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While you are reading this text, your eyes are quickly jumping over the words. You make these 

fast eye movements, called saccades, to gather visual information about your surroundings - in 

this case, this thesis – and create spatial representations from it. As an example, let me ask you 

to describe the spatial layout of the desk that you are sitting at while keeping your eyes on this 

thesis. I am sure you can do this, because your brain has created a representation of your desk. 

Even when I ask you to look at and grasp one of the objects on your desk, you will do so rather 

effortlessly. To perform these actions, your brain transforms the location of the object within 

the representation into motor commands that are sent to your eye and arm muscles. 

An influential hypothesis concerning the processing of visual information states that visual 

information for action (such as looking towards or grasping an object on your desk) and for 

perception (such as describing the location of an object on your desk) is processed 

independently. An interesting implication of this two visual systems hypothesis (TVSH) is that 

our perception is highly sensitive to visual contextual illusions, whereas our actions are 

insensitive to these illusions. The independency of visual processing for perception and action, 

and the effects of illusions on visuomotor processing, have been hotly debated in the last 

decades.  

To get more insight into the organization of visual processing, in this thesis we investigate 

the effects of visual contextual illusions on action, specifically saccadic eye movements, and 

perception. The central question of this thesis is: How do visual contextual illusions affect 

visuomotor processing? In our experiments we use the Müller-Lyer illusion, which makes a 

horizontal line appear shorter or longer by the context of its inward or outward pointing 

arrowheads. To investigate the effects of this illusion on visuomotor processing, we will measure 

eye movements (and additionally record brain activity in Chapter 4) of healthy participants 

while they perform tasks involving this illusion.  

Chapter 2 and 3 of this thesis describe the role of time in effects of visual illusions on 

saccades and perception. In Chapter 4, we use functional magnetic resonance imaging (fMRI) 

to investigate how illusions affect spatial representations involved in the generation of saccades, 

and where in the brain these effects are present. In Chapter 4, we investigate whether saccade 

targets are encoded relative to the gaze position (i.e., gaze-centred), relative to the surroundings 

(i.e., allocentric), or both. In the following paragraphs, the topics introduced above will be 

described in more detail.  
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The world through our eyes 

While reading this text, you have the impression that you can clearly see the entire line, or even 

the entire page of text. When your eyes fixate on one of the words, the light that enters the eye 

is projected onto the retina in the back of the eye. In contrast to your impression, the visual 

system only has a good image of a very restricted part of the visual scene, because high 

resolution processing is limited to a small region in the centre of the retina, called the fovea. To 

gather high-resolution visual information on a larger spatial scale, humans make several 

saccades per second to direct their fovea to interesting regions. During each fixation in between 

two saccades, the retina transforms the incoming light into an electrical signal that is 

transmitted to the brain via the optic nerve. Through the thalamus, a structure located centrally 

in the brain, information is sent to the primary visual cortex, in the occipital lobe of the brain 

(Figure 1.1). From here, visual signals are fed forward to (and fed back from) higher-level areas 

in the posterior parietal cortex and inferior temporal cortex, where objects are recognized, 

spatial representations are created and updated, and decisions are made.  

Figure 1.1 Simplified illustration of visual processing.  

Two Visual Systems Hypothesis 

It is well known that visual processing is organized along two streams: a ventral visual stream 

that connects the primary visual cortex to the inferior temporal cortex, and a dorsal visual 

stream that connects the primary visual cortex to the posterior parietal cortex (Figure 1.1). It 

has been suggested that these two streams are not just anatomically distinct, but that they also 
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serve distinct functions. Based on anatomical and functional evidence in macaque monkey, 

Ungerleider and Mishkin (1982) posed that the ventral stream is crucial for ‘object vision’, that 

is, the identification (‘what’) of objects, whereas the dorsal stream is crucial for ‘spatial vision’, 

that is, the location (‘where’) of objects. In 1992, Goodale and Milner proposed an alternative 

functional distinction between the two streams that has been very influential, and can still be 

found in many psychology textbooks. Mainly based on the behaviour of patients with lesions in 

the dorsal or ventral stream, they proposed a distinction between the processing of visual 

information for perception (‘what’) and action (‘how’). Amongst these patients is ‘famous’ 

patient DF, whose ventral stream is severely damaged, causing visual form agnosia. While she 

shows poor perception of shape, size and orientation of objects, she is able to adequately shape 

and orient her hand when grasping the same objects (Goodale et al., 1991, 1994; Hesse et al., 

