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visual stimuli and visual spatial attention, as well as for memory-guided saccades (Tootell et al., 

1998; Schluppeck et al., 2005; Silver et al., 2005). The IPS, or more generally the PPC, has been 

implicated in visual spatial attention and sensorimotor transformations. Anti-reach and anti-

saccade tasks have been performed to distinguish between sensory target representations and 

movement plans. During the delay phase preceding a pro- or anti-saccade, the PPC shows a 

sustained response to both the visual target and the saccade goal, with a stronger response to 

the visual stimulus during the first part of the delay, and a stronger response to the saccade goal 

during the second part of the delay (Medendorp et al., 2005; van der Werf et al., 2008; Saber et 

al., 2015). In contrast, participants who were adapted to left-right reversing prisms in a delayed 

reaching task showed directional selectivity in the PPC that was fixed to the visual coordinates 

of the remembered goal throughout the delay (Fernandez-Ruiz et al., 2007). With the current 

data, we cannot distinguish between the factors that could have contributed to the BOLD 

response in V7 and IPS. 

Conclusions 

We used a double-step saccade task involving the Brentano illusion task to show that visual 

context (1) systematically affects the landing position of saccades in a visuomotor updating task 

and (2) modulates the BOLD response in the occipito-parietal and posterior parietal cortex 

related to saccade planning. These findings indicate that the dorsal visual stream takes context 

into account, and thereby represents perceived rather than physical locations of remembered 

saccade targets.  
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Gaze-centred and allocentric 

contributions to visuomotor updating 
in a double-step saccade task 

de Brouwer AJ, Medendorp WP, Smeets JBJ (under review). Gaze-centred and allocentric 

contributions to visuomotor updating in a double-step saccade task. 
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The position of a saccade target can be encoded in gaze-centred coordinates, that is, relative to 

the current gaze position, or in allocentric coordinates, that is, relative to an object in the 

environment. We tested the role of gaze-centred and allocentric coding in a double-step saccade 

task involving the Brentano version of the Müller-Lyer illusion. 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 target relative to the first.  We found that the endpoint of the second saccade was 

affected by the illusion, irrespective of whether the targets were presented sequentially or 

simultaneously, suggesting that participants used a gaze-centred updating strategy. We found 

a reduced variability in saccade endpoints when allocentric information was consistently 

available, but not when its presence varied from trial to trial. We conclude that gaze-centred 

coding is dominant over allocentric coding in a double-step saccade task. 
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Introduction 

Visuomotor updating refers to our ability to take our own movements into account when 

keeping track of a visual object (for reviews see Klier and Angelaki, 2008; Medendorp, 2011). 

Visuomotor updating for eye movements can be investigated in a double-step saccade 

paradigm. In the classical double-step saccade task, the participant makes sequential saccades 

to two targets that are flashed in quick succession and have disappeared before the start of the 

first saccade (Hallett and Lightstone, 1976). For accurate performance on this task, the spatial 

dimensions of the second saccade must be computed based on the initial gaze-centred 

coordinates of the second target and the metrics of the first saccade. 

While this gaze-centred computation is accurately performed in sparse visual 

environments, in more real-world situations double-step saccades could also be performed by 

relying on allocentric visual information, that is, the location of an object relative to another 

object (Colby, 1998; Burgess, 2006). In support of this idea, both immediate and memory-

guided saccades to visual targets have been shown to become more accurate and/or precise 

when allocentric information is available, for example by adding a visual landmark (Karn et al., 

1997) or a (structured) background (Gnadt et al., 1991; Gerardin et al., 2011). In fact, a number 

of studies suggest that the brain weights egocentric and allocentric information when planning 

a movement (de Grave et al., 2004; Byrne and Crawford, 2010; Byrne et al., 2010; Thompson 

and Henriques, 2010; Schütz et al., 2013; Fiehler et al., 2014). This relative weighting depends 

on various factors, such as the proximity of the landmark to the target (Krigolson et al., 2007), 

the stability of the landmark or background (Byrne and Crawford, 2010; Fiehler et al., 2014), 

and the duration of the memory interval preceding the action (Diedrichsen et al., 2004; but see 

Schütz et al., 2015).  

The aim of the current study is to determine the role of gaze-centred and allocentric coding 

in a double-step saccade task by manipulating the relative timing of the presentation of the two 

targets. When the two targets are presented sequentially, one can only rely on a gaze-centred 

updating strategy to perform the second saccade. However, when the two targets are presented 

simultaneously, an allocentric strategy may contribute to planning the second saccade. That is, 

one could use the retinally derived coordinates of the second target relative to the first target. 

The latter strategy may play a larger role when allocentric information is consistently available. 

In support, the use of visual feedback in reaching and grasping depends on implicit knowledge 
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about its availability, resulting in larger differences in kinematic parameters when visual 

feedback is present is all trials than when trials with and without visual feedback follow in 

random or alternating order (Zelaznik et al., 1983; Elliott and Allard, 1985; Jakobson and 

Goodale, 1991; Khan et al., 2002; Whitwell et al., 2008). Following from this notion, we 

hypothesized that the use of allocentric information to perform the second saccade is dependent 

on whether trials with simultaneous target presentation are displayed in a blocked manner, or 

mixed with sequential target presentation trials.  

