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Imagine it is a Sunday 9:30 am and you are standing on a football field 
located somewhere in a rural part of the country together with another 
twenty-one fellow football players. Your vision and other bodily functions 
are perhaps not performing at their peak at this hour, however, there is a ball 
at your feet and you have to select a player to pass it to. How do you select 
the correct player? First, players are salient relative to the background 
and can, therefore, be easily distinguished from it. Next, it is pertinent to 
select a player who wears a jersey whose colors correspond to yours. And, 
ultimately, the ball is (hopefully) directed to the player from your team who 
is located in a position from which an attack at the opposing team’s goal 
can be initiated. If the ball reaches this player, the action would count as 
successful and you can continue your Sunday morning unembarrassed. 

How we successfully select our movement targets and how this affects 
our perception is the central question addressed in this thesis. In this 
introduction, I describe multiple ways to select a target, for instance: 
making an eye movement to it (looking at items of interest to you) or 
perform a hand movement towards your goal (grabbing a pen). More 
specifically, I elaborate on the selection of eye movement targets, for 
this is a thoroughly studied subject, and I discuss how this relates to 
selecting hand movement targets (Chapter 2). Furthermore, I investigate 
what happens when we have to select (multiple) targets while vision is 
temporarily occluded and selection takes place partially from memory 
(Chapter 3 & 4). Ultimately I discuss the proposed mechanisms behind the 
selection and execution of multiple saccade targets (Chapter 5). 

MODELS OF VISUAL SELECTION
How do we select targets
Many objects around us compete for our visual selection. When we make 
an eye movement, or saccade, towards one of those objects, we essentially 
select it for further processing. Although we are not consciously aware 
of it, we make these saccades up to three times per second. This roughly 
adds up to around 100.000 saccades a day. These saccades are swift and 
ballistic, and they are necessary to direct our fovea, the part of the eye with 
the highest visual acuity, to the points of interest to us. 

We need this abundance of saccades to examine the world around us, 
and even though we are not always aware of directing our gaze this many 
times a day, saccades are often intentionally directed to points of interest 
to us. Yarbus (1967) was among the first to demonstrate that the pattern 
of saccades reflected the observers’ intention. He gave his participants 
different viewing instructions before showing a picture and showed that 
these instructions altered participants’ scanning behavior. In this sense we 
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can view vision as an active process since we overtly select the parts of the 
visual scene to gain information about it. Selection can also be performed 
in a passive manner, i.e. without making saccades (Posner, 1980). This is 
called covert selection and represents attentional selection of parts of the 
visual scene without executing any eye movements. Covert selection has 
been proposed to be a consequence of saccade generation (Rizzolatti, 
Riggio, & Sheliga, 1994), which makes attentional shifts inherently linked 
to the programming of saccades. According to this premotor theory of 
spatial attention, the brain circuits responsible for visual attention are 
likewise utilized for the programming of eye movements. Direct evidence 
for the link between eye movements and spatial attention has been 
provided extensively in behavioral paradigms (Deubel & Schneider, 1996; 
Hoffman & Subramaniam, 1995; Kowler, Anderson, Dosher, & Blaser, 
1995; Wemer X. Schneider, 1995). Specifically, attention seems to already 
precede an eye movement, with attention facilitating visual processing at 
the saccade target before the onset of the eye movement. For instance, 
Deubel & Schneider (1996) had participants saccade towards a target 
among distractors but probed attention at all stimuli location. They found 
that attention was facilitated already preceding eye movement onset, at 
the saccade target location but not at the other locations. Furthermore, 
Belopolsky & Theeuwes (2009) showed that every shift of attention is 
associated with the preparation of a saccade, as was already previously 
hypothesized by Rizzolatti et al. (1994). So with every (eye) movement, 
a target is selected and this is accompanied by an obligatory shift of 
attention. 

Attention is not only deployed at the endpoints of saccades but has 
likewise been found at hand movement targets before movement onset 
(Deubel, Schneider, & Paprotta, 1998), suggesting a shared mechanism 
for both effectors. However, when both a hand movement and an eye 
movement are planned, attention is deployed in parallel at both locations, 
resembling the pattern of attention when only a single hand or eye 
movement is planned (Hanning, Aagten-Murphy, & Deubel, 2018). Hanning 
et al (2018) argue that there are effector-specific attentional mechanisms 
responsible for target selection in hand and eye movements. Perhaps, there 
is one overarching attentional mechanism that can select more than one 
target (regardless of effector type) in parallel without any costs. If this is 
true, attention should be deployed in parallel at two saccade targets as it 
would be when only one saccade target is selected. This is what Baldauf 
& Deubel (2008) concluded. They had participants saccade towards 
two or three saccade targets and found that attentional facilitation was 
enhanced at the saccade targets compared to the locations in between 
saccade targets. However, attentional performance appeared to be slightly 
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lower at the second and third saccade target location than at the first 
saccade target location, indicating that there is some attentional cost of 
programming multiple saccades compared to when only one target is 
selected. 

Bottom-up influences and top-down control on selection
Visual selection is influenced by multiple factors. We either plan a 
movement based on our internal goals, typically thought to be mediated by 
top-down control, or visual selection is pulled towards a distinct element in 
a bottom-up fashion. To explain how a saccadic target is selected, models 
of visual selection have conceptualized bottom-up control as activity 
peaks in a saliency map. The saliency map codes exclusively for salient 
visual properties of the outside world and is therefore insusceptible for 
top-down influences. This map aims to describe how salient items in the 
visual field ‘draw’ attention towards them by weighing incoming information 
based on salient features. This saliency map consists of a 2D retinotopic 
representation of space in the outside world. Herein, all observed locations 
compete for selection, therefore a saliency map codes for the relative 
distinctness of items in visual space (Itti & Koch, 2000; Itti, Koch, & Niebur, 
1998). For instance, the colors of the football jerseys stand out against the 
grassy background. 

The model by Itti, Koch & Niebur (1998) proposes that all features are fed 
into a master saliency map in a purely bottom-up fashion, therefore, this 
model does not adequately account for top-down control. To describe 
target-directed movements we need to incorporate the observers’ 
intentions. For it would be illogical to direct every movement made to the 
most distinct item in the visual field when this goes against the observers’ 
intentions. Think about how it would be awkward when you keep on passing 
the football to the goalkeeper of the opposing team who wears a bright pink 
jersey, instead of putting it in the net. 

To incorporate the observers’ intentions in the process of target-selection, 
other models include the notion that visual items can be selectively 
weighted by top-down information. A map that includes top-down 
modulation is referred to as a priority map (Fecteau & Munoz, 2006; 
Zelinsky & Bisley, 2015). Activations in this priority map presumably depend 
on both bottom-up salience and the relative weighting of goal-dependent 
low-level features. For instance, when you search for a red circle, the red 
features in the visual space elicits higher responses than other colors in the 
priority map (Navalpakkam & Itti, 2005; Pomplun, 2006; Wolfe, 1994). 

The described models assert a dichotomy between top-down and bottom-
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up influences, although in reality target selection cannot always be fully 
explained by one or the other. For an extended framework incorporating 
other influences besides top-down and bottom-up control see Awh, 
Belopolsky, & Theeuwes (2012); Wolfe & Horowitz (2017) and Failing & 
Theeuwes (2018). 

Integration of bottom-up influences and top-down control 
A spatial model that is specifically dedicated to explaining saccadic 
target selection is the competitive integration model of eye movements 
(Godijn & Theeuwes, 2002; Meeter, Van Der Stigchel, & Theeuwes, 2010; 
Trappenberg, Dorris, Munoz, & Klein, 2001). In this model, the programming 
of an (eye) movement is described as the result of competitive integration 
of inputs onto a map in the superior colliculus. It is known that activity in 
the intermediate layer of the superior colliculus determines the saccade 
endpoint (Munoz & Wurtz, 1995; Wurtz & Optican, 1994) and this layer 
directly projects to the brainstem premotor circuits responsible for saccade 
initiation (Moschovakis, 1996). Similarly, the intermediate layers of the 
superior colliculus are also thought to be involved in the selection of hand 
movement targets (Song & McPeek, 2015; Song, Rafal, & McPeek, 2011), 
suggesting that this map is an effector independent map coding for target 
selection and that there is a shared target representation for generating 
hand and eye movements. This map receives multiple cortical inputs from 
areas such as the frontal eye fields, occipital areas, posterior parietal 
cortex, and dorsolateral prefrontal cortex and integrates these activations 
on this map to a combined peak. According to this model, top-down and 
bottom-up inputs can simultaneously activate distinct peaks on this map. 
Relative weights assigned to these peaks determine the location that is to 
be foveated. 

To summarize, many models describe which factors contribute to target 
selection. In the next section we explore how competition between stimuli 
can alter this selection. To this end, we use the competitive integration 
model to interpret eye and hand movement behavior during competition. 
The competitive integration model aims to explain (saccadic) behavior to 
a target (the top-down goal) in the presence of a distractor (a bottom-up 
influence). In Chapters 2 to 4, we specifically investigate behavior when 
planning a movement in the presence of a distractor, and therefore we 
hope to distinguish the relative contributions of top-down and bottom-up 
influences during this process. 



         9

COMPETITION DURING 
SELECTION OF TARGETS

Target-distractor competition measured by eye movements
As a striker, you hope to score as many goals for your team as possible. 
To do this you have to pick a target, or a corner of the goal area, while 
simultaneously ignoring distracting elements, such as the keeper. When we 
make an eye movement we are often confronted with a similar problem. 
From eye movement studies we know that it is not always possible to 
execute an accurate saccade in the presence of a distractor. Even when 
the saccade is directed successfully to the target, its dynamics can be 
otherwise affected by the presence of a distractor. Saccades are executed 
differently depending on the relative distances and spatial lay-out of the 
target and distractor. For example, when a salient distractor is placed 
along a saccade path, short-latency saccades curve towards the distractor 
whereas long-latency saccades curve away from it (McPeek, Han, & Keller, 
2003; McSorley, Haggard, & Walker, 2006). The observed curvature has 
been typically assigned to competition between the target and distractor 
representations in the saccade map in the superior colliculus. Initially 
bottom-up saliency causes the saccade to curve towards the distractor 
while later on top-down modulation directs the saccade away from the 
distractor (McPeek et al., 2003; Meeter et al., 2010; but see for a different 
interpretation Kruijne et al. 2014). 

When a distractor is presented in close spatial proximity to a target, the 
eyes tend to land in between both objects (see Figure 1.1). This is generally 
termed the global effect (Findlay, 1982), but has also been referred to as 
saccade averaging or the tendency to saccade to the center-of-gravity. 
Coren & Hoenig (1972) were the first to describe this phenomenon, as a 
saccade endpoint that is directed towards the center of gravity of stimuli 
surrounding the target. The global effect is present when a distractor is 
presented on the movement axis, either within the range of the distance 
fixation to- target, or outside (Coëffé & O’Regan, 1987; Coren & Hoenig, 
1972; Findlay, 1982; Herwig, Beisert, & Schneider, 2010). Likewise, the 
global effect occurs when the distractor is presented next to the target 
(as if on a circle with the fixation being in the center), perpendicular to the 
movement axis (Heeman, Theeuwes, & Van der Stigchel, 2014; Wollenberg, 
Deubel, & Szinte, 2018). 

The occurrence of the global effect was initially explained by Ottes et al. 
(1985), who proposed that saccade programming depends on the activity 
of two separate subsystems. According to his view, the first subsystem 
is responsible for fast and reflexive saccades. This subsystem has a 
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poor spatial resolution, and as a result, fast saccades tend to be directed 
towards the center of gravity of the target and distractor. The second 
subsystem is assumed to have a high spatial resolution and is capable to 
produce accurate saccades with a longer latency. However, nowadays the 
global effect is explained as being the result of a weighted average of the 
peaks of activation caused by the target and distractor in the saccade map 
(Godijn & Theeuwes, 2002; Meeter et al., 2010; Van der Stigchel & Nijboer, 
2011). The target and distractor activations are ‘in competition’ with each 
other. The endpoint of a saccade is located at the weighted average of the 
activations of the target and distractor. 

Target-distractor competition in hand movements 
It was mentioned earlier that target selection takes place in an effector 
independent map coding possibly for both hand and eye movement targets. 
Following this line of reasoning, it is plausible that hand movements 
are likewise influenced by irrelevant stimuli. In Chapter 2 we addressed 
this question by examining a possible global effect measured in hand 
movements. There are some reasons to assume that target selection 
should be similar for both effectors. For instance, the superior colliculus is 
involved in target selection for both hand and eye movement targets (Song 
& McPeek, 2015; Song, Rafal, & McPeek, 2011), suggesting a partial overlap 
of both systems. For example, Nissens & Fiehler (2018) demonstrated that 
target-distractor competition elicited comparable trajectories in hand and 
eye movements. They asked participants to make a simultaneous hand and 
eye movement to two different targets and observed that the eye curved 
away from the hand movement target, in agreement with previous studies 
(McPeek et al., 2003; McSorley et al., 2006). More importantly, the hand 
movement showed a similar curvature away from the eye movement target 
albeit to a lesser degree. This suggests that target-distractor competition 
elicits a comparable response in both effectors. Surprisingly, when we 
asked observers to perform a hand movement to a target in the proximity 
of a distractor (Chapter 2), we found no global effect in hand movement 
responses. With the exception of one participant, no effect of the distractor 
was found on the end points of tapping responses (see Figure 2.2). This 
was even the case when the access to the visual information was restricted 
(stimuli were visible for only 100 ms). 

Our findings are also in stark contrast with an earlier study by Sailer et al. 
(2002), who investigated the global effect in hand movements and found 
that the finger endpoints landed in the direction of a distractor similar to 
that observed in eye movements, although the effect was considerably 
smaller when measured in hand movements. Furthermore, in a subsequent 
experiment they extended the stimuli presentation times from 50 to 350 



         11

and 850 ms and showed that the global effect decreased heavily in hand 
movements but not in eye movements. This suggests that the presence 
of distractors affects the target-directed hand and eye movements 
differently. Crucially, in our study the distractor was presented on the axis 
perpendicular to the movement axis, i.e. next to the hand movement target 
instead of in the direction of the movement as was used in the study 
of Sailer et al. (2002). This configuration could explain the difference in 
results, such that a bias caused by a distractor is observed only in the 
amplitude of hand movements. 

Perhaps, there is another explanation as to why the hand and eye 
movements differ in the presence of a distractor. When a saccade fails to 
accurately land on the target and instead, lands a few visual degrees in 
the direction of the distractor, there is not much penalty for missing the 
target slightly. The fovea is able to cover both objects and can process 
information about both of them. However, if the hand is directed towards 
the distractor, it simply misses the target. Possibly, for this reason, the eye 
movement system allows for a wider distribution of landing positions, than 
the hand movement system. 

So even though eye movements are affected by a distractor, expression 
of the target-distractor competition is less apparent when measured 
in hand movements. Together this suggests that target selection is 
expressed differently in hand and eye movements and that target-distractor 
competition does not necessarily leads to an altered movement. 

Shifting the competition in favor of the target to eliminate the global effect 
The results of several studies (Coëffé & O’Regan, 1987; He & Kowler, 
1989; Heeman et al., 2014) suggest that top-down control can be used 
to eliminate the global effect during the planning of an upcoming eye 
movement. According to the competitive integration model, the target 
and distractor activations compete with each other. By exerting top-down 
control, the activation of the target location is increased at the expense 
of the distractor location. Evidence for higher-level influences on the size 
of the global effect has been provided by Coëffé & O’Regan (1987). They 
asked participants to make a saccade to a target letter presented in a 
string of nine horizontally presented letters. The target letter was identified 
by a plus sign above and below its position. The position of the target 
was revealed before some block of trials, while in other blocks the target 
location varied. They concluded that the global effect was attenuated by 
increasing the probability of the target to appear at a certain location. 
Similarly, He & Kowler (1989) varied the target location probability and 
concluded that the size of the global effect depended on the knowledge 
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about the target’s location, with the global effect decreasing for the location 
with a high target location probability. 
Shifting the competition in favor of the target takes time. In this light, it 
makes sense that the reduction of the global effect is related to saccade 
latency, with longer saccades exhibiting a smaller global effect, even to the 
extent that it can be eliminated in some cases. Target and distractor both 
evoke peaks of activation in the saccade map, but the relative heights of 
these peaks are influenced by top-down modulation which operates at a 
slower time scale. Top-down modulations lead to a gradual increase in the 
activity associated with the target which, in turn, results in saccades being 
more accurately directed towards the target. The first to notice the inverse 
relationship between saccade latency and the size of the global effect was 
Findlay (1982, see also: Ottes et al. ,1985). In this study, he investigated the 
global effect by having participants make a saccade towards one of two 
targets. These two targets were presented in close proximity and along 
the saccade axis. He observed that participants landed in between both 
objects and were biased to the target nearest to fixation point. Furthermore, 
he performed a regression analysis of saccade amplitude on saccade 
latency for every participant and found that nearly every participant had a 
negative correlation coefficient, suggesting that the global effect becomes 
smaller following longer saccade latencies. This has been further examined 
in a more recent study by Heeman et al. (2014), in which participants 
were presented with two targets and were instructed to saccade to a pre-
specified target. The results showed that for saccades with the shortest 
latencies, the saccade endpoint was located in between both targets. With 
increasing latencies the endpoint moved towards the pre-specified target 
and the global effect was completely abolished with latencies longer than 
330 ms. 

The competition that is caused by activations of the target and the 
distractor can be shifted in favor of the target when longer viewing time is 
allowed, causing the eye movement to end at the target position instead of 
in the direction of the distractor. Target and distractor both evoke a peak 
of activation in the saccade map, but the relative heights of these peaks 
might be influenced by top-down modulations which kick in at a later point 
in time. Top-down modulations lead to a gradual increase in the activity 
associated with the target which in turn results in saccade being more 
accurately directed towards the target.

The research concerning the reduction of the global effect has been 
predominantly done using visually-guided saccades. Meaning that the 
target and distractor stimuli were present when the movement was planned 
and executed. However, the role of visual availability of target and distractor 
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for reducing the global effect has not been previously addressed. This is an 
interesting question because in a visually-guided paradigm it is impossible 
to distinguish between the contribution of visual availability and time. 
Visual availability and time are the same during a visually-guided saccade 
i.e., one observes visual information until saccade offset. By using memory-
guided saccade we hope to make the distinction between the relative 
contributions of time and visual availability. 

In Chapter 3 I investigated the global effect in a memory-guided saccade. 
The aim of this study was to assess if the accuracy of an eye movement 
can be improved when it is prepared during a memory interval. In other 
words, if it is possible to exert top-down modulation to resolve the target-
distractor competition during the memory interval of a memory-guided 
saccades. We asked participants to make a saccade to a target which 
was accompanied by a slightly bigger distractor in close spatial proximity 
(see Figure 3.1). In every trial, two targets each with their own distractor 
were presented perpendicular to each other on an imaginary circle. In one 
condition, participants were made aware of the target identity by a retro-
cue and thus had to remember both stimuli configurations. In the other 
condition the target identity was revealed before the start of the trial, in this 
case participants could preprogram their saccade and ignore the irrelevant 
target. One possibility is that observers are inclined to preprogram a 
saccade at the moment visual information disappears, which could be 
true for the latter condition only. In this case, memory-guided saccades 
are programmed based on an earlier visual representation than necessary, 
making top-down modulation impossible in these types of saccades. We 
refuted this explanation, and instead concluded that reduction of the global 
effect requires continuous access to visual information. This became 
apparent when we manipulated the presentation times of the visual stimuli, 
and found a reduction of the global effect when longer presentation times 
were used. This suggests that the reduction of the global effect which 
is likely driven by top-down modulation cannot occur during a memory-
interval and in the absence of visual information. However, increasing the 
availability of the visual information before the memory interval does allow 
top-down modulation to decrease the target-distractor competition. 
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Figure 1.1. Example of the global effect and predictive remapping. Upper panel: 
the global effect in the presence of a distractor. When planning an eye movement, 
the endpoint is deviated towards a distracting element, in this case, the butter-
fly, such that it lands in between target and distractor. Bottom panel: predictive 
remapping of covert attention. Just before the onset of an eye movement the 
position of the receptive field (RF) of a neuron shifts towards another position, 
the future receptive field (FF). Consequently, when a stimulus is covertly attend-
ed, the attention shifts in the opposite direction of the movement just before the 
onset of the saccade. 

intended movement

activation transfer
RFFF

global effect

predictive remapping
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Other types of competition that influence target selection 
A saccade is affected by a distractor when it is presented next to the target, 
as is the case in the global effect paradigm. When that distractor is placed 
only a few visual degrees in another direction the saccade is affected in 
an entirely different manner. Namely, when the distractor is placed next 
to the intended saccade path, the saccade typically deviates away from 
the distractor, which is called saccade curvature (Doyle & Walker, 2001). 
Like the global effect, saccade curvature is thought to be the product of 
competing saccade target goals in the superior colliculus (McPeek et al., 
2003). Furthermore, it likewise has a temporal component, meaning that 
the size of the curvature is dependent on the saccade latency: curvature 
towards the distractor is measured in the fastest saccades, whereas 
curvature away can be found in saccades with longer latencies (McSorley 
et al., 2006). This also indicates that top-down processes account for 
the expression of the degree of curvature. For instance, strong curvature 
away from the distractor was observed when the target location was 
made known in advance (Al-Aidroos & Pratt, 2010). Similarly, when the 
target location was unpredictable, a curvature towards the distractor 
was observed (Walker, McSorley, & Haggard, 2006), suggesting that prior 
knowledge of the stimuli locations allows top-down processes to influence 
target selection. 

