To provide an answer to this question we separately analyzed how initial and second 
eye movements during visual search in static and dynamic displays are affected by 
salience-driven processes.

3.3. experIment 1

The aim of Experiment 1 was to establish how salience-driven processes affect 
oculomotor selection during visual search in a static display using a parsimonious and 
highly controlled paradigm (see Figure 3.1 for an illustration of the search display). 
To this end, participants were instructed to search for a specific orientation singleton 
amongst multiple homogeneously aligned background lines, two fixation dots and 
one distractor singleton. Depending on the orientation of the background lines, the 
target could be more or less salient than the distractor. In the single-saccade condition 
participants had to search for the target directly from fixation. In the two-saccades 
condition, they were instructed to make an initial eye movement to the opposite dot 
before searching for the target. Relative-salience of the singletons was irrelevant to 
the task so that task-requirements were independent of salience information. Eye 
movements were recorded and the proportion of correctly directed saccades was 
analyzed as a function of response time, separately per condition and target-salience.

Based on previous results (Siebold et al., 2011), we hypothesized that for initial 
saccades (single-saccade condition), performance would vary with response time 
depending on target-salience, whereas for second saccades (two-saccade condition), 
we expected performance to be continuously above chance, irrespective of target-
salience and response time.

3.3.1. Method

3.3.1.1. Participants

The sample in Experiment 1 consisted of 8 participants, who were either paid volunteers 
or psychology students at the VU University Amsterdam. Ages ranged from 19 to 
34 years (mean: 25.6 years). Five of the participants were female. All participants 
reported normal or corrected-to-normal stereoscopic visual abilities. They were naïve 
to the experimental stimuli and the purpose of the study. The experimental session 
lasted for approximately 60 minutes.  
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3.3.1.2. Apparatus

A standard Pentium IV class computer with a processor speed of 2.3 GHz running 
E-Prime 2.0 controlled stimulus presentation, timing of events, and acquisition of 
necessary response data. Stimuli were presented at eye-level, 75 cm from the chinrest, 
on a 21 Inch Iiyama SVGA (Super Video Graphics Array) monitor running at 1,024 by 
768 pixel resolution with a 100 Hz refresh rate.

The position of the right eye was recorded by means of a video-based Eyelink 1000 
eye tracker (SR Research Ltd., Mississauga, Ontario, Canada), with a sample rate of 
1,000 Hz, a 0.01º of visual angle spatial resolution (noise limited), and a gaze position 
accuracy of 0.5º.

Participants were tested individually in a dimly-lit, sound-attenuated research 
laboratory room, while the researcher monitored eye movement performance and 
supervised calibrations from a computer screen situated in an adjacent room.

3.3.1.3. Stimuli

The visual stimuli in Experiment 1 consisted of multiple white (88.5 cd/m²) lines and two 
white fixation dots (0.44 cm in diameter) presented on a gray (21.9 cd/m²) background 
screen. Each line had a size of 0.76 * 0.15 cm (0.58 * 0.11 deg of visual angle at central 
fixation) and was presented in a 17 * 17 items square matrix grid with a raster width 
and height of 17.4 * 17.4 deg of visual angle. Two of the lines, the singletons, differed in 
orientation contrast relative to the multiple homogeneously oriented background lines 
that were either horizontally or vertically aligned. Target and distractor singletons were 
oriented 22.5 deg and 67.5 deg clockwise relative to the vertical plane, respectively. 
Depending on the orientation of the background lines, the target was either more (67.5˚ 
relative to the horizontal background lines) or less salient (22.5˚ relative to the vertical 
background lines) than the distractor singleton resulting in two levels of salience: most 
salient target and least salient target. The singletons were randomly presented to the 
left and right of the center of the grid at an eccentricity of 8.1 deg from either one of the 
two fixation dots. The dots were located in the center of the upper and lower half of the 
display, respectively. Singletons and dots were arranged so that they represented the 
intersections of an imaginary square around the center of the display. For an illustration 
of the search display see Figure 3.1.

3.3.1.4. Design and Procedure

Participants were seated in front of a computer screen with forehead and chin resting on 
a head rest. At the beginning of each trial, participants were presented with a preview 
display containing the two fixation dots (one filled, the other outlined). Observers 
were asked to fixate on the filled white dot before pressing spacebar to initiate a trial. 
Following drift correction, the search display was presented for 3,000 ms and observers 
were instructed to make a speeded eye movement to the more vertically oriented 
(steeper) one of the two singletons (the target singleton), either directly (single-saccade 
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figure 3.1. A typical trial sequence in experiment 1. Prior to each trial, participants maintained 
fixated on the filled dot until a stable fixation was detected. Upon depression of the spacebar, a drift 
correction was applied and a trial was initiated with the presentation of the search display, which 
was presented for 3,000 ms. Depending on the condition, participants could either search directly 
for the target singleton (single-saccade condition) or had to make an initial eye movement to the 
opposite dot before searching for the target (two-saccades condition).

condition), or following an eye movement to the opposite dot (two-saccades condition). 
The single-saccade condition and the two-saccades condition were presented in 
separate blocks of trials. Condition-specific instructions were provided on the screen 
at the beginning of each block.

At the beginning of the testing session, eye movements were calibrated using a 
grid of nine calibration points. A subsequent validation was accepted as successful if 
the eye movements did not deviate more than 0.5º of visual angle from each of the 
calibration points. Prior to the experimental session, participants were presented with 
one practice block of 32 trials per condition, which was not included in any subsequent 
analysis. Participants completed a total of 400 experimental trials, in which target and 
distractor location and the orientation of the background lines were randomized. The 
trials were divided over individual blocks per condition and separated by multiple 
small breaks. Following the testing session, participants were fully debriefed as to the 
purpose of the experiment.  

3.3.1.5. Data Analysis

Throughout this study, response time of the initial saccade (single-saccade condition) 
referred to the time interval between the onset of the search display and the initiation 
of a saccade (i.e. saccadic latency), whereas response time of the second saccade 
(two-saccades condition) referred to the inter-saccadic interval (ISI), the time interval 
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between beginning of fixation at the opposite dot and the initiation of the following 
saccade (see Roos, Calandrini, & Carpenter, 2008, see also Siebold et al., 2011).

An eye movement was classified as a valid saccade if the velocity exceeded 35°/s, 
the acceleration exceeded 9500°/s2, the amplitude was higher than 2.3 deg. and 
if a saccade landed within the range of 3 deg of visual angle of any of the two 
singletons or the fixation dot (two-saccades condition). Furthermore, in order to 
prevent anticipation and attentional errors, trials in which the response time of the 
initial saccade was faster than 80 ms or slower than 600 ms were discarded. The 
response times of each participant’s remaining saccades were rank ordered from 
fastest to slowest responses and divided into five response time bins in steps of 20% 
percentiles. This was done separately for the single-saccade and the two-saccades 
condition. For each bin the proportion of saccades correctly directed toward the 
target was calculated, separately for trials with high and low target-salience and this 
proportion was subsequently averaged over participants. While the choice of binning 
into 5 bins is arbitrary, it is motivated by ease of comparison with previous findings 
based on an identical binning procedure (e.g., de Vries, Hooge, Wiering, & Verstraten, 
2011; Siebold, van Zoest, & Donk, 2011; Siebold, van Zoest, Meeter, & Donk, 2013; 
van Zoest & Donk, 2008). Furthermore, the main focus of this paper is dedicated to 
the comparison of selection performance in terms of proportions across conditions 
rather than response times.

3.3.2. Results
Four percent of initial saccades were excluded from analysis (1.8% due to an anticipation 
error (< 80 ms) and 2.2% due to an attentional-lapse error (>600 ms)). In addition, 10.9% 
of saccades in the single-saccade condition and 8.5% of saccades in the two-saccades 
condition were excluded due to saccade destination errors (> 3 deg of visual angle of 
either of the two singletons). In the two-saccades condition another 8.1% of trials was 
discarded because the initial eye movement did not land within a range of 3 deg of 
the point opposite from fixation.

The results of the ANOVA of Condition (2) * Salience (2) * Response Time Bin 
(5) on the proportion of saccades correctly directed toward the target revealed 
statistically significant main effects of Condition (F(1, 7) = 13.133, η2 = .198, p < .01), 
Salience (F(1, 7) = 7.053, η2 = .311, p < .05) and of Response Time Bin (F(4, 28) = 3.334, 
η2 = .029, p < .05). Moreover, the two-way interaction between Condition and Salience 
reached significance (F(1, 7) = 14.113, η2 = .312, p < .01), attributable to participants’ 
performance in selecting the target was differentially affected by target-salience in 
the single-saccade condition compared to the two-saccades condition. The three-way 
interaction between the factors was not significant (F(4, 28) = 1.145, η2 = .011, p = .356).

In order to directly compare the timing of saccades between an initial and 
a following saccade, a Condition (2) * Salience (2) ANOVA was performed on the 
individual averaged response times. The results displayed a statistically significant 
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main effect of Condition (F(1, 7) = 6.903, η2 = .858, p < .05), indicating that participants 
were on average faster to respond in the single-saccade (M = 276 ms, SD = 29 ms) 
than in the two-saccades condition (M = 407 ms, SD = 51 ms). No other comparison 
reached significance.

In order to more closely investigate how target-salience affected selection 
performance over time, additional ANOVAs were performed separately per condition 
on the proportion of correctly directed saccades.

3.3.2.1. Performance in the Single-Saccade Condition

Figure 3.2A depicts the average proportion of eye movements directed toward 
the target separately for each response time bin. The results of the 2 (Salience) * 5 
(Response Time Bin) ANOVA on the proportion of saccades correctly directed toward 
the target displayed a statistically significant main effect of Salience (F(1, 7) = 11.073, 
η2 = .853, p < .05) and of Response Time Bin (F(4, 28) = 7.073, η2 = .032, p < .05). 
Moreover, these effects were qualified by a significant interaction between the two 
factors (F(4, 28) = 3. 318, η2 = .025, p < .05), indicating that the proportion of initial eye 
movements correctly directed toward the target varied with target-salience over time.

Post-hoc Bonferroni corrected pairwise comparisons between the different levels 
of Salience separately for each Response Time Bin revealed that, for saccades made 
in Bins 1 and 2 (for latencies up to around 231 ms), participants were more likely to 
select the target when it was more salient than the distractor (t(7) = 12.337, p < .001 
and t(7) = 3.901, p < .01, respectively). This preference disappeared for Bins 3-5 (from 
latencies of around 275 ms onwards), with participants being equally likely to make an 
eye movement to the target, irrespective of target-salience (t(7) = 1.874, p = .103, t(7) 
= 1.740, p = .125 and t(7) = 1.773, p = .119, respectively).

figure 3.2. performance in experiment 1. Proportions of eye movements that are correctly directed 
toward the target singleton for A) the single-saccade and B) the two-saccades condition. Proportions 
are given for each bin of the response time distribution, separately for high and low target-salience 
trials. The dashed lines represent chance level performance. The vertical lines represent 95% confidence 
intervals. Response time refers to saccadic latency in A) and to the inter-saccadic interval in B).

A B
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3.3.2.2. Performance in the Two-Saccades Condition

An illustration of the results is shown in Figure 3.2B. The results of the Salience (2) * 

Response Time Bin (5) ANOVA on the proportion of saccades correctly directed toward 

the target revealed no significant effects for Salience (F(1, 7) = 0, η2 = 0, p = .996), 

Response Time Bin (F(4, 28) = 1.766, η2 = .390, p = .164) or the interaction between 

Salience and Response Time Bin (F(4, 28) = 0.094, η2 = .019, p = .983), indicating that 

participants performed equally well at selecting the target, irrespective of target-

salience and ISI.

3.3.3. Discussion

Overall, the results of Experiment 1 are in line with those obtained in previous studies 

(Donk & van Zoest, 2008; Hunt et al., 2007; Siebold et al., 2011; van Zoest & Donk, 2005; 

2006; 2008; 2010; van Zoest et al., 2004). In the single-saccade condition, saccades 

elicited shortly after the onset of the search display were primarily directed toward 

the most salient stimulus, irrespective of target identity, whereas saccades that were 

elicited later in time were primarily directed toward the target, irrespective of whether 

it was more or less salient than the distractor. Task performance in the two-saccades 

condition was consistently high across target-salience conditions and with performance 

accuracies of 70% - 80% similar to those obtained in previous studies (Donk & van 

Zoest, 2008, Siebold et al., 2011; van Zoest & Donk, 2005; 2006; 2008; 2010; van Zoest 

et al., 2004). 

It is interesting to note that participants were well able to first select the opposite 

fixation dot in the two-saccades condition, given the presence of the salient singleton 

lines. One potential explanation might be that the opposite fixation dot was perceived 

as salient. However, the finding that out of all trials in the single-saccade condition, 

only 0.015% were erroneously made towards the opposite fixation dot suggests 

otherwise (compared to 10.75% of saccade destination errors that landed elsewhere 

in the display in this condition). Therefore, rather than being salience-driven, it seems 

that saccades towards the fixation dot were under top-down control. Indeed, it has 

been repeatedly demonstrated that when a target location is known in advance, salient 

singletons including luminance onsets presented elsewhere in the display cease to 

capture attention (Theeuwes, 1991; Yantis & Jonides, 1990). The results obtained in 

the present paradigm are in line with this finding: participants were well able to make a 

goal-directed eye movement to the location of the opposite dot in spite of the presence 

of two singletons elsewhere in the display.  

Together, the findings of Experiment 1 are consistent with those reported by 

Siebold et al. (2011) and lend evidence to the idea that the absolute amount of time 

elapsed between the onset of a stimulus and the initiation of an eye movement seems 

crucial in determining whether visual selection is primarily volitional or based on salient 

information. The effect of salience-driven processes decreases over time following 
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stimulus onset and is virtually absent after about 250 ms.1 An eye movement clearly 
does not lead to a reinstatement of salience-effects as evident from the absence of 
any effect of salience in the two-saccades condition. Goal-driven processes develop 
complementarily; they build up at a slower rate relative to stimulus onset and constitute 
the primary mode of visual selection after about 250 ms. Thus, when people have 
to make a goal-directed eye movement towards a target, salience as derived from 
orientation contrast ceases to affect selection behavior very rapidly.

3.4. experIment 2 

We conducted Experiment 2 in order to investigate how salience as implemented 
by a rapid luminance flicker affects the temporal development of salience-driven 
processes. The experimental paradigm was identical to Experiment 1 with the crucial 
difference that rather than being derived from a difference in orientation contrast, 
salience was derived from a non-predictive luminance flicker: one of the two singletons 
underwent rapid luminance changes, either from stimulus onset until the end of the 
trial or contingent upon the initial eye movement. This setup resulted in three different 
conditions. In the single-saccade and the two-saccades conditions the salience-
manipulation was present from display onset: either target or distractor flickered 
upon presentation of the search display. These conditions were equivalent to the 
ones in Experiment 1, in the sense that observers could directly search for the target 
in the former condition but had to make an initial eye movement to the opposite 
fixation dot before making an eye movement to the target in the latter condition. In 
addition, a third condition was implemented, the two-saccades contingent condition, 
in which observers made an initial eye movement to the opposite fixation dot (as in 
the two-saccades condition) but rather than being present from display onset, the 

1 In order to test empirically whether the presence of a second saccade or the passage of time 
from display onset caused the observed dissipation of salience-effects in the two-saccades condition, 
we performed a control experiment, with displays similar to Experiment 1, in which participants 
(7 naïve subjects and author AS; aged 21-30; mean 25.5 years; 5 female) were cued at different SOAs  
(0, 150, 300, 450 and 600 ms) to initiate a single saccade. The cue consisted of the presentation of a 
tone simultaneously with the removal of the fixation dot at a given SOA. This setup ensured that the 
longest latencies (~800 ms) overlapped with the fastest ISIs observed in the two-saccades condition 
of Experiment 2. The stimuli were identical to those in Experiment 1. The experimental session lasted 
for approximately 30 minutes and consisted of two blocks of 160 trials each, presented in random 
order. Results of the Salience (2) * SOA (5) ANOVA were similar to the single-saccade condition in 
Experiments 1 and 2, showing main effects of Salience (F(1, 7) = 8.743, η2 = .494, p < .05) and SOA 
(F(4, 28) = 21.526, η2 = .291, p < .001) and a significant interaction between the two factors (F(4, 28) 
= 10.199, η2 = .133, p < .001). Salience-effects were found for SOA 0 ms (t(7) = 5.711, p = .001) but 
were absent for all other SOAs (t(7) = 1.747, p = .124 for 150 ms SOA; t(7) = 0.804, p = .448 for 300 ms 
SOA; t(7) = 0.973, p = .363 for 450 ms SOA; and t(7) = 0.902, p = .397 for 600 ms SOA), showing that 
the passage of time between stimulus onset and the initiation of a saccade, rather than the nature 
of a second saccade, seems crucial in determining the predominant mode of selection.
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luminance flicker was implemented contingent upon the eye movement landing on 
the opposite fixation dot.

The goal of Experiment 2 was to examine the time-courses of salience-driven 
processes over a sequence of two eye movements in a dynamic search display and to 
establish whether the temporal development of both processes follows a time course 
similar to the one found in Experiment 1.  

3.4.1. Method

3.4.1.1. Participants

A new sample (including the author AS) of 12 paid volunteers and psychology students 
at the VU University Amsterdam participated in Experiment 2. Ages ranged from 19 
to 27 years (mean: 23 years). Eight of the participants were female. All participants 
reported normal or corrected-to-normal stereoscopic visual abilities. As in Experiment 
1, participants were naïve to the experimental stimuli and the purpose of the study 
(apart from AS). Participants completed two separate experimental sessions, which 
lasted for approximately 90 minutes each.

3.4.1.2. Apparatus

The computer hard- and software as well as the eye-tracking device and the testing 
environment were identical to Experiment 1.

3.4.1.3. Stimuli and Procedure

The visual stimuli were identical to those used in Experiment 1 with the exception that 
the target stimulus was defined as the only right-tilted singleton among a left-tilted 
distractor and homogeneously oriented background lines. Target and distractor had 
an equal orientation contrast of 22.5˚ and -22.5˚ relative to the vertically oriented 
background lines, respectively. On each trial, either the target or distractor flickered 
until the end of the trial, either simultaneously with presentation of the stimulus 
display (single-saccade and two-saccades conditions) or contingent upon the initial 
eye movement to the other fixation dot (two-saccades contingent condition); Stimulus 
flickering was implemented by rapid luminance changes from white (88.5 cd/m²) to gray 
(18.9 cd/m²) at a frequency of 25 Hz in order to boost the salience of the respective 
element. Instructions given to participants and the sequence of events in a trial were 
identical to Experiment 1. Participants completed a total of 1,440 experimental trials, 
equally distributed across 10 blocks per condition. Locations of target and distractor 
as well as the orientation of the homogeneous background elements were randomly 
varied across trials. Blocks were presented in random order.