2012; Himmelbach et al., 2012). Interestingly, the opposite pattern of results has been described 

in patients with optic ataxia (Perenin and Vighetto, 1988; Jakobson et al., 1991; Goodale et al., 

1994), who have damage in the dorsal visual stream. Such patients have difficulty in reaching 

towards and grasping objects (although this is likely restricted to peripheral vision; Pisella et al., 

2006), even though they can correctly report the shape, size and orientation of the same objects. 

These observations led Goodale and Milner (1992) to pose that the task of the ventral stream is 

to transform visual information into representations for the purpose of conscious perception, 

whereas the dorsal stream processes visual information for the control of action. 

An interesting implication of the TVSH is that our perception is highly sensitive to visual 

contextual illusions, but that our actions are largely immune to these illusions. The rationale 

behind this is that for the purpose of perception, it is essential that the ventral stream encodes 

the size, orientation, and location of objects relative to other objects, that is, in an object-centred 

(or allocentric) frame of reference (Goodale and Milner, 1992; Milner and Goodale, 2008). In 

contrast, action upon an object requires the dorsal stream to compute the actual size of the 

object, and its position and motion with respect to the observer, that is, in a viewer-centred (or 

egocentric) frame of reference. This implies that only the ventral stream takes visual context 

into account, because visual context is irrelevant for the dorsal visual stream. Thus, Milner and 
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Goodale predicted that perceptual judgments and goal-directed actions of healthy observers 

would be differentially affected by visual contextual illusions1. 

Effects of visual illusions on perception and action 

The TVSH has triggered numerous studies on the effects of visual contextual illusions on 

perception and action. Examples of illusions that have been extensively studied are the 

Ebbinghaus illusion (or Titchener circles) and the Müller-Lyer illusion, shown in Figure 1.2. In 

the Ebbinghaus illusion (left), the central circle appears larger when it is surrounded by a 

context of small circles, but appears smaller when it is surrounded by a context of large circles. 

In the Müller-Lyer illusion (centre), a horizontal line is perceived shorter or longer by the 

context of its inward or outward pointing arrowheads. These illusions nicely demonstrate that 

visual context can influence our perception of size in an erroneous way. Often, though, visual 

context is very useful in interpreting visual scenes. For example, when you look at the right 

picture in Figure 1.2, you probably do not think that the Eiffel Tower is as small as the size of a 

hand. Even if you were not familiar with the Eiffel Tower, there are several visual cues in the 

picture, such as the tourists on the square, that reveal that the hand and the Eiffel Tower do not 

have the same size. 

It has been extensively debated whether visual contextual illusions only influence our 

perception, or also our actions. An influential paper written by Aglioti, DeSouza and Goodale 

in 1995 - shortly after Goodale and Milner had proposed the TVSH - describes how perceptual 

judgments of the size of a circular disk are strongly affected by the Ebbinghaus illusion (Aglioti 

et al., 1995). In contrast, the results show that when picking up this disk, grip aperture was 

hardly affected by the illusion (see also Haffenden et al., 2001). While some researchers have 

taken these results as evidence for the existence of two independent visual streams, others have 

questioned this interpretation. These latter researchers have argued that grip aperture is less 

affected by the illusion than perceptual judgments because 1) the perceptual and the motor task 

were not appropriately matched (Pavani et al., 1999; Franz et al., 2000) and/or 2) grip aperture 

is not an appropriate measure of how size is processed for action (Smeets and Brenner, 2006), 

	
1 Note that we use the term ‘allocentric’ for the coding of objects properties in relative metrics, and we 
use the term ‘contextual’ when we refer to visual illusions. We believe that this is a useful distinction, 
because the effects of visual illusions may not be restricted to the allocentric reference frame.  
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an idea that was strengthened by the finding that visual illusions do affect lift and grip forces 

(Brenner and Smeets, 1996; Jackson and Shaw, 2000).  

