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Summary 

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

processing? To answer this question, we measured eye movements of healthy participants while 

they performed tasks involving a visual contextual illusion presented on a computer screen. We 

used (the Brentano version of) the Müller-Lyer illusion, in which the length of a horizontal line 

is perceived shorter or longer due to the context of the inward or outward pointing arrowheads 

at the ends of the line. Saccadic eye movements are also affected by this illusion, resulting in 

shorter saccades along the perceptually shorter illusion, and longer saccades along the 

perceptually longer illusion (e.g., Yarbus, 1967; Binsted and Elliott, 1999a).  

In Chapter 2 and 3 of this thesis, we investigated the role of time in the processing of the 

Müller-Lyer illusion for saccades and perception. In Chapter 2, we showed that the presentation 

time of the illusion is an important factor in determining the size of the illusion effect, whereas 

saccade latency only had a very small effect, and delay did not influence the illusion effect. We 

found the largest effects of the illusion on saccade amplitude in trials with a briefly (<200 ms) 

presented illusion, whereas illusion effects suddenly decreased with longer presentation times 

(300-1150 ms). This was independent of whether the saccade was reflexive, deferred, or 

memory-guided. Interestingly, the time course of the illusion effect on perceptual judgments 

was very similar to the time course of the illusion effect on saccades, although the illusion effects 

were larger for perceptual judgments than for saccades. These results support the view that our 

visual representation is dynamic, and becomes more accurate when we look at an object for a 

longer time before we act on it.  

In Chapter 3 we showed that the effect of the Müller-Lyer illusion on saccade amplitude 

does not depend on the presence or duration of a memory delay. Although saccades gradually 

became shorter with longer delays, the illusion effect and the variability in saccade amplitude 

were not influenced by the delay. Based on these results, we conclude that it is unlikely that 

visually-guided and memory-guided saccades are based on different visual representations.  

In Chapter 4 we investigated the effect of the Brentano version of the Müller-Lyer illusion 

on visuomotor updating. Visuomotor updating is a key mechanism by which we keep track of 

relevant targets in our environment when we move. We investigated visuomotor updating for 

saccades, which is a function of the dorsal visual stream (Medendorp et al., 2003; Merriam et 

al., 2003), using a double-step saccade task involving the Brentano illusion. We showed that the 
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illusion systematically affects the landing position of the second saccade, which was directed to 

a remembered target presented within the illusion. By using the same task in the fMRI scanner, 

we showed that the configuration of the illusion modulates the BOLD response in the occipito-

parietal, posterior parietal, and frontal cortex related to saccade planning. These findings are 

inconsistent with the two visual systems hypothesis (Goodale and Milner, 1992), which states 

that (actions mediated by) the dorsal visual stream should not be influenced by visual illusions. 

In contrast, we showed that areas in the dorsal visual stream do take visual context into account, 

and thereby represent perceived locations rather than physical locations of saccade targets.  

In Chapter 5 we used a double-step saccade task to investigate the role of gaze-centred (i.e., 

egocentric) and allocentric coding in saccade planning. The two saccade targets were presented 

either sequentially, requiring gaze-centred updating of the second saccade target, or 

simultaneously, thereby providing additional allocentric information about the location of the 

second saccade target relative to the first. We presented the Brentano illusion such that it was 

aligned with the fixation point and the second target, whereas the line between the first and 

second target was oriented perpendicular to the illusion. We reasoned that since single saccades 

perpendicular to the illusion are not affected by the illusion (de Grave et al., 2006a), relative 

coding of the two targets would reduce illusion effects. In contrast to our predictions, the 

illusion caused systematic errors in the endpoint of the second saccade in all double-step 

conditions, irrespective of whether the targets were presented sequentially or simultaneously. 

The illusion effect on double-step saccades was similar to the effect on single saccades along the 

illusion, suggesting that participants used a gaze-centred updating strategy. We did find a 

reduced variability in saccade endpoints when allocentric information was consistently 

available, but not when its presence varied from trial to trial. Thus, although there was a small 

benefit of allocentric information, we conclude that egocentric information is dominant over 

allocentric information in a double-step saccade task.  

In sum, the research presented in this thesis shows that visual context, presented in the 

form of the (Brentano version of) Müller-Lyer illusion, plays an important role in action and 

perception. Figure 6.1 together with Table 6.1 provide an overview of the illusion effects, 

calculated as the difference in horizontal saccade amplitudes or endpoints between the two 

configurations of the illusion, in all our experiments. The Müller-Lyer illusion caused robust 

effects on endpoints of reflexive, deferred, and memory-guided saccades, as well as on double-
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step saccades, even when allocentric information was provided. While these effects were 

dependent on the presentation time of the illusion, the presence or duration of a memory delay 

had no influence. Further, there was no effect of the illusion on saccades perpendicular to the 

illusion. 