Prior to the experimental session participants were presented with one practice 
block of 36 trials per condition, which was not included in the analyses. After 
completion of the testing session, participants were fully debriefed as to the purpose 
of the experiment.
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3.4.1.4. Data Analysis

The criteria used to extract saccades were identical to those used previously. The same 
analyses were performed on the data as described in Experiment 1, except that the 
factor Condition comprised three instead of two levels.

3.4.2. Results
Three and a half percent of initial saccades was excluded from analysis (2.8% due to 
an anticipation error (< 80 ms) and 0.7% due to an attentional-lapse error (>600 ms). 
An additional 6.3% of trials in the single-saccade condition, 3.5% of trials in the two-
saccades condition and 3.4% of trials in the two-saccades contingent condition were 
excluded due to saccade destination errors (> 3 deg from any of the singletons). 
Finally, another 2.1% of trials in the two-saccades and 3.1% of trials in the two-saccades 
contingent condition were discarded because the initial eye movement did not land 
within a range of 3 deg of the point opposite from fixation.

The results of the Condition (3) * Salience (2) * Response Time Bin (5) ANOVA on 
the proportion of saccades correctly directed toward the target revealed statistically 
significant main effects of Condition (F(2, 22) = 42.994, η2 = .307, p < .001), Salience 
(F(1, 11) = 20.734, η2 = .406, p = .001) and Response Time Bin (F(4, 44) = 41.146, 
η2 =  .062, p <  .001). Moreover, the two-way interactions between Condition and 
Salience, Condition and Bin and Salience and Bin reached significance with F(2, 22) = 
20.968, η2 = .141, p < .001, F(8, 88) = 2.099, η2 = .005, p < .05, and F(4, 44) = 12.236, 
η2 = .024, p < .001, respectively. The three-way interaction between the factors was 
likewise significant (F(8, 88) = 3.382, η2 = .011, p < .005)2.

Post-hoc Bonferroni corrected comparison between the three saccade conditions 
revealed that the responses in the single-saccade condition (M = 58%, SD = 1.4%) 
differed significantly from both the two-saccades (M = 84%, SD = 2.8%, p < .001) and 
the two-saccades contingent condition (M = 79%, SD = 2.4%, p < .001). A comparison 
between the latter two conditions revealed no significant difference (p = .499).

In order to directly compare the timing between the different saccade conditions, a 
Condition (3) * Salience (2) ANOVA was performed on the individual averaged response 
times. The results showed a significant main effect of Condition (F(2, 18) = 41.219, 
η2 = .968, p < .001). Post-hoc Bonferroni corrected comparisons indicated that this 
effect was attributable to faster responses in the single-saccade condition (M = 270 ms, 

2 A similar ANOVA in which the data of the two-saccades and the two-saccades contingent 
conditions were jointly binned from the combined ISI distribution of the two conditions revealed 
identical patterns of results: main effects of Condition (F(2, 22) = 54.933, η2 = .211, p < .001), Salience 
(F(1, 11) = 25.555, η2 = .142, p < .001) and Response Time Bin (F(4, 44) = 27.756, η2 = .076, p < .001); 
interactions between Condition * Salience (F(2, 22) = 19.838, η2 = .092, p < .001), Condition * Bin (F(8, 
88) = 3.068, η2 = .000, p < .05,), Salience * Bin (F(4, 44) = 12.868, η2 = .038, p < .001) and Condition 
* Salience * Bin (F(8, 88) = 3.014, η2 = .029, p = .005).
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SD = 13 ms) compared to the two-saccades (M = 392 ms, SD = 22 ms, p < .001) and the 
two-saccades contingent (M = 402 ms, SD = 21 ms, p < .001) conditions. The response 
times between the latter two conditions did not differ significantly (p = .144).

3.4.2.1. Performance in the Single-Saccade Condition

A graph of the results is depicted in Figure 3.3A. The results of the Salience (2) * 
Response Time Bin (5) ANOVA on the proportion of saccades correctly directed toward 
the target displayed a statistically significant main effect of Salience (F(1, 11) = 32.932, 
η2 = .874, p < .001) and of Response Time Bin (F(4, 44) = 13.184, η2 = .046, p < .001). 
As in Experiment 1, these effects were qualified by a significant interaction between 
the two factors (F(4, 44) = 5. 929, η2 = .043, p = .001).

Post-hoc pair-wise comparisons revealed that, similarly to Experiment 1, participants 
were more likely to select the target over the distractor when the target flickered for 
saccades made in Bins 1-3 (for latencies up to around 250 ms) (t(11) = 8.461, p < .001, 
t(11) = 6.637, p < .001 and t(11) = 3.380, p < .01, respectively). In contrast, for longer 
latency saccades (from around 320 ms onwards), there was no difference in target 
selection performance, regardless of whether the target or the distractor flickered with 
t(11) = 1.964, p = .075 for Bin 4 and t(11) = 1.863, p = .089 for Bin 5.

3.4.2.2. Performance in the Two-Saccades Condition

A graph of the results is shown in Figure 3.3B. The analysis of second saccades correctly 
directed toward the target showed a significant main effect of Response Time Bin 
(F(4, 44) = 7.874, η2 = .591, p < .001. No other comparisons were significant (F(1, 11) = 
0.097, η2 = .016, p = .761 for Salience and F(4, 44) = 1.901, η2 = .102, p = .127 for the 
interaction between the two factors).

3.4.2.3. Performance in the Two-Saccades Contingent Condition

The results of the ANOVA on second saccades showed a significant main effect of 
Salience (F(1, 11) = 9.064, η2 = .634, p < .05) and a significant effect of Response Time Bin 
(F(4, 44) = 11.420, η2 = .169, p < .001). As in the single-saccade condition, these effects 
were qualified by a significant interaction between Salience and Response Time Bin 
(F(4, 44) = 6.245, η2 = .097, p < .001), attributable to participants’ selection performance 
being differentially affected over time for trials in which the target flickered compared 
to trials in which the distractor flickered. Post-hoc comparisons between high and low 
target-salience trials separately for each Response Time Bin indicated that participants 
were significantly more accurate in selecting the target over the distractor when the 
target flickered for saccades in Bins 1 and 2 (for ISIs up to approximately 330 ms) (t(11) 
= 4.524, p = .001 and t(11) = 2.507, p < .05, respectively) but were equally accurate in 
selecting the target in both salience conditions when responses were elicited later in 
time (for ISIs from around 390 ms onwards), for Bins 3-5 (t(11) = 1.109, p = .291, t(11) = 
1.153, p = .273 and t(11) = 1.101, p = .294, respectively) (see Figure 3C).

92



R
E

IN
STA

TIN
G

 SA
LIE

N
C

E
-E

FFE
C

TS O
V

E
R

 TIM
E

3

3.4.2.4. Comparison between Experiments 1 and 2

If a continuously flickering stimulus is more powerful at capturing the eyes than a static 
stimulus, the pattern of results should differ significantly between the two experiments, 
either in terms of selection probability or in terms of the time-course of salience-
driven and goal-driven processes, or both. That is, oculomotor capture should either 
be increased or occur earlier in time in Experiment 2 than in Experiment 1. In order 
to test these statements, we ran two additional ANOVAs with the factor Experiment 
as between-subject variable. Only the single and two-saccades conditions were 
considered in the analyses.

The results of the Experiment (2) * Condition (2) * Salience (2) * Response Time Bin 
(5) ANOVA on the proportion of saccades correctly directed toward the target revealed 
no statistically significant effect of Experiment (F(1, 18) = 0.943, η2 = .000, p = .344). 
Apart from the three-way interaction between Experiment, Condition, and Response 
Time Bin (F(4, 72) = 3.669, η2 = .013, p < .01), which was most likely caused by the drop 
in performance in Bin 3 of the two-saccades condition of Experiment 1 (see Figure 2B), 
no other interaction with Experiment reached significance (F(2, 18) = 1.424, η2 = .003, 
p = .248 for Condition * Experiment, F < 1 for all other interactions).

The results of the Experiment (2) * Condition (2) * Salience (2) ANOVA on the 
individual averaged response times showed no significant difference between the 
two experiments (F(1, 18) = 0.111, η2 = .000, p = .743). The significant main effect 
of Condition (F(1, 18) = 29.061, η2 = .604, p < .001) was attributable to participants 
being slower to elicit an eye movement in the two-saccades condition (M = 398 ms, 
SD = 107 ms) compared to the single-saccade condition (M = 273 ms, SD = 61 ms) in 
both experiments. Finally, the interaction between Experiment and Salience reached 
significance (F(1, 18) = 4.569, η2 = .002, p < .05). While in Experiment 2 participants 
were equally fast to select the target irrespective of target-salience, they were on 

figure 3.3. performance in experiment 2. Proportions of eye movements that are correctly directed 
toward the target singleton for A) the single-saccade, B) the two-saccades, and C) the two-saccades 
contingent condition. Proportions are given for each bin of the response time distribution, separately 
for high and low target-salience trials. The dashed lines represent chance level performance. The 
vertical lines represent 95% confidence intervals. Response time refers to saccadic latency in A) and 
to the inter-saccadic interval in B) and C).

A B c
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average 13 ms slower to select the target in Experiment 1 when it was the most 
compared to the least salient item.

3.4.3. Discussion
The results of Experiment 2 are clearly in line with those obtained in Experiment 1. 
Initial saccades elicited shortly after the onset of the search display were primarily 
directed toward the most salient (flickering) singleton, whereas saccades that were 
elicited later in time were unaffected by salience but rather correctly directed to 
the target in line with task requirements. In the two-saccades condition, second 
saccades were consistently directed toward the target, irrespective of whether the 
target or distractor flickered with display onset and regardless of whether an eye 
movement was elicited early or late in time. In fact, a comparison of the single and 
two-saccades conditions between Experiments 1 and 2 indicated that neither the 
eye movement patterns in terms of selection probability nor the timing of saccades 
were differentially affected for both an initial and a following saccade when a static 
or a dynamic stimulus were presented. Salience derived from a dynamic luminance 
change did not affect oculomotor selection any differently from salience derived from 
a static orientation contrast. In both cases, salience ceases to affect selection after a 
few hundred milliseconds.

However, in the two-saccades contingent condition of Experiment 2, second 
saccades were affected by salience, and similarly to the single-saccade condition, this 
effect was transient in nature, vanishing for longer response times. This latter finding 
suggests that a visual change, even when presented during a saccade, leads to a 
reinstatement of a salience-effects similar to the one observed in an initial saccade. 
However, it is important to note that this change involved the presentation of a rapid 
luminance flicker. Accordingly, the renewed salience-effect observed might not have 
been the result of the salience change per se but rather from the combination of the 
contingent change and a continuous luminance flicker. Experiment 3 was performed 
to resolve this issue.

3.5. experIment 3

The goal of Experiment 3 was to investigate whether a dynamic stimulus manipulation 
such as a luminance flicker is imperative in order to elicit a salience-driven response 
in the two-saccades contingent condition or whether a non-transient change, such as 
a change in luminance contingent upon the initial saccade is sufficient in eliciting a 
salience-driven response. In the latter case, the timing of a change in salience rather 
than the strength of the salience-manipulation per se should be crucial in eliciting 
capture past an initial eye movement. In order to investigate this we performed a third 
experiment which was similar to Experiment 2, the only difference being that rather 
than being derived from a luminance flicker, salience was derived from a non-transient 
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difference in luminance. One of the two singletons had a higher luminance contrast 
compared to all other elements in the display, either from stimulus onset or contingent 
upon the initial eye movement, again resulting in a single-saccade, a two-saccade and 
a two-saccade contingent condition, equivalent to Experiment 2.

3.5.1. Method

3.5.1.1. Participants

A new sample (including the author AS) of 10 paid volunteers and psychology students 
at the VU University Amsterdam participated in Experiment 3. Ages ranged from 19 to 
30 years (mean: 25 years). Seven of the participants were female. Participants completed 
two separate experimental sessions which lasted for approximately 90 minutes each.

3.5.1.2. Apparatus

The computer hard- and software as well as the eye-tracking device and the testing 
environment were identical to the previous experiments. 

3.5.1.3. Stimuli and Procedure

The visual stimuli and the procedure were identical to those used in Experiment 2. 
The only difference was that rather than being derived from rapid luminance changes, 
salience was derived from a non-transient difference in luminance: either the target 
or the distractor was white (88.5 cd/m²) rather than gray (18.9 cd/m²) as were all other 
elements in the display.

3.5.1.4. Data Analysis

The criteria used to extract saccades as well as the analyses were identical to those 
used in Experiment 2.

3.5.2. Results
3.1% of initial saccades were excluded from analysis (2.7% due to an anticipation error 
(< 80 ms) and 0.4% due to an attentional-lapse error (>600 ms)). In the single-saccade 
condition, an additional 3.6% of trials were excluded from further analysis because the 
initial saccade landed outside the range of 3 deg of visual angle of either of the two 
singletons. In the two-saccades condition an additional 7.4% of trials were discarded 
because the initial eye movement did not land within a range of 3 deg of the point 
opposite from fixation (4.3%) or the second saccade did not land within 3 deg of either 
of the two singletons (3.1%). In the two-saccades contingent condition another 7.9% 
of trials was discarded because the initial eye movement did not land within a range 
of 3 deg of the point opposite from fixation (4.3%) or the second saccade did not land 
within 3 deg of either of the two singletons (3.6%).

The results of the ANOVA of Condition (3) * Salience (2) * Response Time Bin (5) on 
the proportion of saccades correctly directed toward the target revealed statistically 
significant main effects of Condition (F(2, 18) = 27.865, η2 = .197, p < .001), Salience 

95



R
E

IN
STA

TIN
G

 SA
LIE

N
C

E
-E

FFE
C

TS O
V

E
R

 TIM
E

3

(F(1, 9) = 33.055, η2 = .521, p < .001) and of Response Time Bin (F(4, 36) = 22.681, η2 = 
.052, p < .001). Moreover, the two-way interactions between Condition and Salience 
and Salience and Bin reached significance with F(2, 18) = 26.163, η2 = .152, p < .001 and 
F(4, 36) = 8.212, η2 = .025, p < .001, respectively. The three-way interaction between 
the factors was likewise significant (F(8, 72) = 3.984, η2 = .012, p = .001), suggesting 
that performance in selecting the target varied with salience over time, differently 
per condition3.

Post-hoc Bonferroni corrected comparison between the three saccade conditions 
revealed that the responses in the single-saccade condition (M = 59%, SD = 3.7%) 
differed significantly from both the two-saccades (M = 85%, SD = 3.3%, p < .001) and 
the two-saccades contingent condition (M = 79%, SD = 2.9%, p < .001). A comparison 
between the latter two conditions revealed no significant difference (p = .403).

As in the previous experiments, average individual response times were compared 
between the different saccade conditions. The results of the Condition (3) * Salience 
(2) ANOVA displayed a significant main effect of Condition (F(2, 18) = 19.748, η2 = .945, 
p < .001). As in the previous experiment, this effect was due to participants responding 
faster on average in the single-saccade (M = 253 ms, SD = 24 ms) compared to the 
two-saccades (M = 377 ms, SD = 16 ms, p < .005) and the two-saccades contingent 
(M = 385 ms, SD = 14 ms, p < .005) condition. The difference in response times between 
the latter two conditions was not significant (p = .438).

3.5.2.1. Performance in the Single-Saccade Condition

The results of the single-saccade condition are depicted in Figure 3.4A. A Salience 
(2) * Response Time Bin (5) ANOVA showed a statistically significant main effect of 
Salience (F(1, 9) = 40.908, η2 = .889, p < .001) and of Response Time Bin (F(4, 36) = 
11.657, η2 = .033, p < .001). As before, the interaction between the two factors was 
likewise significant (F(4, 36) = 6. 538, η2 = .046, p < .001).

Again, post-hoc pair-wise comparisons revealed that for Bins 1-3, with latencies 
up to around 235 ms) saccades were primarily directed toward the target when the 
target-salience was high than when it was low (t(9) = 16.239, p < .001, t(9) = 6.467, p < 
.001 and t(9) = 4.068, p < .005, respectively), but saccades were directed toward the 
target with equal probability irrespective of target-salience for responses in Bin 4 and 
5 for latencies from approximately 290 ms onwards with t(9) = 2.189, p = .056 and t(9) 
= 1.294, p = .228, respectively.

3 A similar ANOVA in which the data of the two-saccades and the two-saccades contingent 
conditions were jointly binned from the combined ISI distribution of the two conditions revealed 
identical patterns of results: main effects of Condition (F(2, 22) = 39.734, η2 = .165, p < .001), Salience 
(F(1, 11) = 40.081, η2 = .203, p < .001) and Response Time Bin (F(4, 44) = 21.740, η2 = .076, p < .001); 
interactions between Condition * Salience (F(2, 22) = 25.499, η2 = .123, p < .001), Salience * Bin (F(4, 
44) = 7.811, η2 = .039, p < .001) and Condition * Salience * Bin (F(8, 88) = 3.807, η2 = .035, p = .001).
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3.5.2.2. Performance in the Two-Saccades Condition

A graph of the results in the two-saccades condition is shown in Figure 3.4B. The 
analysis of second saccades revealed a significant main effect of Response Time Bin 
(F(4, 36) = 4.412, η2 = .559, p = .005). Neither the factor Salience (F(1, 9) = 1.370, 
η2 = .085, p = .272) nor the interaction between Salience and Response Time Bin (F(4, 
36) = 1.497, η2 = .102, p = .224) reached significance. That is, participants’ performance 
at selecting the target increased with increasing ISI and this increase was approximately 
equal in both target-salience conditions.

3.5.2.3. Performance in the Two-Saccades Contingent Condition

The results of the two-saccades contingent condition are illustrated in Figure 3.4C. The 
ANOVA on second saccades showed a significant effect of Salience (F(1, 9) = 12.176, 
η2 = .728, p < .01), of Response Time Bin (F(4, 36) = 10.413, η2 = .131, p < .001) and 
of the interaction between the two factors (F(4, 36) = 3.974, η2 = .055, p < .01). As in 
Experiment 2, these results indicate that participants’ performance in selecting the 
right-tilted singleton varied depending on the salience of this singleton as a function 
of time. Post-hoc comparisons between high and low target-salience trials separately 
for each Response Time Bin indicated that participants were significantly more accurate 
in selecting the target when it was high rather than low in salience for Bins 1 and 5 (t(9) 
= 4.695, p = .001 and (9) = 3.036, p < .05, respectively), and marginally significant for 
saccades in Bin 2 (t(9) = 2.236, p = .052. For responses in Bins 3 and 4 there was no 
significant difference between the target-salience conditions with t(9) = 1.726, p = .118 
and (t(9) = 2.122, p = .063, respectively.