The discussion on grip aperture as a measure of size is one of the reasons that we use 

saccades to investigate the effects of illusions on visuomotor processing. Another important 

reason for using saccades is that in contrast to grasping and reaching movements, saccades are 

usually too brief to allow for online corrections based on visual feedback during the saccade. 

While a saccade with an amplitude of 10° of visual angle only takes about 50 ms (Bahill et al., 

1975; Collewijn et al., 1988), it takes at least 40 to 50 ms for visual signals to arrive in primary 

visual cortex (Lamme and Roelfsema, 2000; Foxe and Simpson, 2002) before they are further 

processed. Therefore, saccades are generally regarded as ballistic movements whose trajectory, 

once started, cannot be influenced by incoming sensory information. This makes these 

movements very well suited to study the effects of visual contextual illusions on visuomotor 

processing.  

To study these effects, we use the Müller-Lyer illusion. In 1967, Yarbus already described 

how natural saccadic eye movements are affected by the Müller-Lyer illusion, resulting in 

shorter saccade amplitudes for the perceptually shorter illusion, and longer amplitudes for the 

perceptually longer illusion (Yarbus, 1967). Later, these observations were confirmed in 

controlled experiments (e.g., Binsted and Elliott, 1999a; Bernardis et al., 2005; de Grave et al., 

2006a). There is a large body of evidence on the effects of visual illusions on saccades (e.g., Knox, 

2006; Bruno et al., 2010; Fracasso et al., 2013). This evidence is inconsistent with the TVSH, 

which states that actions should not be influenced by illusions. However, in agreement with the 

TVSH, a few studies suggest that saccades are not affected by illusions (e.g., Wong and Mack, 

1981; Bridgeman et al., 1997).  

Figure 1.2 Examples of the influence of visual context on perception of size. From left to right: the 
Ebbinghaus illusion (or Titchener circles); the Müller-Lyer illusion; a hand ‘grasping’ the Eiffel Tower 
(source: www.flickr.com/photos/danorbit). 
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What is the role of time in visuomotor processing of illusions? 

Despite the large amount of literature on the effects of illusions on eye and hand movements, 

there is no consensus on whether action and perception are influenced by illusions in a similar 

way. Consensus is hindered by the fact that illusion effects strongly vary among studies, 

depending on the specific design of the task. For example, a review on the effect of the Müller-

Lyer illusion on saccades showed that the effect of this illusion ranges from virtually zero to 

about 30% of saccade amplitude (Bruno et al., 2010). In Chapter 2 and 3 of this thesis, we 

therefore attempted to find consistencies in illusion effects by investigating the role of time in 

the processing of the Müller-Lyer illusion for saccades and perception. We did this by 

performing a set of experiments in which participants made saccades from a fixation point at 

one vertex of the Müller-Lyer illusion to a target at its other vertex, while we measured their eye 

movements. In these experiments we systematically modulated four temporal factors: 

• The reaction time of the saccade, i.e., saccade latency 

• The duration the illusion was displayed on the computer screen, i.e., presentation time 

• The time between the appearance of the illusion and the cue to make an eye movement, i.e., 

response delay 

• The time between the disappearance of the illusion and the cue to make an eye movement, 

i.e., memory delay 

Chapter 2 describes how the first three factors influence the illusion effect on saccades, and 

compares relevant results to those of a perceptual judgment task. In Chapter 3 we examined the 

fourth temporal factor, which is probably the most investigated temporal factor in the debate 

on the effects of illusions on action. It has often been reported that illusion effects on grasping 

and pointing movements are larger when the movement is performed after a delay in which the 

illusion is not visible (Gentilucci et al., 1996; Hu and Goodale, 2000). These findings have been 

interpreted as evidence in favour of the TVSH. Namely, to perform an action upon an object 

the dorsal visual stream computes the egocentric coordinates of the object on a moment-to-

moment basis (Goodale et al., 2004). Because dorsal stream representations decay quickly 

(Elliott and Madalena, 1987; Westwood and Goodale, 2003), memory-guided actions are 

supposed to be mediated by the ventral stream. Thus, the TVSH predicts that visually-guided 

actions are largely immune to illusions, whereas memory-guided actions are highly sensitive to 

illusions. For saccades, however, this has hardly been studied. In Chapter 3 we therefore 
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investigate the influence of the presence and duration of a memory delay on the illusion effect 

and variability in saccade amplitude.  