To test our hypotheses, we used a memory-guided double-step saccade task in which the 

two targets were presented in sequence or simultaneously, in a blocked or random manner. To 

distinguish between the use of gaze-centred and allocentric information in the programming of 

the second saccade, the second target was presented within the Brentano version of the Müller-

Lyer illusion. This illusion of length affects the amplitude of saccades along its shaft (e.g., 

Yarbus, 1967; Binsted and Elliott, 1999a; de Grave et al., 2006a), but hardly affects saccades 

perpendicular to its shaft (de Grave et al., 2006a). We presented the illusion such that it was 

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

and second target was oriented perpendicular to the illusion. Thus, if gaze-centred coding is 

used to perform the second saccade, updating of the distorted vector representing the distance 

from the fixation dot to the second target will result in systematic errors in the endpoint of the 

second saccade (de Brouwer et al., 2015). In contrast, relative coding of the two targets may not 

be affected by the illusion and thus reduce errors in the endpoint of the second saccade. 

Furthermore, the use of allocentric information in addition to gaze-centred information might 

be reflected in a reduced variability in the endpoint of the second saccade compared to when 

only gaze-centred information is used (Gnadt et al., 1991; Karn et al., 1997). 

Methods 

Participants 

Eleven participants volunteered to take part in the experiment (age 18-33 years, 6 female). All 

participants had normal or corrected-to-normal vision. Participants received both verbal and 

written instructions before providing their written informed consent. The experiment was part 

of a research program that was approved by the ethics committee of the Faculty of Behavioural 

and Movement Sciences of the Vrije Universiteit Amsterdam, The Netherlands. 
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Setup 

Participants were seated in a dimly lit room with their head stabilized by a chin rest positioned 

~57 cm from a CRT monitor (40×30 cm, 800×600 pixels, refresh rate 85 Hz). At this distance, 

1 cm on the monitor corresponds to approximately 1° of visual angle. Visual stimuli were 

controlled using the Psychophysics Toolbox (Brainard, 1997) for Matlab (Mathworks Ltd., 

USA). Eye movements of both eyes were recorded with an Eyelink II Eye Tracker (SR Research 

Ltd., Canada), with a temporal resolution of 500 Hz and a spatial accuracy <0.5° of visual angle. 

Stimuli 

The stimulus consisted of the Brentano version of the Müller-Lyer illusion that was always 

presented with a white target dot at its middle vertex, which served as the final target in the 

single and double-step saccade tasks. The illusion was presented horizontally, with a shaft 

length of two times 9° of visual angle, in ~0.1° thick black lines. The inward or outward pointing 

fins, which had a length of 2.7° each (30% of shaft length), were connected to the ends of the 

two shafts with an angle of 30 or 150°.  In one fin configuration, the left part of the horizontal 

shaft appears shorter than the right part (L-illusion; used as example in Figure 5.1), whereas this 

effect is reversed in the other configuration (R-illusion). A blue fixation dot was presented at 

the left or right vertex of the Brentano illusion for single horizontal saccades and double-step 

saccades. For vertical saccades, the fixation dot was presented 4.5° above the final target. In five 

of the seven conditions (see Procedure), a second white dot was presented 4.5° above the final 

target: as a landmark for single horizontal saccades, and as the first target for double-step 

saccades. In two thirds of trials, the fixation, landmark or target dot presented above the final 

target was vertically aligned with this target, while in the other trials the dot had an offset of 1.4° 

to the left or right (these ‘catch’ trials were not analysed) to ensure that participants did not 

assume that the two dots were always presented vertically aligned. The diameter of the fixation, 

landmark, and target dots was 0.4°. The stimuli were presented on a light grey background. In 

each trial, the set of stimuli was horizontally and vertically displaced with a random offset 

between -2 and +2° with respect to the centre of the screen to ensure that participants were not 

making a saccade to the same allocentric target position in each trial, especially in the single 

saccade conditions. 
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Procedure 

All participants performed four sessions on separate days. The first session consisted of three 

single saccade conditions, each performed in a separate run: single horizontal saccades (i.e., 

along the illusion), single horizontal saccades with landmark, and single vertical saccades (i.e., 

perpendicular to the illusion). The order of conditions within this session was counterbalanced 

across participants, and short breaks were given in between runs. The illusion effects in these 

single saccade conditions were used for comparison with the double-step conditions.  

The other three sessions, of which the order was counterbalanced across participants, 

consisted of double-step saccades. In the blocked session, trials in which the targets were 

presented sequentially and trials in which the targets were presented simultaneously were 

presented in separate runs, in counterbalanced order (sequential-blocked and simultaneous-

blocked condition, two runs per condition). The random session consisted of four runs of 

sequential and simultaneous trials in random order (sequential-random and simultaneous-

random condition). Because we anticipated differences in behaviour between the blocked and 

random presentation schedule, another session was run with a semi-blocked presentation 

schedule. As the anticipated differences were absent, we decided not to analyse the results of 

this session and not present any details here. Figure 5.1 provides a schematic illustration of the 

sequence of events in the single horizontal and double-step saccade tasks. The procedure is 

described in detail below.  

Single saccade conditions 

In the horizontal and horizontal with landmark condition, a trial started with the presentation 

of a fixation dot at the left or right of the screen for 1.0 s. The Brentano illusion, with the target 

dot at its middle vertex, was presented with its left or right vertex at the fixation dot for 0.2 s. In 

the landmark condition, allocentric information was provided simultaneous with the illusion 

and target, by presenting a landmark above the target. Participants were instructed to maintain 

fixation during the presentation of the illusion and remember the position of its target. After a 

delay of 2.0 s, the fixation dot disappeared as a cue to make a saccade to the remembered target. 