In the following paragraphs, I will discuss our findings in the light of other literature and 

my personal experience. I will also reflect on the two visual systems hypothesis (TVSH, see 

General Introduction), which formed a motivation for most of the research performed. I will 

conclude the Summary and Discussion by briefly summarizing the main findings.  

Figure 6.1 Illusion effects on saccades in all experiments presented in this thesis. See Table 6.1 for 
details on the conditions. The illusion effects were calculated as the difference in horizontal 
amplitudes or endpoints (see the Methods of the respective chapters) between the two 
configurations of the Müller-Lyer or Brentano illusion. Error bars represent standard errors across 
participants. 
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Table 6.1 Details of all saccade experiments presented in this thesis. 

  Presentation  
time (ms) 

Delay (ms) Shaft  
length (°) 

Illusion  
effect (°) 

Illusion  
effect (%)1 

 2a 153 0 6.6, 7.7 0.8 11 

 2b 12 0 6.6, 7.7 0.7 10 

 2c 24 0 6.6, 7.7 0.7 10 

 2d 47 0 6.6, 7.7 0.6 9 

 2e 94 0 6.6, 7.7 0.9 12 

 2f 153 0 6.6, 7.7 0.8 11 

 2g 200 0 6.6, 7.7 0.8 11 

 2h 153 0 6.6, 7.7 0.7 10 

 2i 306 0 6.6, 7.7 0.4 6 

 2j 459 0 6.6, 7.7 0.4 6 

 2k 659 0 6.6, 7.7 0.4 6 

 2l 1153 0 6.6, 7.7 0.3 5 

 2m 153 847 6.6, 7.7 0.7 10 

 2n 659 847 6.6, 7.7 0.4 5 

 3a 200 0 5.5, 7.7 0.6 9 

 3b 200 600 5.5, 7.7 0.6 9 

 3c 200 1200 5.5, 7.7 0.6 9 

 3d 200 1800 5.5, 7.7 0.6 10 

 4a 200 4000 9.9 2.4 25 

 4b 200 5000 9.0 1.8 20 

 5a 200 2000 9.0 1.1 12 

 5b 200 2000 9.0 0.9 10 

 5c 200 2000 9.0 0.1 1 

 5d 200 2000 9.0 1.1 12 

 5e 200 2000 9.0 1.0 11 

 5f 200 2000 9.0 0.9 10 

 5g 200 2000 9.0 0.8 9 
1Illusion effect as a percentage of shaft length. 
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Factors that influence illusion effects 

There are many factors that influence the size of illusion effects on saccadic eye movements, 

reaching and grasping movements, and perceptual judgments. Besides the large variability in 

illusion effects reported in the literature, I also experienced this myself during pilot experiments 

in the starting phase of this PhD project. This large variability highlights the importance of 

carefully reporting the details of the experimental design, and argues for within-participants 

designs. It also complicates comparison of illusion effects between studies, and thus drawing 

conclusions on theories about visual processing. Figure 6.1 clearly shows that we found 

differences in illusion effects both within and across experiments. Below, I will describe factors 

that can influence the effect of illusions, specifically the Müller-Lyer or Brentano illusion, as 

described in the literature, or observed during four years of research involving these illusions.  

Individual differences 

The first factor that influences the illusion effect is individual susceptibility to the illusion in 

question. Figure 4.2 and 5.3 provide good examples of this individual susceptibility. These 

figures show some participants with rather large effects of the illusion on saccades, whereas 

other participants are hardly affected by the illusion. Individual susceptibility may explain the 

difference between the illusion effect in the two double-step saccade experiments in Chapter 4 

(Figure 6.1, compare 4a to 4b). Namely, we used a small group of participants in the behavioural 

experiment of this study (4a, 7 participants), and a few of these participants were very 

susceptible to the illusion. Yet, judging from personal experience with participants that 

performed multiple (pilot) experiments, individual susceptibility seems to be quite consistent. 

Surprisingly, although in Chapter 5 the magnitude of the illusion effect on single and double-

step saccades was similar, we did not find a relation between the illusion effects in these 

conditions. 