Spatial representations in the brain 

The large number of behavioural and neuropsychological studies on the division of labour 

between the ventral and dorsal visual stream has yielded ambiguous results. We reasoned that 

(part of) this ambiguity might be resolved at the neural level, by directly investigating how 

spatial representations in the ventral and dorsal visual stream are affected by visual contextual 

illusions.  

Spatial representations in the brain have primarily been studied by electrophysiological 

recordings in monkeys and functional magnetic resonance imaging (fMRI) in humans. Using 

these techniques, one can deduce brain activity in response to stimuli presented in particular 

locations. For example, it was shown that the human visual cortex contains an orderly map of 

visual stimuli relative to the centre of the retina (Engel et al., 1994). To obtain such a map, a 

participant lies in the fMRI scanner and fixates a central point while high contrast visual stimuli, 

usually checkerboards, are presented at changing positions in the visual field. The resulting 

retinotopic map contains a representation of the contralateral visual field, that is, stimuli in the 

left visual field are represented in the right hemisphere, and vice versa. Furthermore, 

neighbouring regions of the cortex respond to neighbouring visual stimuli. Other sensory 

cortices also contain such topographic maps that reflect the spatial layout of the sensory 

receptors.  

Topographic maps not only exist for sensory stimuli, but also for higher-level cognitive 

functions, such as movement planning. Using fMRI in humans, it has been shown that visual 

targets for memory-guided saccades are topographically encoded in the posterior parietal 

cortex (e.g., Sereno et al., 2001). This is consistent with electrophysiological recordings in 

monkey lateral intraparietal area (LIP; e.g., Barash et al., 1991), an area that is considered to 

correspond to the part of the human posterior parietal cortex that is involved in the generation 

of saccades (Sereno et al., 2001; Grefkes and Fink, 2005). Further, topographic maps for 

memory-guided saccades have also been found in areas in the frontal cortex (Bruce and 

Goldberg, 1985; Kastner et al., 2007). An interesting question is whether these maps are affected 
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by visual contextual illusions. To answer this question, we designed a task that requires 

visuomotor updating.  

Visuomotor updating in the brain 

The fact that we continuously move our eyes and body poses a challenge for spatial 

representations. Each time we move our eyes, a different image of the world is projected on our 

retinas, and sent to our brain. Yet, we perceive the world as standing still. This spatial constancy 

is achieved by a network of areas including the posterior parietal cortex, the frontal cortex and 

the midbrain, which employs a mechanism to update its spatial representations with each (eye) 

movement (Sommer and Wurtz, 2008; Medendorp, 2011). This mechanism is called spatial or 

visuomotor updating. Visuomotor updating for eye movements can be investigated in a double-

step saccade paradigm. In the classical double-step experiment by Hallett and Lightstone (1976) 

a target was presented and before a saccade towards this target started, the target was 

extinguished and a second target was briefly presented. It was found that the double-step 

saccade accurately landed at the second target position, meaning that the dimensions of the first 

saccade were taken into account to plan the second saccade. Figure 1.3 shows a schematic 

example of visuomotor updating for saccades. 

The neural correlate of this updating process was first shown by Gnadt and Andersen 

(1988). They used a memory-guided saccade task to temporally distinguish neural responses to 

visual stimuli from responses related to movement execution (Hikosaka and Wurtz, 1983; 

Gnadt and Andersen, 1988), while recording neural activity in monkey LIP. Their results 

showed that a proportion of neurons in LIP did not code the location of the visually presented 

target, but rather the direction of the intended saccade. Similar results were found by Mazzoni 

and colleagues (1996), who employed a memory-guided version of the double-step saccade task. 

