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XII. CONCLUSION

My research project started with a simple question: Why do we perceive a stable world  

despite the continuously changing retinal image? Why do we not perceive a shift of the 

world with each eye movement? The research summarised in this thesis points towards a 

number of answers. These will be discussed in this final section, in which I will outline a  

general perspective on visual stability and discuss avenues for future research.

The subjective experience of visual stability does not require an explanation

Strikingly, one of the conclusions is that the very question that started the project is 

ill-posed.  We do not consciously perceive  the instability  of  the  retinal  image,  because  

(trivially)  we  do  not  experience  our  retinal  image.  Conscious  visual  perception  is  an 

interpretation of visual input, and there is nothing contradictory about interpreting unstable 

input as reflecting a stable environment 'out there'  (for similar ideas, see Deubel et al., 

1998; MacKay, 1958, 1972; O’Regan & Noë, 2001). In other words, there is no need for 

an  explicit  mechanism  that  compensates  for  eye  movements  to  explain  why  we 

consciously perceive the world as stable. When it comes to conscious visual perception,  

stability  is an interpretation,  or  an assumption (see also  The assumption of stability in 

Chapter ii).

It has taken me some time to acknowledge that what we were studying did not, in fact,  

have  anything  to  do  with  conscious  visual  perception.  But  then—What  have we been 

studying?

Visual stability is an issue related to attention and action

Based on the argument outlined above, some authors have dismissed visual stability as 

a non-issue altogether (e.g., O’Regan & Noë, 2001). I disagree. Even if we disregard the 

question of  why we  perceive a stable world,  we are  left  with the question of why we 

interact with the world as though it is stable (Bays & Husain, 2007; see also Chapter v).

The present thesis is called  Visual Attention and Stability. I believe that this title is 

fitting, because visual stability is essentially an issue related to attention and action. To  

illustrate this, let us consider what happens when you focus your attention on a coffee 

mug: You will perceive the mug more clearly in your mind's eye (Carrasco et al., 2000), 
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and you will prepare an action towards the coffee mug (presumably a reach-to-grasp and/ 

or an eye movement; Vainio, Ellis, & Tucker, 2007; see also Baldauf & Deubel, 2010;  

Deubel & Schneider, 1996).

From a neural perspective, when you shift your attention to the coffee mug there will  

be a localised change of activity throughout visual areas of the brain  (for a review, see 

Colby & Goldberg, 1999). These brain areas are largely retinotopically organised, which 

means that neural activity reflects the location of a stimulus (the mug, in this case) on the 

retina, rather than the actual location of the object. Because of this retinotopic organisation, 

the neural activity that corresponds to the focus of attention will fall out of alignment with  

the world 'out there' when you make an eye movement (this is the classic 'problem' of 

visual stability, cf. Mathôt & Theeuwes, 2011a; Wurtz, 2008). The crucial question is, of 

course, whether such misalignment constitutes a problem. And as I have argued above, for  

many  purposes  it  does  not:  The  mug  is  right  in  front  of  your  eyes,  so  after  an  eye  

movement you will receive new up-to-date retinal input. You don't need to update your 

internal representation of the mug to compensate for your eye movements, because you 

can rely on the physical mug as a gaze-invariant 'external representation' (O’Regan, 1992).

However, this line of reasoning does not apply to the focus of attention, which is an 

internal state that does not correspond to a physical property of the environment—There is 

no external representation to rely on. Yet the focus of attention is grounded in the visual  

system, and as such it is anchored to the direction of gaze. In other words, if there were no 

compensatory  mechanism,  the  focus  of  attention  would  shift  along  with  each  eye 

movement, and we would be unable to maintain attention at the same location across eye 

movements. Crucially, because action preparation is a central aspect of visual attention 

(e.g., when you attend to a coffee mug, you automatically prepare a reaching movement), 

eye movements would disrupt action preparation.

Here then, we have a solid reason to posit an active mechanism that updates or 'remaps' 

information  to  compensate  for  eye  movements.  But  this  mechanism  is  not  related  to 

conscious visual perception. It serves only to update the focus of attention, and presumably 

other internal states like inhibition of return and working memory.

Remapping for visual stability is a peri-saccadic process

The temporal characteristics of remapping are known in considerable detail,  in part  

because of  the experiments  described in  this thesis (Chapters iii,  iv, and v). Yet many 

questions remain.