3.5.2.4. Comparison between Experiments 2 and 3

In order to investigate whether the effect of stimulus salience differs between static 
and dynamic stimulus changes, especially in the two-saccades contingent condition, 
we performed additional ANOVAs on selection probability and individual averaged 

figure 3.4. performance in experiment 3. Proportions of eye movements that are correctly directed 
toward the target singleton for A) the single-saccade, B) the two-saccades, and C) the two-saccades 
contingent condition. Proportions are given for each bin of the response time distribution, separately 
for high and low target-salience trials. The dashed lines represent chance level performance. The 
vertical lines represent 95% confidence intervals. Response time refers to saccadic latency in A) and 
to the inter-saccadic interval in B) and C).
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response times with experiment as between-subject factor. The results of the former 
analysis revealed no statistically significant effect of Experiment (F(1, 18) = 0.01, 
η2 =  .000, p = .921). Furthermore, no other interaction with Experiment reached 
significance, indicating that selection performance was similar in both experiments, 
irrespective of whether salience was achieved by a flickering element or an element 
that underwent a static increase in luminance.

The results of the ANOVA on the averaged response times were consistent with 
those of the previous analysis. There was neither a significant main effect of Experiment 
(F(1, 20) = 0.57, η2 = .000, p = .459) nor a significant interaction of Experiment with any 
other factor, suggesting that the time-courses of salience-driven processes are not 
significantly different for dynamic and static luminance changes.

3.5.2.5. Comparison across all Experiments

Finally, we compared all three experiments in terms of selection probability and 
response times for the single- and two-saccades conditions. The results of the 
Experiment (3) * Condition (2) * Salience (2) * Response Time Bin (5) ANOVA on the 
proportion of eye movements correctly directed toward the target stimulus showed 
no effect of Experiment (F(2, 27) = 0.658, η2 = .000, p = .526). Of all interactions 
with Experiment, only the three-way interaction with Condition and Response Time 
Bin reached significance (F(8, 108) = 2.159, η2 = .009, p = .05), probably attributable 
to the unexpected drop in performance in Bin 3 of the two-saccades condition of 
Experiment 1. The results of the ANOVA on the averaged individual response times 
revealed neither a significant main effect of Experiment (F(2, 27) = 0.414, η2 = .001, 
p = .665) nor any interactions with Experiment.

3.5.3. Discussion
The results of Experiment 3 are remarkably similar to those obtained in Experiment 1 
and 2. As before, short-latency saccades in the single-saccade condition were primarily 
directed toward the most salient singleton, whereas saccades that were elicited later in 
time were mainly directed toward the target singleton, irrespective of target-salience. 
In the two-saccades condition, second saccades were consistently directed toward the 
target across all response time bins, irrespective of whether the target or the distractor 
had a higher luminance contrast with display onset. Crucially, visual selection for fast 
responses in the two-saccades contingent condition was salience-driven, showing that 
effects of stimulus salience were reinstated following an initial saccade. While similar to 
Experiment 2 this effect decreased with increasing response time, it remained significant 
even for the slowest responses. However, a full comparison between Experiments 2 
and 3 revealed no significant differences between the two experiments indicating that 
the effect of stimulus salience on both probability and timing of selection is similar for 
both static increases and dynamic changes in luminance. Particularly the results of the 
two-saccades contingent condition unambiguously revealed that a dynamic stimulus 
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is not imperative to reinstate effects of stimulus salience for second saccades. Rather, 
the crucial factor determining whether visual selection is under stimulus-driven control 
seems to be the timing of a saccade relative to a change in the stimulus display. This 
conclusion is supported by a comparison across all three experiments. Both selection 
performance and timing of responses seem incredibly stable across experiments, 
irrespective of whether the salience-manipulation is achieved through a difference 
in orientation contrast, a static or a continuously changing luminance contrast. In all 
cases, salience ceases to affect selection after a few hundred milliseconds following 
display onset.

3.6. generAl dIscussIon

The goal of the current study was to investigate how salience as derived from dynamic 
changes as opposed to a static feature contrast affects visual selection over multiple 
eye movements, while taking into account the response time of each individual eye 
movement. In Experiment 1, participants were asked to make a speeded eye movement 
to a target singleton (either directly or preceded by an initial saccade directed toward a 
pre-specified dot), that was either more or less salient than the distractor as defined on 
the basis on the orientation contrast relative to the background lines. The results showed 
that saccades elicited shortly after stimulus onset in the single-saccade condition were 
primarily directed toward the most salient element in the display whereas saccades 
elicited later in time were mainly directed toward the target, irrespective of target-
salience. Saccades in the two-saccades condition were predominantly directed toward 
the target, regardless of response timing and stimulus salience. These results are in 
line with those obtained by Siebold et al. (2011) showing that oculomotor selection 
behavior beyond an initial saccade is primarily goal-driven.

The focus of Experiment 2 was to examine whether it is possible to reinstate salience-
driven effects using a dynamic salience-manipulation. To this end participants had to 
search for a right-tilted orientation singleton among an equally salient left-tilted distractor 
singleton and multiple homogeneously aligned background lines, while one of the two 
singletons underwent rapid luminance changes, either simultaneously with display onset 
(single-saccade and two-saccades condition) or contingent upon the initial eye movement 
(two-saccades contingent condition). The results of the single-saccade and the two-
saccades condition revealed patterns of findings remarkably similar to those obtained in 
Experiment 1, showing transient salience-effects even when the salience-manipulation 
was derived from a dynamic stimulus flicker. However, when the stimulus flicker was 
presented contingent upon the first eye movement, salience-effects were reinstated for 
second eye movements in the two-saccades contingent condition, displaying patterns 
of oculomotor selection similar to those found in the single-saccade condition.

In order to investigate whether the pattern of results in the two-saccades contingent 
condition was due to the contingent change itself rather than to the combination of the 
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contingent change and the dynamic (flickering) stimulus, we performed Experiment 3. 
The task was identical to the one in Experiment 2: participants had to search for the 
only right-tilted singleton in the display. However, rather than being derived from a 
non-predictive luminance flicker, salience was derived from a non-dynamic difference 
in luminance contrast: one of the two singletons had a higher luminance contrast 
compared to all other elements in the display, as before, either simultaneously with 
stimulus onset or contingent upon the initial eye movement. The results were similar 
to those obtained in Experiment 2. Saccades in the two-saccades condition were 
consistently directed toward the target stimulus, whereas short-latency saccades in 
the two-saccades contingent condition were predominantly directed toward the most 
salient element in the display, a pattern similar to the single-saccade condition.

Together, the results of Experiments 1-3 show that salience-effects are short-lived, 
irrespective of whether salience is derived from a static feature contrast or a dynamic 
luminance change. Salience-effects are not reinstated after an initial eye movement, not 
even in the presence of a dynamic luminance change. However, the effects reappear 
when salience changes are implemented contingent upon an eye movement. When 
comparing the qualitative patterns of results between the single and the two-saccades 
contingent conditions of Experiments 2 and 3, they differ significantly from each 
other. However, it is important to note that the timings of the responses also differ 
significantly between the two conditions. Whereas Bin 1 in the single-saccade condition 
contains latencies of around 170 ms, the fastest responses in Bin 1 of the two-saccades 
contingent condition are of the order of 280 ms, comparable to responses in Bin 3 of 
the single-saccade condition. When adjusting for the timing differences between the 
two conditions, the pattern of results is very similar. However, the inherent difference 
in response times between an initial and a second saccade renders a direct comparison 
difficult. The least it suggests is that when a display change occurs contingent upon an 
eye movement responses are somewhat delayed compared to an initial saccade while 
the effect of salience is very similar in both conditions. Together with the observation 
that the salience-effects observed in the two-saccades contingent condition are 
transient in nature, it suggests that they are caused by the same mechanism responsible 
for the salience-effects observed in the single-saccade condition.

The short-lived nature of salience-effects as shown in the single-saccade and two-
saccades conditions has been reported multiple times in single eye movement studies 
(Donk & van Zoest, 2008; 2011; Godijn & Theeuwes, 2002; Hunt et al., 2007; Theeuwes, 
Kramer, Hahn, Irwin, & Zelinsky, 1999; van Zoest & Donk, 2005; 2006; 2008; 2010; van 
Zoest et al., 2004). While Siebold et al. (2011) extended these findings to multiple eye 
movements, their results were based on static salience-manipulations only. The present 
study shows that even in the presence of a flickering stimulus (Experiment 2), salience-
effects are not reinstated, indicating that irrespective of whether salience is derived 
from a static feature contrast (in both orientation and luminance) or a dynamic stimulus 
change, its effects on visual selection are temporally constrained.
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There are several possible reasons why salience did not affect selection behavior 
in the two-saccades condition. First, one might argue that the absence of an effect 
of stimulus-salience in the two-saccades condition might have been due to spatial 
inhibition of the most salient singleton (e.g., Godijn & Theeuwes, 2002). Since the 
initial saccade was goal-directed towards the fixation point, the location of the salient 
element might have been inhibited, suppressing an eye movement to its location. This 
inhibition might have lasted past the initial eye movement so that a following saccade 
could be correctly directed towards the target singleton. However, on half of the trials, 
the salient singleton constituted the target and accuracy was equally high for both high 
and low target-salience trials. Had the salient singleton been inhibited past an initial 
eye movement, the proportion of correctly directed second saccades should have been 
much lower for high compared to low target-salience trials. Since this was not the case, 
an inhibition account for explaining the absence of an effect of salience seems unlikely.

Second, one might argue that the ineffectiveness of the flicker in attracting the 
eyes in the two-saccades condition might have been related to the second saccade 
being pre-programmed implying that prior to the initiation of the first saccade, both 
first and second saccades were programmed in parallel (e.g. Caspi, Beutter, & Eckstein, 
2004; Findlay, Brown, & Gilchrist, 2001; McPeek, Skavenski, & Nakayama, 2000; Walker 
& McSorley, 2006). There are various reasons why such an explanation is unlikely. In 
the current experiment the shortest response times for the second eye movement 
were around 250 ms. A number of studies have shown that pre-programming of 
saccades is typically observed if the intersaccadic interval (ISI) is relatively brief, on the 
order of around 120 ms (Caspi, Beutter, & Eckstein, 2004; Findlay, Brown, & Gilchrist, 
2001; McPeek, Skavenski, & Nakayama, 2000; Walker & McSorley, 2006). Moreover, 
if second saccades would have been pre-programmed in the present experiments, 
performance in the two-saccades contingent conditions should have been based on 
re-programming, for selection behavior in these conditions was clearly dependent on 
information presented after the first saccade. Re-programming a saccade involves an 
extra step that typically consumes additional time (e.g., Godijn & Theeuwes, 2002). A 
closer inspection of the response latencies reveals that such an explanation is unlikely 
to be correct: response latencies obtained in the two-saccades contingent conditions 
did not significantly differ from those obtained in the two-saccades conditions.

Finally, it is possible that salience-effects, even when derived from a dynamic 
luminance change, are temporally short-lived and critically dependent on the moment 
the information is presented, irrespective of the occurrence of an intermittent eye 
movement (Donk & Soesman, 2010, 2011; Donk & van Zoest, 2008; 2011; Dombrowe, 
Olivers, & Donk, 2010; Siebold, et al., 2011; van Zoest & Donk, 2004, 2005, 2006; van 
Zoest et al., 2004). Indeed, the finding that a salience-driven response was reinstated 
in the two-saccades contingent condition but not in the two-saccades condition, 
suggests that the time at which information is presented relative to the initiation of 
a saccade is crucial in determining the predominant mode of selection. The salience 
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representation might initially contain information concerning the relative-salience of 
objects in space. After some time, the representation may only hold spatial information 
regarding (salient) objects, lacking all information concerning how salient these objects 
are (see Donk & Soesman, 2011). Salience in this sense might just be perceived as 
an efficient means to segregate objects from the background. The resulting object 
representation, void of information concerning the relative-salience of objects in the 
visual field, may subsequently allow the selection of goal-relevant objects in the world. 
The results of the present study suggest that this object representation is crucial in 
determining visual selection beyond a critical time period and, in particular, beyond 
a first eye movement. The demonstration that even the presence of a highly salient 
stimulus such as a rapid luminance flicker does not lead to salience-driven selection in 
the two-saccades condition is in line with this idea. In fact, a sequence of luminance 
changes as realized by a flicker does not affect selection fundamentally different from a 
large difference in orientation contrast. While varying in the nature of the manipulation, 
all stimulus salience-manipulations used in the current study were equally ineffective 
in producing capture in the two-saccades condition. This suggests that the nature of 
the salience-manipulation is irrelevant to selection beyond a first saccade, arguing 
against a special status of transient stimuli in capturing the eyes (for example, see 
Rauschenberger, 2003). In both cases, visual selection ceases to depend on the relative-
salience of the individual singletons with passing time. In contrast, the results of the 
saccade contingent conditions suggests that the representation might be susceptible 
to a changing environment, being updated during fixations to subsequently guide a 
following eye movement.

The present study bears much resemblance to the one reported by Matsukara, 
Brockmole and Henderson (2009) who investigated how visual changes in real-world 
scenes affect oculomotor selection behavior (see also Brockmole & Henderson, 2005a, 
2005b; Henderson, Brockmole, & Gajewski, 2008; Hollingworth, Simons, Franconeri, 
2010; Matsukura, Brockmole, Boot, & Henderson, 2011). In their study, they asked 
observers to view pictures of real-world scenes and examined how oculomotor selection 
varied in dependency of abruptly appearing new objects compared to colour changes 
of existing objects that were either presented during a fixation or during a saccade. 
Their major finding was that both new objects as well as color changes were prioritized 
for selection over any other object in the displays. This finding is in line with our findings 
showing that the presentation of a salience signal from the beginning or contingent 
upon an eye movement attracts the eye. However, Matsukara et al. (2009) also reported 
that when a new object or color change was presented during a saccade (i.e., void of any 
transient signal), prioritization of these changes occurred less often and was slower (as 
measured by ordinal fixation number) than when these changes were presented during 
fixation (i.e., accompanied by a transient signal). In other words, when changes were 
presented during a saccade, they were prioritized in a qualitatively different manner 
than those that were presented during fixation. Accordingly, Matsukara et al. argued 
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that prioritized selection of a change presented during a saccade is not the result of 
a fast stimulus-driven processes but arises through a slow memory-driven processes 
occurring in case of a mismatch between a current visual input and the memory 
representation (see for similar findings Brockmole & Henderson, 2005a). Our results 
are different: performance in the two-saccades contingent conditions is remarkably 
similar to that in the single-saccade conditions, i.e. the most salient singleton tends to 
capture the gaze at short saccadic latencies and ceases to do so at longer latencies in 
both conditions. Accordingly, our results suggest that true stimulus-driven oculomotor 
capture also occurs when a change is presented during a saccade. Indeed, salience 
signals attracted the gaze, irrespective of the presence of a transient signal but only 
during a limited period of time.

Various reasons might account for this discrepancy. Note, that these reasons 
might also account for differences between the current study and findings on change 
blindness, the demonstration that people are relatively insensitive to large changes in 
natural scenes in case these changes occur during an eye movement (e.g., Henderson & 
Hollingworth, 1999; 2003; Rensink, O’Regan, & Clark, 1997; Simons & Levin, 1998). First, 
Matsukara, Brockmole and Henderson used complex real-world scenes, consisting of 
a large variety of different objects with an uncontrollable variance in salience values. 
Possibly, the changes implemented during the saccades were just not salient enough 
to attract the gaze. More importantly, the changes implemented by Matsukara, 
Brockmole and Henderson did not necessarily represent increases in salience whereas 
our contingent changes were always accompanied by salience increments. Recently, 
Spehar and Owens (2012) found that luminance changes only resulted in attentional 
capture when these changes were accompanied by increases in salience. Changes that 
did not result in salience increase did not capture attention. Accordingly, it might very 
well be that non-transient salience increments attract the eyes whereas non-transient 
salience changes which do not involve increments in salience, do not. Finally, the 
timing measure of prioritization differed between the studies. While in the current 
study timing was measured by the response time in milliseconds of each individual eye 
movement, Matsukara et al. used ordinal fixation number, which represents a broader 
scaled measurement that might have been less sensitive to variations in salience-
driven processes over time. While more research is needed to be able to draw decisive 
conclusions regarding selection in real-world scenes, the results of the current study 
revealed that even in the absence of a transient signal oculomotor selection seems 
to be salience-driven. While we do not argue against memory-driven prioritization, it 
does not seem to be able to account for the present results without incorporating a 
representation of stimulus-salience alongside.

When a salience signal is incremented during an eye movement, as was the case in 
the two-saccades contingent condition of Experiments 2 and 3, eye movements that 
are initiated briefly after the change are once more subject to salience-driven effects. 
We speculate that the reinstatement of an effect of salience during the second saccade 
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in this condition can be regarded as an interference effect of novel stimulus-salience 
information with the information present in the object representation derived from 
initial salience signals. Note that the object representation underlying visual selection is 
assumed to be based on initial salience information, which might serve as a placeholder 
in guiding selection until information has been sufficiently processed to build up an 
object representation. A change in information presented in the display as realized 
in the two-saccades contingent conditions by an increase in relative-salience seems 
to interfere with the existing object representation and leads to a renewed effect of 
stimulus-salience for fast responses. Possibly, a certain amount of time is needed to 
process the newly presented information in order to update or adjust the existing 
object representation. During this brief period of time selection can no longer be based 
on this representation but rather relies once more on low-level stimulus properties.

Recently, de Vries, Hooge, Wiering, and Verstraten (2011) proposed that the 
transience of salience-effects, typically observed as a function of saccadic latency 
is not determined by the relative-salience of competing elements but rather by the 
individual absolute processing-speed of those elements. According to this view, 
prioritized selection of one item over another is assumed to be due to the prioritized 
item being the only element processed enough to be detected and subsequently 
used as a potential oculomotor target. The present results cannot be explained 
by such an account. Our data show that oculomotor selection behavior in the two-
saccades contingent condition is fundamentally different from that in the two-saccade 
condition. If the processing-speed of the individual elements would have been crucial 
in determining visual selection behavior, this difference should not have occurred, for 
both singletons were on average presented during an equal amount of time in both 
conditions (for a more detailed discussion of why the processing-speed of elements 
cannot explain the presence of salience-effects see Siebold, et al., 2013).
In sum, we conclude that the time-course of salience-driven processes is determined by 
the timing of an oculomotor response relative to the presentation of new information. 
In that sense, a reinstatement of salience-effects might be the result of an interference 
effect of novel information with existing information that is held in an object-based 
representation. If a change in salience information is absent from one saccade to the 
next, a following saccade can be made based on the existing object representation 
that was formed during the initial fixation. As soon as salience-specific information is 
changed or updated contingent upon the initial saccade, the object representation is 
prone to interference effects. For a brief period of time during which the new information 
is processed and integrated with the existing representation, visual selection is again 
guided in line with stimulus-salience. 
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4.1. ABstrAct

The aim of the present study was to investigate whether time-dependent biases of 
oculomotor selection as typically observed during visual search are better accounted 
for by an absolute-processing-speed account (de Vries, Hooge, Wiering, & Verstraten, 
2011) or a relative-salience account (e.g., Donk, & van Zoest, 2008; 2011). In order 
to test these two models, we performed an experiment in which participants were 
instructed to make a speeded eye movement to any of two orientation singletons 
presented among a homogeneous set of vertically oriented background lines. One 
singleton, the fixed singleton, remained identical across conditions, whereas the other 
singleton, the variable singleton, varied such that its orientation contrast relative to 
the background lines was either smaller or larger than that of the fixed singleton. 
The results showed that the proportion of eye movements directed toward the fixed 
singleton varied substantially depending on the orientation contrast of the variable 
singleton. A model assuming selection behavior to be determined by relative-salience 
provided a better fit to the individual data than the absolute processing-speed model. 
These findings suggest that relative-salience rather than the visibility of an element is 
crucial in determining temporal variations in oculomotor selection behavior and that 
an explanation of visual selection behavior is insufficient without the concept of a 
salience map.