A new trial started after 1.8 s. The horizontal condition consisted of 80 trials, all of which were 

analysed: 2 illusion configurations (L-illusion and R-illusion) × 2 starting positions (left and 

right) × 20 repetitions. The landmark condition contained the same 80 trials, and 40 catch trials 
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were added that were not analysed (2 illusion configurations × 2 starting positions × 2 offset 

directions × 5 repetitions), resulting in a total of 120 trials. 

A trial in the vertical condition started with the presentation of a fixation dot at the top of 

the screen for 1.0 s. The Brentano illusion with the target dot was presented 4.5° below the 

fixation dot. After 0.2 s, the illusion disappeared while the fixation dot remained on the screen 

for another 2.0 s. Participants were instructed to maintain fixation during this delay, and make 

a saccade to the remembered position of the target in response to the disappearance of the 

fixation dot. This run contained 40 trials in which the fixation and target dot were vertically 

aligned (2 illusion configurations × 20 repetitions), plus 20 catch trials (2 illusion configurations 

× 2 offset directions × 5 repetitions).  

Double-step saccade conditions 

All trials started with the presentation of a fixation dot at the left or the right of the screen for 

1.0 s. In the two sequential conditions, the Brentano illusion was presented for 0.2 s with its left 

or right vertex at the fixation dot. The fixation dot remained on the screen for another 0.5 s 

after the disappearance of the illusion. At the same time the fixation dot disappeared, the first 

target dot appeared at a position above the previously presented target within the illusion, 

triggering a visually-guided saccade. After a delay of 1.5 s, the first target disappeared, cueing 

the participant to make a saccade to the remembered target. This design was very similar to the 

design used in de Brouwer and colleagues (2015).  

In the two simultaneous conditions, allocentric information was provided by presenting the 

first target simultaneously with the illusion (and the final target). When the illusion with its 

target disappeared, the fixation dot and first target remained on the screen for another 0.5 s. 

Next, the fixation dot disappeared, triggering a visually-guided saccade to the first target. After 

a delay of 1.5 s, the first target disappeared as a cue to make a saccade to the remembered target. 

Thus, the only difference between the simultaneous and sequential trial types was that the first 

target appeared together with the illusion and final target in the simultaneous trials, whereas it 

appeared 0.5 s after the disappearance of the illusion and final target in the sequential trials.  

In both the blocked and the random session, 96 sequential target presentation trials and 96 

simultaneous target presentation trials were performed with the targets vertically aligned (2 

illusion configurations × 2 starting positions × 24 repetitions), and 48 catch trials were added 

(2 illusion configurations × 2 starting positions × 2 offset directions × 6 repetitions).  
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Figure 5.1 Schematic illustration of the sequence of events in the single saccade and double-step 
saccade tasks. The left column shows a single saccade trial in the horizontal condition. The timing of 
the landmark and vertical conditions was identical to the timing of this condition, but a landmark 
was presented above the illusion in the landmark condition, and the fixation dot was presented 
above the illusion instead of at the left or right vertex in the vertical condition. In all conditions, the 
stimulus in the second frame could be the L-illusion, as shown, or its mirrored version, the R-illusion. 
The white arrows in the bottom two rows of frames represent the saccades to the first and second 
(remembered) target.  

Data analysis 

Horizontal and vertical eye velocities were calculated from the eye positions that were given by 

the eye tracker and averaged across the left and right eye. Saccades were identified by having a 

resultant velocity above 75°/s for two or more consecutive samples (≥4 ms). Saccade onset was 

defined as the last of five consecutive samples (10 ms) before eye velocity reached a threshold 

of 30°/s preceding the velocity peak. Saccade offset was defined as the first of five consecutive 

samples (10 ms) during which the velocity was below the 30°/s threshold, following the velocity 

peak.  Saccades with an amplitude of 2.0° or more were analysed. Drift of the eye tracker within 

10° was corrected by assuming correct fixation during the onset of the illusion. These fixations 

were calculated as the mean eye position during ten consecutive samples (20 ms) in which eye 
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velocity was below the 30°/s threshold immediately preceding the onset of the illusion, or within 

a window of 200 ms surrounding the onset of the illusion. Trials were discarded if the eyes were 

moving too fast within this time window or if the correction was larger than 10°. Trials were 

also discarded if the first saccade onset occurred before the cue, and if the second saccade of a 

double-step trial occurred before the second cue (i.e., during the delay between the first and 

second saccade). Furthermore, trials were discarded if the saccade did not move the eyes closer 

to the target, if the onset of the first and/or second saccade was further than 2.0° from the 

position of the fixation dot, and if the endpoint of the first and/or second saccade was further 

than 3° vertically from the target position. This resulted in an average of 88% correct single 

saccades, and 73% correct double-step saccades.  

For the correct trials, we calculated the horizontal endpoint of the saccades directed to the 

final target. Next, for each participant and each combination of condition, illusion 

configuration, and starting position, we computed the median horizontal coordinate of the 

endpoint and the corresponding horizontal interquartile range. The interquartile range, which 

describes the width of the middle 50% of the distribution of endpoints, was used as a measure 

of variability in the direction of the illusion. The effect of the illusion on saccade endpoints was 

calculated by subtracting the median horizontal endpoint positions for the two configurations 

(L-illusion and R-illusion). The illusion effects were averaged over starting position (left and 

right), and the interquartile ranges were averaged over both starting position and illusion 

configuration.   