Another type of target-distractor competition than the aforementioned 
global effect is elicited when a distractor is presented far away from the 
target. With a spatial separation between target and distractor of 50° or 
more, the saccade endpoints exhibit a bimodal distribution, with saccades 
landing either on the saccade target or at the distractor (Van der Stigchel & 
Nijboer, 2013). This response is influenced by the saliency of the distractor. 
In this case, saccades are essentially captured by a salient distractor, hence 
this is called oculomotor capture (Godijn & Theeuwes, 2002; Theeuwes, 
1992). Importantly, not all saccades end up at the distractor (around 
25%): long-latency saccades are more often correctly directed towards 
the target suggesting that eye movements become more top-down driven 
with time (Godijn & Theeuwes 2002) and the effect even disappears when 
participants are aware of the distractor location beforehand (Yantis & 
Jonides, 1990). 
Not only a distractor can influence saccade dynamics, but visual illusions 
have also shown to alter saccadic endpoints. A compelling example is 
that of the Brentano version of the Muller-Lyer illusion. In this illusion, the 
length of a line is judged smaller or larger than it is due to arrowheads at 
the endpoints of the lines (<—> and >—<). Yarbus (1967) described this 
effect in his seminal work ‘Eye movements and Vision’ in 1967, where 
he noticed that not only perception was affected by this illusion, but eye 
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movements along its shaft were also smaller or larger depending on the 
configuration of illusion. Remarkably, saccades made from a starting 
point that is perpendicular to its shaft do not show this effect (De Grave, 
Smeets, & Brenner, 2006). In addition, de Brouwer et al. (2014) investigated 
the time-course of this illusion on saccades and found a negative relation 
between stimuli presentation time and illusion effect, similar to the results 
in our study (as is described in Chapter 3). Although the effects elicited in 
this paradigm are comparable to the global effect paradigm, the spatial 
configuration is different, suggesting that it is not the processing of distinct 
stimuli that evokes inaccurate saccades but rather the global processing of 
the visual context. 

Competition during multiple target selection
Memory-guided saccades can reveal what visual information is stored and 
used for the planning of saccades. For example, in a double-step saccade, 
providing visual information before the onset of the first saccade, but 
withholding that visual information before the onset of the second saccade 
allows you to investigate what visual information is retained and thus 
‘updated’ across a saccade. 

In the real world, this updating of information across a saccade occurs 
frequently. We continuously move our eyes to direct our fovea (part of 
the retina with the highest visual acuity) to points of interest to us. This 
means that, when playing football, you are likely to change your gaze quite 
often to sample the positions of the players around you. This poses a 
challenge since our oculomotor system is retinotopically (eye-centered) 
organized. Every eye movement shifts the projecting of the players on the 
retina. Yet, we perceive the football field as visually stable. One possibility 
is that we rely on a spatiotopic (world-centered) representation of the 
environment (Breitmeyer, Kropfl, & Julesz, 1982; Melcher, 2005). However, 
this view has been criticized (Cavanagh, Hunt, Afraz, & Rolfs, 2010; Wurtz, 
2008) and when taking into account that most visual brain areas operate 
in retinotopic coordinates (Cohen & Andersen, 2002; Duhamel, Colby, & 
Goldberg, 1992), it is unlikely that a computationally heavy spatiotopic 
representation is rendered multiple times per second. For this reason, many 
researchers assume that our visual system does not rely on a spatiotopic 
representation but on retinotopic maps that are updated for every eye 
movement. To do so, it is proposed that we continuously predict where 
perceived objects are going to be located after an upcoming eye movement 
(Cavanagh et al., 2010). 
In Chapter 4 I examined if target-distractor competition (discussed in 
Chapters 2 and 3) could likewise be remapped across eye movements. 
Multiple saccade target selection for sequential movements requires 
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the updating of the visual scene. To investigate this possibility we had 
observers make two successive saccades towards two targets in which 
the second saccade target was presented with an irrelevant distractor 
(see Figure 4.1). The second saccade could be either visually- or memory-
guided and the distractor was removed during the first saccade in both 
conditions. The second saccade showed a global effect only in the 
memory-guided condition, which was independent of saccade latency. 
Importantly, the global effect was resolved in the visually-guided condition, 
even for the saccades with the shortest inter-saccadic intervals. From this, 
we concluded that the global effect was updated across a saccade and 
that the target-distractor competition can be resolved if visual information 
remains available throughout the saccade sequence. 

The results discussed in Chapter 4 endorses the notion that the target-
distractor competition cannot be resolved from memory, as was put forth 
in Chapter 3. Now tested in a double-step saccade, the results emphasize 
the critical role of visual presentation time in the elimination of the global 
effect. The visual presentation time of the stimuli in the experiments 
described in Chapter 4 was equal to the saccade latency, which was on 
average 174 ms. This is roughly 150 ms short of the necessary time to 
eliminate the global effect completely (Heeman et al. 2014). Although 
participants had an additional 200 ms or so (latency of the second 
saccade) to resolve the competition, they were unable to do so due to the 
lack of visual input. 

The results obtained in the visually-guided conditions are in line with 
previous work by Silvis et al. (2015), who likewise investigated the global 
effect in a double-step saccade. They found no effect of the distractor on 
the landing positions of the second saccade. In their design, both target 
and distractor information was available throughout the saccade sequence. 
Observers had both the time before the first saccade and the time in 
between landing on the first target and leaving for the second to look at 
the stimuli, and as a result, the target-distractor competition was resolved. 
Silvis et al. (2015) do not report the combined latencies of their saccades, 
however, based on the latencies obtained in our studies where two 
successive saccades are made (see Chapter 4 & 5), even for the fastest 
combination they add up to more than 300 ms, which according to the 
study by Heeman et al. (2014), is enough time to eliminate the global effect. 

The ability to update target-distractor competition across a saccade has 
been confirmed in several other studies that investigated target-distractor 
competition in successive saccades (Jonikaitis & Belopolsky, 2014; Van 
Leeuwen & Belopolsky, 2018). In addition, visual illusions have been 
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shown to influence future saccades (de Brouwer, Medendorp, & Smeets, 
2016). For instance, in a study conducted by Jonikaitis & Belopolsky 
(2014), participants were tasked to execute two successive saccades, one 
horizontal and one vertical. A distractor, that was placed along the second 
vertical saccade and removed before the saccade sequence, made the 
second saccade curve away from its original location, indicating that the 
positions of attended objects in the visual scene are recalculated for every 
saccadic displacement and that the competition underlying this behavior is 
strong enough to survive an intervening saccade. 

In summary, target selection is often subject to competition with irrelevant 
stimuli. This competition, or the global effect, is retained when both target 
and distractor information are kept in memory. In the absence of visual 
feedback, the global effect cannot be resolved. Furthermore, the global 
effect, as well as other types of competition, can be updated across a 
saccade. This indicates that a movement can be planned based on earlier 
visual representations of stimuli. In the next section, I will discuss the 
mechanism behind the updating of visual information. 

PREDICTIVE REMAPPING OF ATTENTION 
Neural correlates of remapping of receptive fields 
The mechanism thought to be responsible for the updating of objects 
across saccades is termed predictive remapping (see Figure 1.1). This 
idea became prominent when Duhamel and colleagues (1992) observed 
that neurons in the lateral intraparietal cortex started to fire if an upcoming 
saccade shifted their receptive field onto visual stimuli. These neurons 
responded as if the saccade was already made prior to its actual execution. 
Following this seminal study, multiple areas involved in spatial attention 
have shown this remapping response such as the parietal cortex (Duhamel 
et al., 1992; Mirpour & Bisley, 2012; Nakamura & Colby, 2002), frontal eye 
field (Umeno & Goldberg, 1997) and superior colliculus (M. F. Walker, 
Fitzgibbon, & Goldberg, 1995). However, some studies find that receptive 
fields of neurons convergence towards the saccade target rather than that 
they show a clear remapping response towards their future post-saccadic 
location (Tolias et al., 2001; Zirnsak & Moore, 2014; Zirnsak, Steinmetz, 
Noudoost, Xu, & Moore, 2014). Wurtz (2008) proposed that predictive 
remapping is made possible by the corollary discharge (or efference copy) 
of the upcoming eye movement which is used to calculate the appropriate 
reversed movement vector. 

Predictive remapping of attention measured in behavior 
Several studies have provided behavioral evidence for predictive remapping 
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by demonstrating facilitation of visual processing at the remapped location 
prior to an eye movement (Jonikaitis, Szinte, Rolfs, & Cavanagh, 2013; Rolfs, 
Jonikaitis, Deubel, & Cavanagh, 2011; Szinte, Jonikaitis, Rangelov, & Deubel, 
2018; Szinte, Jonikaitis, Rolfs, Cavanagh, & Deubel, 2016). Specifically, 
attention seems to gradually ramp up at the remapped location prior to 
an eye movement starting around 150 ms before saccade onset (Rolfs 
et al., 2011). In Rolfs et al. (2011), participants were instructed to make 
two successive saccades towards two neighboring targets (see Figure 
5.1 for an illustration of the design). The targets were presented together 
with four other locations in a hexagon around the starting fixation point. 
The allocation of attention was measured by having participants judge 
the orientation direction of a tilted Gabor grating (probe), this probe could 
be presented at the two target locations, the location next to the second 
saccade target location (remapped location) and at the location opposite 
from the first saccade target location (control location). The probe was 
presented in close temporal proximity to saccade onset. Attentional 
performance was best at the saccade targets, and it increased to peak 
right before the saccade onset. Furthermore, performance increased at 
the remapped location in a similar pattern as at the second target location. 
From this Rolfs et al. (2011) concluded that attention was predictively 
remapped before the saccade onset. This pattern is similar to the enhanced 
attentional facilitation at the saccade target location prior to an eye 
movement (Deubel & Schneider, 1996; Kowler et al., 1995) as well as when 
two sequential saccades are planned (Baldauf & Deubel, 2008). Likewise, 
attentional facilitation has also been found at hand movement targets, 
before movement onset (Deubel et al., 1998). 

Limits of predictive remapping of attention
Recently, we found that the pattern of performance preceding a saccade 
does not necessarily indicate the presence of predictive remapping of 
attention (see Chapter 5). The pattern merely reflects a spreading of 
attention, spilling from saccade targets to neighboring locations, instead 
of attentional facilitation at the remapped location prior to saccade onset. 
Originally, we set out to adapt the original paradigm used by Rolfs et al. 
(2011), to investigate attention preceding saccades and hand movements. 
To do this, we had to replicate the results obtained by Rolfs et al. (2011) 
first. We altered the paradigm in a few ways (see Figure 5.1). For instance, 
in their design the control location was isolated from the other three 
tested. In this setting, att ention could be allocated to a specific region 
surrounding the target location at expense of the control location at the 
other side where the probe was only likely to appear in 25% of the trials. 
To avoid this issue, we probed attention equally likely at all six locations. 
Furthermore, we wanted the majority of the trials to be centered around a 
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time just before the saccade onset. To do this we used a novel adaptive 
algorithm to estimate the probe presentation times. We replicated the 
finding of predictive remapping when the same control location as in Rolfs 
et al. (2011) was used to compare attentional performance preceding 
the saccade. However, when we compared performance with the other 
two control locations we found no performance benefit at the remapped 
location. Instead, it seemed that attention was deployed at the saccade 
targets before saccade onset, hereby replicating previous studies (Baldauf 
& Deubel, 2008; Godijn & Theeuwes, 2003), and to a lesser degree at 
the locations neighboring the saccade targets (including the remapped 
location), suggesting attentional spreading. 

Spreading of attention around saccade target locations 
Our results obtained with the Rolfs paradigm resembled the patterns of 
results found in studies in which attention was cued prior to the onset of a 
saccade (Harrison, Mattingley, & Remington, 2012; Jonikaitis et al., 2013). 
In these latter studies, attention was cued to a side of the display, and 
it was suggested that attention was not deployed solely to the saccade 
targets but rather to a region around the cued locations. Other studies 
did however find a narrow distribution of attention at the saccade targets 
and not at other locations in-between saccade targets (Baldauf & Deubel, 
2008; Godijn & Theeuwes, 2003). Interestingly, this narrow distribution 
of attention at the saccade target was similar to what was found in a 
global effect paradigm, where observers had to saccade to a target with a 
distractor in the proximity. Attention was found both at the saccade target 
and the distractor, but not in between these locations, where the majority of 
eye movements landed (Van der Stigchel & de Vries, 2015; Wollenberg et al., 
2018), suggesting a decoupling of attention and saccade planning at least 
to some degree. 

The results described in Chapter 5 show a smaller effect of attentional 
facilitation at the remapped location than at the control location, than the 
results obtained by Rolfs et al. (2011). The specific arrangement of the 
probe location in the study of Rolfs et al. (2011) could have induced a more 
focused allocation of attention. Attention could have been allocated mostly 
towards the three neighboring locations, where the probe appeared 75% of 
the trials, at expense of the control location where the probe was presented 
at 25% of all trials. It is likewise possible, that testing six locations 
compared to four is a more difficult task, which can lead to a more diffuse 
spread of attention, instead of a focused allocation of attention. However, 
it is important to add that our design differed from the study of Rolfs 
et al. (2011) in more aspects, such as probe presentation time, probe 
presentation duration and session length. Any differences found between 
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the results from both studies could be due to alterations implemented in 
our design. 
The discrepancies between the studies finding evidence for a spread 
of attention (Harrison, Mattingley, & Remington, 2012; Jonikaitis et al., 
2013; our study described in Chapter 5), and arguing for a more narrow 
distribution of attentional facilitation (Baldauf & Deubel, 2008; Godijn 
& Theeuwes, 2003) could be explained by differences in probe task 
difficulty. Observers that participated in our study reported that performing 
a combined perceptual and saccade task was extremely difficult. The 
relationship between saccade generation and attention is dependent on 
the relative importance of either task. Such that attentional deployment is 
affected by task difficulty (Kowler et al., 1995). Possibly, participants have 
adopted strategies to employ attention at the saccade targets, to allow 
them to perform well on the discrimination performance task. 

A study conducted by Szinte et al. (2018), suggests no spreading of 
attention, yet they did find an attentional facilitation at the remapped 
location. They used a similar design as was used in Rolfs et al. (2011) in 
which observers had to saccade towards a single target while performing a 
perceptual discrimination task. Before the onset of the saccade a location 
was cued to evoke attention to be directed to that location. However, the 
amplitude of this saccade was twice the size of the amplitude in our study 
and attention was probed at more locations. Their results showed that 
there was no attentional facilitation at the locations next to the saccade 
target as well as in between the central fixation point and the saccade 
target (along the movement axis). Possibly, the spreading of attention to 
nearby locations is dependent on the size of the saccade. With spreading 
being more pronounced when the saccades are smaller in size. In addition, 
having more locations that are probed (12 vs 6) could likewise contribute to 
a more narrow distribution of attention at the saccade targets. 

SUMMARY 
The question that I addressed in this thesis, is how we successfully select 
our movement targets and what influences the movement outcomes. The 
question can be subdivided into several distinct questions. For instance, 
‘how does target selection in hand movements relate to target selection 
in eye movement?’ or ‘how is a target representation remembered when 
a intervening movement is made?’. In the next chapters I sought out to 
answer these questions regarding target selection. 

The global effect provides us with a great tool to investigate target 
selection. We know that it is present when investigated in eye movements. 
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Yet, not many investigated the global effect in other effectors, such as hand 
movements. Researchers sometimes assume that eye movements can 
be used as a model for other types of movement. To this end, the study 
described in Chapter 2 investigates the global effect paradigm, as was 
previously tested in eye movements, but now in hand movements. The 
results of Chapter 2 suggest that target selection comes about differently 
for hand and eye movements. Participants made pointing movements 
towards a target which was accompanied by a distractor. We know based 
on eye movements studies that this spatial configuration elicits a target-
distractor competition and a deviation of the movement endpoint towards 
the distractor, called the global effect. We showed that the endpoints were 
not biased by the distractor for all but one participant. Furthermore, even 
when the visual presentation time of the stimuli was restricted there was 
no influence of the distractor observed in the pointing movements. These 
results are radically different from those observed in eye movement studies 
and suggest that target selection in hand movements is independent from 
eye movements. 
Another previously unanswered question is how target selection takes 
place when vision is occluded and visual information has to be retrieved 
from memory. The study described in Chapter 3 addresses this issue. 
Specifically, the study tests the robustness of the global effect in the 
absence of visual information. The global effect generally shows a decline 
with increasing saccade latency (Findlay, 1982; Heeman et al., 2014; Ottes 
et al., 1985). This has previously only been confirmed by studies using 
visually-guided saccades. Target selection in memory-guided saccades, 
however, relies on remembered visual information.The results of Chapter 3 
suggest that the global effect cannot be reduced with increasing saccade 
latency when it is tested in memory-guided saccades. Yet, increasing 
stimuli presentation times did result in a reduction of the global effect. 
This suggests that target selection is achieved differently, from everyday 
visually-guided movements, when stimuli representations are kept in 
memory. 

Target selection from memory likewise occurs when a second movement 
is based on visual representations showed before the onset of the first 
movement. This situation sets the stage for the experiments conducted 
in the study described in Chapter 4. In this study, a double-step saccade is 
used to investigate the influence of a distractor on a subsequent saccade. 
This allowed us to answer two questions simultaneously. First, how does 
target selection occur when visual representations are kept in memory. This 
question is similar to that answered in Chapter 3 and the results are akin as 
well. When target selection is done from memory, the competition caused 
by the distractor cannot be reduced. Second, in this paradigm, 
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on the efference copy of the upcoming movement. When two targets 
are selected for two subsequent eye movements, information about the 
second saccade target is updated across the first saccade. Another way to 
assess updating of information across saccades is to measure allocation 
of attention preceding the first saccade. A seminal study conducted by 
Rolfs et al. (2011), showed that allocation of attention was already evident 
at the future remapped location before the onset of the saccade. Providing 
evidence for the predictive remapping of attention hypothesis. In our study 
described in Chapter 5, we largely copied the paradigm previously used 
by Rolfs et al. (2011) and found that attention was spreading from target 
locations to neighboring control locations, instead of finding a clear-cut 
difference between attentional performance at the remapped location 
compared to the other control locations. From this, we concluded attention 
is not necessarily remapped across a saccade, but that attention can be 
abundantly present at multiple locations at the same time.

Overall the work presented here confirms that eye movement target 
selection is affected by distractors. Furthermore, when selection is done 
from memory, the eye movement cannot be altered during a memory 
interval. In contrast, hand movement target selection appears to be 
unaffected by nearby distractors, one effector should therefore not be taken 
as a proxy for the other. Lastly, both the distractor and target information 
appear to be updated across a saccade. The mechanism behind this is 
predictive remapping, although it is unclear if attention in addition to target 
position information is likewise remapped. 



CHAPTER 2
A NEARBY DISTRACTOR DOES 

NOT INFLUENCE HAND 
MOVEMENT TAPPING POSITIONS

Adapted from: Arkesteijn, K., Donk, M., Belpolsky, A. V., & Smeets, J. B. J., (2020). 
A nearby distractor does not influence hand movement tapping positions. Submit-
ted for publication.
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ABSTRACT
When interacting with the environment, we often make a saccade 
towards the location where we will move our hand. It seems therefore 
logical that the target selection in hand and eye movements are to some 
extent coupled. For eye movements, it is known that when a distractor 
is presented close to the target, the endpoint of the saccade will be 
biased towards the distractor. The size of this so-called global effect 
decreases with viewing time. Here we investigate whether a similar effect 
is also present in hand movements. If target selection for hand and eye 
movements are indeed coupled, a similar bias should be present in hand 
movements as well. Alternatively, one could expect that the hand may 
consider the distractor as a potential obstacle. If so, the hand will avoid 
the distractor and might even end on the opposite side of the target than 
the distractor. To test both possibilities, we adopted a classic global effect 
paradigm but applied it to goal-directed hand movements. We show that 
the endpoints of hand movements are unbiased for all but one participant, 
irrespective of viewing time. These results suggest that target selection for 
hand movements is independent of that for eye movements
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INTRODUCTION
Combined eye-hand action dominates our daily activities. For instance, 
picking up a pen involves not only a movement of the hand, but also a 
saccadic eye movement: we generally look at an object before we act 
upon it (Johansson, Westling, Bäckström, & Flanagan, 2001; Land, 2006), 
presumably to improve visual guidance. Therefore, it seems that the 
decision where to move (target selection) is coupled for eye and hand 
(Belopolsky, Olivers, & Theeuwes, 2008). Many papers have discussed the 
coupling in terms of both spatial and temporal coordination, with the eye 
movement generally preceding the hand movement (Helsen, Elliott, Starkes, 
& Ricker, 1998; Neggers & Bekkering, 2000; Prablanc, Echallier, Komilis, & 
Jeannerod, 1979). It is well-known that target selection for saccadic eye 
movements is affected when a nearby distractor is presented next to the 
target. Here we investigate whether distractors have the same influence on 
hand movements.