Temporal factors 

In Chapter 2 we showed that presentation time is an important factor in determining the size 

of the illusion effect, with short ( 200 ms) presentation times resulting in rather large illusion 

effects, and longer ( 300 ms) presentation times resulting in smaller effects. Further, the illusion 

effects were larger for shorter saccade latencies (de Grave and Bruno, 2010; van Zoest and Hunt, 
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2011; de Brouwer et al., 2014), although this influence was much smaller than that of 

presentation time. The other temporal factors that we investigated - the response delay and 

memory delay - did not seem to influence the illusion effect. The reduction of the effect of the 

Müller-Lyer illusion with longer presentation times is consistent with other studies (van Zoest 

and Hunt, 2011; Bertulis et al., 2014). Despite this correspondence, there is no consensus on 

whether the time course is linear (van Zoest and Hunt, 2011), stepwise (de Brouwer et al., 2014), 

or exponential (Bertulis et al., 2014).  

For grasping, it has also been suggested that a longer preview of the Müller-Lyer illusion 

induces smaller effects on maximum grip aperture (Bruno and Franz, 2009). Likewise, the 

Ebbinghaus illusion has been reported to affect maximum grip aperture when a short (300 ms) 

preview of the stimulus was provided before the response was cued, but not with previews of 

700 ms and longer (Katsumata, 2014). However, because it has been debated whether hand 

opening in grasping is an accurate measure of how size is processed for grasping (Haffenden et 

al., 2001; Biegstraaten et al., 2007; Franz et al., 2009), it remains to be investigated whether the 

reduction in illusion effects over time is also present in reaching and grasping, and whether it 

is restricted to a specific category of visual illusions.  

Spatial factors 

Besides temporal factors, there are several spatial factors that can influence the size of the 

illusion effect. First, the size of the illusion effect is likely dependent on the length of the shaft 

of the illusion, that is, it scales, at least to some extent (also see Methodological factors) with the 

length of the shaft. In Chapter 4 and 5 we found larger illusion effects than in Chapter 2 and 3 

(see Figure 6.1), which may be explained by the longer shaft length that we used in the last two 

chapters. Table 6.1 presents the shaft lengths used in all experiments, as well as the illusion 

effects as a percentage of shaft length. Note that Figure 6.1 also shows a larger effect in the 

experiments of Chapter 4 compared to those in Chapter 5 for which we lack an explanation.  

The effect of the Müller-Lyer illusion on saccades has been reported to be larger when the 

spatial predictability of the target is low, achieved by varying the length of the illusion and the 

direction of the saccade (Bruno et al., 2010; de Grave and Bruno, 2010). Variation in length and 

direction is particularly important when the illusion is still visible after the end of the saccade 

providing visual feedback about the endpoint error, since using the exact same stimulus may 

result in a reduction of the illusion effect by adaptation (Knox, 2010). To obtain a noticeable 
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effect of the illusion on saccade amplitude, in the experiments presented in this thesis we varied 

the direction of the saccades, and in Chapter 2 and 3 we also varied the length of the stimuli. 

Further, participants never received visual feedback about their performance, because the 

illusion with the target had always disappeared before the end of the saccade. 

Another spatial factor that might influence the illusion effect is the presence of a dot as a 

target on the illusion. In our experiments, we have always deliberately used a dot to explicitly 

specify the target location. Thereby, we tried to prevent participants to saccade to the centre of 

gravity of the vertex of the illusion, which has been hypothesized as a cause of the effect of the 

Müller-Lyer illusion on saccade amplitude. However, consistent with the results of de Grave 

and colleagues (de Grave et al., 2006a), in Chapter 5 we showed that the endpoints of single 

saccades perpendicular to the illusion were not affected by the illusion, suggesting that the 

centre-of-gravity account is not a likely explanation for the effect of the illusion.  

Presence of allocentric information 

The illusion effect may also be influenced by the presence of objects other than the target object 

in the visual scene, relative to which the target object can be coded. Previous pilot data and the 

results of the experiment in Chapter 5 made clear that the topic of allocentric coding was more 

complicated than expected. First, pilot experiments in which we tested the effect of the illusion 

on reflexive saccades along, perpendicular and diagonal to the illusion did not show a clear 

influence of the direction of the illusion on the illusion effect. In contrast, the results presented 

in Chapter 5 convincingly show that saccades perpendicular to the orientation of the illusion 

are not affected by the illusion. Second, the first pilot experiment in which we used a double-

step task with simultaneous presentation of the two targets revealed a large effect of this 

manipulation, resulting in a reduction of the effect of the illusion to almost zero. However, after 

some slight modifications of the experimental design, that we did not expect to be meaningful, 

simultaneous target presentation did not diminish the effect of the illusion in the experiment 

presented in Chapter 5. Unfortunately, post hoc pilot experiments did not clearly reveal which 

of these modifications (including shortening of the delay, jittering of the stimuli, reducing the 

percentage of catch trials, slight changing the catch position, and using a uniform instead of a 

random noise background) was essential, although we ruled out the percentage of catch trials 

as a cause. Together, these results show that allocentric information is only prominent under 

very specific conditions. Although it is likely that we use some allocentric information in most 
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situations, judging from the reduced variability in saccade endpoints that is often reported in 

the presence of allocentric information (see Chapter 5), the extent to which we use this 

information may depend strongly on the richness and stability of the visual environment.  