Statistical analysis 

The goal of our study is to determine the contributions of gaze-centred and allocentric coding 

in a double-step saccade task, and to determine if the contribution of allocentric information 

depends on the presentation schedule. To test our hypotheses, we examined the illusion effect 

and the variability in saccade endpoints. Since the participants’ head and body were stationary 

in our experiments, it is impossible to distinguish between allocentric, head-, and body-centred 

reference frames. For simplicity, in this paper we refer to these possibilities as allocentric. 

We first verified that single saccades along the illusion were affected by the illusion, whereas 

the horizontal component of the amplitude of saccades perpendicular to the orientation of the 

illusion was not affected (de Grave et al., 2006a), by testing the illusion effects in the horizontal, 

landmark, and vertical condition against zero using a one-sample t-test. To make sure that 
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Figure 5.1 Schematic illustration of the sequence of events in the single saccade and double-step 
saccade tasks. The left column shows a single saccade trial in the horizontal condition. The timing of 
the landmark and vertical conditions was identical to the timing of this condition, but a landmark 
was presented above the illusion in the landmark condition, and the fixation dot was presented 
above the illusion instead of at the left or right vertex in the vertical condition. In all conditions, the 
stimulus in the second frame could be the L-illusion, as shown, or its mirrored version, the R-illusion. 
The white arrows in the bottom two rows of frames represent the saccades to the first and second 
(remembered) target.  
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samples (10 ms) during which the velocity was below the 30°/s threshold, following the velocity 

peak.  Saccades with an amplitude of 2.0° or more were analysed. Drift of the eye tracker within 

10° was corrected by assuming correct fixation during the onset of the illusion. These fixations 

were calculated as the mean eye position during ten consecutive samples (20 ms) in which eye 
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velocity was below the 30°/s threshold immediately preceding the onset of the illusion, or within 

a window of 200 ms surrounding the onset of the illusion. Trials were discarded if the eyes were 

moving too fast within this time window or if the correction was larger than 10°. Trials were 

also discarded if the first saccade onset occurred before the cue, and if the second saccade of a 

double-step trial occurred before the second cue (i.e., during the delay between the first and 

second saccade). Furthermore, trials were discarded if the saccade did not move the eyes closer 

to the target, if the onset of the first and/or second saccade was further than 2.0° from the 

position of the fixation dot, and if the endpoint of the first and/or second saccade was further 

than 3° vertically from the target position. This resulted in an average of 88% correct single 

saccades, and 73% correct double-step saccades.  

For the correct trials, we calculated the horizontal endpoint of the saccades directed to the 

final target. Next, for each participant and each combination of condition, illusion 

configuration, and starting position, we computed the median horizontal coordinate of the 

endpoint and the corresponding horizontal interquartile range. The interquartile range, which 

describes the width of the middle 50% of the distribution of endpoints, was used as a measure 

of variability in the direction of the illusion. The effect of the illusion on saccade endpoints was 

calculated by subtracting the median horizontal endpoint positions for the two configurations 

(L-illusion and R-illusion). The illusion effects were averaged over starting position (left and 

right), and the interquartile ranges were averaged over both starting position and illusion 

configuration.   

Statistical analysis 

The goal of our study is to determine the contributions of gaze-centred and allocentric coding 

in a double-step saccade task, and to determine if the contribution of allocentric information 

depends on the presentation schedule. To test our hypotheses, we examined the illusion effect 

and the variability in saccade endpoints. Since the participants’ head and body were stationary 

in our experiments, it is impossible to distinguish between allocentric, head-, and body-centred 

reference frames. For simplicity, in this paper we refer to these possibilities as allocentric. 

We first verified that single saccades along the illusion were affected by the illusion, whereas 

the horizontal component of the amplitude of saccades perpendicular to the orientation of the 

illusion was not affected (de Grave et al., 2006a), by testing the illusion effects in the horizontal, 

landmark, and vertical condition against zero using a one-sample t-test. To make sure that 
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illusion effects on double-step saccades were due to updating and not to a progression of errors 

on the first saccade, we first tested for an illusion effect on the endpoint of the first saccade in 

the sequence. 

Our first hypothesis was that sequential target presentation requires updating of gaze-

centred information, while with simultaneous target presentation, allocentric information 

might contribute as well. To test this, we compared the illusion effect in the sequential-blocked 

and simultaneous-blocked condition to the effect in the single horizontal condition using paired 

t-tests. Comparable illusion effects in the single and double conditions would suggest that the 

second saccade of a double-step trial is performed by updating the gaze-centred vector 

representing the distance between the initial fixation position and the target within the illusion. 

A smaller effect in the double-step condition would suggest that allocentric information is used 

in addition to gaze-centred information. To test for a relation between the effects in the single 

and double conditions, we computed Pearson’s correlation coefficient between the illusion 

effect in the single and sequential-blocked condition, and between the illusion effect in the single 

and the simultaneous-blocked condition 

Second, we hypothesized that the combination of gaze-centred and allocentric information 

is dependent on whether trials with sequential and simultaneous target presentation are 

displayed in a blocked or random manner. To test this, we compared the illusion effects and 

variability between the double-step saccade conditions. We performed a 2 (trial type: sequential 

or simultaneous) × 2 (presentation schedule: blocked or random) repeated measures analysis of 

variance (ANOVA) on the illusion effect on the second saccade. An influence of allocentric 

information would be expressed by a smaller illusion effect in the simultaneous trials. Further, 

a dependency on presentation schedule would be revealed by an interaction effect between trial 

type and presentation schedule. A similar analysis was performed on the horizontal variability 

in saccade endpoints. We used a 2 (trial type) × 2 (presentation schedule) repeated measures 

ANOVA with the interquartile ranges as the dependent variable. Again, the effects of interests 

were a main effect of trial type, and an interaction between trial type and presentation schedule. 