In  broad  strokes,  attentional  effects  that  are  commonly attributed to  remapping  are 

observed from around 150ms before to 150ms after a saccadic eye movement (Golomb et 
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al.,  2008; Mathôt & Theeuwes,  2010a,  2010b; Rolfs et al.,  2011).  Immediately after  a 

saccade,  there  are  two  distinct  foci  of  attention.  The  first  is  a  'retinotopic  trace'  that  

corresponds to the retinal location of the focus of attention. Presumably, this retinotopic 

trace does not serve any purpose, but is an epiphenomenon resulting from the fact that 

attention is grounded in a retinotopically organised visual  system. Consistent  with this  

idea, the retinotopic trace dissipates quickly, within about 100 to 150ms. At the same time 

after a saccade, there is a separate focus of attention at the originally attended (spatiotopic) 

location. Although this spatiotopic focus of attention is already present immediately after a 

saccade (or at least as early as we can measure using psychophysical tools), there is a  

tendency for the spatiotopic focus of attention to grow stronger at longer intervals after a 

saccade. In other words, after a saccadic eye movement there is a brief, but measurable  

recovery period during which the (maladaptive) retinotopic focus of attention is suppressed 

and the (adaptive)  spatiotopic  focus  of  attention is  consolidated  (Golomb et  al.,  2008; 

Mathôt  & Theeuwes,  2010b).  We have  interpreted  this  finding  as  reflecting  an  active 

remapping process that restores visual stability after a saccadic eye movement.

It is less clear what happens to the focus of attention just before a saccade. Whereas we  

showed a shift of attention in the direction of the impending saccade (Mathôt & Theeuwes, 

2010a; see also W. Harrison et al., 2012), Rolfs and colleagues (2011) showed a shift in the 

opposite direction. Strikingly, these studies were based on the same neurophysiological 

assumptions,  which  illustrates  that  it  is  not  straight-forward  to  derive  predictions  for 

behaviour from neurophysiological findings. In addition, based on a computational model 

as well as psychophysical data, Hamker and colleagues (2008; Zirnsak et al., 2011, 2010) 

argued  that  the  focus  of  attention  shifts  in  the  direction  of  the  saccade  target,  which 

essentially serves as an attractor (see Figure ii.4 for an illustration). Because the neural 

substrate  of  remapping is  unknown,  or  at  least  debated  (for  different  perspectives,  see 

Cavanagh et al., 2010; Hamker et al., 2008; Mathôt & Theeuwes, 2011a; Morris et al., 

2012; Wurtz, 2008), it is presently unclear whether these pre-saccadic effects are directly 

related to visual stability, and whether they should be viewed as functionally significant or 

as epiphenomena.

Finally,  in  experiments  in  which  participants  respond  by  making  a  saccadic  eye 

movement, gaze dependence is much more pronounced for fast  than for slow saccadic  

responses. Blohm and colleagues (2005) were the first to notice this, but to the best of my 

knowledge the experiments reported in Chapters iv and v are the only other studies that 

have explored this effect in detail (although see Overvliet et al., 2011 for similar results in 

the context of tactile perception). One interpretation is that fast saccadic eye movements 
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rely on a direct, subcortical pathway that bypasses the cortical brain areas involved in  

remapping for visual stability, but there is still much to be investigated.

Remapping for visual stability may be closely related to object-based attention

Remapping for visual stability is generally interpreted as a phenomenon that is specific 

to eye movements. But it may not be. Just as we are able to focus our attention on the same 

location across eye movements, we are able to focus our attention on the same spot of a 

moving  object  (Boi,  Vergeer,  Ogmen,  & Herzog,  2011).  In  other  words,  the  focus  of 

attention matches the movement of an object, just like it compensates for the movement of  

our eyes. Clearly, these two situations are different in the sense that they are respectively 

related  to  actual  and  self-generated  movement.  But  object-centred  and  world-centred 

(spatiotopic) attention might nevertheless rely on overlapping mechanisms. Indeed, recent 

preliminary  studies  from  our  lab  suggest  that  this  is  the  case  (Boon,  Theeuwes,  & 

Belopolsky, in preparation; Theeuwes, Mathôt, & Grainger, in preparation).

An  interesting  avenue  for  future  research  will  therefore  be  to  investigate  the  link 

between object-based attention17 and visual stability, two subjects which have traditionally 

been studied in isolation, but may not be so different.

Summary

We should not overstate the 'problem' of visual stability. There is no a-priori reason to  

believe, and no convincing data to suggest, that we consciously perceive a stable world  

because  visual  information  is  integrated  from one fixation  to  the  next.  Instead,  visual  

stability is an issue related to attention and action: Spatial constancy is preserved by an  

active remapping mechanism, but only insofar as required by our need to interact with the  

environment.

∞

17 Object-based  attention  is  generally  studied  by  looking  at  the  spreading  of  attention  within  the 
boundaries  of  an  object  (Egly,  Driver,  & Rafal,  1994;  Roelfsema,  Lamme,  & Spekreijse,  1998; 
Theeuwes, Mathôt, & Kingstone, 2010). This is related, but not identical to the type of object-centred 
attention discussed here, in which the focus of attention is 'glued' to a moving object (Boi, Vergeer, 
Ogmen, & Herzog, 2011).
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