Although target selection in many lab situations is straightforward, grasping 
a pen from a cluttered desk is not. The first step in executing a goal-
directed movement, such as grasping a pen, is to select the target among 
irrelevant distractors. Distracting elements cannot always be ignored. 
When a salient distractor is presented in close proximity to the target, one 
might have difficulties deciding which of the two items is the target. Indeed, 
saccades will end in between the target and the distractor (Arkesteijn, 
Smeets, Donk, & Belopolsky, 2018; Coren & Hoenig, 1972; Findlay, 1982). 
This so-called global effect in saccades is influenced by multiple factors. 
For instance, it becomes stronger if target and distractor location are 
unpredictable (He & Kowler, 1989) and when the saccades have short 
latencies (Findlay, 1982; Heeman et al., 2014; Ottes et al., 1985), or more 
specifically: if stimuli have been viewed for a short duration (Arkesteijn, 
Donk, Smeets, & Belopolsky, 2020; Arkesteijn et al., 2018). 

It has been proposed that both target and distractor evoke an activation 
peak in a saccade map (Meeter et al., 2010). This saccade map is 
presumably located in the intermediate layers of the superior colliculus 
(Dorris, Paré, & Munoz, 1997; McPeek et al., 2003; McPeek & Keller, 2004; 
Munoz & Wurtz, 1995). Since both stimuli compete with one another, it 
is thought that to select the target, top-down modulation increases the 
activation at the target location at the expense of the distractor location. 
This process takes time (Van Zoest, Donk, & Theeuwes, 2004), and 
therefore saccades with shorter latencies are more likely to end up in 
between both locations. The intermediate layers of the superior colliculus 
also have been shown to contribute to target selection for hand movements 
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(Song & McPeek, 2015; Song, Rafal, & McPeek, 2011). This suggests that 
the saccade map may be an effector-independent target selection map, 
underlying the generation of both hand and eye movements. 

Based on the above reasoning we would expect that a distractor would 
induce similar biases in eye- and hand movements. However, a distractor 
may have additional effects on goal-directed hand movements. For 
instance, the distractor could be considered to be an obstacle, even if it 
cannot physically interfere (Tresilian, 1998). If considered so, the hand 
will move away from distracting elements to avoid a collision (De Grave, 
Biegstraaten, Smeets, & Brenner, 2005; Dean & Brüwer, 1994; Haffenden, 
Schiff, & Goodale, 2001). Such obstacle avoidance might reduce or even 
invert the bias in hand movement endpoints that are expected based on 
the global effect in saccades. To our knowledge, such obstacle avoidance 
effects do not depend on viewing time. 

We are not the first who try to answer the question of whether a distractor 
biases the endpoint of a fast goal-directed hand movement similarly as 
it affects saccade endpoints. Sailer et al. (2002) asked participants to 
perform a hand and/or an eye movement to a target which was presented 
simultaneously with a distractor. The results showed that the distractor 
affected movement amplitude of both hand and eye, albeit the effect was 
considerably smaller for the hand than for the eye. They concluded that 
the programming of eye and hand movements is coupled during target 
selection. It is important to note that Sailer et al. (2002) used a stimulus 
configuration that was different from that commonly used in eye movement 
studies (Arkesteijn et al., 2020, 2018; Heeman et al., 2014; Wollenberg et 
al., 2018). That is, the target and distractor positions were always lined 
up such that the distractor was positioned either 4° closer or further than 
the target relative to the starting positions of the eyes and hand. In this 
way, the distractor affects the movement amplitude, rather than direction. 
A good comparison of a hand movement showing a similar global effect 
as has been reported in the extensive literature on saccades is thus still 
lacking. Here, we investigate whether a distractor biases the endpoint of a 
fast goal-directed hand movement in a similar way as saccadic endpoints 
are affected when target and distractor are positioned next to each other. 
For this, we utilize the configuration we used before for studying the global 
effect in saccades (Arkesteijn et al., 2020, 2018). We used two different 
presentation times to investigate whether the viewing time influences 
the size of the global effect in hand movements in a similar way as in 
saccades. If target-distractor competition in hand movements is similar to 
the competition when planning eye movements, a clear global effect should 
be present in hand movement endpoints for short presentation time, but 
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not for long presentation times. If the distractor is regarded as an obstacle, 
the hand will avoid the distractor, which will reduce the global effect, which 
may for some participants even result in a bias in the opposite direction. 

METHODS
Participants. 
Nineteen students (aged: 18-36, mean: 21, five male) of the Vrije Universiteit 
Amsterdam participated in this study. The data of one participant were 
excluded from the analysis because we had to exclude too many trials (see 
section data analysis). All had normal or corrected-to-normal vision and 
were naive to the purpose of the study. Informed consent was obtained 
from all participants and the experiment was approved by the Ethical 
Committee of the faculty of Behavioral and Movement Sciences of the Vrije 
Universiteit Amsterdam. Apparatus. The experiment was conducted in a 
dimly lit room. A 42” touchscreen monitor (Iiyama ProLite) with a 1920 x 
1080 pixel resolution and a 60 Hz refresh rate displayed the stimuli. The 
monitor was laying on a table, oriented at 31° so that participants could 
look down on it. We wrote software to control the stimulus presentation 
and touch responses in Python (Anaconda Software Distribution, 2019) 
using a Pygame back-end.
Stimuli, design and procedure. 
Participants stood in front of the touchscreen at a distance of 50 cm from 
the display to the head with their right index finger on a starting position. 
Distances and dimensions are reported in cm. We presented the stimuli 
on a 29 cd/m2 grey background. In the center of the screen there was a 
white ring (diameter 1.75 cm), which served as the starting position for 
the finger (see Figure 2.1). The target was a 15 cd/m2 blue dot (diameter 
1.31 cm) and could appear randomly in the top hemifield on an imaginary 
half-circle (radius 8.73 cm) around the starting position. A black distractor 
(diameter 1.75 cm) was presented on the imaginary circle at 1/18th of the 
circle circumference either counterclockwise (CCW) or clockwise (CW). 
We ensured that the target, as well as the distractor, appeared in the top 
hemifield, so the possible locations of the target depended on whether the 
distractor was CW or CCW. 
Participants were instructed to place their index finger on the starting 
position and to respond to the appearance of a target as quickly as 
possible by moving their finger to tap the target as quickly as possible. 
Participants received a warning if their total response time (from stimulus 
onset until they tapped the target) exceeded 600 ms. The presentation time 
was either short or long. In the ‘short’ condition, the target and distractor 
were only presented for 100 ms, and thus already gone before the finger 
movement onset. In the ‘long’ condition, the target was presented until the 
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finger moved away from the starting position. The two conditions, target 
and distractor locations were presented in random order within a block. 
The experiment consisted of 360 trials, tested in 6 blocks. Participants 
were allowed short breaks in between the blocks. The total duration of the 
experiment was approximately 30 min. 

Figure 2.1. Lay-out of the experiment. A) Spatial lay-out of the stimuli in cm 
(scaled). Target and distractor could only be presented in the top hemifield of the 
circle. B) An example of calculation of the tapping bias (dotted line) as half of the 
distance between the averaged tap positions of CW and CCW trials (solid line).

Data analysis.
Hand movement data were analyzed offline using a custom code written in 
Python (Anaconda Software Distribution, 2019). The response to the stimuli 
was considered valid when the following criteria were met: the finger lost 
contact with the screen within 1.75 cm of the starting position not earlier 
than 100 ms after stimulus onset, and the finger tapped the screen within 
3.5 cm of the target position and no longer than 600 ms after stimulus 
onset. We excluded one participant who produced less than 50% valid 
trials. For the remaining participants, 5636 trials (87%) were included in the 
subsequent data analysis.
For the data analysis, we rotated all stimuli and tap positions so that 
the target position was at the top position (see Figure 2.1B). The mean 
horizontal tap position of trials in which the distractor was presented CCW 
was subtracted from the mean horizontal tap position of CW distractor 
trials and divided by two. In this way, a positive value would indicate a 
tapping bias towards the distractor (where a value of 1.50 cm would 
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indicate a horizontal tap position at the distractor), whereas a negative 
value would mean a tapping bias in the opposite direction of the distractor 
(i.e. obstacle avoidance). To assess if participants would tap at the target 
(null hypothesis) or if the taps were influenced by the distractor (alternative 
hypothesis) a Bayesian two-side one-sample hypothesis against zero was 
performed using the default Cauchy prior (scale: 0.707) by JASP 0.9.2.0 
(JASP Team, 2018). A two-sided paired sample t-test was performed to 
assess differences between the ‘short’ and ‘long’ conditions. A BF10 is 
reported when there is evidence in favor of the alternative hypothesis 
compared to the null hypothesis and a BF01 is reported when there is 
evidence in favor of the null hypothesis over the alternative hypothesis 
(Wagenmakers, Lodewyckx, Kuriyal, & Grasman, 2010). A BF > 3 indicates 
that there is substantial evidence, a BF > 10 indicates that there is strong 
evidence, and a BF > 100 indicates that there is decisive evidence for a 
hypothesis to be true (Raftery, 1995). 

RESULTS 
The response times for the ‘short’ and ‘long’ conditions were similar (Figure 
2.2). In both conditions, the median reaction time was 233 ms (interquartile 
range: 210 – 257 ms). The median tap time was 393 ms (interquartile 
range: 361 – 417 ms) for the ‘short’ condition and 396 ms (interquartile 
range: 361 – 418 ms) for the ‘long’ condition. 
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Figure 2.2. Reaction times. Hand movement reaction times cumulative distribu-
tions for the ‘short ’ and long’ conditions. Solid lines indicate hand movement 
onset times, dotted lines indicate hand movement landing times.

The variability in the tap positions was larger in the direction of the 
movement than in the direction of the distractor. The mean standard 
deviation in the horizontal direction (in the direction of the distractor) was 
0.50 cm and 0.46 cm for the ‘short’ and ‘long’ conditions respectively. The 
mean standard deviation in the vertical direction was 0.53 cm in the ‘short’ 
condition, and 0.51 cm in the ‘long’ condition. 

For 17 of our 18 participants, the distractor did not affect the tap position, 
independent of presentation time. One participant, however, behaved 
differently, with a mean tap position that was two standard deviations 
away from all other participants (see Figure 2.3). The mean tapping bias of 
that participant was 1.69 cm both in the ‘short ’ and ‘long’ condition. The 
tapping biases of the other 17 participants ranged from -0.22 cm to 0.18 
cm (mean 0.01 cm) in the ‘short’ condition and from -0.10 cm to 0.17 cm 
(mean -0.03 cm) in the ‘long’ condition. This participant differed not only 
in the bias: also the variability in tap position was larger in the direction 
of the distractor: 0.77 cm and 0.82 cm in the ‘short’ and ‘long’ condition, 
compared to an average of 0.49 cm and 0.44 cm in the ‘short’ and ‘long’ 
condition respectively, for the other 17 participants. However, the response 
times were not conspicuously different (229 ms in the ‘short’ and 230 
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ms in the ‘long’ condition). According to our planned tests, there was no 
evidence that the tapping bias differed from zero in both conditions (BF10 < 
3), on the contrary, it was more likely that the hand movements showed no 
tapping bias in the ‘short ’ condition (BF01 = 3.74). Furthermore, there was 
no support for the hypothesis that the tapping bias differed between the 
two conditions (BF10 < 3). 
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Figure 2.3. Finger tap positions per participant. Mean tap positions for the CW 
(red) and CCW (blue) trials for the ‘short’ and ‘long’ condition left and right re-
spectively. Error bars denote the participants’ standard deviation. Note that the 
data-points that lie outside the group are from the same participant in both condi-
tions. 
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DISCUSSION
We show that expression of the target-distractor competition is less 
apparent when measured in hand movements. Except for one participant, 
no global effect was found on the endpoints of tapping movements. This 
was the case both when participants could examine the visual scene 
up until the onset of the hand movement and when access to visual 
information was restricted (stimuli were visible for 100 ms). No observable 
differences were found between both conditions in the tap position of the 
finger as well as in the movement latencies. From this, we conclude that 
target selection for hand and eye movements uncoupled. 
One participant showed an average tap position that was biased towards 
the distractor. Perhaps, this finding can be interpreted as an indication 
that for this participant, target selection for hand and eye movements are 
spatially coupled. We think it is not, based on the classical finding that 
the global effect in saccades reduces with viewing time. The bias of this 
participant was not reduced in the ‘long’ condition. This lack of effect of 
viewing time indicates that this participant’s tapping behavior is unrelated 
to the classic global effect that is observed in eye movements. 
The results from our experiment are different from those of Sailer et al. 
(2002). They investigated the effect of distractors on the amplitude of hand 
movements and found a clear effect which resembles the behavior of the 
eye: a bias that reduced with viewing time. What could be the cause of the 
absence of a global effect in our experiment? The main difference between 
the two studies is the position of the distractor. In our study, the distractor 
was presented on an axis perpendicular to the movement axis, i.e. left or 
right from the target as seen from the starting point. In comparison, in the 
study by Sailer et al. (2002) the distractor was presented in the line of the 
movement, either in between starting point and target or beyond the target. 
Therefore, the distractor will affect the amplitude of the movement, not the 
direction. It has been suggested, that the amplitude of hand movements 
is programmed differently than the direction of hand movements (Favilla, 
Hening, & Ghez, 1989; Gordon, Ghilardi, & Ghez, 1994). This difference 
makes that a bias in hand movements only occurs when this affects the 
movement amplitude. 
Although Sailer et al. (2002) concluded that the target selection for eye 
and hand was spatially coupled, the reported size of the effect on the 
hand was considerably smaller compared to that on the eye. The present 
results do not support the hypothesis that target selection in hand and 
eye movements rely on similar mechanisms. If this would have been the 
case, a global effect should have been present in hand movements like 
previously reported in eye movements. It could be that the global effect 
was counteracted because the distractor was regarded as an obstacle, and 
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thus avoided. If so, these effects should have exactly counteracted each 
other for all participants. As there is a large inter-individual variability in the 
strength of the global effect, this would have resulted in a large variability 
between participants: in some, the hand would have avoided the distractor, 
in others the global effect would have been larger. Moreover, as the global 
effect decreases with viewing time, one would expect the net effect to shift 
in the direction of obstacle avoidance in the ‘long’ condition. This pattern 
is not observed. Therefore, the current data is likewise not in accordance 
with the obstacle avoidance hypothesis. Instead, the hands tapped on the 
target with high precision, i.e. the variation of tap position was larger in the 
movement direction than in the direction of the distractor. Some studies 
have argued that the target selection of the hand is continuously influenced 
by the position of the eye (Adam, Ketelaars, Kingma, & Hoek, 1993; Hansen 
& Skavenski, 1985). This assumption should have led to different results 
in the ‘short ’ and ‘long’ condition, for the in the ‘short ’ condition, the visual 
stimuli were only visible up to 100 ms. With restricted visual information, 
the global effect is present in eye movements and this in return should 
have led the hand movements to follow the eyes to the wrong position. 
However, in our design, we did not measure eye movements directly. 
Yet the design used in the present experiment is similar to that used in 
previous experiments conducted in our lab and by other researchers in 
which a global effect in eye movements was found (Arkesteijn et al., 2020; 
Arkesteijn et al., 2018; Heeman et al., 2014). 

There might be an ecological explanation for the fact that the hand and 
eye movements differ in the presence of a distractor. If the eye does not 
accurately ‘hit’ the target but instead skews towards an unexpected nearby 
distractor, perception benefits from this. Namely, the fovea can cover both 
objects partly, and thus can process information from both stimuli. If the 
hand is biased towards the distractor, it simply misses the target. Perhaps 
the system coding for hand and eye movements allows a wider distribution 
for eye movement endpoints than it does for hand movements. 

Together these results show that even though the endpoints of eye 
movements are clearly affected by a distractor (Coren & Hoenig, 1972; 
Findlay, 1982; Van der Stigchel & Nijboer, 2011) and to some extent in the 
amplitude of hand movements (Sailer et al., 2002), expression of the target-
distractor competition is absent in the direction of hand movements. This 
shows that even although the eye and hand show overlap in systems that 
are responsible for the generations of their movements, those systems are 
not rigidly coupled.
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ABSTRACT
When a distractor appears in close proximity to a saccade target, the 
saccadic endpoint is biased towards the distractor. This so-called global 
effect reduces with the latency of the saccade if the saccade is visually-
guided. We recently reported that the global effect does not reduce with 
the latency of a double-step memory-guided saccade. The aim of this 
study was to investigate why the global effect in memory-guided saccades 
does not show the typically observed reduction with saccadic latency. One 
possibility is that reduction of the global effect requires continuous access 
to visual information about target and distractor locations, which is lacking 
in the case of a memory-guided saccade. Alternatively, participants may be 
inclined to routinely preprogram a memory-guided saccade at the moment 
the visual information disappears with the result that a memory-guided 
saccade is typically programmed on the basis of an earlier representation 
than necessary. To distinguish between these alternatives, two potential 
targets were presented and participants were asked to make a saccade to 
one of them after a delay. In one condition the target identity was pre-cued, 
allowing preprogramming of the saccade, while in another condition, it was 
revealed by a retro-cue after the delay. The global effect remained present 
in both conditions. Increasing visual exposure of target and distractor led to 
a reduction of the global effect, irrespective of whether participants could 
preprogram a saccade or not. The results suggest that continuous access 
to visual information is required in order to eliminate the global effect. 
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INTRODUCTION 
Objects around us are constantly competing for visual selection. People 
make two-three ballistic eye movements, or saccades, per second to select 
relevant information from their surroundings. To accurately perform a 
saccade, the eye movement system has to calculate a motor plan on the 
basis of visual information. Even though saccades typically undershoot a 
target by about ten percent (Kapoula, 1985), their direction is quite accurate 
for isolated targets. However, when a competing distractor appears near 
a saccade target, the saccadic endpoint is often biased towards the 
distractor. Coren & Hoenig (1972) were the first to accurately describe this 
phenomenon and to point out that when observers have to make an eye 
movement to a target stimulus surrounded by irrelevant stimuli, the eyes 
tend to land on the center of gravity of all stimuli. This tendency to saccade 
towards the intermediate position between a target and a distractor is 
nowadays referred to as the global effect (Findlay, 1982; see also e.g., 
Arkesteijn, Smeets, Donk, & Belopolsky, 2018; Coëffé & O’Regan, 1987; Van 
der Stigchel & Nijboer, 2011). 

The global effect has been explained in terms of a weighted average of the 
peaks of activations on the saccade map, corresponding to the locations 
of the target and the distractor (Godijn & Theeuwes, 2002; Meeter et al., 
2010; Van der Stigchel & Nijboer, 2011). According to this account, the 
saccade’s endpoint is located at the weighted average of these activations. 
The saccade map is presumed to be located at the intermediate layers 
of the superior colliculus, these layers receive input from various cortical 
areas such as the dorsolateral prefrontal cortex and the frontal eye fields 
(Goldman & Nauta, 1976; Johnston & Everling, 2008). The integrated 
inputs are sent to the brainstem and cerebellum, where the saccade is 
programmed (Meeter et al., 2010; Munoz, Dorris, Pare, & Everling, 2000; 
Trappenberg et al., 2001). The weights assigned to the target and distractor 
locations depend on the relative salience of the two objects: saccades are 
often biased towards the more salient element (Findlay, Brogan, & Wenban-
Smith, 1993). 