We verified that any differences between the sequential and simultaneous conditions were due 

to the use of relative coding in the programming of the second saccade, and not simply due to 

the presence of irrelevant allocentric information. This was done by comparing the illusion 
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effect and variability of single horizontal saccades with and without landmark using paired t-

tests.   

Results 

We investigated the contributions of gaze-centred and allocentric information in a double-step 

saccade task, by examining the effect of the Brentano illusion and the variability in saccade 

endpoints. Figure 5.2 shows the average illusion effect, expressed as the difference in the 

horizontal coordinate of the saccade endpoint for the L-illusion and R-illusion, in each of the 

conditions. For the single saccades, there is a considerable illusion effect in the two horizontal 

conditions (horizontal t(10)=7.8, p<0.001; landmark t(10)=5.8, p<0.001), without a difference 

in illusion effect between these conditions (t(10)=1.1, p=0.314). In line with the findings of de 

Grave and colleagues (2006a), there is no significant effect of the illusion on vertical saccades 

(i.e., perpendicular to the shaft; t(10)=1.3, p=0.214).  

For the double-step saccades, we first tested for an illusion effect on the endpoint of the first 

saccade in the sequence. The mean illusion effect was 0.05±0.03° (mean ± standard error), with 

none of the conditions differing from zero or from each other. As can be seen in Figure 5.2, the 

endpoint of the second saccade was clearly affected by the illusion. There were no differences 

between the illusion effect on single horizontal saccades and the illusion effect in the sequential-

blocked condition (t(10)=0.2, p=0.875) or the simultaneous-blocked condition t(10)=0.6, 

p=0.570). However, across participants there was no significant correlation between the illusion 

effects in the horizontal and sequential-blocked condition (r=0.12, p=0.720) or between the 

effects in the horizontal and simultaneous-blocked condition (r=0.11, p=0.747; Figure 5.3). 

The ANOVA revealed that the illusion effects were larger in the blocked presentation 

schedule than in the random presentation schedule (F(1,10)=5.7, p=0.038). However, the 

predicted effects were absent: there was no main effect of sequential versus simultaneous 

presentation (F(,1,10)=0.6, p=0.443) and no significant interaction (F(1,10)<0.1, p=0.984). We 

also investigated whether the horizontal variability in the second saccade endpoints was 

influenced by allocentric information. Figure 5.4 shows the average interquartile ranges in each 

of the double-step conditions. The variability was not affected by presentation schedule 

(F(1,10)=0.1, p=0.739). Interestingly, the variability was significantly smaller in the 

simultaneous conditions than in the sequential conditions (F(1,10)=9.5, p=0.012). In addition, 
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illusion effects on double-step saccades were due to updating and not to a progression of errors 

on the first saccade, we first tested for an illusion effect on the endpoint of the first saccade in 

the sequence. 

Our first hypothesis was that sequential target presentation requires updating of gaze-

centred information, while with simultaneous target presentation, allocentric information 

might contribute as well. To test this, we compared the illusion effect in the sequential-blocked 

and simultaneous-blocked condition to the effect in the single horizontal condition using paired 

t-tests. Comparable illusion effects in the single and double conditions would suggest that the 

second saccade of a double-step trial is performed by updating the gaze-centred vector 

representing the distance between the initial fixation position and the target within the illusion. 

A smaller effect in the double-step condition would suggest that allocentric information is used 

in addition to gaze-centred information. To test for a relation between the effects in the single 

and double conditions, we computed Pearson’s correlation coefficient between the illusion 

effect in the single and sequential-blocked condition, and between the illusion effect in the single 

and the simultaneous-blocked condition 

Second, we hypothesized that the combination of gaze-centred and allocentric information 

is dependent on whether trials with sequential and simultaneous target presentation are 

displayed in a blocked or random manner. To test this, we compared the illusion effects and 

variability between the double-step saccade conditions. We performed a 2 (trial type: sequential 

or simultaneous) × 2 (presentation schedule: blocked or random) repeated measures analysis of 

variance (ANOVA) on the illusion effect on the second saccade. An influence of allocentric 

information would be expressed by a smaller illusion effect in the simultaneous trials. Further, 

a dependency on presentation schedule would be revealed by an interaction effect between trial 

type and presentation schedule. A similar analysis was performed on the horizontal variability 

in saccade endpoints. We used a 2 (trial type) × 2 (presentation schedule) repeated measures 

ANOVA with the interquartile ranges as the dependent variable. Again, the effects of interests 

were a main effect of trial type, and an interaction between trial type and presentation schedule. 

We verified that any differences between the sequential and simultaneous conditions were due 

to the use of relative coding in the programming of the second saccade, and not simply due to 

the presence of irrelevant allocentric information. This was done by comparing the illusion 
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effect and variability of single horizontal saccades with and without landmark using paired t-

tests.   