Keywords: overt visual search, salience-driven processes, saccadic latency, processing-
speed, salience map
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4.2. IntroductIon

For more than four decades, researchers have been investigating visual search behavior 
in an attempt to understand the driving force of oculomotor selection. A clear-cut 
black-and-white approach to oculomotor selection in terms of either purely stimulus-
driven or goal-driven control does not seem to be able to account for the large variety 
of findings (Betz, Kietzmann, Wilming, & König, 2010; Findlay, 1997; Findlay, Brown, 
& Gilchrist, 2001; Foulsham & Underwood, 2009; Itti, 2005; Ludwig & Gilchrist, 2006; 
Malcolm & Henderson, 2010; Parkhurst, Law, & Niebur, 2002; Peters, Iyer, Itti, & Koch, 
2005; Underwood, Foulsham, van Loon, Humphreys, & Bloyce, 2006). Rather, it seems 
that oculomotor selection behavior in visual search can be best explained by an account 
that presumes an influence of both processes (e.g., Tatler, Baddeley, & Gilchrist, 2005; 
Hochstein & Ahissar, 2002; Lamme & Roelfsema, 2000). One such account assumes 
that the primary mode of control depends on the timing of an oculomotor response. 

Studies taking into account the timing of individual responses have repeatedly 
shown that stimulus-driven control is a time-dependent phenomenon. That is, the 
extent to which selection performance is determined by the relative-salience of objects 
in the visual field is critically dependent on the timing of the response (e.g., Dombrowe, 
Olivers, & Donk, 2010; Donk & Soesman, 2010, 2011; Donk & van Zoest, 2008, 2011; 
Hunt et al., 2007; Siebold, et al., 2011; van Zoest & Donk, 2004, 2005, 2006, 2008, 2010; 
van Zoest et al., 2004). For instance, Donk and van Zoest (2008) instructed participants 
to make one single eye movement to the most salient element in a search display 
consisting of a target, a distractor, and multiple homogeneously aligned background 
elements. The results showed that the proportion of correctly directed eye movements 
varied as a function of saccadic latency: most eye movements were directed toward 
the target—the most salient element—for brief saccadic latencies, up to approximately 
250 ms, but performance dropped to chance level when latencies increased. Donk 
and van Zoest concluded that visual selection is determined by the relative-salience 
of singletons but only during a brief period after the a time-dependent phenomenon, 
with involuntary capture of the eyes by a salient element occurring for only a fraction 
of a second after the presentation of a display. Following this crucial period, visual 
selection seems to no longer depend on the relative-salience of the singletons because 
both singletons were equally likely to be selected for longer latency responses. As 
time passes, the visual system thus no longer relies on low-level information regarding 
relative-salience between elements but rather processes information concerning object 
presence per se. 

As in other accounts of visual selection, Donk and van Zoest (2008) assume that 
people possess a salience representation or salience map (Itti & Koch, 2000, 2001; 
Koch & Ullman, 1985) that contains information regarding the relative-salience of 
individual locations in the visual field. The activity distribution in the salience map 
determines visual selection such that the visual system is biased toward high-activity 
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locations. Contrary to previous accounts, the account of Donk and van Zoest postulates 
that the activity distribution in the salience map varies in time. According to Donk 
and van Zoest, a salient singleton does not generate more activity than a non-salient 
singleton but generates activity at an earlier point in time than a non-salient singleton. 
As time passes, all objects standing out from their surroundings may start to generate 
activity. As a consequence, visual selection is gradually less driven by the relative-
salience of individual objects in the visual field and increasingly influenced by object 
presence itself.

Recently, de Vries, Hooge, Wiering, and Verstraten (2011) reported that early time-
dependent biases as described by Donk and van Zoest (2008) do not necessarily 
require the notion of a salience map representing the relative-salience of individual 
elements but can be explained by differences in the absolute visual processing-
speed of individual elements. The processing-speed of an individual element is not 
assumed to be determined by the salience of the element relative to that of other 
(distant) elements in the display, as in Donk and van Zoest (2008), but is determined 
by the low-level properties of the element itself and its direct surrounds. Accordingly, 
the processing-speed of an element is locally determined and independent of the 
salience of the element relative to that of other elements in the display. De Vries et al. 
conducted two experiments in order to investigate how the absolute processing-speed 
of individual visual elements affects saccadic selection behavior. In Experiment 1, 
participants were presented with a high and a low spatial frequency grid superimposed 
onto each other. Each contained one orientation target singleton embedded in a 
background of vertically oriented line segments. In Experiment 2 an additional contrast 
manipulation was performed. The reasoning underlying their experimental design was 
based on physiological findings, which showed that low spatial frequencies tend to be 
processed faster than high spatial frequencies, and high-contrast stimuli are processed 
faster than low-contrast stimuli (Albrecht, 1995; Mazer, Vinje, McDermott, Schiller, 
& Gallant, 2002). Accordingly, they predicted that the low-spatial frequency and high-
contrast stimuli would be available and therefore detectable at an earlier point in time 
than high-spatial frequency and low-contrast stimuli. In their study, participants were 
asked to make a speeded eye movement to either of the two orientation singletons. 
The results showed that the proportion of eye movements directed toward the more 
rapidly processed singleton was initially high but decreased with saccadic latency, 
whereas the proportion of eye movements directed toward the other singleton was 
initially low but increased with saccadic latency. De Vries et al. (2011) concluded that 
typically observed performance variations with saccadic latency, as found in previous 
studies that manipulate stimulus-salience, are in fact determined by the absolute 
processing-speed of individual elements, which in turn determines their availability 
for selection to the oculomotor system. In this sense, the prioritized selection of one 
singleton over another at brief saccadic latencies is presumably the result of the higher 
speed with which the former can be processed, making it the only element available 
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at a short latency. However, as time passes, the likelihood increases that processing 
of both singletons is completed, rendering selection of either of the two elements 
equally likely. Even though not explicitly stated by the authors, the account provided 
by de Vries et al. (2011) seems to make the salience map a redundant construct: early 
visual selection performance is perceived as being solely the result of the availability 
of individual elements to the visual system rather than being affected by the relative-
salience of the stimuli. 

Even though the absolute speed of processing might have determined saccadic 
selection performance in the experiments reported by de Vries et al. (2011), it is 
questionable whether this idea can also explain previously observed similar data 
patterns (e.g., van Zoest & Donk, 2005, 2006; van Zoest et al., 2004). Although the idea 
that oculomotor selection critically depends on the visibility4 of individual elements is 
viable, it has still to be demonstrated whether this line of reasoning can account for the 
observed dynamics in overt visual selection behavior. The goal of the current study, 
therefore, was to explore whether absolute processing-speed can account for the 
patterns of results typically found in studies manipulating stimulus-salience. In order to 
investigate whether visual selection performance is solely dependent on the absolute 
processing-speed of potential targets to the oculomotor system or is determined by a 
difference in the relative-salience of the elements, specific predictions were formulated 
for each of the two accounts introduced above, the relative-salience account and the 
absolute-processing-speed account, and these were tested in one experiment where 
stimulus-salience was carefully manipulated.

In the present experiment, two orientation singletons were presented in a 
homogeneous raster of background lines (see Figure 4.1). The orientation of one 
singleton relative to the background lines was fixed across conditions, whereas the 
orientation contrast of the other singleton varied between conditions (see Figure 4.2). 
The rationale was that the absolute visibility of the fixed singleton should be identical 
across conditions, whereas the visibility of the other singleton varied depending on 
its orientation contrast relative to the background lines. The orientation contrast of 
the variable singleton relative to the background lines could be either low or high. 
The orientation contrast of the fixed singleton was exactly the average of the low 
and the high orientation contrast of the variable singleton. In terms of salience, the 
greater the orientation contrast between a singleton and the surrounding background 
lines, the more salient the element. As a result, the fixed singleton was the most 
salient singleton when presented with the low-contrast variable singleton (the fixed-
most-salient condition), but was the least salient singleton when presented with the 
high-contrast variable singleton (the variable-most-salient condition). Importantly, the 

4 The term visibility is used to refer to the availability of an element to the visual system as 
determined by its visual properties.

111



IN
 D

E
FE

N
SE

 O
F TH

E
 SA

LIE
N

C
E

 M
A

P

4

difference in orientation contrast between the fixed and the variable singleton was 
identical across conditions (i.e., the difference in orientation contrast relative to the 
background lines between both singletons was always 20°).

Similar to de Vries et al. (2011), participants were asked to make a speeded eye 
movement to either of the two singletons upon appearance of the search display. 
Both, a relative-salience and an absolute-processing-speed account predict a higher 
probability of selecting the fixed singleton in the fixed-most-salient condition than in 
the variable-most-salient condition. Furthermore, both accounts predict the difference 
between the fixed-most-salient and the variable-most-salient condition to decrease with 
increasing saccadic latency. Crucially, the accounts differ with regard to the postulated 
mechanisms causing the patterns in oculomotor selection behavior. According to a 
relative-salience account the difference decreases as a consequence of the visual 
system being increasingly less sensitive to differences in relative-salience. According 
to an absolute-processing- speed account, the decrease occurs because competition 
between singletons increases when processing of both singletons is completed by the 
visual system at longer latencies (de Vries et al., 2011). 

To compare the alternative theoretical notions, two multinomial models were 
developed (Batchelder & Riefer, 1986, 1990), one corresponding to the absolute-
processing-speed account and the other corresponding to the relative-salience 
account. Figure 4.3 shows the full overall model, which provides the basis for the two 
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Figure 4.2: An Overview of the Experimental Stimuli. The figure shows an outline of the experimental stimuli. 

Although in both conditions the orientation contrast of the fixed singleton relative to the background lines is 

constant, the orientation contrast of the variable singleton relative to background varies across conditions. In the 

fixed-most-salient condition, the fixed singleton is more salient than the variable singleton, whereas the same 

singleton is less salient than the variable singleton in the variable-most-salient condition. 

 

figure 4.1. A typical trial sequence. Prior to each trial, participants maintained fixated on a centrally 
presented cross until a stable fixation was detected. Upon depression of the spacebar, a drift 
correction was performed and a trial was initiated. The search display was presented for 2000 ms.
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alternative theoretical notions. In the model, it is assumed that a response on a certain 
trial depends on the availability of the individual singletons to the oculomotor system 
at the time the response is given. Basically, the tree diagrams depicted in Figure 4.3 
outline how the availability of the fixed and variable singleton to the oculomotor 
system leads to different response outcomes in the two conditions. The probability 
that an observer follows a certain path on a trial equals the product of the probabilities 
on that path. Consider, for instance, the upper tree diagram corresponding to the 
fixed-most-salient condition in Figure 4.3a. When both the fixed singleton and the 
variable singleton are available to the oculomotor system (with a probability Ffms and 
Vfms, respectively) at the time an eye movement is made, people are equally likely 
to move their eyes to either singleton. When the fixed singleton is available and the 
variable singleton is not (with a probability of Ffms and 1- Vfms, respectively), people 
move their eyes to the fixed singleton because it is the only singleton available. The 
total probability that an observer makes an eye movement toward the fixed singleton 
in the fixed-most-salient condition, p(fsfms), is given by the sum of these two paths 
leading to that outcome, i.e., 

p(fsfms) = 0.5FfmsVfms + Ffms(1-Vfms) = Ffms – 0.5FfmsVfms.

Similarly, the probability that an observer makes an eye movement toward the 
variable singleton in the fixed-most-salient condition, p(vsfms), is given by 

p(vsfsm) = Vfms – 0.5FfmsVfms. 

Finally, when neither the fixed singleton nor the variable singleton are available to 
the oculomotor system, people are assumed to refrain from making an eye movement, 
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figure 4.2. An overview of the experimental stimuli. The figure shows an outline of the 
experimental stimuli. Although in both conditions the orientation contrast of the fixed singleton 
relative to the background lines is constant, the orientation contrast of the variable singleton relative 
to background varies across conditions. In the fixed-most-salient condition, the fixed singleton is 
more salient than the variable singleton, whereas the same singleton is less salient than the variable 
singleton in the variable-most-salient condition.
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postponing their response to a later point in time. The probability with which this occurs 
in the fixed-most-salient condition equals (1-Ffms)*(1-Vfms).

The probabilities that the fixed and variable singletons are available to the oculomotor 
system at a certain point in time cannot be observed directly. However, they can be 
estimated by binning saccades on the basis of the saccadic latency distribution and 
then computing them from the observed frequencies of different responses. That is, it 
is possible to estimate Ffms(i), Vfms(i), Fvms(i), and Vvms(i) for every Bin i of the saccadic latency 
distribution on the basis of the observed frequency of responses in each response 
category fsfms(i), vsfms(i), fsvms(i), and vsvms(i)  in that Bin i (see Figure 4.3b).

According to the absolute-processing-speed account, the probability that the fixed 
singleton is available to the oculomotor system depends on its visibility. Since the 
orientation contrast of the fixed singleton relative to the background lines was identical 
in both conditions, Ffms(i) should be equal to Fvms(i) for each Bin i of the saccadic latency 
distribution. The alternative relative-salience account assumes that the availability of the 
individual singletons for selection depends on the relative-salience of both singletons. 
Although the relative difference in salience between both singletons is equal across 
conditions, the fixed singleton is the most salient element in the fixed-most-salient 
condition, and the variable singleton is the most salient element in the variable-most-
salient condition. Therefore, the probability that the fixed singleton is available in 
the fixed-most-salient condition should be equal to the probability that the variable 
singleton is available in the variable-most-salient condition. Moreover, the probability 
that the variable singleton is available in the fixed-most-salient condition should be 
equal to the probability that the fixed singleton is available in the variable-most-salient 
condition. Accordingly, Ffms(i) = Vvms(i) and Vfms(i) = Fvms(i) for each Bin i of the saccadic 
latency distribution. The goal of the present study was to discriminate between these 
two accounts by fitting the alternative models to individual data patterns.

figure 4.3. two tree diagrams corresponding to the two conditions depicting the full Binomial 
model and the corresponding data matrix. The availability of the fixed and variable singletons to 
the oculomotor system leads to different response outcomes in the two conditions. The probability 
that an observer follows a certain path on a certain trial equals the product of probabilities on 
that path. fms corresponds to the fixed-most-salient condition; vms corresponds to the variable-
most-salient condition; Ffms corresponds to the probability that the fixed singleton is available to 
the oculomotor system in the fixed-most-salient condition; Vfms  corresponds to the probability that 
the variable singleton is available to the oculomotor system in the fixed-most-salient condition; Fvms 
corresponds to the probability that the fixed singleton is available to the oculomotor system in the 
variable-most-salient condition; Vvms corresponds to the probability that the variable singleton is 
available to the oculomotor system in the variable-most-salient condition; fsfms(i) corresponds to an eye 
movement towards the fixed singleton in Bin i of the fixed-most-salient condition; vsfms(i) corresponds 
to an eye movement towards the variable singleton in Bin i of the fixed-most-salient condition; fsvms(i) 
corresponds to an eye movement towards the fixed singleton in Bin i of the variable-most-salient 
condition; vsvms(i) corresponds to an eye movement towards the variable singleton in Bin i of the 
variable-most-salient condition.
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4.3. method

4.3.1. Participants
Twelve volunteers (including the author AS), receiving either course credit or monetary 
reward, participated in the experiment. Ages ranged from 18 to 32 years (mean: 25 years); 
seven of the participants were women. All participants reported normal or corrected-
to-normal visual acuity and all apart from AS were naïve to the experimental stimuli and 
the purpose of the study. The experimental session lasted for approximately 30 min.

4.3.2. stimuli and apparatus
The visual stimuli consisted of 289 white line segments (88.5 cd/ m²) with a size of 0.76 
* 0.15 cm each, contained in a 17 by 17 items square matrix, extending a total of 17.4 * 
17.4° of visual angle and presented on a gray background screen (21.8 cd/ m²). Except 
for the two singletons, of which one was tilted to the right and the other one tilted to the 
left, the remaining background lines were vertically aligned. Although the orientation 
of the right-tilted singleton was fixed (it had a constant orientation contrast of 35° 
relative to the orientation of the background lines), the orientation of the left-tilted 
singleton varied across trials; it had a larger (-55° in the variable-most-salient condition) 
or smaller (-15° in the fixed-most-salient condition) orientation contrast relative to the 
background lines than the fixed right-tilted singleton. For an overview of the stimuli in 
each condition see Figure 4.2.

Similar to de Vries et al. (2011), the singletons were randomly presented at two 
of eight potential grid locations, equally distant from the center of the grid with the 
constraint that both singletons were never positioned in adjacent locations in order 
to minimize the occurrence of a global effect and to be able to clearly classify eye 
movements as being directed toward either of the two singletons. A typical trial 
sequence including an example of the stimulus display is illustrated in Figure 4.1. 

A standard Pentium IV class computer with a processor speed of 2.3 GHz running 
E-Prime 2.0 software package controlled stimulus presentation, timing of events, and 
acquisition of necessary response data. Stimuli were presented at eye level, 75 cm from 
the chinrest, on a 21-in. Iiyama SVGA (Super Video Graphics Array) monitor, running at 
1024 by 768 pixel resolution and refreshing at a rate of 100 Hz. 

The position of the right eye was recorded by means of an Eyelink 1000 eye tracker 
(SR Research Ltd., Mississauga, Ontario, Canada), with a 1000-Hz temporal resolution, a 
0.01° of visual angle spatial resolution (noise limited), and a gaze position accuracy of 0.5°.

4.3.3. Design and Procedure
Participants were seated in front of a computer screen in a dimly lit sound-attenuated 
research lab. They received instructions and information regarding the study before 
written consent was obtained. Eye movements were calibrated to a precision of 0.5° of 
visual angle. Participants were instructed to make a speeded eye movement to either 
of the two singletons in the display. Prior to the presentation of the search display, 
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participants had to maintain fixated on a centrally presented white fixation cross and 
press the space bar to perform a drift correction and start a trial. Subsequently, the 
search display was presented for 2000 ms after which the screen was blanked and a 
new fixation cross indicated the beginning of the next trial. Participants completed 
a total of 400 experimental trials, presented in random order across conditions and 
separated by five small breaks.