The strength of the activation in the saccade map is not only assumed to 
be affected by stimulus-driven factors but can also be modulated by top-
down information (Meeter et al., 2010). If the activity peak associated with 
the target becomes stronger than that of the distractor as a result of such a 
top-down modulation, the saccade will be more accurately directed towards 
the target. One of the input areas of the superior colliculus (the dorsolateral 
prefrontal cortex) is susceptible to task demands, as it responds to targets 
but not distractors (Everling, Tinsley, Gaffan, & Duncan, 2006). Therefore, 
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this area might provide the top-down information. 
As top-down modulations typically affect saccades with longer latencies 
(Van Zoest et al., 2004), only short-latency saccades will be primarily 
directed towards the weighted average, whereas the effect of the distractor 
will be reduced for long-latency saccades (Coëffé & O’Regan, 1987; Findlay, 
1982; Heeman, Theeuwes, & Van der Stigchel, 2014; For an overview see: 
Van der Stigchel & Nijboer, 2011). For instance, Heeman et al. (2014) 
presented participants with two targets and instructed them to saccade 
towards a pre-specified target. They found that the global effect decreased 
with longer latencies, and was even abolished with saccade latencies 
longer than 330 ms. However, when no target was pre-specified (i.e. the 
participant could choose to saccade to either target), the global effect 
remained stable. 

Even though the global effect has been consistently found to disappear 
when saccade latencies were longer than approximately 300 ms (Heeman 
et al., 2014; Ottes et al., 1985), a recent study showed that it does not 
reduce when participants had to keep the target in memory across a 
saccade (Arkesteijn et al., 2018). In Arkesteijn et al. (2018) participants 
had to execute two consecutive saccades while the second saccade 
target had to be kept in memory. The target-distractor competition was 
updated across the first saccade and the size of this global effect did not 
change following longer saccade latencies. Thus even though the global 
effect declines with saccade latency in visually guided-saccades (Heeman 
et al., 2014; Ottes et al., 1985), it was not the case when the target was 
memorized (Arkesteijn et al., 2018).

One possibility is that target-distractor competition can be resolved even 
in the absence of visual information but observers typically refrain from 
doing so because they routinely preprogram a saccade at the moment 
the visual information disappears and well before it is executed (Abrams 
& Jonides, 1988; Findlay & Walker, 1999). Alternatively, it is possible that 
target-distractor competition cannot be resolved in the absence of visual 
information because the required weight changes in the saccade map can 
only be realized in the presence of visual information. This would imply that 
even if these weight changes might be due to top-down processing, the 
presence of a visual signal is required. 

The aim of the present study is to distinguish between these two 
possibilities by comparing memory-guided saccades in two experimental 
conditions. In both conditions, participants were briefly presented with two 
potential targets and two distractors and were asked to make a saccade to 
one of the targets after the stimuli disappeared. In the ‘known’ condition, 
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the color of saccade target was pre-cued before the stimuli appeared. 
Therefore, the pre-cue allowed for the memory-guided saccade to be 
preprogrammed based on the available visual information. Conversely, 
in the ‘unknown’ condition, the color of the target was retro-cued after 
the stimuli disappeared. Here, a memory-guided saccade had to be 
programmed from memory, only after the retro-cued revealed the identity 
of the saccade target. If the persistence of the global effect over time 
for memory-guided saccades is due to preprogramming a saccade, the 
global effect should be resolved in the ‘unknown condition’, in which such 
possibility was precluded. If the persistence of the global effect over time 
for the memory-guided saccades is due to the inability to reduce the bias 
from memory, the global effect should still be present in both conditions. 
This would suggest that continuous access to visual information is pivotal 
for resolving the global effect. 

EXPERIMENT 1 
METHODS 

Participants. 
Twenty-four participants of the Vrije Universiteit Amsterdam were recruited 
to take part in the experiment. Twenty-one participants completed all 
blocks of trials. The data of three participants were later excluded due to 
excessive data loss (> 50%) as a result of eye-tracking errors. Eighteen 
participants (aged: 18-26, mean: 21, 15 women) were included in the data 
analysis. All had normal or corrected-to-normal vision and were naive to the 
purpose of the study. Informed consent was obtained from all participants 
and the experiment was approved by the Ethical Committee of the faculty 
of Behavioural and Movement Sciences of the Vrije Universiteit Amsterdam. 
Apparatus. 
The experiment was conducted in a dimly lit room. A 21” LCD monitor 
(Samsung 2233RZ) with a 1680 x 1050 pixel resolution and a 120 Hz 
refresh rate displayed the stimuli. An Eyelink 1000 (SR research) recorded 
gaze with a temporal resolution of 1 ms and a spatial resolution of 0.01°. 
Experimental software was written to control the stimulus presentation, 
response collection, and eye tracking in OpenSesame version 2.9 (Mathôt, 
Schreij, & Theeuwes, 2012) using a PsychoPy back-end (Peirce, 2007) 
and PyGaze (Dalmaijer, Mathôt, & Van der Stigchel, 2014). An automatic 
algorithm detected saccades using minimum velocity and acceleration 
criteria of 35 °/s and 9500°/s2, respectively.
Stimuli and procedure. 
Participants sat with their head positioned on a chin and forehead-rest at a 
distance of 70 cm from the display. Each session started with a nine-points 
calibration procedure which we accepted when the average error was 
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smaller than 1°. We presented the stimuli on a grey (29 cd/m2) background. 
The saccade target was either a red (15 cd/m2) or blue (15 cd/m2) dot 
(diameter 0.4°) and could appear at one of 20 equidistant positions on an 
imaginary circle (8° radius, see Figure 3.1B). The colored dots were always 
positioned exactly opposite to each other. One black distractor (diameter 
0.8°) accompanied each colored dot at one of its neighboring positions, 
resulting in four peripheral dots. 
Participants were instructed to fixate, to remember the (potential) target 
location(s), and to make a saccade to the remembered location of the 
target as fast as possible upon the appearance of the go-cue (see Figure 
3.1). In the ‘known’ condition, the trial began with the presentation of a 
red or blue fixation dot (diameter: 0.4°) indicating the color of the saccade 
target. In the ‘unknown’ condition, the trial began with the presentation of 
a white fixation cross (size: 0.4°). If fixation was not detected in a 3° range 
within 5 seconds, a new calibration procedure was started before the trial 
onset. After a variable delay (drawn from a normal distribution, μ = 1500 
ms, σ = 300 ms) after fixation was detected, the four dots (one red, one 
blue, and two black) appeared for 170 ms. After a delay of 330 ms after the 
offset of the peripheral dots, a go-cue appeared, indicating that observers 
had to make a saccade towards the target. Thus, the go-cue appeared 500 
ms after stimulus onset; a latency at which the global effect was reduced to 
zero in experiments in which the target remained visible throughout the trial 
(Heeman et al., 2014; Ottes et al., 1985). In the ‘known’ condition, the go-cue 
consisted of a change of the central colored fixation dot into a white cross. 
In the ‘unknown’ condition, the go-cue consisted of a change of the central 
white cross into a red or blue dot, revealing the color of the saccade target. 
Participants heard a brief tone (277 Hz, 100 ms) if after the saccade, their 
gaze was not within 4° of the target. If the saccade was executed before 
cue onset, participants received visual feedback (telling them that their eye 
movement was executed too soon) in combination with a brief tone. Each 
participant participated in two sessions that took place on different days; 
one for the ‘known’ and the other for the ‘unknown’ condition. The order of 
the tested conditions was counterbalanced over participants. Each session 
consisted of 6 blocks of 80 trials (20 target locations, 2 distractor locations, 
2 repetitions) and lasted one hour, resulting in a total of 960 trials per 
participant. 
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Figure 3.1. A. The sequence of events in an trial in both conditions. Participants 
had to saccade to the target (color indicated by the fixation dot in the known 
condition), after a delay of 330 ms (50, 190 or 330 ms in Experiment 2) after the 
disappearance of the peripheral stimuli. In the ‘unknown’ condition, the initial fixa-
tion was the white cross and 330 ms (50, 190 or 330 ms in Experiment 2) after the 
disappearance of the peripheral stimuli, the white cross turned into a blue or red 
dot, revealing the color of the saccade target and serving as the go-cue. B. Spatial 
layout of the stimuli. There were 20 possible positions for the target. The irrele-
vant target was always positioned at the opposite side of the imaginary circle. The 
distractor was presented at the next neighboring position, at position 20 for the 
CCW condition and at position 2 for the CW condition. C. An example of calcula-
tion of the landing bias (dotted line) as half of the distance between the averaged 
landing positions of CW and CCW trials (solid line).

Data analysis. 
To extract all relevant details and events, eye-tracking data was analyzed 
offline using custom code written in Python (Anaconda, 2019). The first 
saccade was defined as a saccade (as detected by the Eyelink automatic 
algorithm) that was larger than 4° and that was executed after the onset of 
the stimuli. A trial was excluded when the saccade latency was shorter than 
80 ms or longer 500 ms, calculated from the go-cue onset. Furthermore, a 
trial was excluded when a saccade did not land within 4° distance of the 
target. This way a total of 13321 trials (77%) were included in the analysis. 
All the endpoints of the saccade were rotated as if all saccade targets were 
presented to the right of fixation (Position 1 in Figure 3.1B). For instance, 
endpoints for trials in which the target was at Position 6 (most downward 
position), were rotated 90° in the counterclockwise direction. 
To examine the influence of the distractor on the saccade endpoints the 
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landing bias was calculated. The landing bias was defined as the (signed) 
difference in saccade landing positions between the mean perpendicular 
distance when the distractor was presented counterclockwise, and when 
the distractor was presented clockwise, divided by two (Figure 3.1C). In this 
way, a positive value indicates a landing bias towards the distractor, a value 
of 0 indicates saccades landing at the target without any vertical bias, and 
a negative value indicates a bias away from the distractor. This measure 
of the landing bias pools the data across clockwise and counterclockwise 
trials, without being perturbed by potential idiosyncratic biases that are 
independent of the distractor. 

To assess whether there was an effect of the distractor on the landing 
position in a condition, it was determined if the landing position was biased 
to the distractor (landing bias was greater than zero, alternative hypothesis) 
or if the landing position was unrelated to the distractor position (null 
hypothesis). This was done for both the ‘known’ and the ‘unknown’ 
condition. A Bayesian one-sided one-sample t-test was performed using 
the default Cauchy prior (scale: 0.707) by JASP 0.9.2.0 (JASP Team, 2018), 
with the prediction that the landing bias would be greater than zero in 
both conditions. Likewise, we tested if the landing bias differed between 
the ‘known’ and ‘unknown’ conditions using a Bayesian two-sided paired-
sample t-test. The Bayes Factor (BF) was reported, which indicates support 
for one hypothesis over another hypotheses, expressed in a likelihood 
estimation (Wagenmakers et al., 2010). A BF10 is reported when there 
is evidence in favor of the alternative hypothesis compared to the null 
hypothesis and a BF01 is reported when there is evidence in favor of the 
null hypothesis over the alternative hypothesis. A BF > 3 indicates that there 
is substantial evidence, a BF > 10 indicates that there is strong evidence, 
and a BF > 100 indicates that there is decisive evidence for a hypothesis to 
be true (Raftery, 1995). 

Since the magnitude of the global effect has been shown to depend on 
saccade latency (Findlay, 1982; Heeman et al., 2014; Ottes et al., 1985) and 
longer saccade latencies were expected in the ‘unknown’ condition, we 
reconstructed the time-course of the landing bias as a function of saccade 
latency for the ‘known’ and ‘unknown’ conditions using the SMART method 
(Van Leeuwen, Smeets, & Belopolsky, 2019). First, for each participant 
and condition, the landing position data was smoothed with a Gaussian 
kernel (σ = 20 ms) for latencies ranging from 200 to 400 ms. This was done 
both for the CW and CCW trials. Subsequently, the difference between the 
smoothed time series obtained in the CW and CCW trials were divided by 
two to acquire the landing bias as a function of saccade latency. Next, a 
weighted paired t-test was performed between the smoothed time-series 



ON TARGET44

CHAPTER 3: VISUAL INFORMATION IS REQUIRED TO REDUCE THE GLOBAL EFFECT

for the ‘known’ and ‘unknown’ conditions to assess whether the landing bias 
was significantly different between the conditions at any time point (for a 
detailed description see: van Leeuwen et al. 2019). 
As the landing bias reduces linearly with saccade latency for visually 
guided saccades (Heeman et al 2014), a linear regression line was fit to 
the smoothed time-series for the ‘known’ and ‘unknown’ conditions and for 
every participant. To assess whether the size of the landing bias decreased 
with longer saccade latencies, two Bayesian one-sample t-tests were 
performed on the slopes for both conditions. 

RESULTS
Saccade latencies were smaller for the ‘known’ than for the ‘unknown’ 
condition (Figure 3.2A). The median latencies were 243 ms (interquartile 
range: 199 – 321 ms) and 302 ms (IQR: 260 – 349 ms), respectively. 
The effect of the distractor on the landing position was similar in both 
conditions: the landing bias was 0.52 ± 0.39° in the ‘known’ condition 
and 0.50 ± 0.44° in the ‘unknown’ condition (Figure 3.2B and 3.2C). The 
conditions were compared using Bayesian paired t-tests. The landing bias 
was greater than zero in both conditions (‘known’: BF10 = 1377; ‘unknown’: 
BF10 = 314). More importantly, no evidence was found that the landing bias 
differed between the ‘known’ and ‘unknown’ condition (BF10 = 0.19) and 
it was more likely that the landing bias was the same for both conditions 
(BF01 = 5.21). 
The time-course of the landing bias is presented in Figure 3.3. The SMART 
time-series analysis showed that the landing bias for the two conditions 
did not differ at any time point. Furthermore, the slopes resulting from the 
regression analysis did not appear to be smaller than zero in the ‘known’ 
condition: -0.4 ± 3°/s (BF10 = 0.40) and were likely not smaller than zero 
in the ‘unknown’ condition: -0.3 ± 3°/s (BF10 = 0.39), indicating that the 
landing bias most likely did not reduce over time in both conditions. 
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Figure 3.2. Results of Experiment 1. A. Saccade latency distributions (smooth-
ing kernel width = 10 ms) for the ‘known’ and ‘unknown’ conditions. B. The mean 
landing bias in the ‘known’ and ‘unknown’ condition, individual participants are 
indicated by separate lines, error bars indicate the 95% confidence interval of the 
mean across participants. C. Mean two-dimensional landing position for each 
participant for the CW trials (blue) and CCW trials (yellow) in the ‘known’ condition 
(above) and ‘unknown’ condition (below). Each participant’s CW and CCW trial 
means are connected by a black line; error bars indicate the standard deviations 
in x and y direction. Saccades start at 0, 0.

1

0

known unknown

la
nd

in
g 

bi
as

 (°
)

500300100

la
nd

in
g 

po
si

tio
n 

(°
) 

landing position (°)
0 2-2

8

6

10

8

6

10

unknown

known
ccw
cw

B

C

saccade latency (ms)

.2

A

.4

.6
pr

ob
al

ilt
y 

de
ns

ity
 (s

-1
)



ON TARGET46

CHAPTER 3: VISUAL INFORMATION IS REQUIRED TO REDUCE THE GLOBAL EFFECT

DISCUSSION 
The results show that the global effect was present in both conditions. 
Since the memory-guided saccade could not be preprogrammed in the 
‘unknown’ condition, the sustained global effect in a memory-guided 
saccade cannot be attributed to the preprogramming of the saccade. 
Moreover, the size of the global effect did not change with saccadic latency. 
This suggests that bias towards the distractor can only be reduced in the 
presence of visual information. If this is the reason for the sustained global 
effect in memory-guided saccades, an extended presentation duration 
of target and distractor should lead to a reduction in the landing bias, 
irrespective of saccadic latency. This was tested in Experiment 2. 

Figure 3.3. A. The landing bias as a function of saccade latency for Experiment 1 
and 2 (B), reconstructed using the SMART method. The transparent areas indicate 
the 95% confidence interval of the mean. C. The mean landing bias in the ‘known’ 
and ‘unknown’ condition. The landing bias was greater for the 170 ms presenta-
tion time compared to both 310 and 450 ms presentation time both in the ‘known’ 
and ‘unknown’ groups. The grey lines indicate individual subjects. The error bars 
represent the 95% between-participants confidence intervals. 
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EXPERIMENT 2 
Previous studies using visually-guided saccades showed that the global 
effect can be significantly reduced and even abolished when saccade 
latency increases (Findlay, 1982; Heeman et al., 2014; Ottes et al., 1985). 
For visually-guided saccades, the saccade latency is roughly equivalent 
to the presentation time of the stimuli. If only the presence of visual 
information is critical for reduction of the global effect, then extending the 
presentation time should also reduce and possibly abolish the global effect 
for the memory-guided saccades. To that end, in Experiment 2 the design of 
Experiment 1 was extended with two additional presentation durations (i.e., 
in addition to 170 also 310 and 450 ms durations were used). 

METHODS 
Participants. 
Both ‘known’ and ‘unknown’ conditions were tested in different groups of 
participants. In this way we prevented a possible interference between the 
two conditions. Given the results of Experiment 1, a comparison between 
conditions is less relevant. Eighteen participants of the Vrije Universiteit 
Amsterdam took part in the ‘known’ group. Three participants were 
excluded from the analysis based on the same criteria as was used in 
Experiment 1. Fifteen participants (aged: 18-25, mean: 21, 12 women) were 
included in the data analysis. Seventeen participants of the Vrije Universiteit 
Amsterdam took part in the ‘unknown’ group. One participant was excluded 
from the analysis due to computer problems and one participant was 
excluded from the analysis based on the criteria explained below. Fifteen 
participants (aged: 18-25, mean: 21, 13 women) were included in the data 
analysis. All had normal or corrected-to-normal vision and were naive to the 
purpose of the study. Informed consent was obtained from all participants 
and the experiment was approved by the Ethical Committee of the faculty 
of Behavioral and Movement Sciences of the Vrije Universiteit Amsterdam. 
Apparatus, stimuli and procedure. 
The apparatus, stimuli and procedure were the same as in Experiment 1 
with a few exceptions. The two conditions were tested in different groups 
of participants. The presentation duration of the peripheral dots was varied 
within-participants: there were three durations: 170, 310, and 450 ms. The 
delays between stimulus offset and the go-cue were 330, 190, and 50 ms, 
respectively. Therefore, the go-cue was always presented 500 ms after 
the stimulus onset. Participants in each group completed 540 trials (3 
durations, 10 target locations, 2 distractor locations, 9 repetitions) in less 
than one hour of testing.
Data analysis.
Extraction and offline analysis of the data was the same as in Experiment 
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1 with the exception of the SMART analysis: to assess if the landing bias 
would disappear over time, the landing bias was compared to zero for all 
three presentation times separately for the ‘known’ and ‘unknown’ groups. 
In the ‘known’ group, three participants were excluded due to a loss of more 
than 50% of the data. 6112 (75%) trials were included in the analysis. In the 
‘unknown’ group, one participant was excluded from further analysis due to 
a loss of more than 50% of the data after the trials were excluded. A total of 
7200 trials (83%) were included in the analysis. 

RESULTS
The saccade latencies are similar to the ones observed in Experiment 1. 
Median saccade latency was 246 ms (IQR: 198 – 326 ms) for the ‘known’ 
group and 306 ms (IQR: 271 – 350 ms) for the ‘unknown’ group.
For the ‘known’ group, the landing bias obtained with a presentation time 
of 170 ms (0.33°) was larger than that with a presentation time of 310 ms 
(0.28°, BF10 = 10.5) and 450 ms (0.26°, BF10 = 11.4) (see Figure 3.3). This 
was also the case for the ‘unknown’ group: the landing bias for the 170 ms 
presentation time (0.41°) was larger than that for the 310 ms presentation 
time (0.34°, BF10 = 8.7) and 450 ms presentation time (0.33°, BF10 = 
258.2). For both groups, no observable differences were found between the 
310 and 450 ms presentation times (BF10 < 3). 
The SMART time-series analysis showed that the landing bias for the two 
groups did not differ from zero at any time point and for all presentation 
times (Figure 3.3). Furthermore, similar to the results in Experiment 1, 
no evidence was found to conclude that the slopes from the regression 
analysis were smaller than zero for both groups for all presentation times 
(all BF10 < 3). 
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DISCUSSION 
The results from Experiment 2 replicated the results from Experiment 1: the 
global effect did not depend on saccadic latency nor on prior knowledge 
about the target location. In addition, the present findings show that the 
prolonged availability of visual information can be used to reduce the global 
effect: the landing bias became smaller when the presentation duration 
increased from 170 ms to 310 ms in both groups. Nevertheless, the 
global effect did not fully disappear, even when the visual information was 
available for as long as 450 ms, which has been shown to be sufficiently 
long to resolve the global effect for visually-guided saccades (Heeman et 
al., 2014; Ottes et al., 1985). It seems that for memory-guided saccades, 
the influence of the distractor remains present, even when there is ample 
time to process visual information. This suggests that the bias towards the 
distractor can only be partly reduced on the basis of visual information that 
was present before the go-cue. 