Results 

We investigated the contributions of gaze-centred and allocentric information in a double-step 

saccade task, by examining the effect of the Brentano illusion and the variability in saccade 

endpoints. Figure 5.2 shows the average illusion effect, expressed as the difference in the 

horizontal coordinate of the saccade endpoint for the L-illusion and R-illusion, in each of the 

conditions. For the single saccades, there is a considerable illusion effect in the two horizontal 

conditions (horizontal t(10)=7.8, p<0.001; landmark t(10)=5.8, p<0.001), without a difference 

in illusion effect between these conditions (t(10)=1.1, p=0.314). In line with the findings of de 

Grave and colleagues (2006a), there is no significant effect of the illusion on vertical saccades 

(i.e., perpendicular to the shaft; t(10)=1.3, p=0.214).  

For the double-step saccades, we first tested for an illusion effect on the endpoint of the first 

saccade in the sequence. The mean illusion effect was 0.05±0.03° (mean ± standard error), with 

none of the conditions differing from zero or from each other. As can be seen in Figure 5.2, the 

endpoint of the second saccade was clearly affected by the illusion. There were no differences 

between the illusion effect on single horizontal saccades and the illusion effect in the sequential-

blocked condition (t(10)=0.2, p=0.875) or the simultaneous-blocked condition t(10)=0.6, 

p=0.570). However, across participants there was no significant correlation between the illusion 

effects in the horizontal and sequential-blocked condition (r=0.12, p=0.720) or between the 

effects in the horizontal and simultaneous-blocked condition (r=0.11, p=0.747; Figure 5.3). 

The ANOVA revealed that the illusion effects were larger in the blocked presentation 

schedule than in the random presentation schedule (F(1,10)=5.7, p=0.038). However, the 

predicted effects were absent: there was no main effect of sequential versus simultaneous 

presentation (F(,1,10)=0.6, p=0.443) and no significant interaction (F(1,10)<0.1, p=0.984). We 

also investigated whether the horizontal variability in the second saccade endpoints was 

influenced by allocentric information. Figure 5.4 shows the average interquartile ranges in each 

of the double-step conditions. The variability was not affected by presentation schedule 

(F(1,10)=0.1, p=0.739). Interestingly, the variability was significantly smaller in the 

simultaneous conditions than in the sequential conditions (F(1,10)=9.5, p=0.012). In addition, 
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there was a significant presentation schedule × trial type interaction (F(1,10)=6.5, p=0.029), 

showing that the reduction of variability for the simultaneous condition was more pronounced 

in the blocked presentation schedule. Post-hoc paired t-tests showed that variability in the 

simultaneous-blocked condition was significantly smaller than in the sequential-blocked 

condition (p=0.003), whereas the other differences were not significant (all p>0.3). We verified 

that this effect was not simply due to the presence of an irrelevant landmark: there was no 

difference in variability between the horizontal and landmark condition (mean+standard error 

2.0±0.6° and 2.0±0.5°; t(10)=0.3, p=0.801). Note that we computed the horizontal variability in 

saccade endpoints. Thus, the variability in the horizontal and landmark condition is in the 

direction of movement, and therefore larger than the variability of the second saccade in the 

double-step conditions.  

Our results show that the illusion effect on double-step saccades did not differ from the 

illusion effect on single saccades along the Brentano illusion, although there was no significant 

correlation between the illusion effects in the single and double-step conditions. The illusion 

effect on double-step saccades was larger in the blocked presentation schedule than in the 

random presentation schedule, while there was no difference in effect between sequential and 

simultaneous presentation. Providing allocentric information by presenting the targets 

simultaneously did result in a smaller horizontal variability in saccade endpoints, particularly 

when trials were presented in a blocked schedule.  
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Figure 5.2 Illusion effects. The illusion effects were calculated as the difference in horizontal saccade 
endpoint for the two configurations of the illusion. Error bars represent standard errors across 
participants.  

Figure 5.3 Illusion effects in sequential-blocked condition (left) and simultaneous-blocked condition 
(right) as a function of the illusion effects in the horizontal condition for each participant. The dotted 
lines represent the unity lines. Error bars represent standard errors of the mean.  
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there was a significant presentation schedule × trial type interaction (F(1,10)=6.5, p=0.029), 

showing that the reduction of variability for the simultaneous condition was more pronounced 

in the blocked presentation schedule. Post-hoc paired t-tests showed that variability in the 

simultaneous-blocked condition was significantly smaller than in the sequential-blocked 

condition (p=0.003), whereas the other differences were not significant (all p>0.3). We verified 

that this effect was not simply due to the presence of an irrelevant landmark: there was no 

difference in variability between the horizontal and landmark condition (mean+standard error 

2.0±0.6° and 2.0±0.5°; t(10)=0.3, p=0.801). Note that we computed the horizontal variability in 

saccade endpoints. Thus, the variability in the horizontal and landmark condition is in the 

direction of movement, and therefore larger than the variability of the second saccade in the 

double-step conditions.  

Our results show that the illusion effect on double-step saccades did not differ from the 

illusion effect on single saccades along the Brentano illusion, although there was no significant 

correlation between the illusion effects in the single and double-step conditions. The illusion 

effect on double-step saccades was larger in the blocked presentation schedule than in the 

random presentation schedule, while there was no difference in effect between sequential and 

simultaneous presentation. Providing allocentric information by presenting the targets 

simultaneously did result in a smaller horizontal variability in saccade endpoints, particularly 

when trials were presented in a blocked schedule.  
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Figure 5.2 Illusion effects. The illusion effects were calculated as the difference in horizontal saccade 
endpoint for the two configurations of the illusion. Error bars represent standard errors across 
participants.  