4.3.4. Data analysis
Eye movements were filtered online and required a minimum peak velocity of 35°/s 
and a minimum acceleration of 9500°/ s2 in order to be detected as a saccade. 
Subsequently, fixation coordinates and saccade timings and amplitudes of the initial 
saccades following display onset were extracted from the raw eye tracking data and 
were subjected to a MATLAB-based analysis protocol. A trial was discarded if the 
saccade amplitude remained below 2.3° and if a saccade did not land within the 
range of 3° of visual angle of any of the two singletons (saccade destination error). 
Furthermore, in order to prevent anticipation and attention-lapse errors from biasing 
the results, trials in which the latency of the initial saccade was faster than 80 ms or 
slower than 600 ms were likewise discarded. The complete data set of a participant was 
discarded if a total of 30% or more of all trials had to be discarded. Due to an excess 
of saccade destination errors, the data sets of three participants had to be discarded. 

The remaining saccades were classified as directed toward either the fixed or the 
variable singleton and the total distribution of initial saccade latencies (i.e., those 
obtained in both conditions) was rank-ordered from fastest to slowest responses 
separately for each participant. The individual latency distributions were divided 
into five bins, and in order to fit the multinomial models, we determined the number 
of responses in each cell of the data matrix separately per participant as depicted 
in Figure 3b. That is, for each of the five bins, we determined the number of eye 
movements toward the fixed and the variable singleton separately per condition and 
participant. Finally, to determine averaged selection performance in relation to the 
timing of the responses, for each bin and condition we calculated the proportion of 
saccades toward the fixed singleton relative to the total number of saccades within that 
bin separately per participant and subsequently averaged over the sample, a procedure 
similar to the ones used in previous studies, including de Vries et al. (2011).

4.4. results

On average 11% of the trials were excluded from analysis, (0.3% due to an anticipation 
error, 0.8% due to an attention-lapse error, and 9.9% of saccade landed outside the 
range of 3° of visual angle of any of the two singletons). Of the saccade destination 
errors, 5.5% occurred in the fixed-most-salient and 4.4% in the variable-most-salient 
condition. Figure 4.4 depicts averaged selection performance in relation to the timing 
of the responses.
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In order to examine whether the pattern of results is comparable to previous 
findings, a 2 (Condition) * 5 (Saccadic Latency Bin) ANOVA was performed on the 
proportion of initial saccades directed toward the fixed singleton. The results displayed 
a main effect of Condition, F(1, 8) = 89.690, η2 = .918, p < .001. Moreover, this effect 
was qualified by an interaction between Condition and Saccadic Latency Bin, F(4, 32) = 
17.392, η2 = .685, p < .001, indicating that the proportion of saccades directed toward 
the fixed singleton varied as a function of both condition and saccadic latency. There 
was no effect of Bin, F(4, 32) = 0.188, η2 = .023, p = .943.

In line with previous findings and as predicted by both an absolute-processing-speed 
account and a relative-salience account, the probability of selecting the fixed singleton 
was higher in the fixed-most-salient condition than in the variable-most-salient condition. 
Moreover, the difference in selecting the fixed singleton between the fixed-most-salient 
and the variable-most-salient condition decreased with increasing saccadic latency. This 
latter finding is also in line with both accounts. In order to test which underlying mechanism 
caused the observed patterns of results, we focused more closely on the comparison of 
the goodness of fit of the two multinomial models on the individual data patterns. 

For each participant we first fit the overarching model shown in Figure 3, in which all 
parameters could vary freely. Because this model is complete (i.e., it has as many degrees 
of freedom as there are data points), we could calculate the values of Ffms(i), Vfms(i), Fvms(i), and 
Vvms(i) for each Bin i on the basis of the individual observed response frequencies in the 
different response categories. The averaged resulting values are depicted in Figure 4.5.

figure 4.4. selection performance of the fixed singleton. Proportions of initial saccades directed 
toward the fixed singleton for fixed-most-salient (fms) and variable-most-salient (vms) conditions per 
saccade latency bin. Error bars represent 95% confidence intervals.
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In order to formally determine whether an absolute-processing-speed account or a 
relative-salience account is better able to explain the data patterns, we fitted the two 
alternative models to the individual data. According to the absolute-processing-speed 
account, Ffms(i) should equal Fvms(i) for each Bin i of the saccadic latency distribution, 
because the orientation contrast of the fixed singleton relative to the background 
lines was identical in both conditions. The absolute-processing-speed model therefore 
includes three free parameters per response bin (i.e., Ffms(i) = Fvms(i), Vfms(i), and Vvms(i)), 
resulting in a total of 15 free parameters. According to the relative-salience account, 
for each Bin i of the saccadic latency distribution, Ffms(i) should equal Vvms(i) and Vfms(i) 
should equal Fvms(i). Thus, the relative-salience model has a total of 10 free parameters 
corresponding to two parameters per response bin. 

We estimated the model parameters for each of the participants using Maximum 
Likelihood Estimation (MLE), with the constraint that all parameters were larger than 0 
and smaller than 1. The MLEs are those parameter values that maximize ln(L), which is 
given by:
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with fj denoting the observed response frequency in cell j of the data matrix and pj the 

probability of the type of response according to the model. ln(L) was maximized using the Solver 

function in Excel. 
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with fj denoting the observed response frequency in cell j of the data matrix and pj the 
probability of the type of response according to the model. ln(L) was maximized using 
the Solver function in Excel.

figure 4.5. parameter values. The values were obtained by fitting individual data, with Ffms(i), Fvms(i), 
Vfms(i), and Vvms(i) varying freely and separately for each Bin i, averaged over participants. Error bars 
represent 95% confidence intervals.
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The Bayesian Information Criterion (BIC) statistic (Schwarz, 1978) was used to 
compare the goodness of fit of the alternative models. The BIC statistic allows the 
comparison of models with different numbers of free parameters and is given by −2 
ln(L) + v ln(N), where v corresponds to the number of free parameters and N to the 
number of data points, which equals the number of valid trials. The best model is the 
model associated with the smallest BIC value. Table 4.1 depicts the BIC values obtained 
for the alternative models. The relative-salience model provided a better fit to the data 
than the absolute-processing-speed model for each participant (p = .002). This is also 
evident from Figure 4.5, which shows that when we let all parameter values vary freely, 
the values of Ffms(i) mirror those of Vvms(i) and the values of Vfms(i) those of Fvms(i), exactly as 
the relative-salience model predicts.

table 4.1. Goodness-of-fit per Participant. Listed are the BIC values for both the best-fitting absolute-
processing-speed and relative-salience model and the number of observations for each individual 
participant. v corresponds to the number of free parameters and N to the observed frequency.

v

Participants

1 2 3 4 5 6 7 8 9

Absolute Processing-speed 15 1749 1690 1708 1732 1631 1308 1388 1788 1699

Relative-salience 10 1723 1649 1696 1713 1593 1297 1360 1746 1698

N 366 357 380 380 373 294 293 383 368

4.5. dIscussIon

The goal of the current study was to investigate whether the absolute processing-speed 
of an individual element, as recently put forward by de Vries et al. (2011), can account 
for patterns of oculomotor selection performance over time typically found in studies 
that manipulate stimulus-salience. An absolute-processing-speed account implies that 
visual selection performance does not depend on the relative-salience of individual 
objects presented in the visual field as assumed by many models of visual selection 
(e.g., Fecteau & Munoz, 2006; Itti & Koch, 2000, 2001), but proposes selection to be 
the product of the mere availability of saccadic targets to the oculomotor system, which 
in turn is determined by the individual visibility of the potential targets. Consequently, 
an absolute-processing-speed account does away with the necessity of postulating a 
salience map to account for variations in visual selection behavior. In order to investigate 
whether visual selection performance in the current experiment was dependent on the 
visibility of potential saccadic targets, participants were asked to make a speeded 
eye movement to either of two differently tilted singletons among a homogeneous 
set of vertically oriented background lines. Although the fixed singleton was either 
more or less salient than the variable singleton, its orientation contrast relative to the 
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background lines remained identical in both conditions. Moreover, the difference in 
orientation contrast between both singletons was identical over conditions. 

The results demonstrated that the probability of selecting the fixed singleton varied 
substantially with saccadic latency and condition: short-latency saccades were primarily 
directed toward the singleton with the highest orientation contrast, whereas long-
latency saccades tended to be more frequently directed toward either of the two 
singletons. These results revealed a pattern of performance similar to those reported 
in previous studies (e.g., Donk & van Zoest, 2008; Hunt et al., 2007; Siebold et al., 2011; 
van Zoest & Donk, 2005, 2006, 2008, 2010; van Zoest et al., 2004).

Although both an absolute-processing-speed account and a relative-salience 
account predict very similar outcomes in terms of initial selection performance and 
the convergence of response selection for the two elements with increasing latencies, 
they differ crucially in the underlying mechanisms postulated in accounting for these 
data patterns. In order to unambiguously resolve which mechanism is responsible for 
the pattern of results in the current experiment, two alternative multinomial models 
were created corresponding to an absolute-processing-speed and a relative-salience 
account, respectively. According to de Vries et al. (2011), variations in visual selection 
performance with saccadic latency are determined by the number of potential targets 
available to the visual system at the moment the saccadic decision is made, which in 
turn is determined by the targets’ individual visibility. Accordingly, the availability of 
the fixed singleton in the fixed most-salient condition should be equal to its availability 
in the variable most-salient condition because the visibility of the fixed singleton is 
identical across conditions. Alternatively, a model based on a relative-salience account 
assumes that the availability for selection of an individual singleton depends on the 
extent to which it stands out from the context relative to other potential saccadic 
targets. Accordingly, given two singletons that vary in relative-salience, a model based 
on this account predicts that the availability of the fixed singleton in the fixed-most-
salient condition should be equal to the availability of the variable singleton in the 
variable-most-salient condition and the availability of the variable singleton in the fixed-
most-salient condition should be equal to the availability of the fixed singleton in the 
variable-most-salient condition at any point in time. 

These two alternative models were fitted to the individual data patterns and a 
formal comparison of the models showed a superior fit for the relative-salience model 
over the absolute-processing-speed model for all participants. A closer inspection of 
Figure 5 shows that the averaged values of Ffms(i) and Fvms(i) differ substantially. In fact, 
the values obtained for Ffms(i) tend to mirror those of Vvms(i) whereas the values calculated 
for Fvms(i) are more similar to those of Vfms(i). Together, these results suggest that the 
availability of the individual singletons as determined by their individual visibility is 
far from sufficient in explaining overt selection performance. The context in which the 
element is presented, that is, the relative-salience of multiple elements, should be taken 
into account to provide a full explanation of overt visual selection performance in time. 
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It is important to note that even though the relative-salience account differs from the 
account put forward by de Vries et al. (2011) in explaining oculomotor selection behavior, 
it does not dispute the relevance of timing in determining selection performance. For 
instance, on the basis of their results, Donk and Soesman note that “salience is coded 
in the temporal domain [. . .]. Accordingly, salient objects do not cause corresponding 
locations in the salience map to be more active but merely to be active at an earlier 
point in time.” (p. 299; Donk & Soesman, 2010). The crucial difference with de Vries et al. 
is that a relative-salience account attributes temporal variations in oculomotor selection 
performance to differences in relative-salience, whereas de Vries et al. assume that 
differences in the absolute visibility of individual elements is decisive: elements that 
are not selected are not (yet) processed. It has to be noted, however, that even though 
the relative-salience account outperformed the absolute-processing-speed account 
in explaining the temporal variations in oculomotor selection behavior, the averaged 
parameter values in Bin 1 seem to be additionally determined by the absolute visibility 
of the individual singletons. This suggests that the relative-salience of elements is not 
the sole determinant of oculomotor selection. 

Of course, the absolute visibility of an element by itself plays an important role, 
in particular when responses are extremely fast. It is undisputable that an element 
needs to be visible in order to become available for selection. An element that is not 
visible cannot physically be perceived. In the case of de Vries et al.’s experiment, the 
singletons were defined by their orientation relative to the non-targets as in the current 
experiment. However, given that one grid was filtered at a low and the other at a high 
spatial frequency, this influenced the overall visibility of the respective grids including 
the singletons contained in each. Therefore, even though a singleton might have been 
more salient given a larger orientation contrast relative to the non-targets, its visibility 
was reduced if it was located on the high spatial frequency grid and therefore was 
selected less often than the less salient singleton on the low spatial frequency grid. The 
manipulation of visibility therefore might have diminished an effect of stimulus salience. 
Ideally, although a complete model of visual selection should take into account both 
of these factors, it seems that the relative-salience of elements plays a very crucial role 
in determining selection behavior that cannot be overlooked when the visibility of an 
element is held constant. 

The current study clearly showed that, notwithstanding the potential elegance 
of the visibility account put forward by de Vries et al., variations in visual selection 
performance with saccadic latency cannot be explained without taking into account 
the construct of a salience map. Properties concerning an individual object in the 
visual field do not predict the probability that this object will be selected if the relative-
salience of other objects presented simultaneously is not taken into account. In a 
computational sense, this requires mapping the representation of the relative-salience 
of individual objects or locations in relation to the salience of other objects or locations. 
An explanation such as the absolute-processing-speed account put forward by de 
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Vries et al. does not fulfill this requirement and can therefore not account for variations 
caused by differences in relative-salience.

In summary, in line with our work, the study of de Vries et al. (2011) shows that 
information is acquired over time and that the quality of information changes (see also, 
van Zoest, Hunt, & Kingstone, 2010; van Zoest & Hunt, 2011). Although an absolute-
processing-speed account might account for the results obtained in de Vries et al. 
(2011), which were based on manipulations of spatial frequency and contrast of displays, 
we seriously question the extent to which this account can be generalized to explain 
temporal variations in saccadic selection performance based on salience-manipulations 
that controlled for spatial frequency and contrast. The findings of the current study 
have conclusively shown that a theory of oculomotor selection behavior is incomplete 
without a concept of the relative-salience between elements in a display context. The 
notion of a salience map plays a necessary part in the understanding of visual selection.
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5.1. ABstrAct

The goal of the current study was to investigate time-dependent effects of the number 
of targets presented and its interaction with stimulus salience on oculomotor selection 
performance. To this end, observers were asked to make a speeded eye movement 
to a target orientation singleton embedded in a homogeneous background of 
vertically oriented lines. In Experiment 1, either one or two physically identical targets 
were presented, whereas in Experiment 2 an additional orientation-based salience-
manipulation was performed. The results showed that the probability of a singleton 
being available for selection is reduced in the presence of an identical singleton 
(Experiment 1) and that this effect is modulated by the salience of the other singleton 
(Experiment 2). While the absolute orientation contrast of a target relative to the 
background contributed to the probability that it is available for selection, the crucial 
factor affecting selection was the relative-salience between singletons. These findings 
are incompatible with a processing-speed account, which highlights the importance 
of visibility and claims that a certain singleton identity has a unique speed with which 
it can be processed. In contrast, the finding that the number of targets presented 
affected a target’s availability suggests an important role of the broader display context 
in determining oculomotor selection performance.

Keywords: overt visual search, salience-driven processes, context, saccadic latency.  
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5.2. IntroductIon

Over the last couple of years studies on visual attention and eye movement behavior 
aimed to explain selection behavior not traditionally in terms of either purely stimulus-
driven (Theeuwes, 1992; 2010; Theeuwes et al., 1998) or goal-driven processes (Folk 
et al., 1992; Henderson, Malcolm & Schandl, 2009; Kiss, Jolicoeur, Dell’Acqua & Eimer, 
2008; Leber & Egeth, 2006; Navalpakkam & Itti, 2005; Rao, Zelinsky, Hayhoe, & Ballard, 
2002) but rather in terms of how the two processes interact in determining selection 
preferences (Egeth et al., 2010; Hochstein & Ahissar, 2002; Lamme & Roelfsema, 2000; 
Pomplun, 2006; Rutishauser & Koch, 2007; Tatler et al., 2005; Zhang et al., 2008). Most 
importantly, the relative contribution of each process was found to vary as a function 
of the timing of a response relative to the onset of a stimulus display. 

For instance, Donk and van Zoest (2008) varied salience by presenting observers 
with two differently oriented line segments relative to a background of homogeneously 
aligned lines and instructed them to make a single speeded eye movement to the most 
salient line in the display (Donk & van Zoest, 2008). While the proportion of correct 
responses was initially high for eye movements elicited up to 250 ms following display 
onset, it dropped to chance level for slower responses. They concluded that overt 
selection is only salience-driven for a brief period after stimulus presentation but does 
not guide selection beyond this crucial time window. Using a similar stimulus display 
in which the target was either more or less salient than the distractor, we recently 
corroborated these findings and additionally showed that 1) salience-driven processes 
initially dominate selection even when salience-based information is detrimental to 
the task and 2) that slower eye movements as well as subsequent eye movements are 
guided by goal-driven processes in line with task requirements, irrespective of target-
salience (Siebold et al., 2011) (for complementary findings see also (Donk & van Zoest, 
2008, 2011; Dombrowe et al., 2010; Donk & Soesman, 2010, 2011; Hunt et al., 2007; van 
Zoest & Donk, 2005, 2006, 2008, 2010; van Zoest et al., 2004). These findings suggest 
that while stimulus-driven processes attract the eyes in an automatic fashion, time is 
required in order for goal-driven processes to set in, possibly as a result of feedback 
loops or recurrent processes interacting with hierarchically lower structures required 
to extract relevant information necessary for target identification (Lamme & Roelfsema, 
2000; Ahissar & Hochstein, 2004; Müller, Heller & Ziegler, 1995; Töllner, Gramann, 
Müller, & Eimer, 2009; Töllner, Rangelov, & Müller 2012).

An altogether different approach in explaining the patterns of results typically 
observed as a result of salience-manipulations was proposed by de Vries, Hooge, 
Wiering, & Verstraten (2011). Rather than assuming that a salient element is prioritized 
over a less salient element at short response latencies, they proposed that differences 
in the absolute processing-speed of individual elements underlie selection preferences. 
They reported a set of experiments, in which observers were presented with two 
superimposed grids, one sampled at a high- and one at a low-spatial frequency, 
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containing an orientation target each, amongst a homogeneous background of vertically 
oriented lines. Observers were asked to make a speeded eye movement to any of the 
two orientation singletons. In line with previous findings (Albrecht, 1995; Mazer et al., 
2002) they observed that a greater number of responses was made towards the low-
spatial frequency singleton for fast responses, arguing that it had been available and 
processed at an earlier point in time than the high-spatial frequency singleton. This 
preference disappeared for slower responses, resulting in an equal selection frequency 
for both singletons. They took these results as evidence that the processing time of an 
individual element is key in determining whether this element is selected. According 
to this approach, an element receives prioritized selection at an early point in time 
because it is the only element available to the visual system and therefore the only 
element being processed at this particular time. As time passes, multiple elements 
are processed, resulting in competition and the chances of any one element being 
selected are evenly distributed among the processed elements, explaining chance 
level performance for longer latency responses.