GENERAL DISCUSSION 
The present results showed that the global effect is present and persistent 
in memory-guided saccades. Moreover, the size of the global effect did not 
reduce with increasing saccade latencies. This was the case not only in the 
‘known’ condition, in which the saccades could have been preprogrammed, 
but also in the ‘unknown’ condition, in which the saccade had to be planned 
from memory. Importantly, the global effect was reduced when targets 
and distractors were presented for longer periods of time, suggesting that 
availability of visual information is essential for reducing target-distractor 
competition (Meeter et al., 2010; Van der Stigchel & Nijboer, 2011). Unlike 
for the visually-guided saccades (Heeman et al., 2014; Ottes et al., 1985), 
the global effect was not completely abolished with extended presentation 
times for the memory-guided saccades. 

These results are consistent with a previous study (Arkesteijn et al. 2018) 
where a global effect was found in a double-step memory-guided saccade, 
together with a sustained global effect as a function of saccade latency. 
The magnitude of the global effect for the double-step memory-guided 
saccades was smaller than for the single memory-guided saccades 
reported here (8% bias in the direction of the distractor in the previous 
study, comparing to 20% bias reported in the present study). Therefore, 
the sustained time-course of the global effect is not something specific to 
the double-step memory-guided saccades, but seems to reflect a general 
limitation of using location information from memory. 

While the persistence of the global effect in double-step saccades 
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(Arkesteijn et al. 2018) could have been due to the fact that participants 
had preprogrammed a saccade, this explanation was not supported by 
results obtained in the present study. The similarity of the time-course of 
the global effect in the conditions when the identity of the target was known 
in advance or only revealed later is remarkable. In both cases the distractor 
influenced saccade target selection and this influence was sustained over 
time. This suggests that the process of target selection from memory is 
very similar to the process of target selection from external world, which 
has been proposed in several previous studies (Belopolsky & Theeuwes, 
2011; Munneke, Belopolsky, & Theeuwes, 2012). 

The global effect did not fully disappear and remained present even in the 
presence of ample viewing and preparation time, in contrast to previous 
studies using visually-guided saccades (Heeman et al., 2014; Ottes et 
al., 1985). The crucial difference seems to lie in the availability of visual 
information up to the moment of saccade onset for the visually guided 
saccades and the absence of visual information at the moment of saccade 
onset for the memory-guided saccades. While extended presentation of 
visual information improves saccade target selection, it is not enough to 
fully eliminate the competition from distractor. As our experiment differed 
in more aspects than in the availability of target information at saccade 
onset, it might be worthwhile to test this suggestion directly in future 
experiments. 
A reduction of the global effect in visually-guided saccades is possibly 
driven by top-down modulation (Heeman et al., 2014; Meeter et al., 2010). 
Other examples of top-down modulation that influences the global effect 
include for instance, increasing the probability of the target location (He 
& Kowler, 1989), as well as pre-cueing the target location ahead of time 
(Aitsebaomo & Bedell, 2000). The present results suggest that top-down 
modulation needs a continuous availability of the visual stimuli up to the 
moment of saccade execution to exert its effects. This suggests that the 
presence of visual information is required to modify the activation pattern 
in the saccade map. 

Similar conclusions regarding memory-guided saccades have been 
reached in a study by de Brouwer et al. (2014) using a completely different 
paradigm. They explored the influence of Muller-Lyer illusion on accuracy 
of the double-step memory-guided saccades. This visual illusion biased 
saccade landing positions and an increased presentation time reduced the 
illusion. However, prolonging the presentation times above 300 ms did not 
further reduce the illusion (de Brouwer et al., 2014). Also in their studies, 
delaying saccade onset did not influence the accuracy of saccade (de 
Brouwer, Brenner, & Smeets, 2016). 
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To summarize, we demonstrate that the global effect cannot be fully 
extinguished in the memory-guided saccades even with ample viewing and 
preparation time. This is not due to the inability to adjust a preprogrammed 
saccade. While saccade target selection from the external world and from 
memory seem to have a similar time-course, we conclude that continuous 
access to visual information up to saccade onset is essential for reducing 
and eliminating the global effect.
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TARGET-DISTRACTOR COMPETITION 

CANNOT BE RESOLVED ACROSS A SACCADE

Adapted from: Arkesteijn, K., Smeets, J. B. J., Donk, M., & Belpolsky, A. V. (2018). 
Target-distractor competition cannot be resolved across a saccade. Scientific 
Reports. 8 (15709).
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ABSTRACT 
When a distractor is presented in close spatial proximity to a target, a 
saccade tends to land in between the two objects rather than on the 
target. This robust phenomenon (also referred to as the global effect) is 
thought to reflect unresolved competition between target and distractor. 
It is unclear whether this landing bias persists across saccades since a 
saccade displaces the retinotopic representations of target and distractor. 
In the present study participants made successive saccades towards two 
saccadic targets which were presented simultaneously with an irrelevant 
distractor in close proximity to the second saccade target. The second 
saccade was either visually-guided or memory-guided. For the memory-
guided trials, the second saccade showed a landing bias towards the 
location of the distractor, despite the disappearance of the distractor after 
the first saccade. In contrast, for the visually-guided trials, the bias was 
corrected and the landing bias was eliminated, even for saccades with the 
shortest inter-saccadic intervals. This suggests that the biased saccade 
plan was remapped across the first saccade. Therefore, we conclude 
that the target-distractor competition was not resolved across a saccade, 
but can be resolved based on visual information that is available after a 
saccade. 
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INTRODUCTION
We make about three saccades every second to direct our fovea to objects 
of interest. At any moment in time, multiple objects in the visual scene can 
compete for selection. Since visual information in our brain is represented 
in retinotopic (eye-centered) coordinates, every saccade dramatically 
changes the visual input. This makes it challenging to keep track of relevant 
and irrelevant objects across saccades (Mirpour & Bisley, 2012). In the 
present study we investigated how competition between relevant and 
irrelevant objects in the scene is resolved across saccades.

It is well-known that distracting elements can compete with saccadic 
targets and alter saccade planning. For example, the eyes are often first 
directed to an irrelevant salient abrupt onset instead of a target (Belopolsky, 
Kramer, & Theeuwes, 2008; Theeuwes, Kramer, Hahn, Irwin, & Zelinsky, 
1999). Even when the eyes are successfully directed to the target, the 
influence of a distractor is also evident from longer saccadic latencies (i.e., 
“the remote distractor effect”, see: Walker, Deubel, Schneider, & Findlay, 
1997) or alterations in saccade trajectory, such that saccades curve 
either towards or away from the distractor location (Belopolsky & Van 
der Stigchel, 2013; Doyle & Walker, 2001). Saccade curvature towards the 
distractor location is primarily observed for short-latency saccades and 
is thought to result from unresolved competition, while curvature away is 
typically associated with long latency saccades and is thought to reflect 
inhibition of the distractor location (McPeek et al., 2003).

The presence of a distractor does not only influence the shape of the 
saccade trajectory but can also affect saccade endpoints. When a 
distractor is presented in close spatial proximity to a target, the saccade 
plan is biased towards the distractor and this leads to a saccade landing 
in between the two objects, which is generally known as the global effect 
(Coren & Hoenig, 1972; Findlay, 1982; Ottes et al., 1985). The global effect 
can be modulated by the relative size of the two objects, with saccades 
landing closer to the larger object (Findlay, 1982). In addition, the global 
effect is affected by the difference in direction between the target and 
distractor, with a maximal global effect occurring with a difference of 
around 20-30° (Van der Stigchel & Nijboer, 2013). Moreover, the size of the 
global effect reduces with a higher target location probability (He & Kowler, 
1989) and depends on saccade latency, such that it becomes smaller with 
increasing saccade latency (Findlay, 1982; Heeman et al., 2014; McSorley, 
Cruickshank, & Inman, 2009). 

To explain the latter results, it has been suggested that with increasing 
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latency, observers are better able to fully process the target location and as 
a result, saccades become progressively more accurate (Coëffé & O’Regan, 
1987). An important question is whether the global effect also occurs in the 
presence of an intervening saccade which would require a remapping of the 
planned saccade based on information about target and distractor acquired 
before the first saccade. If target-distractor competition is not resolved 
before the execution of the first saccade, the planned second saccade 
could be biased by the distractor. 

Only a few studies have explored how a saccade plan is remapped across a 
saccade. An efficient updating mechanism would entail a rapid emergence 
of spatiotopic representations of distractors and targets directly after the 
saccade. This has been observed in a study by Jonikaitis & Belopolsky 
(2014), in which participants were asked to make a sequence consisting 
of a horizontal and a vertical saccade. They showed that an abrupt onset 
distractor that was presented and extinguished right before the start of 
this sequence made the second saccade curve away from its spatiotopic 
location. This suggests that the plan for the second saccade was biased 
by the presentation of the distractor before the start of saccade sequence 
and was remapped across the first saccade (for similar results see van Van 
Leeuwen & Belopolsky, 2018; Boon et al., 2018). 

A second example of visual contextual effects that were robust for an 
intervening saccade was obtained by de Brouwer and colleagues (2016). 
In their study, participants were presented with a Brentano version of 
the Müller-Lyer illusion and had to make a memory-guided saccade from 
one endpoint of the illusion to the middle vertex. The illusion changed 
the perceived distance between fixation and the vertex as indicated by 
biased saccade landing positions. Importantly, a similar bias in the landing 
positions was observed even when a preceding saccade in a different 
direction was introduced. However, a single saccade from the intervening 
saccade target to the vertex was not influenced by the illusion, suggesting 
that the perceived direction between the first and second targets of the 
double-step saccade sequence was not affected by the illusion. de Brouwer 
and colleagues (2014) concluded that the illusion biased the saccade plan 
made before the start of the saccade sequence and that biased plan was 
updated across the first saccade. 

In apparent contrast with the results discussed in the previous paragraph, 
Silvis, et al. (2015) showed that target-distractor competition was resolved 
(the global effect eliminated) when a small intervening saccade in the 
direction opposite to the final saccade destination was introduced. In their 
study participants made a sequence of two saccades, while both target and 
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distractor were continuously present during the whole saccade sequence. 
Both objects were visible before and after the first saccade, therefore it 
remains unclear if target-distractor competition was resolved across the 
saccade, or if the second saccade plan was based solely on information 
available after the first saccade. In the present study we explore what 
information about the locations of target and distractor is updated across 
saccades. 
The goal of the present study was to investigate whether the target-
distractor competition is resolved across saccades. Specifically, we were 
interested in how information available before and after the first saccade 
is used to create and update the saccade plan of the second saccade. 
To achieve this, we manipulated the availability of target and distractor 
information across saccades, eliciting both visually-guided and memory-
guided saccades. The global effect is traditionally considered reflexive in 
nature and almost solely measured with visually-guided saccades, while 
both stimuli remain visible until saccade execution (Coren & Hoenig, 1972; 
Findlay, 1982; Van der Stigchel & Nijboer, 2011). Furthermore, it is known 
that saccades to remembered locations tend to be less accurate (Zingale 
& Kowler, 1987). For these reasons, to examine the target-distractor 
competition, we measure the change in landing position as a result of 
distractor location (“the landing bias”). The landing bias is measured as 
a difference in saccade landing position when a distractor is presented 
left from the target compared to when a distractor is presented right from 
the target. This method controls for intrinsic and extrinsic noise in landing 
position and has previously been used in studies investigating saccade 
curvature (Jonikaitis & Belopolsky, 2014; Van Leeuwen & Belopolsky, 2018). 
Additionally, we examine the time-course of resolving the target-distractor 
competition across saccade. This was done in two separate experiments. 



         57

EXPERIMENT 1 
Participants performed a sequence of two successive target-directed 
saccades, one horizontal and one vertical. Target-distractor competition 
was induced by presenting a distractor close to the second saccade target. 
The distractor was always removed before the eyes landed on the first 
saccade target. In one condition (visually-guided), the second saccade 
target remained on the screen. In the other condition (memory-guided), 
the second saccade target disappeared with the distractor, resulting in 
a memory-guided second saccade. If the presence of the second target 
after the first saccade is enough to adjust the saccade plan then the 
landing bias should be reduced to zero in the visually-guided condition. 
Alternatively, the biased saccade plan could persist, similar to the results 
obtained from saccade curvature (Jonikaitis & Belopolsky, 2014). In this 
case, an unresolved competition will manifest itself in the second saccade 
being biased towards the distractor. Adjusting the saccade plan should 
be especially difficult in the memory-guided condition, which should be 
evident in a considerable landing bias for the second saccade. By looking 
at the time-course, we examined how the saccade plan is adjusted in time. 
Following earlier results by Heeman et al. (2014), we expect the size of the 
landing bias to become smaller following longer inter-saccadic intervals 
(i.e., the time between landing of the first saccade and start of the second 
saccade). 

METHODS 
Participants.
Eighteen students (aged 18-34, 8 women), including one of the authors, of 
the Vrije Universiteit Amsterdam took part in the experiment. Two of them 
were excluded from the analysis, because more than 40% of the trials were 
rejected (criteria explained below). Participants received either money (8€ 
per hour) or curriculum credits as compensation for their time. All had 
normal or corrected-to-normal vision and were naive to the purpose of the 
study. An informed consent was obtained from all participants and both 
Experiment 1 and 2 were conducted with approval by the Ethical Committee 
of the Faculty of Behavioral and Movement Sciences of the Vrije Universiteit 
Amsterdam and all rules, regulations and guidelines were followed. 

Apparatus. 
The experiment was conducted in a dimly lit room. The stimuli were 
presented on a 21‘’ LCD monitor (Samsung 2233RZ) with a 1680 x 1050 
pixel resolution and a 120 Hz refresh rate. Gaze was recorded using 
the Eyelink 1000 (SR research) with a temporal resolution of 1 ms and 
a spatial resolution of 0.01°. The experimental software controlling the 
stimulus presentation, response collection and eye tracking was written 
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with OpenSesame version 2.9(Mathôt et al., 2012) using a PsychoPy 
back-end(Peirce, 2007) and PyGaze(Dalmaijer et al., 2014). An automatic 
algorithm detected saccades using minimum velocity and acceleration 
criteria of 35 °/s and 9,500°/s2. 

Figure 4.1. An example of the trial sequence in Experiment 1. A) Each trial start-
ed with participants fixating the fixation point. After a delay, a distractor and two 
saccade targets were presented simultaneously. Participants were asked to make 
a rapid saccade sequence, consisting of a horizontal and a vertical saccade. In 
the memory-guided condition (top, green frame) both the second saccade target 
and the distractor were removed during the first saccade. In the visually-guided 
condition (bottom, red dashed frame) only the distractor was removed during the 
first saccade while the second target remained present. B) Scaled spatial lay-out 
of the stimuli. One of the four configurations that were used in Experiments 1 and 
2 is shown: the right-up saccade sequence.

Stimuli and procedure.
Participants were seated with their head positioned on a chin and forehead-
rest at a viewing distance of 75 cm from the display. Stimuli were presented 
on a light grey (76 cd/m2) background (Figure 4.1). The trial began with a 
dark grey (13 cd/m2, radius = 0.2°) fixation dot that was positioned either 
left or right from the center of the screen (center-fixation distance was 
randomly chosen between 7° and 9° in steps of 0.22°). After a variable time 
interval (drawn from a Gaussian distribution, μ = 2000 ms, σ = 300 ms) two 
saccadic targets (dark grey 13 cd/m2, radius = 0.2°) and one distractor 
(black: 0 cd/m2, radius = 0.4°) were presented (Findlay, 1982; Van der 
Stigchel, Heeman, & Nijboer, 2012). Participants were instructed to make 
a rapid sequence of a horizontal and vertical saccade towards the two 
saccade targets (Figure 4.1). We used four different saccade sequences 
(right-up, right-down, left-up and left-down) and 10 different amplitudes 
for the first saccade to make sure participants were looking at the stimuli 
rather than repeating the same movement. 

fixation 1700-2300 ms

saccade cue 150-450 
ms

until end trial

time
7°-9°

3°

8°
8°

fixation target first saccade target

second saccade target
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A B



         59

The first target was always presented in the center of the screen and the 
second target was presented 8° up or below the first target. The distractor 
was presented at 7.42° vertically (either on the top or the bottom half of the 
screen, corresponding to the second target position) and 3° horizontally 
left or right from the first saccade target. This ensured that the Euclidean 
distance from the first target to the distractor and to the second saccade 
target was the same (8°). In the visually-guided condition, the distractor 
disappeared as soon as the saccade towards the first target was detected. 
In the memory-guided condition, both the second saccade target and 
distractor disappeared as soon as the first saccade was detected. 
Participants received auditory feedback if the first saccade did not land 
within 2° from the first target or the second saccade did not land within 3° 
from the second target. In addition, if participants made a saccade faster 
than 80 ms or slower than 450 ms, they received a visual warning. 
We presented trials in blocks that contained each combination of starting 
direction (left, right), second target location (up, down), distractor position 
(left, right) and condition (visually-guided, memory-guided), resulting in 16 
unique trials per block. Each block contained 32 trials. The experiment was 
done in one session of 60 minutes (this included calibration and practice 
trials), which resulted in 15-17 experimental blocks (the number of blocks 
was dependent on time) and 480-544 trials per participant. 

Data Analysis. 
Eye-tracking data were analyzed offline. Saccades were detected using the 
automatic detection by the Eyelink system. We used a custom written code 
(Python) to extract all relevant details and events. The ‘first saccade’ was 
defined as the first saccade which started after the targets were displayed 
that ended within 2° of the first target. The second saccade was defined 
as the first saccade which started from the first target that ended within 4° 
of the second target. Trials in which the saccade landing positions fell out 
of the defined boundaries were excluded. Furthermore, trials in which the 
first saccade latency was shorter than 80 ms or longer than 450 ms were 
excluded from analysis. Trials in which participants had an inter-saccadic 
interval that was shorter than 50 ms or longer than 600 ms were also 
excluded. For two participants this resulted in a loss of more than 40% of 
the trials. These participants were excluded from further analysis. For the 
remaining 16 participants 9 % of the trials were dismissed on the basis of 
saccade landing position boundaries and 10 % on the basis of saccade 
latency criteria. Note that corrective micro-saccades after the first saccade 
were ignored if they started and ended within 4° of the first target. This 
was the case for 8% of the remaining trials. 81% of all trials were used for 
further analysis. 
The trajectories from trials of each of the four saccade sequences were 
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rotated and/or mirrored to the same reference frame: starting direction 
from left, second saccade up. We examined the influence of the distractor 
on the second saccade endpoints by calculating the landing bias: the 
signed horizontal difference between saccade endpoints when the 
distractor was presented to the right (positive sign) of the target to when 
the distractor was presented to the left of the target (negative sign), divided 
by 2 (see Figure 4.2). These calculations were done using values in degree 
of arc. Since right minus left difference was taken, the landing bias would 
be positive if the saccade landed in between target and distractor and the 
landing bias would be negative if saccade landed away from distractor 
and target. If there were no effect of distractor presence, the landing bias 
should be zero. In contrast, if there was a maximum effect of distractor 
presence (i.e., if saccade landed at the distractor instead of the target), 
the landing bias should be 3 degrees. If saccade landed away from where 
the distractor was presented (having the same horizontal deviation as the 
distractor but at the other side), then the landing bias should be -3. We 
tested whether the landing bias differed from zero in each of the conditions 
by a one-sample t-test.
To get a precise estimate of the time-course of the landing bias as a 
function of inter-saccadic interval, we smoothed the saccade endpoints 
(For a detailed description (Maij, Brenner, Li, Cornelissen, & Smeets, 2010; 
Maij, Brenner, & Smeets, 2009, 2011; Van Leeuwen & Belopolsky, 2018)) 
using a moving Gaussian window (step size 1 ms and σ = 20 ms). A 
smoothed landing position time series was made for each condition and 
difference in distractor location per each participant, and then averaged 
across all participants for inter-saccadic intervals 150-400 ms, this time 
window was based on the distribution of the inter-saccadic intervals. 
To assess if there was a landing bias the difference in saccade landing 
position was tested against zero using a one sample t-test for each step of 
the Gaussian smoothed time series. 
A linear regression was fit to the smoothed time series for both conditions 
for every participant. To determine if the size of the landing bias became 
smaller over time, a one sample t-test against zero was performed on the 
resulting slopes. 
For all descriptive statistics we report the means and standard deviation 
across participants. 
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Figure 4.2. Example of saccade landing positions of Experiment 1. A) All landing 
positions taken from the memory-guided condition from one participant when 
the distractor was presented left (blue) and right (red). B) Mean saccade land-
ing-positions for both first and second saccade for all participants in the memo-
ry-guided condition (same color coding as in A). Note the different scaling for the 
horizontal and vertical direction in panel B.