Figure 5.3 Illusion effects in sequential-blocked condition (left) and simultaneous-blocked condition 
(right) as a function of the illusion effects in the horizontal condition for each participant. The dotted 
lines represent the unity lines. Error bars represent standard errors of the mean.  
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Figure 5.4 Interquartile ranges of the horizontal endpoints of the second saccade in the double-step 
conditions. Error bars represent standard errors across participants.  

Discussion 

We examined the role of gaze-centred and allocentric coding of visual targets in a memory-

guided double-step saccade task involving the Brentano illusion. We hypothesized that 

sequential presentation of the two targets would require a gaze-centred strategy (i.e., 

visuomotor updating) resulting in large effects of the Brentano illusion on the endpoint of the 

second saccade. On the other hand, simultaneous target presentation would facilitate the use of 

allocentric information (i.e., coding of relative target positions) in addition to gaze-centred 

information, resulting in smaller illusion effects and a smaller variability in saccade endpoints. 

A second hypothesis was that the use of allocentric information in the programming of the 

second saccade is dependent on knowledge about the availability of allocentric information, 

which was tested using blocked and random presentation schedules. We found that in all 

double-step conditions, the illusion caused systematic errors in the endpoint of the second 

saccade that were of a similar magnitude as the errors on single saccades along the illusion. 

While the illusion effect was somewhat smaller in the random than in the blocked presentation 

schedule, the predicted effect was absent: there was no difference in illusion effect when targets 

were presented sequentially or simultaneously. This suggests that gaze-centred coding was used 

in both conditions. However, the horizontal variability in saccade endpoints was smaller in the 

simultaneous than in the sequential condition, particularly when using a blocked presentation 
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schedule. Thus, although allocentric information did not reduce the illusion effect, it did reduce 

endpoint variability when the information was consistently available.  

To obtain a baseline measure of the illusion effect, each participant started with a session 

of single saccades along (i.e., horizontal) and perpendicular (i.e., vertical) to the Brentano 

illusion. Consisted with previous research, we found that the endpoints of saccades along the 

illusion were clearly affected by the illusion, whereas the effect of the illusion on saccades 

perpendicular to the illusion was close to zero (de Grave et al., 2006a). Our results confirm that 

these effects are independent of whether the saccade is visually-guided, as in the experiment of 

de Grave and colleagues, or memory-guided, as in the present study (also see de Brouwer et al., 

2014). As argued by de Grave and colleagues, the lack of effect on saccades perpendicular to the 

illusion provides counterevidence for the idea that effects of this illusion are caused by saccades 

being directed to the ‘centre of gravity’ (Coren and Hoenig, 1972; Findlay, 1982; Herwig et al., 

2010) of the vertex of the illusion (Gilster and Kuhtz-Buschbeck, 2010).  

Against our hypothesis, we did not find a reduction in the illusion effect on the second 

saccade of the double-step sequence when allocentric information was provided by presenting 

the targets simultaneously. This suggests that participants did not use the relative position of 

the two targets, but rather relied on the egocentric target positions relative to the initial gaze 

position. Surprisingly, this was not reflected by a relation between the illusion effects on single 

and double-step saccades. We do not have an explanation for the lack of this relation. Although 

the relative timing of the targets did not influence the illusion effects, simultaneous presentation 

of the targets did result in a smaller horizontal variability in saccade endpoints. The selectivity 

of this effect is inconsistent with the idea that egocentric and allocentric information is 

combined in a statistically optimal manner, as suggested by several researchers (Byrne and 

Crawford, 2010; Byrne and Henriques, 2013). 

Interestingly, the reduction in endpoint variability by adding allocentric information was 

only present when sequential and simultaneous trial types were presented in a blocked manner. 

When these trial types were presented in a random schedule, there was no difference in 

variability. This was not simply due to the presence of an irrelevant landmark, because single 

horizontal saccades were not affected by the presence of irrelevant allocentric information, 

either in terms of the illusion effect, or in terms of the horizontal variability in saccade 

endpoints. Thus, allocentric information can improve saccadic performance when it is 
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Figure 5.4 Interquartile ranges of the horizontal endpoints of the second saccade in the double-step 
conditions. Error bars represent standard errors across participants.  

Discussion 

We examined the role of gaze-centred and allocentric coding of visual targets in a memory-

guided double-step saccade task involving the Brentano illusion. We hypothesized that 

sequential presentation of the two targets would require a gaze-centred strategy (i.e., 

visuomotor updating) resulting in large effects of the Brentano illusion on the endpoint of the 

second saccade. On the other hand, simultaneous target presentation would facilitate the use of 

allocentric information (i.e., coding of relative target positions) in addition to gaze-centred 

information, resulting in smaller illusion effects and a smaller variability in saccade endpoints. 

A second hypothesis was that the use of allocentric information in the programming of the 

second saccade is dependent on knowledge about the availability of allocentric information, 

which was tested using blocked and random presentation schedules. We found that in all 

double-step conditions, the illusion caused systematic errors in the endpoint of the second 

saccade that were of a similar magnitude as the errors on single saccades along the illusion. 

While the illusion effect was somewhat smaller in the random than in the blocked presentation 

schedule, the predicted effect was absent: there was no difference in illusion effect when targets 

were presented sequentially or simultaneously. This suggests that gaze-centred coding was used 

in both conditions. However, the horizontal variability in saccade endpoints was smaller in the 

simultaneous than in the sequential condition, particularly when using a blocked presentation 
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schedule. Thus, although allocentric information did not reduce the illusion effect, it did reduce 

endpoint variability when the information was consistently available.  