This theory fits nicely with the patterns of results reported above in which the 
selection probability of a salient target in the presence of a non-salient distractor 
decreases as saccadic latency increases. Nevertheless, de Vries et al. crucially differ 
with regard to the assumptions of the underlying mechanisms causing the drop in 
performance of selecting a salient element with increasing response latencies. A 
processing-speed account (de Vries, Hooge, Wiering, & Verstraten, 2011) assumes 
that the drop in performance at around 250 ms post stimulus presentation is due 
to an increase in competition for selection between the two singletons, presumably 
because at this time both stimuli are available for processing to the visual system. On 
the other hand, a relative-salience account (Donk & van Zoest, 2008) attributes the 
decrease in performance of selecting a more salient singleton to the visual system 
being increasingly less sensitive to differences in relative-salience at longer latencies. 

While a processing-speed approach is very intuitive (a singleton needs to be 
visible and therefore processed in order to be selected) and appealing given its 
parsimonious theoretical rationale, we recently showed that caution needs to be 
exercised in generalizing these findings to ones obtained from a context manipulation 
based on relative-salience between elements. We presented observers with stimulus 
displays similar to de Vries et al. (Siebold et al., 2013). Crucially, one singleton, the 
fixed singleton, had an orientation contrast relative to the background lines that was 
identical across conditions whereas the other singleton was either more salient (it 
had a larger orientation contrast relative to the background lines) or less salient (it 
had a smaller orientation contrast relative to the background lines) than the fixed 
singleton. According to de Vries et al., the fixed singleton should have been available 
for oculomotor selection at the same point in time in both conditions since it had 
the same orientation contrast relative to the background lines. A relative-salience 
account, on the other hand, assumes that the availability of the fixed singleton should 
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vary contingent on the orientation contrast (salience) of the other singleton. Based 
on these diverging assumptions regarding the underlying mechanisms of overt visual 
selection behavior, we developed two alternative models corresponding to the two 
different accounts and showed that, while local feature contrast is clearly important, 
a model based on the relative-salience between elements was better able to account 
for selection behavior than a model based on the processing-speed between these 
elements alone. That is, the estimated availability of an individual singleton for selection 
was not merely a function of its own specific visibility, as determined by its feature 
contrast relative to its direct surroundings, but varied in dependency of the salience of 
the other simultaneously presented singleton. Accordingly, these results are a reminder 
of the importance of the concept of a salience map or a topographic representation 
of salience in the brain (Itti & Koch, 2000, 2001; Koch & Ullman, 1985). While the local 
feature contrast of a singleton, thus its visibility, contributed to selection performance, 
the relative-salience between all items in a display rather than the local distinctiveness 
of each individual item was found to be the crucial factor in determining its availability 
for oculomotor selection and thus its individual selection probability. 

However, to date it is unknown how exactly the availability of an individual item to 
the oculomotor system is affected by the presence of another distant item, especially 
when salience between these items is manipulated. In case a single singleton is 
presented, the availability of this singleton is purely determined by differences in local 
feature contrast. By contrasting performance in response to single presentation of a 
singleton with performance in response to the same singleton in the presence of an 
additional singleton (either identical or different with respect to the salience relative 
to this singleton) it allows for a detailed investigation of the contribution of both local 
feature contrast and relative-salience between elements to overt selection behavior.

Thus, the present study aimed to investigate how the availability of an individual 
singleton for oculomotor selection is affected by the presence of another distant 
singleton that is either equally salient (Experiment 1) or in which salience is varied 
between elements (Experiment 2). To this end, we presented observers with either 
one (single condition) or two simultaneously presented orientation singleton(s) (dual 
condition) amongst a homogeneous background of vertically aligned line segments. In 
Experiment 1 the local orientation contrast of the singletons relative to the background 
was identical (equally salient) whereas in Experiment 2 we added a stimulus salience-
manipulation by varying the local orientation contrast of the singleton(s) relative to 
the background (single and dual salient and non-salient conditions, respectively) and 
relative to each other (dual different condition). Observers had to make a speeded eye 
movement to the singleton in the single condition and to any of the two singletons 
in the dual conditions. We measured selection performance in terms of the selection 
frequencies of a specific orientation singleton in relation to its corresponding saccadic 
latencies. In both experiments, we separately calculated how a singleton’s availability 
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for selection varied in dependency of the presence of another distant singleton and 
how this availability was affected by the local feature contrast of the singletons.

5.3. experIment 1

The goal of Experiment 1 was to examine whether a singleton’s availability for selection 
is differentially affected for single (single condition) compared to simultaneous 
presentation (dual condition). More specifically, we were interested in whether and 
how the availability of one particular orientation singleton is affected by the presence 
of an identical singleton.

A singleton’s availability cannot be directly observed but can be inferred from 
the observed response frequencies, expressed as its underlying selection probability 
corrected for the number of alternative response options.

Given that both singletons in the dual condition were equally salient, we assumed 
that both had an identical availability and were, therefore, equally likely to be selected.  
According to a processing-speed account, a singleton’s availability for selection should 
be unaffected by the presence of another equally salient singleton. That is, there should 
be no difference in terms of availability between the singleton in the single and that in 
the dual condition. Alternatively, a singleton’s availability might not only depend on its 
local feature contrast but might also depend on the presence of another singleton. In 
this case - even though the two singletons are equally salient - the mere presence of one 
singleton might lower the availability of the other singleton just because the presence 
of another equally salient singleton lowers the overall perceived salience of either of the 
two singletons compared to the presentation of that same singleton on its own. In that 
case, the availability of the singleton in the dual condition should be reduced compared 
to the availability in the single condition, as postulated by a relative-salience account.  

5.3.1. Method

5.3.1.1. Participants

Ten participants (including the author AS) took part in the experiment in return for 
either money or course credit. Ages ranged from 19 to 31 years (mean: 25.3 years); 
six of the participants were female. All participants reported normal or corrected-to-
normal visual acuity and all apart from AS were naïve to the purpose of the study. The 
experimental session lasted for approximately 30 minutes.

5.3.1.2. Ethics Statement

The present study, including the consent procedure, was approved by the Vaste 
Commissie Wetenschap en Ethiek (VCWE), the ethics board of the Faculty of Psychology 
and Education, and conducted according to the principles of the Declaration of Helsinki. 
Participants received information about the study and their rights and gave written 
informed consent.
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5.3.1.3. Stimuli and Apparatus

The visual stimuli consisted of 289 white lines (89.4 cd/m²) with a size of 0.76 * 0.15 cm 
each (each line covering an area of 1.4 * 0.2° of visual angle as measured at central 
fixation), contained in a 17 * 17 items square matrix, extending a total of 25.7° * 25.7° of 
visual angle. The displays featured either one or two singletons with a fixed orientation 
contrast of 22.5° clockwise relative to multiple homogeneously aligned background 
lines (90° relative to the horizontal plane), presented on a gray background screen 
(22.1 cd/m²). In the single condition, one orientation singleton was randomly presented 
at one of eight potential grid locations on an imaginary circle around the center of the 
grid at a distance of approximately 6°. In the dual condition, two identical orientation 
singletons (both tilted 22.5° clockwise relative to the background lines) were randomly 
presented at any of the eight grid locations with the constraint that the singletons 
were never positioned in adjacent locations in order to minimize the occurrence of 
a global effect and to be able to clearly classify eye movements as being directed 
toward either one of the two singletons. The minimal distance between the two 
singletons was approximately 5.7°. Figure 5.1 presents an overview of the different 
presentation conditions.

 
 

 

Figure 5.1: Stimulus Overview of Experiment 1. The figure depicts a simplified overview of the different 

conditions in Experiment 1. In the single condition only one singleton is presented whereas in the dual condition two 

singletons are presented simultaneously. The singletons have an identical orientation contrast of 22.5° relative to the 

background lines across both conditions. 

 

A standard Pentium IV class computer with a processor speed of 2.3 GHz running E-Prime 

2.0 software package controlled stimulus presentation, timing of events, and acquisition of 

necessary response data. Stimuli were presented at eye level, 75 cm from the chinrest, on a 21-

inch Iiyama SVGA (Super Video Graphics Array) monitor, running at 1024 * 768 pixel 

resolution with a 100 Hz refresh rate. The position of the right eye was recorded by means of an 

Eyelink 1000 eye tracker (SR Research Ltd., Mississauga, Ontario, Canada), with a 1000-Hz 

temporal resolution, a 0.01° of visual angle spatial resolution (noise limited), and a gaze position 

accuracy of 0.5°. 

 

5.3.1.4. Design and Procedure 

Participants received instructions and information regarding the study before giving written 

consent. They were tested in a dimly lit sound-attenuated research lab. Prior to the testing 

session, eye movements were calibrated to a precision of 0.5° of visual angle. In the single 

condition participants were instructed to make a speeded eye movement to the only orientation 

singleton whereas in the dual presentation condition they were free to make a speeded eye 

movement to any of the two orientation singletons. Prior to the presentation of the search display, 

participants had to maintain fixation on a centrally presented white fixation cross and initiate a 

A standard Pentium IV class computer with a processor speed of 2.3 GHz running 
E-Prime 2.0 software package controlled stimulus presentation, timing of events, and 
acquisition of necessary response data. Stimuli were presented at eye level, 75 cm from 
the chinrest, on a 21-inch Iiyama SVGA (Super Video Graphics Array) monitor, running 
at 1024 * 768 pixel resolution with a 100 Hz refresh rate. The position of the right eye 
was recorded by means of an Eyelink 1000 eye tracker (SR Research Ltd., Mississauga, 
Ontario, Canada), with a 1000-Hz temporal resolution, a 0.01° of visual angle spatial 
resolution (noise limited), and a gaze position accuracy of 0.5°.

figure 5.1. stimulus overview of experiment 1. The figure depicts a simplified overview of the 
different conditions in Experiment 1. In the single condition only one singleton is presented whereas 
in the dual condition two singletons are presented simultaneously. The singletons have an identical 
orientation contrast of 22.5° relative to the background lines across both conditions.
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5.3.1.4. Design and Procedure

Participants received instructions and information regarding the study before giving 
written consent. They were tested in a dimly lit sound-attenuated research lab. Prior to 
the testing session, eye movements were calibrated to a precision of 0.5° of visual angle. 
In the single condition participants were instructed to make a speeded eye movement 
to the only orientation singleton whereas in the dual presentation condition they were 
free to make a speeded eye movement to any of the two orientation singletons. Prior 
to the presentation of the search display, participants had to maintain fixation on a 
centrally presented white fixation cross and initiate a trial preceded by an automatic 
drift correction by pressing spacebar. The search display was presented for 2000 ms 
after which the screen was blanked and a fixation cross was presented to indicate the 
beginning of the next trial (for a depiction of a typical trial sequence see Figure 5.2). 
Participants performed 40 practice trials, which were not included in any analyses. 
They completed a total of 400 experimental trials, presented in random order across 
conditions and separated by four small breaks.

5.3.1.5. Data Analysis

Eye movements were filtered online and required a minimum peak velocity of 35°/s 
and a minimum acceleration of 9500°/s² in order to be detected as a valid saccade. 
Subsequently, fixation coordinates and saccade timings and amplitudes of the initial 

 
 

trial preceded by an automatic drift correction by pressing spacebar. The search display was 

presented for 2000 ms after which the screen was blanked and a fixation cross was presented to 

indicate the beginning of the next trial (for a depiction of a typical trial sequence see Figure 5.2). 

Participants performed 40 practice trials, which were not included in any analyses. They 

completed a total of 400 experimental trials, presented in random order across conditions and 

separated by four small breaks. 

 

Figure 5.2: A Typical Trial Sequence. Participants maintained fixation on a centrally presented cross until a stable 

fixation was detected. After pressing spacebar, a drift correction was performed and subsequently a trial was 

initiated. The search display was presented for 2000 ms. The display shows a trial in the single condition. 

 

5.3.1.5. Data Analysis 

Eye movements were filtered online and required a minimum peak velocity of 35°/s and a 

minimum acceleration of 9500°/s² in order to be detected as a valid saccade. Subsequently, 

fixation coordinates and saccade timings and amplitudes of the initial saccades following display 

onset were extracted from the raw eye tracking data and were subjected to a MATLAB-based 

figure 5.2. A typical trial sequence. Participants maintained fixation on a centrally presented cross 
until a stable fixation was detected. After pressing spacebar, a drift correction was performed and 
subsequently a trial was initiated. The search display was presented for 2000 ms. The display shows 
a trial in the single condition.
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saccades following display onset were extracted from the raw eye tracking data and 
were subjected to a MATLAB-based analysis protocol. Similarly to previous studies 
(Siebold et al., 2011; Siebold et al., 2013; Siebold & Donk, 2014a), a trial was discarded if 
the saccade amplitude remained below 2.3°, if a saccade did not land within the range 
of 3° of visual angle of any of the target singletons (denoted as saccade destination 
error) or if a blink occurred during the crucial time interval between display onset and 
selection of a singleton. Furthermore, in order to prevent anticipation and attention-
lapse errors from biasing the results, trials in which the latency of the initial saccade 
was shorter than 80 ms or longer than 600 ms were likewise discarded. A participant’s 
complete dataset was removed from analyses if more than 30% of all trials had to 
be discarded. 

The remaining saccades were classified as directed toward the singleton (in the 
single condition) or either of the two singletons (in the dual condition) and the total 
distribution of initial saccade latencies was rank-ordered from fastest to slowest 
responses across conditions but separately for each participant. The individual latency 
distributions were divided into five bins consisting of 20% percentiles each.  Note, that 
while the division of trials into five separate bins is arbitrary, it is inspired by previous 
studies (Siebold et al., 2011; Donk & van Zoest, 2011; de Vries et al., 2011; Siebold et 
al., 2013; Siebold & Donk, 2014a) having shown that this particular division adequately 
captures selection behavior as it evolves over time.

5.3.2. Results
A total of 12% of all trials was excluded from analyses (0.9% due to anticipation errors, 
0.3% due to attention-lapse errors, 7.3% due to saccade destination errors, and on 3.5% 
the amplitude remained below 2.3°). No erroneous blinks were recorded in the time 
interval from display onset until fixation of a singleton and none of the participant’s 
datasets exceeded the critical removal criterion of 30%.

In order to examine differences in the timing of selection between the different 
presentation conditions, we performed a t-test comparing the saccadic latencies in the 
single to those in the dual condition. The results indicated no significant differences 
in timing of selection between the two conditions [t(9) = -.013, p = .990], suggesting 
that the speed with which participants selected a singleton did not differ between the 
single and dual condition.

In order to examine how the availability of an individual singleton for oculomotor 
selection varies when a singleton is presented in isolation compared to when it is 
simultaneously presented with another (identical) singleton, we calculated the 
availability of the singleton separately for the single and dual condition on the basis of 
the tree diagram depicted in Figure 5.3. Since the availability of a singleton to the visual 
system cannot be directly observed, it can be extrapolated based on the observed 
frequencies of responses to each singleton. For each participant and condition we first 
determined the probability that the singleton was available for selection for each bin (i) 
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of the response time distribution (with ss denoting the probability that the singleton is 
available for selection in the single condition, and sd corresponding to the probability 
that the singleton is available in the dual condition). Note that the availability of both 
singletons is assumed to be identical. Therefore, the response frequencies of both 
singletons have been combined into sdual.

It was assumed that the selection of a singleton in a given trial depends on the 
availability of the individual singleton for oculomotor selection at time (i) of selection. 
Depending on the availability of the singleton, different selection outcomes are 
possible. Since there is only one singleton present in the single condition, this singleton 
is either available and therefore selected at time (i), or selection is postponed to a 
later point in time given that it is not (yet) available [1 – ss ]. In the dual condition, the 

figure 5.3. tree diagrams in experiment 1. The tree diagrams correspond to A) the single and B) 
the dual condition and depict the probabilities that a singleton is available for selection (italics) for 
each bin (in brackets), leading to a given response outcome (R) for each individual trial. The response 
outcome is determined through the path leading to it, which equals the product of probabilities 
on that path. ss denotes the probability that the singleton is available in the single condition and sd 
denotes the probability that the singleton is available in the dual condition.

A

B
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potential outcomes are: a) both singletons Sd are available at the same time (i) and 
therefore equally likely to be selected [with probability sd × sd], b) only one of the 
singletons is available while the other one is not [with probability sd × (1 – sd)], or c) 
none of the two singletons are available (yet) and selection is postponed to a later bin 
(i) [with probability (1 – sd) × (1 – sd)]. The probability of a particular outcome in a given 
trial is determined by the sum of all branches leading to that outcome. The overall 
probability that a singleton is available in a given trial is separately calculated for each 
singleton and latency bin (1 – 5) based on the individual observed selection frequencies 
for each possible selection outcome. Note, that the parameter estimates derived from 
the model represent the probabilities that a given singleton is available for selection 
at a given point in time. These estimates represent the best fit of the model to the 
distribution of observed responses.

In order to compare the probability that a singleton is available in the single to the 
probability that the same singleton is available in the dual condition, we performed 
a 2 (Condition) * 5 (Saccadic Latency Bin) ANOVA on the individual parameter values 
corresponding to ss and sd . The results revealed a main effect of Condition [F(1, 9) 
= 41.890, η2 = .030, p < .001] and Saccadic Latency Bin [F(4, 36) = 28133.926, η2 = 
.945, p < .001] as well as a significant interaction between the two factors [F(4, 36) = 
22.498, η2 = .013, p < .001]. Post-hoc Bonferroni corrected comparisons revealed that, 
overall the parameter values corresponding to the singleton in the single condition 
were larger [m = .46; std error = .010] than the values obtained for the same singleton 
in the dual condition [m = .35; std error = .007].  A graph of the results is shown in 
Figure 5.4.
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Figure 5.4: Parameter Values in Experiment 1. The parameter values represent the probability that a singleton is 

available for selection separately per condition for each Bin i, averaged over participants. Error bars represent 95% 

confidence intervals. Note that based on the assumption that the availability of both singletons in the dual condition 

is identical, Bin 5 in this condition adds up to 1 by definition. 

 

5.3.3. Discussion 

The results of Experiment 1 showed that the availability of the singleton in the single 

condition was higher than in the dual condition. That is, the addition of an identical singleton in 

the dual condition led to a decrement in availability for selection relative to the single condition. 