RESULTS
The latency of the first saccade was on average 174 ± 24 ms. This saccade 
undershot the first target by about 5%: the mean horizontal landing position 
was -0.4°. This first saccade had a 0.04 ± 0.08° landing bias (Figure 4.2B).
For the second saccade, every participant showed a positive landing bias 
(a shift in landing-positions towards the location of the distractor) in the 
memory-guided condition, but not in the visually-guided condition (Figure 
4.3A). The landing bias indeed differed significantly from zero in the 
memory-guided condition (0.22°, t(15) = 4.473, p < 0.001) but not in the 
visually-guided condition (0.01°, t(15) = 1.06, p = 0.846). 
In the memory-guided condition the horizontal landing positions for the 
distractor left and right trials were respectively: -0.09° ± 0.18° and 0.34°± 
0.30°. In the visually-guided condition the horizontal landing position for the 
distractor left and right were respectively: 0.01°± 0.08° and -0.02° ± 0.09°, 
see Figure 4.3B.
The time-course of the landing bias in both visually-guided and memory-
guided conditions was analyzed separately, see Figure 4.3C. The Gaussian 
smoothed time series remains constant around zero for the visually-guided 
condition but seems to decrease for larger inter-saccadic intervals for 
the memory-guided condition. The one sample t-test for every time point 
revealed that the landing bias was significant larger than zero (p < 0.05) for 
the whole range of inter-saccadic intervals in the memory-guided condition. 
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The landing bias did not differ significantly from zero in the visually-
guided condition. The slopes resulting from the linear regression for every 
participant were not significantly different from zero, both for the memory-
guided condition (-0.0018 ± 0.0046 °/ms; t(15) = -1.49, p = 0.078) as well as 
for the visually-guided condition (-0.0002 ± 0.0023 °/ms; t(15) = -0.48, p = 
0.639).

DISCUSSION 
The present results show that target-distractor competition resulting in a 
biased saccade plan was preserved across a saccade when the second 
saccade was memory-guided but was eliminated when the second 
saccade was visually-guided. This elimination of the landing bias in the 
visually-guided condition was already evident at the shortest inter-saccadic 
intervals (about 150 ms). This suggests that the second saccade plan 
which was biased towards the distractor could be very quickly adjusted 
when the second target remained present after the first saccade. When 
the second saccade target disappeared, the saccade plan could not be 
adjusted, as the landing bias was different from zero. 
The landing bias in the memory-guided condition tended to become 
smaller over time, but this decrease was not significant. This lack of 
significance may be due to the examined time-course being limited to the 
inter-saccadic intervals that occurred naturally (up to 400 ms). It might, 
therefore, be possible that the landing bias will reduce to zero for longer 
inter-saccadic intervals. If a biased saccade plan can be adjusted over 
time then the landing bias should reduce to zero during the longer inter-
saccadic intervals. This could be accomplished, for example, by boosting 
the representation of the second target from memory. However, if the 
availability of visual information about the target is a prerequisite for 
adjusting the direction of the saccade, then a considerable landing bias 
will remain present even at the longer time intervals. To explore this issue, 
we experimentally varied the time between the first and second saccade in 
Experiment 2. 
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Figure 4.3. The results of Experiment 1. A) Left from the vertical dashed line: 
Mean saccade landing position of the second saccade plotted per participant 
as the difference (in degrees of visual angle) between when the distractor was 
presented left or right for the visually-guided (black) and memory-guided (blue) 
conditions. Right from the vertical dashed line: Mean landing position difference 
across all participants (error bars reflect 95% within-subjects confidence inter-
val, note that for the visually-guided condition the error bars are ‘hidden’ in the 
diamond) B) The time-course of the landing bias in Experiment 1. The two curves 
depict the Gaussian smoothed average difference of saccade endpoints between 
the two distractor positions for the two conditions. The transparent areas indicate 
95% confidence intervals of this difference. C) p-values corresponding to a one 
sample t-test for each interval for the memory-guided condition.
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EXPERIMENT 2 
The goal of Experiment 2 was to explore whether the landing bias, in the 
double-step saccade paradigm with the disappearance of the second 
target, would also remain for inter-saccadic intervals longer than 400 
ms. To achieve this, Experiment 2 consisted only of the memory-guided 
condition of Experiment 1. In order to extend the inter-saccadic interval, the 
task was modified such that the execution of the second saccade could 
be delayed. Specifically, on two-thirds of all trials, after completing the first 
saccade, participants had to keep fixating the first saccade target until a 
go-signal was presented, instructing them to execute the second saccade. 
On the remaining one-third of all trials, participants were allowed to execute 
the double saccade sequence as fast and accurate as possible as in 
Experiment 1. 

METHODS 
The methods are the same as in Experiment 1, except for the aspects 
mentioned below. 
Participants. 
Nineteen students (aged 20-30, 8 women) of the Vrije Universiteit 
Amsterdam took part in the experiment; two also participated in Experiment 
1.One participant was excluded for further analysis based on the same 
criteria as in Experiment 1. An informed consent was obtained from all 
participants. 

Stimuli, design and procedure. 
The experiment was similar to Experiment 1 with a few important 
exceptions. First, in Experiment 2 the second saccade target always 
disappeared together with the distractor after initiation of the first saccade. 
On one-third of the trials the fixation dot was colored blue (5 cd/m2), 
which indicated to the participants that they should perform the sequence 
consisting of a horizontal and a vertical saccade as fast and as accurately 
as possible (no delay condition). On the remaining two-third of all trials, a 
delay was introduced. On these trials, the fixation was colored dark grey (as 
in the previous experiment). The participants were told to execute a fast 
and accurate saccade towards the first target and to maintain fixation on 
it until it turned blue. This varied per trial between 50-450 ms (in steps of 
50 ms) from when the first saccade towards the first target was detected 
online. When the first saccade target turned into a blue fixation target 
(as described earlier), it served as go-signal for execution of the second 
saccade (delay condition). We presented trials in blocks that contained 
each combination of starting direction (left, right), second target location 
(up, down), distractor position (left, right) and delay-condition (ratio 2:1; 
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delay : no-delay). This resulted in 24 trials per block and 17-20 blocks 
(number of blocks was dependent on time) per participant, resulting in a 
total of 408-480 trials per participant. The experiment was completed in 
one session of 60 minutes (this included calibration and practice trials). 
Data Analysis. Eye-tracking data were analyzed offline. We used the same 
inclusion criteria as in Experiment 1, except that we changed the maximum 
inter-saccadic interval from 600 ms to 800 ms. Because the delay and 
no-delay condition were mixed within one block, we observed that the 
inter-saccadic intervals for both delay and no delay condition were shifted 
towards longer intervals. Therefore, we decided to combine the trials 
from these conditions for further analysis. 6% of the trials were excluded 
based on the basis of saccade landing position boundaries and 13% of 
the trials were excluded on the basis of saccade latency criteria. 81% of all 
trials were used for further analysis. The definition of the first and second 
saccade was the same as in Experiment 1. 
The calculations done to determine the landing bias over all trials were the 
same as in Experiment 1 with one exception: based on the average inter-
saccadic intervals distributions of every participant, the time window that 
was used for the time series analysis ranged from 250-600 ms. 
 

RESULTS
The latencies of the first saccades were 174 ± 29 ms. The first saccades 
undershot the first target by about 7%: the mean landing position was -0.59° 
± 0.28°, with a 0.02° ± 0.04° landing bias, see Figure 4.4B.
The landing bias was positive for most participants (Figure 4.4A); on 
average it differed significantly from zero (t(17) = 2.78, p = 0.006). This 
replicates the finding of Experiment 1 and suggests that the landing 
bias persists with longer inter-saccadic intervals. The horizontal landing 
positions for the distractor left and right trials were respectively: -0.25° ± 
0.40° and 0.18° ± 0.26°, see Figure 4.4B.
We determined the time-course of the landing bias (Figure 4.4C) and 
performed a t-test for each time point (Figure 4.4D). We found that for 
the whole range, the landing bias was larger than zero, p < 0.05. The 
slopes resulting from the linear regression for every participant were not 
significantly different from zero (0.0003°/ms ± 0.0011°/ms; t(17) = 1.17, p = 
0.433). 
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DISCUSSION 
The findings of Experiment 2 replicate and extend the results observed 
in Experiment 1. As in the previous experiment, we found a significant 
difference in landing position of about 0.25° which was preserved across 
a saccade when both target and distractor disappeared before the end of 
the first saccade. In addition, the results demonstrate that this difference 
did not show any sign of decrease over time. Even though the landing 
bias reduced to zero already for the shortest inter-saccadic intervals when 
the second saccade was visually-guided (Experiment 1), the results of 
Experiment 2 suggest that the saccade plan could not be adjusted in the 
absence of visual target information. 
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Figure 4.4. (left) The results of Experiment 2. A) Left: Mean saccade landing posi-
tion of the second saccade 
plotted per participant the difference between when the distractor was present-
ed left or right. Right: Mean saccade endpoint difference across all participants 
(error bars reflect 95% within-subjects confidence interval). B) Mean saccade 
landing-positions for both first and second saccade for all participants when the 
distractor was presented left (green) and right (yellow).C) The time-course of the 
landing bias in Experiment 2. The curve depicts the average difference of saccade 
endpoints between the two distractor positions. The transparent area indicates 
a 95% confidence interval of this difference. D) p-values corresponding to a one 
sample t-test for each time point of the Gaussian smoothed time series.

GENERAL DISCUSSION 
The present results show that target-distractor competition is preserved 
across saccades. In two experiments using a double-step saccade task, 
we have demonstrated that the landing bias resulting from target-distractor 
competition remained larger than zero even after an intervening saccade 
was made. Importantly, this was only the case when neither the second 
target nor the distractor was present beyond the first saccade. Surprisingly, 
we found that even with extended inter-saccadic intervals the landing 
bias did not diminish in size. However, when the second target remained 
present throughout the trial, the landing bias was reduced to zero. This 
suggests that observers can only resolve the target-distractor competition 
when target information is provided after the first saccade. Interestingly, 
the reduction of the landing bias in the presence of the target was evident 
already at the shortest time intervals after the first saccade (about 150 ms). 

We found a considerable landing bias at the shortest time intervals when 
the second target disappeared. Remarkably, a detailed time-course analysis 
of our experiments demonstrated that, in contrast with previous studies 
(Coëffé & O’Regan, 1987; Heeman et al., 2014), the landing bias did not 
reduce over time. Coeffe & O’Regan (1987) were among the first to show 
that the saccade latency modulates the size of the landing bias or ‘ the 
global effect’. In their study, they manipulated the saccade onset time 
with a delay at fixation. They found a global effect for saccades executed 
as fast as possible (around 200 ms), yet for saccades executed later 
(around 350 ms) the global effect was eliminated. Likewise, in a more 
recent study, Heeman et al. (2014) found comparable latency effects on 
the size of the global effect. They found that there was a considerable 
landing bias for shorter saccade latencies (220 ms) but it reduced to zero 
in a linear fashion when saccade latencies became longer (up to 340 ms). 
In the present study, the global effect remained stable for intervals up to 
600 ms, suggesting that competition between target and distractor stops 
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at saccade onset and that the biased saccade plan cannot be adjusted 
without visual information. 

The present results are in line with previous work (Jonikaitis & Belopolsky, 
2014; Van Leeuwen & Belopolsky, 2018), that demonstrated that the 
oculomotor system rapidly updates target and distractor information 
across saccades. The aforementioned studies showed that distractors 
can alter saccadic trajectories, such that saccades curve away from a 
distractor, even when it is presented before the intervening eye movement. 
Here we extend these findings by showing that distractors can also affect 
future saccadic endpoints. Both previous findings and the results obtained 
in our present experiments indicate that the saccade metrics of a second 
saccade depend on information obtained before the first saccade: a biased 
saccade plan. 
Remarkably, in our experiments, we found that when the target remained 
present, information about its location was rapidly used to correct the 
biased saccade plan. This is in contrast with the findings of Jonikaitis & 
Belopolsky (2014), where curvature of the saccade trajectory was still found 
when the distractor disappeared but the target remained present after the 
first saccade. This suggests that correction of the biased saccade plan 
based on the visible target location can be applied only to the distractors 
that are presented in close proximity to the target, as for the landing bias. 
However, when the distractor is presented far from the target, the biased 
saccade plan cannot be corrected early in time and leads to a curved 
saccade trajectory.

The results obtained from the visually-guided condition complement an 
earlier study by Silvis et al. (2015) who found a landing bias of zero when 
an intervening saccade in the direction opposite to the final saccade 
destination was made. In their study, both target and distractor information 
was available throughout the saccade sequence, and it was suggested 
that the competition between target and distractor was resolved after 
the execution of the first saccade. The memory-guided condition in our 
experiments clearly demonstrated that the biased saccade plan remained 
beyond the first saccade in the absence of visual information. Only upon 
landing on the first target, this plan could be quickly adjusted using 
available visual target information in the visually-guided condition.

The landing bias in our study closely resembles the ´classical´ global effect 
that is defined as the tendency of the eyes to move towards an intermediate 
position (Coëffé & O’Regan, 1987; Findlay, 1982; Heeman et al., 2014). 
Interestingly, similar conclusion was reached by Herwig et al. (2010) 
who studied the effect of target-distractor competition on the endpoint 
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of memory-guided saccades and found that their results mimicked the 
classical global effect. Furthermore, similar to the current results, they 
argued that it is impossible to resolve the target-distractor competition 
during the memory interval suggesting that the target and distractor 
locations are coded together for memory-guided saccades. Similarly, de 
Brouwer and colleagues (Brouwer et al., 2014) who investigated the effect 
of the Muller-Lyer illusion on the amplitude of saccadic eye movements, 
found that the illusion affected the endpoints of the saccades and that 
the size of this effect was mediated only by the presentation time of the 
visual stimuli and not by the latency of the saccade or the saccade type 
(visual-guided or memory-guided). The results from these studies and our 
experiments indicate that saccades remain biased irrespective of saccade 
type or even time. The only aspect that seems to play a role in resolving 
the target-distractor competition is the time that the visual stimuli are 
presented on the screen. Although top-down control can reduce the size 
of the global effect (He & Kowler, 1989), target-distractor competition 
cannot be completely resolved by time or top-down control when no visual 
information is available. 

It has been argued that attended and unattended locations are updated 
across saccades and this can lead to attentional facilitation at the 
future retinotopic location (Jonikaitis, Szinte, Rolfs, & Cavanagh, 2013; 
Mirpour & Bisley, 2012; Rolfs, Jonikaitis, Deubel, & Cavanagh, 2011). In 
other words, there are predictions about the upcoming visual scene that 
are formed before a saccade is initiated. In terms of our research, this 
implies that the saccade plan for the second saccade is formed based 
on information that is accumulated before execution of the first saccade. 
In our experiments, this leads to a biased saccade plan. Furthermore, in 
our design, the predictions about the visual scene after a saccade are not 
met due to the removal of the distractor during the first saccade. In the 
visually-guided condition, the presence of the second saccade target allows 
the oculomotor system to quickly correct the biased saccade plan in the 
direction of the target. However, in the memory-guided condition, there is 
no visual information available, thus leaving the oculomotor system with 
only the information derived before the start of the saccade sequence. This, 
in turn, results in a biased saccade plan that is immune to memory-based 
modification. 

Previous studies have found predictive responses to an impending saccade 
in the superior colliculus (Churan, Guitton, & Pack, 2012; Walker, Fitzgibbon, 
& Goldberg, 1995). The results of our memory-guided condition indicate 
that competition is updated spatiotopically across saccades. This suggests 
that competitive activations between the saccade goal and distractor at 
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the superior colliculus (McPeek et al., 2003) did not subside over time thus 
indicating that neuronal activity at the superior colliculus saccade map of 
both target and distractor was remapped across a saccade. 

To summarize, in the present study we show that the landing bias is 
preserved across saccades. However, visual information about the target is 
sufficient to adjust the biased saccade plan that was formed by presenting 
the distractor before the start of the first saccade. Furthermore, when 
no visual information is available, the existing saccade plan cannot be 
modified and this results in a target-distractor competition that remains 
unresolved. The results of this set of experiments are in accordance with 
the idea that information about stimuli is constantly remapped across 
saccades and this, in turn, influences the metrics of our movements. 



CHAPTER 5 
THE LIMITS OF PREDICTIVE REMAPPING 

OF ATTENTION ACROSS EYE MOVEMENTS 

Adapted from: Arkesteijn, K., Belpolsky, A. V., Smeets, J. B. J., & Donk, M. (2019). 
The limits of predictive remapping of attention across eye movements. Front. 
Psychol. 10 (1-10). 10.3389/fpsyg.2019.01146 
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ABSTRACT
With every eye movement, visual input projected onto our retina changes 
drastically. The fundamental question of how we keep track of relevant 
objects and movement targets has puzzled scientists for more than a 
century. Recent advances suggested that this can be accomplished through 
the process of predictive remapping of visual attention to the future post-
saccadic locations of relevant objects. Evidence for the existence of 
predictive remapping of attention was first provided by Rolfs, Jonikaitis, 
Deubel, and Cavanagh in 2011 (Nature Neuroscience, 14, 252–256). 
However, they used a single distant control location away from the task-
relevant locations, which could have biased the allocation of visual 
attention. In this study we used a similar experimental paradigm as Rolfs 
et al. (2011), but probed attention equally likely at all possible locations. 
Our results showed that discrimination performance was higher at the 
remapped location than at a distant control location, but not compared 
to the other two control locations. A re-analysis of the results obtained 
by Rolfs et al. (2011) revealed a similar pattern. Together, these findings 
suggest that it is likely that previous reports of the predictive remapping 
of attention were due to a diffuse spread of attention to the task-relevant 
locations rather than to a specific shift towards the target’s future 
retinotopic location.
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INTRODUCTION 
Our eye movement system has evolved to quickly bring the fovea - the 
area of the retina with the highest visual acuity - to the objects of interest. 
At the same time, with every eye movement, the visual input projected 
onto our retina changes dramatically. The fundamental question of 
how we keep track of relevant objects despite such fragmented and 
intermittent visual input has puzzled scientists over multiple decades. 
Several theories propose that visual attention preceding saccadic eye 
movements plays a crucial role in this process. While the premotor theory 
of attention (Rizzolatti et al., 1994), views visual attention as a by-product 
of eye movement programming, the visual attention model (Schneider, 
1995; Schneider & Deubel, 2002), suggests that attention is necessary for 
accurate targeting of the eye movement system. Despite many variations 
on these views (Belopolsky & Theeuwes, 2009, 2012; Smith & Schenk, 
2012), all theories agree that attention precedes saccades in most 
everyday situations. Interestingly, studies have also demonstrated that 
when saccades are planned, visual attention is narrowly allocated to the 
impending saccade goals. This is not only true for single saccades (Deubel 
& Schneider, 1996; Hoffman & Subramaniam, 1995; Kowler et al., 1995) 
but also for sequences of saccades (Baldauf & Deubel, 2008; Godijn & 
Theeuwes, 2003). 

Given that the eye movement system operates in retinotopic coordinates, in 
order to successfully complete a saccade sequence, target locations need 
to be updated with each intervening saccade. Evidence for this updating 
of the visual scene has been observed by Jonikaitis & Belopolsky (2014), 
who showed that the saccade plan for the second saccade was based on 
information that was presented before the start sequence and therefore 
is “remapped” across the first saccade (for similar results see: Boon, Zeni, 
Theeuwes, & Belopolsky, 2018; Van Leeuwen & Belopolsky, 2018). 
Neurophysiological recordings have identified predictive remapping of 
receptive fields – a mechanism that might underlie the updating of a visual 
scene. It was demonstrated that receptive fields of neurons in the brain 
areas responsible for spatial attention in monkeys predictively shift to the 
future post-saccadic location of an onset stimulus in anticipation of an 
eye movement (Duhamel, Colby, & Goldberg, 1992; Walker, Fitzgibbon, & 
Goldberg, 1995; Yao, Treue, & Krishna, 2016). However, more recently a 
debate has arisen whether preceding an eye movement, receptive fields 
truly shift towards their future post-saccadic location (referred to as 
“remapped” location) or converge towards the saccade target (Tolias et 
al., 2001; Zirnsak & Moore, 2014; Zirnsak et al., 2014), or both (Neupane, 
Guitton, & Pack, 2016). 
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On the behavioral level, several studies have demonstrated anticipatory 
facilitation of visual processing at the location that would contain the 
target after the impending saccade, which was taken as a correlate of 
predictive remapping of receptive fields (Jonikaitis et al., 2013; Rolfs 
et al., 2011; Szinte et al., 2018, 2016). By pre-allocating attention to 
the retinotopic locations that would become relevant in the future (e.g. 
“attentional pointers”), we might be able to keep track of relevant objects 
despite intervening eye movements. It has also been suggested that such 
a mechanism can form the basis for the experience of visual stability 
(Cavanagh et al., 2010).