Methodological factors 

Further, methodological factors play a role in the size of the illusion effect. When determining 

the effects of illusions on action, the size of the illusion effects can be calculated in different 

ways. For instance, the effect of the illusion can be reported as the ‘raw’ difference in movement 

amplitude or endpoint between the two configurations of the illusion, as we did in Chapter 3, 4 

and 5. However, one may assume that this difference scales to the length of the illusion or the 

amplitude of the saccade. To allow for comparison with other studies, it is advised to calculate 

the effect of the illusion as a percentage of shaft length (Table 6.1), as a percentage of the 

movement amplitude along a control stimulus (Knox and Bruno, 2007; de Grave and Bruno, 

2010) or as a percentage of the mean amplitude along the two configurations of the illusion (de 

Grave et al., 2006a; de Brouwer et al., 2014). Finally, it has been argued that the illusion effect 

needs to be corrected by the slope of the function relating the shaft length to the movement 

amplitude, in order to be able to compare effects between studies and to perceptual measures 

(Franz et al., 2001; Bruno et al., 2010). The assumption that the illusion effects scales linearly 

with the size of the illusion may, however, be incorrect. When analysing the data of Chapter 3, 

we noticed that the raw illusion effect did not differ between shaft lengths of 5.5 and 7.7  of 

visual angle, whereas the percentage illusion effect was significantly larger for the 5.5  shaft than 

for the 7.7  shaft (mean±standard error 13±1% and 10±1%, respectively), which is inconsistent 

with the assumption of scaling.  

Conclusions and recommendations 

In sum, individual, temporal, spatial, and methodological factors play a role in the effects of 

illusions on action, while the influence of allocentric information is not entirely clear. The 

research presented in the Chapter 2 and 3 have provided a useful contribution by revealing 

factors that can partly explain the large variability in illusion effects reported in the literature. 

When studying the effects of illusions on perception and action, experiments need to be 

carefully designed, and comparisons can best be made within participants. 
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Spatial representations in the dorsal and ventral visual stream 

In the fMRI experiment described in Chapter 4, we found that the Brentano illusion modulated 

the BOLD response in visual area 7 (V7) and around the intraparietal sulcus (IPS) in the dorsal 

visual stream, as well as in the frontal eye fields (FEF). An interesting question is whether this 

modulation occurred as a result of interactions with the ventral visual stream, or whether the 

dorsal stream itself is sensitive to visual context.  

A series of studies by Weidner, Fink, and colleagues (Weidner and Fink, 2007; Weidner et 

al., 2010; Plewan et al., 2012) have investigated the neural processes behind the perception of 

the Müller-Lyer illusion using MEG and fMRI. They showed that the bilateral lateral occipital 

cortex (LOC; ventral visual stream) and the right superior parietal cortex (SPC; dorsal visual 

stream) are involved in processing the illusion, with bidirectional connections between the two 

areas (Plewan et al., 2012). Further, MEG results showed that activation in the ventral visual 

stream precedes activation in the parietal cortex (Weidner et al., 2010). Plewan, Weidner and 

colleagues concluded that size invariant object representations are formed in LOC, whereas 

dorsal stream areas are involved in further utilizing these representations. In line with this 

suggestion, Mancini and colleagues (2011) showed that inhibitory TMS over LOC resulted in 

decreased effects of the Judd illusion (i.e., the directional version of the Müller-Lyer illusion) 

on a bisection task, while inhibitory TMS over the SPC did not influence the illusion effect. 

These studies suggest that the two visual processing streams indeed have different functions, 

but interact with each other. Similar conclusions were reached by fMRI and TMS studies on 

memory-guided movements. Based on the finding that both the dorsal and ventral stream are 

activated during the execution of memory-guided grasping (Rice Cohen et al., 2009; Singhal et 

al., 2013) as well as during the planning of memory-guided saccades (Saber et al., 2015), it was 

suggested that both streams are involved in memory-guided actions, whereas immediate 

actions only rely on the dorsal stream. 