This finding presents corroborating evidence against a processing-speed account (de Vries et al., 

2011) according to which the probability that the singleton is available in the single condition 

figure 5.4. parameter values in experiment 1. The parameter values represent the probability 
that a singleton is available for selection separately per condition for each Bin i, averaged over 
participants. Error bars represent 95% confidence intervals. Note that based on the assumption 
that the availability of both singletons in the dual condition is identical, Bin 5 in this condition adds 
up to 1 by definition.
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5.3.3. Discussion
The results of Experiment 1 showed that the availability of the singleton in the single 
condition was higher than in the dual condition. That is, the addition of an identical 
singleton in the dual condition led to a decrement in availability for selection relative 
to the single condition. This finding presents corroborating evidence against a 
processing-speed account (de Vries et al., 2011) according to which the probability 
that the singleton is available in the single condition should not differ from the 
probability that the singleton is available in the dual condition since all singletons 
had an identical orientation contrast relative to the background. Our findings suggest 
that the availability of an individual element is not a sole function of its local feature 
contrast, but is rather determined by the broader context, in this case, the presence 
of another equally salient singleton.

While the current results show a reduction in availability for a singleton in the 
presence of another singleton, it is not clear what caused this decrement. One potential 
explanation is that the reduced availability observed in the dual condition is a direct 
consequence of the context manipulation resulting in a cost at a perceptual level. That 
is, the presence of the additional singleton might have reduced the overall perceptual 
salience of both singletons in the dual compared to the single condition. Alternatively, 
the reduction might reflect the presence of response competition in the dual condition. 
That is, the presentation of two rather than one singleton in the dual condition could 
have induced a cost at a later stage of response selection. In this sense, the presence of 
an additional singleton might have affected the estimated availability of the singleton 
because of an increase in the number of response alternatives rather than because of 
a decrease in the perceptual salience of the individual singletons. Experiment 2 was 
performed to resolve this issue.

5.4. experIment 2

The goal of Experiment 2 was to examine whether the difference in availability 
between the single and dual condition is due to a perceptual or a response related cost 
associated with the dual condition. To this end the stimulus salience of the singletons 
was varied across and within conditions. In one set of conditions the stimuli were 
identical to Experiment 1 (i.e., 22.5° relative to the background) whereas in another set 
of conditions the singletons in the single and dual conditions had a larger orientation 
contrast (i.e., 67.5° relative to the background).  While in all four conditions the singletons 
were more salient than the background, the absolute difference in orientation contrast 
in the former set of conditions is smaller (therefore called single and dual non-salient 
conditions) than in the latter set of conditions (referred to as single and dual salient 
conditions). In a fifth condition, the dual different condition, the non-salient and salient 
singleton were simultaneously presented. For an overview of the different conditions 
in Experiment 2 see Figure 5.5.
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If the difference in availability between the single and dual condition in Experiment 1 
was due to perceptual differences, the availability of the singletons in the dual 
conditions should be affected by the salience-manipulation. That is, the availability 
of a singleton should decrease when it is paired with another singleton and the size 
of this effect should depend on the salience of the other singleton. Note, that such a 
finding would not be in line with the notion of de Vries et al. (2011). According to this 
notion, a singleton’s availability for selection is assumed to be a sole function of its 
local visibility, irrespective of the presence or salience of another (distant) singleton. 
Alternatively, if the difference was due to a difference in the number of response 
alternatives, the observed difference between single and dual conditions should be 
the same irrespective of the salience of the other singleton in the dual conditions.

5.4.1. Method

5.4.1.1. Participants

Eleven participants (including the author AS) took part in the experiment in return 
for either money or course credit. Ages ranged from 19 to 28 years (mean: 23 years); 
eight of the participants were female. All participants reported normal or corrected-
to-normal visual acuity and all apart from AS were naïve to the purpose of the study. 
The experimental session lasted for approximately 90 minutes.
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approximately 90 minutes. 

 

5.4.1.2. Stimuli and Apparatus 

The apparatus and visual stimuli were similar to the ones in Experiment 1 with the 

exception that rather than being identical, the orientation contrast of the singleton(s) relative to 

the orientation of the background lines (90° relative to the horizontal plane) was varied 

depending on the condition. In the single condition, the singleton was tilted either 22.5° (non-

salient) or 67.5° (salient) clockwise relative to the background lines. The same was true for the 

dual same conditions with the difference that two identical singletons were presented in each 

condition. Finally, in the dual different condition, the orientation contrast of the singletons varied 

relative to each other, with one being non-salient (orientated 22.5° clockwise) and the other one 

salient (67.5° clockwise) relative to the background lines. Figure 5.5 presents an overview of the 

different presentation conditions in Experiment 2. 

 

 

figure 5.5. stimulus overview of experiment 2. The figure depicts a simplified overview of the 
different stimulus conditions. In the single conditions the singleton is either tilted 22.5° or 67.5° 
relative to the background lines. In the dual same conditions both singletons have an identical 
orientation contrast of either 22.5° or 67.5° whereas in the dual different condition the orientation 
contrast of the two singletons varies so that one is more salient (67.5°) than the other (22.5°) relative 
to the background lines.

137



O
N

 TH
E

 IM
P

O
R

TA
N

C
E

 O
F R

E
LA

TIV
E

-SA
LIE

N
C

E

5

5.4.1.2. Stimuli and Apparatus

The apparatus and visual stimuli were similar to the ones in Experiment 1 with the 
exception that rather than being identical, the orientation contrast of the singleton(s) 
relative to the orientation of the background lines (90° relative to the horizontal plane) 
was varied depending on the condition. In the single condition, the singleton was tilted 
either 22.5° (non-salient) or 67.5° (salient) clockwise relative to the background lines. 
The same was true for the dual same conditions with the difference that two identical 
singletons were presented in each condition. Finally, in the dual different condition, the 
orientation contrast of the singletons varied relative to each other, with one being non-
salient (orientated 22.5° clockwise) and the other one salient (67.5° clockwise) relative 
to the background lines. Figure 5.5 presents an overview of the different presentation 
conditions in Experiment 2.

5.4.1.3. Design and Procedure

Design and procedure were identical to Experiment 1. Participants were instructed 
to make a speeded eye movement to the only orientation singleton in the single 
conditions and to either of the two singletons in the dual conditions.  Participants 
performed 60 practice trials, which were not included in any analyses, and a total of 
1200 experimental trials, 200 in each of the two single and two dual same conditions 
and 400 in the dual different condition. All trials were presented in randomized order, 
equally distributed across five blocks and separated by four small breaks.

5.4.1.4. Data Analysis

The criteria and procedure for data analysis were identical to the one in Experiment 1. 
However, rather than being distributed over two conditions, trials were now distributed 
across five different conditions. In order to consider the factor salience, analyses were 
adjusted accordingly.

5.4.2. Results
A total of 14.8% of all trials was excluded from further analyses (3.9% due to anticipation 
errors, 0.4% due to attention-lapse errors, 7.3% due to saccade destination errors and 
on 3.2% the amplitude remained below 2.3°). No erroneous blinks were recorded in the 
time interval from display onset until fixation of a singleton and none of the participant’s 
datasets reached the critical removal criterion of 30%.

In order to examine differences in timing of selection between the different 
presentation conditions as well as between the two different levels of salience, we 
performed a univariate ANOVA with Condition (single, dual same and dual different) 
and Salience of the selected element (salient and non-salient) as within-subject factors 
on the averaged individual saccade latencies. The results only showed a marginally 
significant effect of Salience [F(1, 60) = 4.688, η2 = .002, p = .05], attributable to 
participants being somewhat faster at selecting the more salient [m = 193.5 ms] than 
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the less salient singleton [m = 211.9 ms].  However, individual comparisons between 
Salience within every presentation condition revealed that the main effect of Salience 
vanished when separately comparing the latencies of the two single [F(1, 20) = 3.124, 
η2 = .002, p = .161], the two dual same  [F(1, 20) = 0.936, η2 = .001, p = .345] and the 
two singletons in the dual different conditions [F(1, 20) = 1.271, η2 = .002, p = .273].

Analogously to Experiment 1, we calculated the availability values of each singleton 
separately per condition with the assumption that the availability of the singletons 
within a given dual same condition was identical. The tree diagram on which the 
calculation is based is shown in Figure 5.6.

A 3 (Condition) * 2 (Salience) * 5 (Saccadic Latency Bin) repeated measures ANOVA 
was performed on the availability values corresponding to each singleton. The results 
revealed main effects of Condition [F(2, 20) = 95.820, η2 = .027, p < .001], Salience [F(1, 
10) = 97.275, η2 = .037, p < .001] and Saccadic Latency Bin [F(4, 40) = 6194.991, η2 = .883, 
p < .001] as well as significant interactions between Condition and Salience [F(2, 20) = 
52.963, η2 = .011, p < .001], Condition and Saccadic Latency Bin [F(8, 80) = 14.252, η2 = 
.010, p < .001], Salience and Saccadic Latency Bin [F(4, 40) = 2.711, η2 = .001 p < .05], 
and Condition, Salience and Saccadic Latency Bin [F(8, 80) = 7.126, η2 = .004 p < .001]. 

Post-hoc Bonferroni corrected comparisons revealed that, overall, the probability 
that the salient singleton was available was higher [m = .43, std error = .006] than the 
probability that the non-salient singleton was available [m = .31, std error = .007, p < 
.001]. Separate analyses within each condition showed that this was the case for each 
of the three conditions [F(1, 10) = 34.575, η2 = .030, p < .001 for the single, F(1, 10) 
= 33.437, η2 = .006, p < .001 for the dual same and F(1, 10) = 140.974, η2 = .126, p < 
.001 for the dual different condition]. Furthermore, the probability that the singleton 
in the single conditions was available was overall higher [m = .45, std error = .008] 
than in the dual same conditions [m = .35, std error = .004, p < .001] and in the dual 
different condition [m = .32, std error = .003, p < .001].  While overall the probability 
of availability in the dual same conditions was also significantly higher than in the dual 
different condition [p < .001], the interaction between Condition and Salience showed 
that this difference was purely due to a significantly lower probability for the non-
salient singleton in the dual different condition [m = .22] compared to the non-salient 
singletons in the single [m = .39] and dual same condition [m = .32]. In fact, while lower 
than in the single condition [m = .5, std error = .013], the probability that the salient 
singleton in the dual different condition was available was higher [m = .43, std error = 
.008] than in the dual same condition [m = .37, std error = .008]. Figure 5.7 depicts a 
graph of the results separately for the salient and non-salient singleton per condition.

Finally, we performed a cross-experimental comparison in order to investigate 
whether the effect of Condition (single versus dual same) is equivalent for both 
Experiment 1 and 2. The results of the univariate ANOVA showed a main effect of 
Condition [F(1, 58) = 211.668, η2 = .013, p < .001] and a marginally significant interaction 
between Condition and Salience [F(1, 58) = 4.010, η2 = .000, p = .05]. The effect of 
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figure 5.6. tree diagrams in experiment 2. The tree diagrams correspond to A) the single, B) 
the dual same, and C) the dual different condition and depict the probabilities that the singleton 
is available for selection (italics) for each bin (in brackets), leading to a given response outcome (R) 
for each individual trial. The response outcome is determined through the path leading to it, which 
equals the product of probabilities on that path. Note that, for reasons of simplicity, the diagrams 
in A) and B) correspond to the salient singleton only. ssm denotes the probability that the singleton 
is available in the single most condition, sdm denotes the probability that the singleton is available 
in the dual most condition, and sddm and sddl denote the probability that the singleton is available in 
the dual different condition, for the more and less salient singleton, respectively.
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Experiment did not reach significance [F(1, 58) = 0.081, η2 = .000, p = .776], suggesting 
that the results did not differ between the two experiments.

5.4.3. Discussion
The results of Experiment 2 replicated the finding of Experiment 1: overall, the availability 
of the singleton in any of the single conditions was higher than in the corresponding 
dual same condition, showing that the probability that a singleton is available is reduced 
in the presence of an additional identical singleton relative to single presentation. 
Crucially, the availability of a given singleton in the dual conditions was differentially 
affected depending on the absolute orientation contrast of the other singleton relative 
to the background lines. This finding supports the idea that a singleton’s availability 
for oculomotor selection depends on the local feature contrast of the simultaneously 
presented other singleton, thus the relative-salience between elements. 

It is important to note that in Experiment 1 and all conditions in Experiment 2 
apart from the dual different condition, the parameter estimates corresponding to 
the last bin are 1 by definition. Since the distribution in the dual different condition 
in Experiment 2 consists of the combined responses to the salient and non-salient 
singleton, the parameter estimate corresponding to the non-salient singleton did not 
reach one in the dual different conditions. This result illustrates that the availability of 
the non-salient singleton for oculomotor selection was substantially reduced by the 
presence of the (distant) salient singleton: the salient singleton was prioritized over 
the non-salient singleton, even in the bin corresponding to the long-latency saccades 
(i.e., the fifth bin). More importantly, this finding is not reconcilable with the idea that 
the cost in availability of a singleton in the dual compared to the single condition is the 
result of a response-related cost. If this would have been the case, the observed costs 
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figure 5.7. parameter values in experiment 2. The parameter values represent the probability 
that a singleton is available for selection separately per condition for each Bin i, averaged over 
participants. The values in a) correspond to the parameter estimates obtained for the salient singleton 
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singleton for each of the three conditions. Error bars represent 95% confidence intervals. Note that 
based on the assumption that the availability of both singletons within each dual same condition is 
identical, Bin 5 in these conditions adds up to 1 by definition.
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in availability should have been the same when comparing the different dual conditions 
to the single conditions.  Thus, it seems that the presence of an additional singleton 
negatively affects the probability that this singleton becomes perceptually available 
for selection. Moreover, the effect of an additional singleton was demonstrated to be 
critically dependent of its salience. A more salient singleton has a larger effect than a 
less salient singleton.

5.5. generAl dIscussIon

The goal of the current study was to investigate time-dependent effects of the number 
of targets presented and stimulus salience on oculomotor selection behavior. To this 
end, observers had to make a speeded eye movement to a target orientation singleton 
embedded in a homogeneous background of vertically oriented lines. In Experiment 1, 
either one or two physically identical targets were presented whereas in Experiment 2 
an additional salience-manipulation was performed in which the singleton(s) had a small 
or large orientation contrast relative to the background lines. These differently salient 
singletons were either presented individually or together.  

The results of both experiments showed two important findings that help clarify 
the relationship between salience-processing in terms of local feature contrast, its 
relationship with other elements presented elsewhere in the display (the relative-
salience between elements) and its effects on oculomotor selection behavior. These 
findings are:
1) the availability of a singleton in the presence of an identical singleton relative to 
single presentation is reduced.
2) Moreover, the size of the reduction was directly related to the local feature 
contrast of the simultaneously presented singleton, i.e., a singleton paired with a 
salient singleton led to a larger reduction than a singleton paired with a less salient 
singleton. Furthermore, while in the dual same conditions the relative-salience between 
the singletons was identical, the dual different condition provided insight into the 
effect of the relative-salience between elements. The results showed that in addition 
to the local feature contrast of the individual elements, the relative-salience between 
elements has a large effect on the selection probability of an individual singleton.

Together, these results provide evidence against an absolute processing-speed 
account. According to this account, an individual item has a particular speed at which 
it is processed and differences in the absolute processing-speed of individual elements 
determine selection preferences. That is, the probability that the salient singleton is 
available for selection should have been the same irrespective of whether it is presented 
alone, together with an identical singleton or with a less salient singleton. The same 
applies to the non-salient singleton. However, the results of the current study showed 
that rather than a particular singleton’s inherent visibility, the probability that a given 
singleton is available for selection is mainly determined by the broader context in which 
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the singleton is embedded. In fact, we do not argue that the visibility of a singleton is 
not important in determining its availability for selection. The results clearly show that 
overall the singleton with a larger orientation contrast relative to the background is 
more likely to be available than the singleton with the smaller orientation contrast. This 
is in line with the finding that a larger local feature contrast generates more activity in 
the salience map than a smaller feature contrast (Itti & Koch, 2000, 2001; Koch & Ullman, 
1985; Wolfe, 1994). However, rather than the local feature contrast, which represents the 
immediate surroundings of a singleton, the major determinant of whether a singleton 
is available or not is the relative-salience between elements. The fact that a singleton 
affects the availability of an equally or less salient singleton, even when presented 
multiple degrees apart, highlights the importance of the more distant display context 
of the singleton in determining its availability.

In sum, we showed that the presence of an additional singleton reduces the 
availability of both singletons for selection. The finding that relative stimulus salience 
modulated the effect of number of targets suggests that the presence of multiple 
targets induces a cost at an early perceptual rather than at a later response decision 
stage. This highlights that not only the immediate context of an item as measured by 
local feature contrast but the more distant environment which has a major effect on how 
these items are perceived.  While two identical elements (equally salient) reduce the 
overall availability of each element, the availability of a given element is compromised 
even more if the salience of the other element is higher.
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6.1. summAry 

Attention is the fundamental building block of all our decisions and actions. The 
information that enters our sensory channels, and maybe more importantly the 
subjective quality of it, forms the basis of our behavior. Since the amount of information 
that we are confronted with in our environment in everyday life is virtually unlimited, our 
cognitive system, due to its limited capacity, has to filter out those bits of information 
that are relevant to us. However, selecting only relevant information while at the 
same time ignoring irrelevant bits of information is not a straightforward process and 
empirical evidence has shown that, in fact, it fails under certain circumstances.

In order to understand why we pay attention to certain things over others, 
research on attention, has largely focused on the distinct processes underlying the 
guidance of attention The theoretical positions can be broadly classified along the 
bottom-up/top-down dichotomy, the former assuming that selection is determined by 
stimulus-driven factors, while the latter claims selection to be the result of goal-driven 
control. Selection is thought to be stimulus-driven when attention is automatically 
and involuntarily captured by a salient stimulus or salient feature in the environment 
whereas it is assumed to be goal-driven when the object of selection is voluntarily 
chosen by the observer. While most current theories of attention assume that selection 
is the result of an interplay of both stimulus-driven and goal-driven processes, they 
differ with respect to the size of the contribution of each process. Shedding light onto 
this unresolved issue regarding the size of the contribution of both stimulus-driven 
and goal-driven processes to the guidance of overt attention is the main objective 
of the current thesis.