Given the large impact of these findings on our understanding of how 
visual attention is updated across saccades, it is important to establish 
the boundary conditions under which predictive remapping occurs. 
The aim of the present study was to investigate the role of voluntary 
bias in the allocation of attention on predictive remapping of attention 
before performing a saccade sequence. Specifically, in the original study 
investigating predictive remapping of attention by Rolfs et al. (2011), 
participants were instructed to perform two consecutive eye movements 
towards two neighboring target locations that were presented in a 
hexagon together with four other locations (see Figure 5.1). To examine 
the allocation of attention, observers had to indicate the orientation of a 
tilted Gabor grating (probe) which was briefly presented in close temporal 
proximity to the first saccade. Probes could be presented at either one of 
the two saccadic target locations (“first target” and “second target”), the 
“remapped” location, or a control location distant to these three locations 
(which we will refer to as the “distant control” location). Importantly, in their 
arrangement, the allocation of attention was not measured across all six 
possible locations but was limited to four locations. Moreover, the specific 
arrangement of the probe locations was such that the probe appeared in 
75% of the trials at one of three neighboring locations (i.e., the two saccadic 
target locations and the remapped location) and in 25% of the trials at the 
distant control location. This set-up might have induced a voluntary bias in 
attention towards the neighboring locations at the expense of the distant 
control location. That is, in response to the central cue indicating the two 
consecutive saccadic targets, attention might have been coarsely allocated 
towards the three neighboring locations at which the probe was presented 
in 75% of all trials. 

In order to investigate whether such a task-level manipulation of 
attention influenced the results on predictive remapping, we adopted the 
experimental paradigm of Rolfs et al. (2011) but probed attention at all 
six possible locations with an equal probability. Importantly, as opposed 
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to Rolfs et al. (2011) who analyzed the time-course of discrimination 
performance at each location separately, we applied a conventional 
analysis of comparing the discrimination performance between specific 
locations (Posner, 1980). If predictive remapping of a saccade target 
results in a location-specific enhancement of attention at the future 
retinotopic location, we should find better discrimination performance 
at the remapped location than at the control locations and replicate the 
pattern of results of Rolfs et al. (2011) using a design where attention is 
probed at all possible locations. In addition to the saccade target locations 
and the remapped location, we test discrimination performance at three 
control locations: the one near to the first saccade target (“near control”), 
the distant control location (the one used in the main experiment by Rolfs 
et al., 2011), and the location opposite to the saccade direction (“opposite 
control”). Typically, studies on remapping of attention use highly trained 
participants who perform the task for several thousands of trials (Jonikaitis 
et al., 2013; Rolfs et al., 2011; Szinte et al., 2016). To examine the boundary 
conditions of this effect we have employed naïve participants and used 
an adaptive algorithm to set the probe onset for each trial so that it would 
be likely to occur just before the onset of the saccade. Furthermore, to get 
a precise estimate of discrimination performance as a function of probe 
presentation time relative to saccade onset we constructed a smoothed 
time-series for probe presentation times (Arkesteijn et al., 2018; Boon et 
al., 2018; Maij et al., 2010; Van Leeuwen & Belopolsky, 2018; Van Leeuwen, 
Smeets, & Belopolsky, 2018). Under these boundary conditions, we also 
expected to find the typically reported parallel allocation of attention to 
both saccade targets (Baldauf & Deubel, 2008; Godijn & Theeuwes, 2003), 
which served as the benchmark for examining the predictive remapping of 
attention. 

METHODS
Participants. 
Forty-eight healthy university students (aged: 18-33, mean: 26, 28 women) 
of the Vrije Universiteit Amsterdam took part in the experiment. Pilot results 
showed that the dual task (double saccade and perceptual discrimination) 
was difficult for many participants. Therefore, we implemented a screening 
phase in which participants had to reach a threshold of discrimination 
performance in order to proceed to the experimental phase (criteria 
described in section 2.3: stimuli, design, and procedure). Thirty participants 
were excluded after the screening phase and did not proceed to the 
experimental phase. From the remaining eighteen participants, eight of 
them were excluded from the analysis, because more than 45% of the trials 
in the experimental phase were rejected (criteria explained in section 2.4: 
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Data Analysis). Ten participants (aged: 18-31, mean: 24, 7 women) were 
included in the data analysis. All had normal or corrected-to-normal vision 
and were naive to the purpose of the study. Informed consent was obtained 
from all participants and the experiment was approved by the Ethical 
Committee of the faculty of Behavioral and Movement Sciences of the Vrije 
Universiteit Amsterdam.

Apparatus. 
The experiment was conducted in a dimly lit room. The stimuli were 
presented on a 21‘’ LCD monitor (Samsung 2233RZ) with a 1680 x 1050 
pixel resolution and a 120 Hz refresh rate. Gaze was recorded using 
the Eyelink 1000 (SR research) with a temporal resolution of 1 ms and 
a spatial resolution of 0.01°. The experimental software controlling the 
stimulus presentation, response collection and eye tracking was written 
with OpenSesame version 2.9 (Mathôt, Schreij, & Theeuwes, 2012) using 
a PsychoPy back-end (Peirce, 2007) and PyGaze (Dalmaijer, Mathôt, & 
Van der Stigchel, 2014). An automatic algorithm detected saccades using 
minimum velocity and acceleration criteria of 35 °/s and 9500°/s2.
Stimuli, design and procedure. 
Participants were seated with their head positioned on a chin and forehead-
rest at a distance of 70 cm from the display. Stimuli were presented on a 
grey (9 cd/m2) background. Each trial began with a white fixation square 
(107 cd/m2, 0.3°) presented at the center of the screen. The fixation square 
was surrounded by six 1.5° boxes evenly distributed in a hexagon with 
a radius of 5° (see Figure 5.1). Each box contained a stream of vertical 
Gabor patches (2.5 cycles per degree, with a random phase and maximum 
contrast) alternating every 17 ms with a white noise mask (randomly 
generated every trial). After a variable interval (Gaussian, μ = 1000 ms, 
σ = 300 ms) a central saccade cue was presented at the fixation square 
for 1650 ms. The saccade cue consisted of two lines that indicated the 
sequence of saccade target locations. One line was pointing left or right 
indicating the location of the first saccade target, this was always the one 
at the horizontal midline. Another line was pointing up or down indicating 
the location of the second saccade target, which was the one adjacent to 
the first target location either up or down (see Figure 5.1B). Participants 
were instructed to make a rapid sequence of two saccades towards these 
locations as soon as the lines appeared. There were four different saccade 
sequences (right-up, right-down, left-up & left-down). Participants heard a 
short tone, (200 Hz, 100 ms) if they made a saccade in the wrong direction 
and received visual feedback when a saccade was executed too slowly 
(saccade latency above 450 ms).
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Figure 5.1. Illustration of a single trial. A) Six boxes were arranged in a regular 
hexagon. Participants were instructed to make two saccades as quickly as pos-
sible, first to the left or right, (here to the right), next up or down (here down). In 
each box Gabor patches and noise patches were alternating every two frames (17 
ms). After a pre-specified time (see Methods) one of the Gabor patches changed 
orientation (highlighted here in the black dashed circle) for 3 frames (25 ms), 
followed by noise patches. After the participants fixated the second target they 
indicated the orientation of the Gabor tilt using the right or left arrow key. B) The 
tilted Gabor was equally likely presented in either one of the six boxes. 

Around the onset of the saccade (details in next paragraph), one of the six 
Gabor patches (the probe) was tilted left or right. The probe was presented 
for three frames (25 ms) while the other Gabor patches remained vertical 
for the same three frames. After this third frame, all boxes were filled with 
white noise for the rest of the trial. The probe could appear equally likely in 
all six boxes. Participants had to indicate whether the probe was tilted left 
or right using the corresponding arrow key immediately after executing the 
two consecutive saccades. A 2-up 1-down staircase procedure (with an 
angular step of 2°) was applied to obtain a 70% discrimination performance 
for the probe. A fraction correct of 0.5 would indicate performance at 
chance level whereas a fraction correct of 1.0 was a perfect score. For all 
participants, the tilt of the probe at the onset of the experiment was set at 
22.5° from vertical. The minimum and maximum tilt were set at 3° and 45° 
respectively.
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For instance, when the procedure would lead to a value below 3° (for 
example when the tilt was at 4.5° and a 2° angular step would produce a tilt 
of 2.5°) the next tilt was set at 3°. This procedure led to an average tilt of 
11.2° from vertical (SD = 4.8). 
Predictive remapping is thought to happen just before the onset of the 
saccade. Therefore, we were particularly interested in trials in which the 
probe would be presented about 50 ms before the start of saccade. To 
achieve this, the timing of the probe onset was set adaptively for each trial 
by subtracting 50 ms from the mean latency of the first saccade averaged 
over the preceding 10 valid trials. A trial was considered valid when the 
saccade latency was between 50 and 450 ms and the saccadic endpoint 
was within 2° of its target, which was determined online. 
The experiment consisted of two one-hour sessions that took place on 
different days. The experiment consisted of blocks of 24 unique trials 
(i.e., 4 different saccade sequences x 6 different probe locations) which 
were presented in random order. The first session included a minimum 
of two and a maximum of six screening blocks. The orientation of the 
probe Gabor was fixed at 22.5° and was presented for 80 ms during the 
screening phase. Continuation to the experimental phase was dependent 
on performance: participants were only allowed to proceed when they could 
correctly discriminate at least 70% of all tilted probes and when more than 
80% of their saccades in a block were directed at the two targets (when the 
eyes landed within 2° of both targets). The experimental phase consisted 
of at least 32 blocks resulting in a minimum of 768 and a maximum of 864 
trials, this number was dependent on how many blocks could be completed 
within the two hours of testing. 
Data analysis. 
Eye-tracking data were analyzed offline using a custom written code 
(Python: Van Rossum & et al., 2010) to extract all relevant details and 
events. The first saccade was defined as the first saccade that was initiated 
after the saccade cue was presented and landed within 2° of the first target. 
The second saccade was defined as the first saccade that followed the first 
saccade and ended within 2° of the second saccade target. 
Trials were excluded when the first saccade latency was shorter than 80 
ms or longer than 600, or when saccades did not land within 2° of the first 
target or 2° from the second target. Furthermore, trials were rejected when 
the probe-offset was before 125 ms preceding the first saccade or when 
the probe-offset was 125 ms after the saccade. For eight participants this 
resulted in a loss of more than 45% of the trials. These participants were 
excluded from further analysis. A total of ten participants and 5079 trials 
(66%) were included in the data analysis. 
We made two sets of comparisons. For the first, we analyzed the data in a 
manner that follows the interpretation by Rolfs et al. (2011), neglecting the 
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possibility that the control locations could differ. We therefore considered 
four types of probe locations: three special locations (first saccade 
target, second saccade target and remapped location) and the “pooled 
control” location. For the latter, we pooled discrimination performance 
data that we obtained at the three control locations. To test our alternative 
explanation that the distant control location was special, we also compared 
performance at the remapped location with performance at each one of our 
three control locations separately.
We tested the time-course of these two sets of comparisons in two 
different ways. We used an analysis of time-bins in order to compare the 
results to the original study, and additionally, we used a more sensitive 
smoothed time series analysis. 
For the time-bin analysis, we divided the trials into two time-bins based 
on probe-offset before saccade onset. We divided the time window -100 
ms till 0 ms into two time bins based on a median split (see Figure 5.2). 
This resulted in two time bins, ranging from -100 ms till -25 ms (early) 
and -25 till 0 ms (late). The different time ranges for the two bins was due 
to a normal distribution of the trials that was centered around saccade 
onset. To assess whether there was a difference between discrimination 
performance for probes presented at the different locations over time 
we calculated a likelihood ratio to estimate whether performance at 
the locations differed from one another (the alternative hypothesis), 
or conversely, performance at the different locations was the same 
(null hypothesis). To do this Bayesian paired-samples t-tests between 
performance at the pooled control location, first, second, and remapped 
location for both time-bins (early and late) were calculated using default 
priors by JASP 0.9.0.1 (JASP Team, 2018). In addition, to assess whether 
there was a difference between discrimination performance for probes 
presented at the remapped location and the three different types of control 
locations over time, we ran a Bayesian paired-samples t-test between 
performance at the remapped location and the near, distant and opposite 
control locations for both time-bins (early and late). Bayes factors in favor 
of the null hypotheses were reported when BF01 > 3 and Bayes factor in 
favor of the alternative hypotheses were reported when BF10 > 3. 
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Figure 5.2. Distribution of the trials over all participants illustrated for both anal-
yses. The distribution is ordered based on probe offset relative to saccade onset. 
Note that the sorting of data in time bins is based on number of trials.

To get a precise estimate of discrimination performance as a function of 
probe presentation time relative to saccade onset for each participant and 
probe location we constructed a weighted smoothed time series for probe-
offset times ranging from -75 ms till 75 ms (Arkesteijn et al., 2018; Boon et 
al., 2018; Maij et al., 2010; Van Leeuwen & Belopolsky, 2018; Van Leeuwen 
et al., 2018) using a moving Gaussian window (σ = 15 ms). This interval was 
chosen because of the majority of trials were centered around the onset 
of the saccade. To determine whether attention was predictively shifted 
towards the first and second saccade targets, as well as to the remapped 
location, discrimination performance at these locations was compared 
to performance at the pooled control location using a weighted paired 
sample t-tests for each sample of the smoothed time series. Similarly, the 
discrimination time-course at the remapped location was also compared to 
that at the three control locations separately. 
We considered whether performance was significantly different when the 
t-test for a cluster of two or more consecutive time points had a p-value of < 
0.05. We controlled for multiple comparisons by cluster-based permutation 
testing: for every comparison (for instance: first target location vs pooled 
control location) the data was randomly assigned to either probe location 
and from this, a smoothed time series was constructed. This was done 
a thousand times for each participant. For each permutation, the sum 
of t-values for the largest cluster was used to construct a permutation 
distribution. We compared the sum of cluster t-values for the non-permuted 
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data with the constructed distribution. The performance in a cluster was 
considered significantly different between two locations if the sum of 
cluster t-values for the non-permuted data fell outside the 95-percentile of 
the permuted distribution.

RESULTS 
The mean latency of the early time bin was -49 ms (SD = 21 ms), the 
mean latency of the late time bin was -11 ms (SD = 7 ms), see Figure 5.2. 
The latency of the first saccade was on average 267 ms (SD = 33 ms). 
Figure 5.3A shows discrimination performance at all locations divided 
into two time-bins. An estimated Bayes factor (null/alternative) between 
performance at the pooled control location, first target location, second 
target location, and remapped location for the early time-bin suggested 
that performance likely differed between first target location and pooled 
control location (BF10 = 26), first target location and remapped location 
(BF10 = 3.22), second target location and remapped location (BF10 = 
3.96), and second target location and pooled control locations (BF10 = 82). 
The same analysis for the late time-bin revealed that performance likely 
differed between first target location and second target location (BF10 = 
3.68), first target and remapped location (BF10 = 9), and first target location 
and pooled control location (BF10 = 381). In contrast, an estimated Bayes 
factor computed for the late time-bin suggested that it was more likely 
that performance did not differ between the second target location and 
remapped location (BF01 = 3.08). 
Figure 5.3B shows time-series of discrimination performance at all 
locations as a function of probe presentation time relative to saccade 
onset. There was a difference between performance measured at the first 
target location compared to performance at the pooled control location for 
the time-points -75 ms till 17 ms and time-points 27 ms till 75 ms. Likewise, 
there was a difference between performance measured at the second 
target location compared to performance at the pooled control location for 
the time-points -75 ms till -17 ms. We found no differences in performance 
between the remapped location and the pooled control location at any time 
point. 
In order to determine whether the lack of difference between performance 
at the remapped location and the control locations was dependent on the 
choice of control location, we compared the performance at these four 
locations (Figure 5.3C, D). An estimated Bayes factor (null/alternative) 
suggested that performance did not differ for all comparisons made. 
In contrast, an estimated Bayes factor computed for the early time-
bin suggested that it was more likely that performance did not differ 
between the near control location and remapped location (BF01 = 3.21). 
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Furthermore, the same analysis for the late time-bin revealed that it was 
more likely that performance did not differ between the near control 
location and remapped location, and between the opposite control location 
and the remapped location for the late time-bin (BF01 = 3.04 & BF01 = 3.24, 
respectively) (Figure 5.3C). 
Figure 5.3D shows the smoothed time-series for the three different control 
locations and the remapped location. Cluster-based permutation testing 
revealed a difference between performance measured at the remapped 
location compared to the distant control location (location also used in the 
main experiment by Rolfs et al., 2011) for the time-points between 64 and 
24 ms before saccade onset. There were no significant differences found 
for every other comparison that was made. 
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Figure 5.3. A: Discrimination performance separately for the first saccade tar-
get location, the second saccade target location, the remapped location and the 
pooled control location. The results are divided in two time-bins (mean times 
relative to saccade onset for the early and late bins were -49 ms and -11 ms, 
respectively). Error bars represent within-subject 95% confidence intervals. Solid 
horizontal lines connect pairs of probe locations for which it is likely that perfor-
mance differed for the same time-bin, BF10 > 3. Striped lines connect pairs of 
probe locations for which it is likely that performance did not differ for the same 
time-bin, BF01 > 3. B: The time-course of discrimination performance in relation 
to the probe presentation time relative to saccade onset for the first saccade 
target location, the second saccade target location, the remapped location, and 
the pooled control location. The curves depict the Gaussian (σ=15 ms) smoothed 
time-series of discrimination performance at all four locations. The opaque areas 
indicate within-subject 95% confidence intervals. The clusters for which perfor-
mance at the pooled control location differs significantly from that for the first 
target location, the second target location and the remapped location are indicat-
ed by thick horizontal lines below; thin line segments indicate a lack of significant 
difference. C: Discrimination performance at the remapped location, and control 
location 1 to 3. Control location 2 was used by Rolfs et al. (2011). Format as in 
panel A. D: The Gaussian smoothed time-series of discrimination performance at 
the remapped location and the three control locations. Format as in panel B.
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DISCUSSION
The aim of our study was to investigate the occurrence of predictive 
remapping of attention prior to a sequence of two saccades while 
probing attention equally often at all possible stimulus locations. We 
used naïve participants and a novel adaptive algorithm to estimate the 
probe presentation times. The present results replicate previous studies 
demonstrating parallel deployment of attention to several locations 
before executing a saccade sequence (Baldauf & Deubel, 2008; Godijn & 
Theeuwes, 2003, Rolfs et al., 2011). Just as in these previous studies we 
observed enhanced discrimination performance for probes presented at 
the two saccade target locations relative to probes presented at any of the 
control locations prior to the execution of a saccade sequence. 

Despite several differences in the experimental design, we replicated the 
original pattern of results of Rolfs et al. (2011): a small but significant 
increase in discrimination performance at the future post-saccadic location 
of the second saccade target relative to the distant control location (Figure 
5.3B). Importantly, however, we found that discrimination performance did 
not differ between this remapped location and the near or opposite control 
locations. This was evident from both the time-bin analysis, as well as from 
the more sensitive time series analysis (Figure 5.3C and 5.3D, respectively). 
Furthermore, we found that discrimination performance was enhanced 
mostly at the two saccade targets and to a lesser degree at locations that 
neighbor the saccade targets: the near control location (dotted grey curve in 
Figure 5.3D) and the remapped location (red curve in Figure 5.3D). Although 
discrimination performance averaged across the late time bin did not differ 
between the second target location and the pooled control location (Figure 
5.3A), performance actually differed between these locations up till 17 ms 
preceding the saccade, as was evident from the time series analysis in 
Figure 5.3B. Together, this pattern of results suggests that there is not a 
specific focus of attention at the remapped location, but rather a spread of 
attention around the two saccade target locations before the onset of the 
saccade. 

The authors of the original study have also considered a spread of attention 
as an alternative explanation of the results of their main experiment and 
conducted two control experiments to test it. In these experiments, they 
used as their control location the near control instead of the distant control. 
The authors found an increase in discrimination performance over time at 
the remapped location, but not at the near control location, which was taken 
as the evidence against a spread of attention. However, Rolfs et al. (2011) 
never directly compared discrimination performance between remapped 
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and control locations. 

To directly compare probe discrimination performance at different 
locations, we subjected the original data of Rolfs et al. (2011), made 
available by the authors, to the same analyses that we used for our 
experiments. We plotted the results of their main experiment and first 
control experiment in Figure 5.4. Our re-analysis of the results they 
obtained in the main experiment revealed that discrimination performance 
was higher at the remapped location than at the distant control location 
(Figure 5.4, Panels A and B), which is similar to our results (Figure 5.3D). 
The re-analysis of the first control experiment revealed that discrimination 
performance at the remapped location did not differ from that at the near 
control location prior to the saccade. This was the case for all time bins 
preceding the saccade (Figure 5.4, panel C) and also evident from the 
analyses on the smoothed time series (panel D). From this we conclude 
that results that were obtained in our experiment were similar to the results 
of the original experiment. 

Rolfs et al. (2011) also executed a second control experiment that used 
the near control location but cued the saccade sequence in a different way. 
Here, the pattern of results differed: performance was slightly higher for 
the remapped location compared to the near control location for a period 
from 55 ms before the saccade until 45 ms after the saccade. We can only 
speculate why changing the way of cueing changed the deployment of 
attention. Combined with the results of the other experiments, we conclude 
that making a saccade sequence in itself does not necessarily results in 
predictive remapping of attention.