On the other hand, several studies have revealed similarities between spatial representations 

in the dorsal and ventral visual stream. This may suggest that the dorsal stream itself is sensitive 

to visual context. For example, electrophysiological recordings in monkey dorsal and ventral 

visual stream have revealed that both object shape and object location are represented in both 

streams during a passive viewing task, although the nature of these representations is somewhat 

different (Sereno and Maunsell, 1998; Lehky and Sereno, 2007; Sereno and Lehky, 2011). In 
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humans too, the ventral as well as the dorsal stream contain object representations, even when 

action planning is not involved (Konen and Kastner, 2008; Roth and Zohary, 2015). Further, 

both streams carry position information (Roth and Zohary, 2015). These findings are in 

contrast with the TVSH, which suggests that the ventral stream is specialized for shape 

processing and the dorsal stream for spatial processing. 

In conclusion, further research is needed to answer the question whether effects of visual 

context in the dorsal visual stream result from interactions with the ventral visual stream, or 

whether the dorsal stream itself is sensitive to visual context.  

My view on the Two Visual Systems Hypothesis 

In 1992, Goodale and Milner proposed a functional distinction between the ventral and dorsal 

visual stream that has been very influential. They argued that the processing of visual 

information for perception (‘what’) and memory-guided action takes place in the ventral visual 

stream, whereas the processing of visual information for visually-guided action (‘how’) takes 

place in the dorsal visual stream. An interesting implication of the TVSH is that perception and 

memory-guided movement are highly sensitive to visual contextual illusions, whereas visually-

guided movements are largely immune to these illusions (see General Introduction for a more 

elaborate explanation). Most research presented in this thesis was largely motivated by the 

TVSH. In this paragraph, I will therefore briefly describe our findings in light of this hypothesis.  

The first and most obvious finding that is in disagreement with the TVSH is the observation 

of a robust effect of the Müller-Lyer or Brentano illusion on saccades in all our experiments (see 

Figure 6.1). Clearly, actions are not immune to visual illusions. However, the observation that 

larger illusion effects are larger for perceptual judgments than for actions, as reported in 

Chapter 2, are in agreement with the TVSH. Second, we found that there is no difference in 

illusion effect between visually-guided and memory-guided saccades. Therefore, it is unlikely 

that these two types of movements are based on different visual representations, as suggested 

by the TVSH. Third, we showed that visuomotor updating – a function of the dorsal visual 

stream – is also affected by the illusion. Moreover, the BOLD response in areas in the dorsal 

visual stream is modulated by the configuration of the illusion. This demonstrates that not only 

the ventral stream, but also the dorsal stream, is sensitive to visual context. Using fMRI, several 

other studies have shown that representations in the ventral and dorsal stream are, in fact, not 
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that different from each other. On the other hand, from patient studies it is clear that there are 

several functional specializations within the two streams.  

Based on the studies in this thesis, and supported by previous literature, I can state that 

there is no absolute functional distinction between the two streams. Other, ‘milder’ forms of the 

TVSH, or the existence of a common representation for perception and action, are, however, 

difficult – if not impossible – to proof or disproof. Namely, interactions between the two 

streams can be interpreted as a falsification of the TVSH, but they can also be interpreted as an 

extension of the TVSH. However, from our research and that of many other researchers it has 

become clear that the predictions of the TVSH concerning the effects of visual contextual 

illusions cannot be validated. As shown in this thesis, visually-guided movements, memory-

guided movements, and perceptual judgments can all be influenced by illusions. I must also 

note that this does not necessarily mean that other functional distinctions between the two 

streams are false. For example, it may be valid that the ventral stream uses allocentric coding 

whereas the dorsal stream uses egocentric coding. In any case, as argued by other researchers 

(e.g., Schenk and McIntosh, 2010), functional specializations of the dorsal and ventral visual 

stream are relative rather than absolute.  

Conclusions 

The research presented in this thesis has provided more insight into the effects of visual 

contextual illusions on visuomotor processing by showing that: 

• Our visual representation is dynamic: it becomes more accurate when we look at an object 

for a longer time before we act on it. 

• Visually-guided and memory-guided saccades are likely based on a common visual 

representation. 

• In addition to single saccades, visuomotor updating is also affected by visual context in the 

form of the Müller-Lyer illusion.  

• Areas in the dorsal visual stream are sensitive to visual context: they represent perceived 

rather than physical target locations. 

• Gaze-centred information is dominant over allocentric information in visuomotor 

updating. 
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