Chapter 1 provides an overview of the concept of attention and discusses the most 
prominent theories of attentional selection. It provides a detailed description of stimulus-
driven and goal-driven selection along with a number of theories providing evidence 
for each. Furthermore, the link between covert and overt selection (i.e., attention and 
eye movements, respectively) is discussed. The benefits of measuring eye movement 
s as a research tool are discussed; the most important are its relatively good temporal 
and spatial resolution. Mapping out the temporal characteristics of overt selection has 
led to the development of a timing account of visual selection, called the Independent 
Timing Account (ITA) (van Zoest et al., 2004) according to which the major determinant 
of the mode of control of attention is dependent on the moment in time at which a 
response is probed. That is, responses emitted relatively early in time are for most 
part stimulus-driven whereas later responses are primarily goal-driven. The research 
presented in Chapters 2 and 3 of this thesis follows up on this idea. In each of the two 
chapters, the time-course of both salience-driven and goal-driven processes has been 
established with simple static (Chapters 2 and 3) and dynamic (Chapter 3) stimuli, whose 
salience has been carefully manipulated in order to obtain a better understanding of 
the relative contribution of both control mechanisms over time.
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In Chapter 2 the main objective was to investigate whether the assumptions of the 
ITA, which were based on the analysis of a single eye movement, extend to a sequence 
of two eye movements. Participants were presented with three different orientation 
singletons embedded in a background of homogeneously aligned line segments. 
Participants were instructed to search for a target which was either defined as a probe 
dot located on one of the singletons (Experiment 1) or as a specific orientation singleton 
(Experiment 2). The results were in line with the ITA (van Zoest, et al., 2004); initial 
eye movements were salience-driven for short latency responses up to approximately 
170-200 ms but were unaffected by stimulus salience for slower responses. In contrast, 
slower initial eye movements (> 250 ms) were increasingly more likely to be goal-driven. 
Crucially, a subsequent eye movement was consistently goal-directed and completely 
unaffected by stimulus salience, irrespective of whether it was elicited early or late 
in time, extending the assumptions of the ITA with regard to the transient nature of 
salience-effects to a sequence of eye movements.

Chapter 3 was concerned with the question of whether the transience of the salience-
effect as found for static stimuli in Chapter 2 (which were replicated in Experiment 1 
of Chapter 3) could be replicated for dynamic stimuli. Here, the salience-manipulation 
consisted of a continuous luminance flicker (Experiment 2) or a change in luminance 
contrast (Experiment 3) of one of two simultaneously presented orientation singletons. 
The salience-manipulation was presented either simultaneously with display onset or 
contingent upon the first eye movement. The results of both experiments revealed 
similar patterns of results to those obtained for a static manipulation of salience. Both 
the luminance flicker and the increase in luminance contrast affected visual selection 
only for fast responses on an initial eye movement. Slower initial saccades as well as 
second eye movements were consistently goal directed and completely unaffected by 
stimulus-salience in case the manipulation was present from stimulus onset. However, 
when the manipulation was implemented contingent upon the initial eye movement, 
the effect of stimulus salience was re-instated for a second eye movement, in both 
Experiments 2 and 3. Thus, based on these findings the original ITA has been extended. 
While the initial account did not distinguish between stimulus onset and display onset, 
the current results show that salience-effects are the outcome of the moment in time 
at which an eye movement is made in relation to the moment in time a salient stimulus 
is presented, which is not restricted to display onset.

Chapters 4 and 5 address the validity of a processing-speed account, recently 
proposed by De Vries et al. (2011), according to which the processing-speed of an 
individual element, as determined by its local visibility, rather than the relative-salience 
between elements is crucial in determining overt selection behavior. In Chapter 4, 
participants were instructed to make a speeded eye movement to either of one of 
two simultaneously presented orientation singletons. We created two models based 
on participants’ performance, one corresponding to a processing-speed account and 
one to a relative-salience account. The results showed that the model assuming that the 
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relative-salience between elements is the major determinant of oculomotor selection 
was better able to account for the behavioral results than the model assuming that 
each individual element has an inherent processing-speed which ultimately determines 
selection. Thus, relative-salience rather than visibility is the crucial factor in determining 
overt selection behavior.

In Chapter 5, the findings of Chapter 4 were replicated. In contrast to all previous 
chapters, here either two or one target singleton was presented. We explicitly 
investigated time-dependent effects of the number of singletons (one or two) displayed 
and how this effect interacted with the salience level of the respective stimuli on visual 
search performance.  The results of two experiments showed that the availability for 
selection of a singleton was significantly higher when presented alone as compared 
to simultaneous presentation of the same singleton, indicating that the salience of 
an element is reduced when it is paired with another equally salient element. This 
provides further evidence against a processing-speed account according to which no 
difference should have been found between the presentation conditions, since both 
singletons should have had an identical processing-speed as when presented alone. We 
furthermore showed that the relative-salience between elements is the crucial factor 
determining the availability for selection of a given stimulus, highlighting an important 
role of the broader display context in determining oculomotor selection performance.

6.2. conclusIon

Most theories on attention differ with regard to the weight they assign to stimulus-
driven and goal-driven processes in determining oculomotor selection behavior. The 
ITA put forth by van Zoest et al. (2004) integrates aspects from both extremes by 
assuming that the mode of selection is dependent on temporal aspects, in other 
words, depending on the moment in time an eye movement is executed. Thus fast 
selection is more likely to be stimulus-driven whereas slow selection is more likely to 
be goal-driven.

The research presented in this thesis provides additional information on the time-
course of stimulus-driven and goal-driven control and led to a revision of the original 
ITA. According to the revised ITA, the transient nature of salience-effects is not purely 
dependent on the moment in time at which an eye movement is made, i.e., the saccadic 
latency, but crucially the timing has to be seen in relation the moment in time at which 
information is presented in the display. This finding helps explain contradictory findings 
with regard to the status of certain stimulus classes (e.g., luminance onsets), which are 
thought to be more potent at eliciting attentional capture than others. According to 
the revised ITA, no stimulus class per se has a special status in eliciting attentional 
capture but rather the moment in time at which an eye movement is made in relation to 
the presentation of (new or updated) information dictates whether attentional capture 
occurs or not.
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Furthermore, this thesis has shown that contrary to recent claims (de Vries et al., 
2011), relative-salience is the major determinant of oculomotor selection and that 
a representation of salience in the brain is a necessary requirement for attentional 
processing. We have provided empirical evidence that the generalization of the 
conclusion derived by de Vries et al. (2011) to similar findings that are based on a salience-
manipulation does not hold and that salience does play a significant role in explaining 
visual selection behavior. The availability of an individual element to the oculomotor 
system is not a sole result of its visibility, which determined the processing-speed in 
the de Vries et al. (2011) study, but rather depends on its salience in relation to other 
elements in the visual field. This finding supports the idea of the previously discussed 
salience map models which highlight the importance of a topographic representation 
of salience in the brain as a major determinant of visual selection behavior.

6.3. sAmenvAttIng

Aandacht is de fundamentele bouwsteen van al onze beslissingen en handelingen. 
De informatie die via onze zintuigen binnenkomt, en wat misschien nog belangrijker 
is, de subjectieve kwaliteit van deze informatie, vormt de basis van ons gedrag. 
Aangezien de hoeveelheid informatie waarmee we dagelijks worden geconfronteerd 
vrijwel onbeperkt is, dient ons cognitieve systeem vanwege haar beperkte capaciteit, 
te filteren op die stukjes informatie die voor ons relevant zijn. Echter, het selecteren 
van alleen relevante informatie en het tegelijkertijd negeren van irrelevante informatie 
is geen eenvoudig proces en uitempirisch bewijs blijkt dat dit in feite onder bepaalde 
omstandigheden mislukt.

Om te begrijpen waarom we aandacht besteden aan bepaalde dingen 
terwijl we andere dingen negeren, is onderzoek naar aandacht grotendeels gericht 
op de verschillende processen die aan de sturing van aandacht ten grondslag liggen. 
De bestaande theoretische posities kunnen grofweg worden ingedeeld langs de 
bottom-up top-down dichotomie, waarbij de eerste veronderstelt dat selectie wordt 
bepaald door stimulus-gedreven factoren, terwijl de laatste beweert dat selectie het 
resultaat is van doelgerichte controle. Selectie wordt beschreven als stimulus-gedreven 
wanneer de aandacht automatisch en onvrijwillig getrokken wordt door een saillante 
stimulus of een opvallend kenmerk in de omgeving. Selectie wordt beschouwd als 
doelgericht wanneer het voorwerp van de selectie vrijwillig en doelgericht wordt 
gekozen door de waarnemer. Terwijl de meeste huidige theorieën van aandacht 
veronderstellen dat selectie het resultaat is van een combinatie van zowel stimulus-
gedreven als doelgerichte processen, verschillen de theorieën met betrekking tot de 
omvang van de bijdrage van elk van deze processen. De belangrijkste doelstelling 
van dit proefschrift is daarom een nieuw licht te werpen op deze onopgeloste kwestie 
met betrekking tot de omvang van de bijdrage van stimulus-gedreven en doelgerichte 
processen in de sturing van aandacht.

150



SU
M

M
A

R
Y

6

Hoofdstuk 1 geeft een overzicht van het aandachtsconcept en bespreekt de meest 
prominente theorieën van selectie. Het geeft een gedetailleerde beschrijving van 
stimulus-gedreven en doelgerichte selectie en bespreekt een aantal theorieën die 
bewijs leveren voor elk van deze twee processen. Daarnaast wordt het verband tussen 
covert en overt selectie (i.e., respectievelijk aandacht en oogbewegingen) besproken. 
De voordelen van het meten van oogbewegingen als onderzoeksinstrument worden 
behandeld; de belangrijkste zijn de relatief goede temporele en ruimtelijke resolutie. 
Het in kaart brengen van de temporele eigenschappen van overt selectie heeft geleid 
tot de ontwikkeling van een timing account van visuele selectie, de Independent Timing 
Account (ITA) (van Zoest, Donk & Theeuwes, 2004), volgens welke de meest belangrijkste 
factor die bepaalt welk proces aandacht stuurt afhankelijk is van het tijdstip waarop 
een respons wordt gegeven. Dat wil zeggen, dat een oogbeweging die vroeg in de 
tijd wordt gemaakt vooral stimulus-gedreven is, terwijl een oogbeweging op een later 
tijdstip vooral doelgericht wordt gemaakt. Het onderzoek dat beschreven staat in 
de hoofdstukken 2 en 3 van dit proefschrift is een vervolg op dit idee. In elk van de 
twee hoofdstukken  is het tijdsverloop van zowel saillantie-gedreven als doelgerichte 
processen onderzocht met eenvoudige statische (hoofdstukken 2 en 3) en dynamische 
(hoofdstuk 3) stimuli. Hierbij is de saillantie zorgvuldig gemanipuleerd om de relatieve 
bijdrage van beide controlemechanismen beter in kaart te kunnen brengen.

In hoofdstuk 2 was de belangrijkste doelstelling om te onderzoeken of de 
veronderstellingen van de ITA, die waren gebaseerd op de analyse van een enkele 
oogbeweging, generaliseerbaar zijn naar een sequentie van twee oogbewegingen. 
Proefpersonen kregen een beeldscherm te zien met daarop drie verschillende 
oriëntatie singletons die ingebed waren in een achtergrond van homogeen geordende 
lijnstukken. De proefpersonen werden geïnstrueerd een oogbeweging te maken 
naar een target die hetzij gedefinieerd was als een stipje op één van de singletons 
(experiment 1) of een bepaalde identiteit van één van de singletons (experiment 2). 
De resultaten waren in overeenstemming met de ITA (van Zoest et al., 2004); initiële 
oogbewegingen waren saillantie-gedreven voor korte latenties van oogbewegingen 
tot ongeveer 170-200 ms, maar waren niet beïnvloed door stimulus saillantie voor 
langzamere reacties. In tegenstelling, tragere initiële oogbewegingen (> 250 ms) 
waren toenemend doelgericht met latentie. Cruciaal is dat een volgende oogbeweging 
steeds doelgericht was en niet beïnvloed was door stimulus saillantie, ongeacht of 
de oogbeweging vroeg of laat in de tijd werd gemaakt. Deze resultaten vormen een 
uitbreiding van de veronderstellingen van de ITA met betrekking tot de voorbijgaande 
aard van saillantie effecten naar een sequentie van oogbewegingen.

In hoofdstuk 3 werd onderzocht in hoeverre de vergankelijkheid van het saillantie 
effect zoals gevonden voor statische stimuli in hoofdstuk 2 (dat werd gerepliceerd in 
experiment 1 van hoofdstuk 3) kan worden gerepliceerd voor dynamische stimuli. Hier 
bestond de saillantie manipulatie uit een continue luminantie flicker (experiment 2) 
of een verandering van luminantie contrast (experiment 3) van één van de twee 
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tegelijkertijd aangeboden oriëntatie singletons. Deze manipulatie van saillantie vond 
tegelijkertijd met de presentatie van het stimulus display plaats of tijdens de uitvoering 
van een eerste oogbeweging. De resultaten van beide experimenten toonden dezelfde 
patronen zoals die verkregen waren door middel van een statische manipulatie van 
saillantie. Zowel de luminantie flicker als de toename van luminantie contrast hadden 
een invloed op visuele selectie maar alleen voor eerste oogbewegingen met een 
korte latentie. Langzamere initiële oogbewegingen evenals tweede oogbewegingen 
waren, in het geval de manipulatie tegelijkertijd plaatsvond met de presentatie van 
het display, consistent doelgericht en werden niet beïnvloed door stimulus-saillantie. 
Wanneer de manipulatie plaatsvond tijdens de eerste oogbeweging, was er, zowel in 
experiment 2 als experiment 3,  opnieuw een effect van stimulus saillantie in de tweede 
oogbeweging. Dus, deze bevindingen geven aanleiding tot een uitbreiding van de 
originele ITA. Terwijl de initiele ITA geen onderscheid maakte tussen de presentatie 
van een een enkel stimulus en een geheel stimulus display, tonen de huidige resultaten 
aan dat saillantie effecten het resultaat zijn van het tijdstip waarop een oogbeweging 
wordt gemaakt in relatie tot het tijdstip dat een saillante stimulus wordt gepresenteerd, 
wat niet beperkt is tot de presentatie van het gehele stimulus display.  

De hoofdstukken 4 en 5 richten zich op de geldigheid van de verwerkingssnelheids-
theorie die onlangs werd voorgesteld door de Vries et al. (2011). Volgens deze theorie is 
de verwerkingssnelheid van een bepaald element, zoals bepaald door de lokale zicht-
baarheid van een element, en niet de relatieve saillantie tussen elementen doorslag-
gevend voor visuele selectie. In hoofdstuk 4 werden de proefpersonen geïnstrueerd 
om een snelle oogbeweging te maken naar één van de twee gelijktijdig aangeboden 
oriëntatie singletons. Op basis van de onderzoeksdata creëerden we twee modellen, 
één overeenkomend met de beweringen van de verwerkingssnelheidstheorie en het 
tweede model met die van de relatieve saillantie theorie. De resultaten toonden aan dat 
het model gebaseerd op relatieve saillantie een betere verklaring voor de gedragsdata 
bood dan het model dat veronderstelt dat elk element een inherente verwerkingssnel-
heid heeft die uiteindelijk bepalend is voor selectie. Dus, niet de zichtbaarheid maar 
de relatieve saillantie is cruciaal in de bepaling van overt selectie gedrag. 

In hoofdstuk 5 werden de bevindingen uit hoofdstuk 4 bevestigd. In tegenstelling 
tot de voorgaande hoofdstukken werd hier het aantal target singletons gemanipuleerd, 
waardoor we expliciet de tijdsafhankelijke effecten van het aantal singleton targets (één 
of twee) konden onderzoeken, en hoe deze effecten samenhangen met de saillantie van 
de singletons in de sturing van visueel zoekgedrag. De resultaten van twee experimenten 
toonden aan dat de beschikbaarheid voor selectie een singleton significant hoger was 
in het geval van de presentatie van één in vergelijking met de presentatie van twee 
singletons. Dit geeft aan dat de saillantie van een element wordt verminderd wanneer 
het wordt gecombineerd met een ander even sterk opvallend element. De resultaten 
leveren verder bewijs tegen een verwerkingssnelheidstheorie die veronderstelt dat het 
aantal singleton niet van invloed is op de beschikbaarheid voor selectie.  We toonden 
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verder aan dat de relatieve saillantie tussen de elementen de cruciale factor is die de 
beschikbaarheid voor selectie van een bepaald stimulus beinvloedt. Deze bevinding 
benadrukt dat het gehele display van belang is in de bepaling van oculomotor selectie.

6.4. conclusIe

De meeste theorieën over aandacht verschillen met betrekking tot het gewicht dat 
ze toekennen aan stimulus-gedreven en doelgerichte processen bij de bepaling van 
oculomotor selectiegedrag. De ITA zoals naar voren gebracht door van Zoest et al. 
(2004) integreert beide processen door te veronderstellen dat de manier van selectie 
afhankelijk is van temporele aspecten, met andere woorden, afhankelijk van het tijdstip 
wanneer een oogbeweging wordt uitgevoerd. Dus wanneer een oogbeweging snel 
wordt uitgevoerd is de kans hoger dat selectie stimulus-gedreven is, terwijl een 
langzamere oogbeweging meer kans heeft om doelgericht te zijn.

Het in dit proefschrift beschreven onderzoek geeft aanvullende informatie over 
het tijdsverloop van stimulus-gedreven en doelgerichte controle en heeft geleid tot 
een verdere specificatie van de oorspronkelijke ITA. Volgens de herziene ITA is de 
transiente aard van saillantie effecten niet puur afhankelijk van het tijdstip waarop een 
oogbeweging wordt gemaakt, dat wil zeggen de saccade latentie, maar van het tijdstip 
dat een oogbeweging wordt gemaakt relatief ten opzichte van het tijdstip waarop 
informatie wordt gepresenteerd. Deze bevinding helpt om tegenstrijdige bevindingen 
te kunnen verklaren met betrekking tot de status van bepaalde stimulus klassen. Van 
sommige stimuli (e.g., luminantie onsets) wordt namelijk verondersteld dat zij sterker de 
aandacht trekken dan andere stimuli. Volgens de herziene ITA daarentegen, heeft geen 
enkel stimulus klasse per se een bijzondere status in het trekken van de aandacht, maar 
is het tijdstip waarop een oogbeweging wordt gemaakt in relatie tot de presentatie 
van (nieuwe of bijgewerkte) informatie bepalend voor selectie.

Verder heeft dit proefschrift aangetoond dat in tegenstelling tot de recente 
beweringen (de Vries et al., 2011), de relatieve saillantie de belangrijkste determinant 
is van oculomotor selectiegedrag en dat een saillantie representatie in de hersenen 
een noodzakelijke voorwaarde blijkt te zijn voor aandachtsprocessen. We hebben 
empirisch bewijs geleverd dat de generalisatie van de conclusies van de Vries et 
al.(2011) naar vergelijkbare bevindingen die gebaseerd zijn op een saillantie manipulatie 
ongepast is en dat saillantie een significante rol speelt bij het verklaren van visueel 
selectiegedrag. De beschikbaarheid van een afzonderlijk element voor het oculomotor 
systeem is dus niet alleen een gevolg van de zichtbaarheid, die wordt bepaald 
door de verwerkingssnelheid van een bepaald element (de Vries et al., 2011), maar 
afhankelijk van de saillantie ten opzichte van andere elementen in het gezichtsveld. 
Deze bevinding ondersteunt het idee van de eerder besproken saillantie map modellen 
die een topografische weergave van saillantie in de hersenen benadrukken als een 
belangrijke determinant van visueel selectiegedrag.
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