To obtain a baseline measure of the illusion effect, each participant started with a session 

of single saccades along (i.e., horizontal) and perpendicular (i.e., vertical) to the Brentano 

illusion. Consisted with previous research, we found that the endpoints of saccades along the 

illusion were clearly affected by the illusion, whereas the effect of the illusion on saccades 

perpendicular to the illusion was close to zero (de Grave et al., 2006a). Our results confirm that 

these effects are independent of whether the saccade is visually-guided, as in the experiment of 

de Grave and colleagues, or memory-guided, as in the present study (also see de Brouwer et al., 

2014). As argued by de Grave and colleagues, the lack of effect on saccades perpendicular to the 

illusion provides counterevidence for the idea that effects of this illusion are caused by saccades 

being directed to the ‘centre of gravity’ (Coren and Hoenig, 1972; Findlay, 1982; Herwig et al., 

2010) of the vertex of the illusion (Gilster and Kuhtz-Buschbeck, 2010).  

Against our hypothesis, we did not find a reduction in the illusion effect on the second 

saccade of the double-step sequence when allocentric information was provided by presenting 

the targets simultaneously. This suggests that participants did not use the relative position of 

the two targets, but rather relied on the egocentric target positions relative to the initial gaze 

position. Surprisingly, this was not reflected by a relation between the illusion effects on single 

and double-step saccades. We do not have an explanation for the lack of this relation. Although 

the relative timing of the targets did not influence the illusion effects, simultaneous presentation 

of the targets did result in a smaller horizontal variability in saccade endpoints. The selectivity 

of this effect is inconsistent with the idea that egocentric and allocentric information is 

combined in a statistically optimal manner, as suggested by several researchers (Byrne and 

Crawford, 2010; Byrne and Henriques, 2013). 

Interestingly, the reduction in endpoint variability by adding allocentric information was 

only present when sequential and simultaneous trial types were presented in a blocked manner. 

When these trial types were presented in a random schedule, there was no difference in 

variability. This was not simply due to the presence of an irrelevant landmark, because single 

horizontal saccades were not affected by the presence of irrelevant allocentric information, 

either in terms of the illusion effect, or in terms of the horizontal variability in saccade 

endpoints. Thus, allocentric information can improve saccadic performance when it is 
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consistently available and relevant for the task (Fiehler et al., 2014). This suggests that the brain 

does not switch between using only gaze-centred or both gaze-centred and allocentric 

information on a trial-to-trial basis. Rather, the use of information is dependent on implicit 

knowledge about the availability of this information. This in is accordance with the finding that 

the use of visual feedback in reaching and grasping is dependent on the presentation schedule 

(Zelaznik et al., 1983; Elliott and Allard, 1985; Jakobson and Goodale, 1991; Khan et al., 2002; 

Whitwell et al., 2008).  

Our finding that the endpoints of the double-step saccades are less variable when allocentric 

information is provided differ from the results of the sequential reaching task by Thompson 

and Henriques (2010). These authors did not find a difference in error or variability of reaching 

endpoints between blocks of sequential and simultaneous target presentation. The main 

difference between our task and that of Thompson and Henriques was that they used reaching 

movements, while in the present study saccadic eye movements were used. This is not a likely 

explanation for the difference in results, because consistent with studies on saccades, several 

studies have shown that reaching movements to visual targets are more accurate and/or precise 

when allocentric information is available (Conti and Beaubaton, 1980; Krigolson and Heath, 

2004; Lemay et al., 2004; Obhi and Goodale, 2005; Hay and Redon, 2006; Schütz et al., 2013).   

We found that, in our double-step task, participants employed a gaze-centred updating 

strategy, rather than relying on allocentric information for programming the second saccade. 

Alternatively, it may be possible that in a memory-guided double-step saccade task, the second 

saccade is not planned based on the dimensions of the first saccade and the remembered 

position of the final target (i.e., updating of gaze-centred information), but the sequence of 

saccades is pre-planned. We do not consider this possibility to be likely. First, since the first 

saccade was visually-guided, the retinal error after this saccade provides information that is 

relevant for performing the second saccade. Moreover, previous research has shown that 

sequences of (memory-guided) saccades are not executed in a fixed manner. Instead, endpoint 

errors are partially corrected for in subsequent saccades (Bock et al., 1995; Ditterich et al., 1998; 

Munuera et al., 2009). Our results suggest that the second saccade is programmed by updating 

gaze-centred information, resulting in illusion effects comparable to the effects on single 

saccades along the illusion. 
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Conclusions 

We used a double-step saccade task involving the Brentano illusion to investigate the role of 

gaze-centred and allocentric coding in visuomotor updating for saccades. Consistent with 

previous results, single saccades along the illusion were clearly affected by the illusion, whereas 

single saccades perpendicular to the illusion were not affected. In the double-step task, we found 

that the second saccade, which was perpendicular to the illusion, was also affected by the 

illusion, independent of whether the targets were presented sequentially (i.e., providing only 

egocentric information) or simultaneously (i.e., providing both egocentric and allocentric 

information), suggesting that participants use a visuomotor updating strategy. We did find a 

slightly reduced variability in saccade endpoints when allocentric information was provided. 

We conclude that gaze-centred information is dominant over allocentric information in 

visuomotor updating for saccades. 
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