In their task, two targets were flashed briefly while the monkey maintained fixation, and when 

the fixation point was extinguished, the monkey made two saccades in sequence to each target’s 

remembered location. In agreement with the results of electrophysiological recordings in 

monkeys, fMRI studies in humans have shown that the posterior parietal cortex performs gaze-

centred updating of remembered visual targets in a double-step saccade task (Medendorp et al., 

2003; Merriam et al., 2003). These studies nicely demonstrate that when the remembered target 
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investigate the influence of the presence and duration of a memory delay on the illusion effect 

and variability in saccade amplitude.  
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Goldberg, 1985; Kastner et al., 2007). An interesting question is whether these maps are affected 
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position shifts from one visual field to the other as a result of a saccade, the activation in 

posterior parietal cortex also swaps across the left and right hemisphere. 

Figure 1.3 Visuomotor updating in a double-step saccade task. Before the first saccade, the positions 
of visual targets T1 and T2 are represented relative to gaze, which is directed to the fixation point 
(FIX). After making a saccade to T1, the remembered position of T2 relative to gaze must be updated 
in order to make a correct saccade to the position of T2. 

How does a visual illusion affect visuomotor updating for saccades? 

In the context of the TVSH, it is interesting to find out how visual contextual illusions affect 

visuomotor updating, because visuomotor updating is a function of the dorsal visual stream. In 

Chapter 4, we use a memory-guided double-step saccade task that involves the Brentano version 

of the Müller-Lyer illusion to investigate how this illusion affects visuomotor updating for 

saccades. The Brentano illusion is the ‘double’ version of the Müller-Lyer illusion, consisting of 

two connected horizontal shafts of which one appears shorter than the other, depending in the 

configuration of the arrowheads. In the first experiment of Chapter 4, we investigate how eye 

movements are affected by the Brentano illusion in a double-step saccade task. In the second 

experiment we use the same task in the fMRI scanner to investigate how the Brentano illusion 

affects spatial representations in the posterior parietal cortex, at the end of the dorsal visual 

stream. According to the TVSH, illusions only affect visual processing in the ventral visual 

stream, while the dorsal visual stream is largely immune to illusions. This suggests that target 

representations in the posterior parietal cortex should not be affected by the Brentano illusion. 

However, the finding that saccades are affected by this illusion suggests that the spatial 
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representation of the saccade target would also be affected by this illusion. This suggestion is 

tested in the second part of Chapter 4. 

How are gaze-centred and allocentric coding used for saccades? 

It is typically assumed that correct performance in double-step saccade tasks is achieved by 

updating gaze-centred information: the second saccade is programmed on the basis of the 

position of the first target relative to the initial gaze position, and the metrics of the first saccade 

(Figure 1.3). In theory, other strategies may be used to perform this task. Namely, the position 

of the target could be encoded relative to the environment (i.e., in allocentric coordinates). In 

Chapter 5, we test this idea by investigating the contributions of gaze-centred and allocentric 

information in a double-step saccade task. We do this by using a double-step saccade task 

similar to that used in Chapter 4, but changing the timing of the task so that the two targets are 

either presented in sequence, or presented at the same time. Presenting the targets at the same 

time may facilitate the use of allocentric information, that is, coding the relative position of the 

two targets (i.e., T2 relative to T1 in Figure 1.3). This is especially relevant in real-world visual 

scenes, which provide much more visual information than the sparse visual scenes that we often 

use in experiments. 

Outline of this thesis 

The aim of this thesis is to get more insight into how visual contextual illusions affect 

visuomotor processing. In Chapter 2 and 3, we describe the role of temporal factors in 

visuomotor processing of the Müller-Lyer illusion. Chapter 4 investigates how visuomotor 

updating, and the neural correlate of this process, is affected by this illusion. In Chapter 5, we 

study how gaze-centred and allocentric coding are used in the planning of saccades. Finally, in 

the Summary and Discussion I will summarize our findings, and discuss them in light of other 

literature, the TVSH, and my personal experience.  
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It is typically assumed that correct performance in double-step saccade tasks is achieved by 
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