A surprising finding from our re-analysis of the data by Rolfs et al. (2011) 
is that the probe was discriminated just as well during a saccade as before 
or after a saccade at nearly all locations (Figure 5.4B, D). This is surprising, 
given the well-known profound suppression in visual motion processing 
during saccades (Burr, Morgan, & Morrone, 1999; Burr, Morrone, & Ross, 
1994; Ross, Burr, & Morrone, 1996), although motion of patterns with low 
spatial frequency can sometimes be sensed (Castet & Masson, 2000). As 
the pattern of results in Figure 5.4B, D is affected by the smoothing; we 
examined the (lack of) saccadic suppression more closely. We compared 
detection performance during the saccade in our experiment with that in 
Rolfs et al. (2011). We restricted our analysis to trials in which the probe 
was presented 20-30 ms after the saccade onset. In this way, the probe 
presentation occurred completely during the saccadic eye movement. We 
found that during the saccade, performance in our data dropped from 67% 
to 51% correct, close to the expected chance-level of 50%. However, in the 
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main experiment of Rolfs et al. (2011), performance during the saccade 
remained at the same level as before the saccade: 72% correct. We have 
no explanation for the fact that discrimination performance was unaltered 
during saccades in the main experiment by Rolfs et al. (2011). 

Figure 5.4. The data of Rolfs et al. (2011) reanalyzed in a similar way as our 
data was analyzed in Figure 3. Data depicted are derived from their main exper-
iment (A & B) and their control experiment (C & D). The left panels (A, C) show 
the time-course indicated by the time-bin analysis. The same bin sizes are used 
as in the main experiment by Rolfs et al. (2011). To assess whether there was a 
difference between discrimination performance at the first target, second target 
and remapped location versus the control location (distant control in the main 
experiment and near control location in the control experiment), a likelihood ratio 
was calculated using a Bayesian paired sample t-test. The filled diamonds below 
the time bins indicate when there is strong evidence (BF10>10) that discrimina-
tion performance at that bin is higher than measured at the control location, an 
opaque diamond indicates when there is moderate evidence (BF10>3, BF10< 10) 
that discrimination performance at that bin is higher than measured at the con-
trol location. The right panels (B, D) indicate the time-course of discrimination 
performance in relation to the probe presentation time relative to saccade onset 
for the first and second saccade target location, the remapped location and either 
the distant control location (main experiment) or the near control location (control 
experiment). The clusters for which performance at the first target location, the 
second target location and the remapped location differ significantly from that at 
the control location are indicated by thick horizontal lines below; thin line seg-
ments indicate a lack of significant difference.
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Overall, using a direct comparison between locations, the patterns of 
results obtained in our study and the study of Rolfs et al. (2011) show to 
be highly similar. In both studies we find a small but significant increase 
in discrimination performance at the remapped location compared to the 
distant control location and no difference in discrimination performance 
compared to the near control location. This pattern of results is not 
consistent with the predictive remapping of attention proposed in the 
original study. 

When comparing discrimination performance at the remapped location 
and the distant control location, we found only a small effect, while the 
effect in the original study appeared to be larger. This may have to do with 
more focused allocation of attention in the study of Rolfs et al. (2011), 
which was induced by the specific arrangement of probe locations in their 
study. Attention might have been voluntarily allocated towards the three 
neighboring locations at which the probe was presented in 75% of all 
trials at expense of the control location where the probe was presented 
only in 25% of all trials. However, it is important to note that our study is 
a conceptual replication, and differs from the study of Rolfs et al. (2011) 
in more aspects than the arrangement of probe locations. In our study, 
we used a different approach for determining the time to present the 
probe; such that it was dependent on saccade latency. Likewise, the probe 
presentation stream differed from Rolfs et al. (2011), in our design the 
stream alternating between Gabor and noise patches stopped after the 
presentation of the probe, however in their study the alternation continued. 
Any differences found between our studies could be due to the variations 
implemented in our design. 

Our results relate to earlier findings by Puntiroli, Kerzel, & Born (2015), who 
tested the allocation of attention at targets and non-targets while making 
voluntary and involuntary saccades. In their experiment participants 
made either one or two saccades. In 73% of the trials, participants made 
a correct saccade towards the target, while ignoring a distractor. Here, 
they found no difference between discrimination performance at the 
remapped location versus the control location. In 27% of trials, participants 
made a saccade towards the distractor. In this case, the spatial layout 
resembled that of what was used by Rolfs et al. (2011). Likewise, there 
was initially no difference found between discrimination performance at 
the remapped location vs the control location. However, when the data 
was split based on inter-saccadic interval latencies they found a difference 
between performance at the remapped vs control locations for the fastest 
latencies. Our conclusions are different from Szinte and colleagues (Szinte, 
Carrasco, Cavanagh, & Rolfs, 2015; Szinte et al., 2018, 2016), who reported 



performance differences between remapped and other locations just prior 
to a saccade. However, it is important to note that these latter studies 
were primarily concerned with changes in sensitivity for motion direction 
rendering any direct comparison with our results difficult. 

The enhancement of attention at the future retinal location has been 
supported by several neurophysiological studies. On a neurophysiological 
level, neural activity is remapped to the future receptive field. Several areas 
that are involved with spatial attention such as the lateral intraparietal area 
(Duhamel et al., 1992), superior colliculus (Walker et al., 1995) and middle 
temporal area (Yao et al., 2016) show ‘forward’ remapping of neural activity. 
Conversely, our finding that discrimination was enhanced mostly at the 
saccade target locations is in line with electrophysiological recordings 
performed in the frontal eye fields in monkeys (Zirnsak et al., 2014), which 
led to an alternative view on predictive remapping, namely that attention 
is deployed mostly at the future saccadic target before the onset of the 
eye movement instead of at the future retinal location and is therefore a 
‘convergent’ type of remapping (Zirnsak & Moore, 2014). Additionally, a 
spatial unspecific type of remapping has been found for neurons in V4, 
they exhibit a pre-saccadic attentional modulation without a shift in spatial 
tuning (Marino & Mazer, 2018). Together these studies show that attention 
shifts are differently represented by different brain areas. 

The spread of attention we found resembles the spread that has been 
found in studies where attention was cued before the onset of a saccade 
(Harrison et al., 2012; D. Jonikaitis et al., 2013). In these studies, attention 
was spread to the cued ‘hemifield’ of the display and was not confined 
to the specific locations tested. However, other studies did find a narrow 
distribution of attention at saccade targets and no deployment of attention 
at a location in-between saccade targets (Baldauf & Deubel, 2008; Godijn 
& Theeuwes, 2003). The discrepancies between different behavioral 
results could possibly be explained by differences in probe task difficulty. 
In our study participants reported that performing a combined perceptual 
discrimination task and a double-step saccade was extremely difficult. 
Kowler and colleagues (1995) have shown that the relative importance of 
saccade and probe task can affect the way attention is allocated before the 
execution of a single saccade. It is possible that in our study as well as in 
Rolfs et al (2011), participants have eluded to adopting strategies such as 
allocating attention to the probe locations around the two saccade targets 
in order to achieve the desired level of discrimination performance. Future 
research should investigate the role of the difficulty of the probe task on the 
allocation of attention in the double-saccade task. 
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Recently, Szinte et al. (2018) found that attention was allocated to the 
remapped location before the onset of a saccade, given that the saccade 
cue was presented sufficiently early enough preceding the saccade. They 
used a performance discrimination task similar to the study of Rolfs et 
al. (2011) and our present study, but the amplitude of the saccades they 
used was twice as large and attention was probed at more locations. They 
found no spreading of attention and no attentional benefits at the locations 
between the fixation and the saccade target. Attention was measured to 
be higher at the saccade target, cued target and in a lesser degree at the 
remapped target. It is possible that attentional spreading depends on the 
size of the saccade, with more spreading occurring for smaller saccades, 
as in our study, and a narrower focus of attention for larger saccades, as 
in the study by Szinte and colleagues. Furthermore, having a larger set of 
possible probe locations per trial, 12 vs 6, could lead to attention being 
allocated mostly at the saccade target with less spilling to nearby locations, 
as was the case in the study by Szinte et al (2018). 

To summarize, in the present study we determined the limits of observing 
predictive remapping of attention by performing a conceptual replication 
of the study by Rolfs et al. (2011). We demonstrated that while we were 
able to replicate the allocation of attention to two saccade targets prior 
to execution of saccade sequence, we did not find that attention was 
specifically enhanced at the future retinotopic location of the second target 
as reported by Rolfs et al (2011). Furthermore, we performed a re-analysis 
of the original study, which confirmed our results. Overall, our results are 
in line with the idea of a spread of attention around the saccade target 
locations and suggest that participants might have adopted a strategy of 
prioritizing probe locations around the saccade targets to overcome the 
high dual-task demands. 
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When we look at an object or saccade towards it, we favor one object 
over others for visual selection. Similarly, to reach and grab an object 
also involves target selection. These selections happen abundantly, for 
instance, saccades occur around 100.000 times a day. Although selecting 
a reaching target occurs considerably less often, it is safe to say that we 
are in a constant state of selecting our movement targets. In this thesis, 
I aimed to explain how we successfully select our movement targets 
and how selection can be influenced by irrelevant stimuli. The empirical 
studies presented in this thesis described and investigated target selection 
using various experimental paradigms. In Chapter 2, I reported how target 
selection in hand movements relates to target selection in eye movements. 
Next, I investigated what happens when target selection takes place from 
memory (Chapter 3 & 4). Ultimately, I discussed the proposed mechanisms 
behind the selection and execution of saccade targets (Chapter 5). 
The main conclusions drawn from my research are summarized below. 
Furthermore, I would like to note that the results obtained by my research 
leaves unanswered questions, yet, I hope that they have provided valuable 
new insights.

A nearby distractor does not influence hand movement 
endpoints.
We often perform combined eye-hand movements. Think about grabbing 
up a coffee mug from a cluttered desk, we generally look at the mug before 
we act upon it (Johansson, Westling, Bäckström, & Flanagan, 2001; Land, 
2006). Based on the existing literature, it appears that deciding where 
to move (target selection), is coupled for hand and eye movements. We 
know from eye movement studies that target-selection is impeded when 
a nearby distractor is presented in close proximity to the target, which is 
termed the global effect (Coren & Hoenig, 1972; Findlay, 1982; Van der 
Stigchel & Nijboer, 2011). That is, the eye tends to land in the direction of 
the distractor, and therefore it ‘misses’ the target location. If target selection 
for the hand and eye movement are indeed coupled, a global effect should 
likewise be present in hand movement endpoints. Alternatively, it is 
possible that a distractor is considered an obstacle (Tresilian, 1998). In this 
case, the hand moves away from the distractor in order to avoid a collision 
even when the object cannot interfere with the movement physically. This 
obstacle avoidance hypothesis thus suggests an effect in the opposite 
direction to that of the global effect.

To distinguish between these two contrasting hypotheses, I investigated 
in Chapter 2 if a nearby distractor influenced hand movement endpoints 
by using a similar design as was used previously to investigate the 
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global effect in eye movements (Heeman et al., 2014; Van der Stigchel 
& Nijboer, 2013; Wollenberg et al., 2018). In Chapter 2, I demonstrated 
that there was no consistent effect of a distractor on the endpoints of 
hand movements. Participants were asked to tap a target which was 
accompanied by a distractor with a finger as swiftly as possible. All but 
one participant, showed hand movements tapping positions that ended 
at the target, instead of in the (counter-) direction of the distractor. If the 
obstacle avoidance hypothesis and global effect hypothesis both account 
for the endpoints of hand movements, the effect can cancel each other 
out. That is, any bias evoked by the distractor to attract its movement 
endpoint position towards the distractor is countered by the tendency to 
move away from the distractor, which leads to an average end position at 
the target. If the obstacle avoidance hypothesis is true, the effect should be 
bigger if the distractor is placed along the movement path, in between the 
starting position and the target. Sailer et al. (2002) investigated this exact 
set-up and found the opposite result. The hand tapping position was in the 
direction of the distractor instead of away from the distractor. This leaves 
the obstacle avoidance hypothesis an unlikely candidate as a proposed 
mechanism for target selection in reaching hand movements when tested 
in a global effect paradigm. 

The obstacle avoidance paradigm is typically tested with a distracting 
element placed along the path of the hand movement instead of next to the 
target, as is the case in the global effect paradigm. From eye movement 
studies, we know that different spatial configurations induce different eye 
movement outcomes. A displacement of only a couple of degrees causes 
the eye to behave in very dissimilar ways. The eye curves away when the 
distractor is presented next to the path but skews towards the distractor 
when it is presented next to the target. In addition, increasing the saccade 
latency causes the curvature away to increase (McSorley et al., 2006), yet 
causes the global effect to decrease (Heeman et al., 2014). These apparent 
differences of eye movement behavior are elicited by only slightly different 
paradigms, much like the differences in observed hand movements 
between earlier studies investigating obstacle avoidance (Dean & Brüwer, 
1994; Tresilian, 1998) and the study described in Chapter 2 investigating the 
global effect in hand movements.

Of course, the real-life consequences of performing a ‘faulty’ movement 
differ greatly between both effectors. If a saccade misses its intended 
target, by let’s say one visual degree, the eye can still (partly) foveate 
the target, while simultaneously gain information about the ‘distracting’ 
element. It is a win-win situation, landing on the target is good but landing 
in between both target and distractor is perhaps even better. However, if a 
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hand lands next to its intended target, it simply misses. Even worse, when 
the target is a cup of hot coffee, missing it or failing to grab it accurately 
might cause a first-degree burn. From this, I conclude that even though 
target coding for eye and hand movements may partly share the same brain 
circuitry, expression of competition differs for both effectors. 

Reducing the global effect requires time
The global effect is thought to be the result of an ongoing competition 
between target and distractor activations in the saccade map (Meeter 
et al., 2010; Van der Stigchel & Nijboer, 2011). The saccade is directed 
to the weighted average of these activations. This suggests that with 
sufficient viewing time, the weight is shifted towards the target location 
at the expense of the distractor. This view is supported by several studies 
investigating the global effect. First, there was an almost immediate finding 
in the early days of this research field that the size of the global effect was 
affected by the saccade latency. The global effect was most pronounced 
if saccade latencies were shorter (Findlay, 1982; Ottes et al., 1985). This 
relation was later systematically investigated by Heeman et al. (2014), and 
they showed that the size of the global effect and the saccade latency had 
a linear decreasing relationship. In addition, using a different paradigm de 
Brouwer et al. (2014) showed that the accuracy of a saccade depended on 
the viewing time of the stimuli before saccade onset. Saccade amplitude 
is affected by the Muller-Lyer illusion, and they found that solely the 
presentation time of the stimuli, not saccade latency or delay time, was a 
contributing factor to determine the size of the illusion effect. In this light, I 
interpret the results reported in Chapters 3 and 4. 

In Chapter 3, I investigated the global effect in an eye movement paradigm. 
Participants were asked to make a saccade towards one of two potential 
targets. In one condition, the target identity was pre-cued, whereas in the 
other condition the target identity was revealed by a retro-cue. In both 
conditions, participants had to delay their saccade until after the stimuli 
had disappeared, so that the saccade was memory-guided. The results 
suggested that the effect a distractor has on the landing position of eye 
movements cannot be reduced when a memory interval precedes the eye 
movement. However, increasing the availability of visual information before 
this memory interval does increase the accuracy of the eye movement. 
This is in accordance with the results of de Brouwer et al. (2014) discussed 
in the previous paragraph. Importantly, both the studies in Chapters 3 
and 4 concluded that the size of the global effect was not affected by 
saccade latency, leaving viewing time as the only variable to account for 
the observed decrease in the global effect as was observed in Chapter 3. 
Together, these results substantiate the importance of the viewing time 
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versus saccade latency when the goal is to produce an accurate movement. 

The robustness of the global effect in the absence of visual information 
is remarkable. It means that during the memory interval, the landing 
bias cannot be resolved. This has consequences for the view that top-
down modulation is responsible for resolving the global effect. Top-
down modulation is the ability to exert attention on goal relevant stimuli 
while simultaneously ignoring distractors (Gazzaley & Nobre, 2012). It 
is thought that top-down modulation can take place in the absence of 
visual information by keeping stimuli representations in the visual working 
memory (Belopolsky & Theeuwes, 2011; Gazzaley & Nobre, 2012; Jonides et 
al., 2008; Smith & Jonides, 1999). A typical task where top-down modulation 
takes place is a delayed-response task (Gazzaley & Nobre, 2012). This 
is a visual working memory task where participants have to keep certain 
stimuli in mind after viewing them shortly. This is similar to the paradigm 
that was used in the studies discussed in Chapters 3 & 4. Gazzaley & Nobre 
(2012) state that top-down modulation can occur during the stimulus-
absent phase of a visual working memory task. They suggest that top-down 
modulation during the time when the stimulus is absent is related to the 
mechanisms responsible for attentional modulation during perception. 
This, in turn, is unsurprisingly thought to be the underlying mechanism 
responsible for the reduction of the target-distractor competition. However, 
from the results gathered in the experiments described in this thesis, I have 
to draw the conclusion that top-down modulation cannot take place in the 
absence of visual information. 

The global effect is updated across a saccade
The representations of visual stimuli can be updated across a saccade. 
For instance, a saccade is found to curve away from distractors presented 
along the movement axis of the second saccade, even when this 
distractor is removed upon landing on the first saccade target (Jonikaitis 
& Belopolsky, 2014; Van Leeuwen & Belopolsky, 2018). This even extends 
to stimuli properties that are being updated, such as visual illusions that 
influence future saccades (de Brouwer, Medendorp, & Smeets, 2016). 
Similarly, in Chapter 4 it was established that the ongoing competition 
between the representations of the target and distractor could likewise 
be remapped across a saccade. Participants made successive saccades 
towards two targets, an irrelevant distractor was presented next to the 
second saccade target. The second saccade could either be visually- or 
memory-guided. We found that the global effect was still present for the 
second saccade only if the second saccade was memory-guided. These 
results support the idea that during target selection, the ongoing target-
distractor competition cannot be resolved from memory, as was likewise 
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stated in Chapter 3. This is remarkable because participants had ample 
time to resolve the competition, namely about 370 ms (when you combine 
the latencies of the first and second saccades). The only possible problem 
was that there was a lack of visual input, the visual presentation time of the 
stimuli was on average 174 ms (mean first saccade latency). We know that 
after 330 ms of visual presentation time, as measured by saccade latency 
(Heeman et al. 2014), the global effect should be eliminated. The latency 
of the first saccade in our experiment should in that case not be sufficient 
enough. From this, we can again eliminate the possibility that the target-
competition could be resolved in the absence of visual information. When 
the second saccade was visually-guided, the global effect disappeared, 
thus the competition was resolved when visual information remained 
available throughout the saccade sequence. Surprisingly, the global effect 
was resolved in the visually-guided condition even for the saccades with 
the shortest inter-saccadic intervals. However, when we look at the fastest 
combined latencies, they add up to more than 300 ms, which should be 
enough time to solve the target-distractor competition. 
This work is the first to evince the importance of sufficient viewing time 
for resolving the global effect. In addition, it is likely that when subsequent 
saccades are planned, the target and distractor representations both are 
updated across a saccade, resulting in a memorized global effect for the 
second saccade. 

Predictive remapping of attention or spreading of attention? 
To be able to successfully navigate through our environment we have 
to update target locations and other stimuli across movements. The 
proposed mechanism behind the updating of the visual scene is predictive 
remapping. Although predictive remapping was initially thought to underlie 
visual stability (Wurtz, 2008), it is more likely that only specific attended 
locations are remapped across saccades (Cavanagh et al., 2010). Finding 
behavioral evidence for predictive remapping is typically done by probing 
different parts of the visual scene with a discrimination target while the 
participant prepares a saccade (Rolfs et al., 2011; Szinte et al., 2018). The 
aim of the study described in Chapter 5 was to replicate the influential 
work by Rolfs et al. (2011), who investigated predictive remapping of 
attention in a double saccade. They showed that attention was already 
allocated to the future remapped location before the onset of a saccade. 
Although we largely copied the design previously used by Rolfs et al. 
(2011), contradictory conclusions were drawn. We found that attention was 
spreading from the saccade targets to neighboring locations, instead of 
attention being specifically drawn to the remapped location. 

The results of our study and the study conducted by Rolfs et al. (2011) 
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are remarkably similar, however, the conclusions drawn from both studies 
are in contrast. We likewise found attentional facilitation at the remapped 
location, but only when we compared discrimination performance at the 
remapped location with the most distant control location from the target 
locations. When we compared discrimination performance at the remapped 
location with the control location next to the first saccade target, we found 
that performances were similar, this pattern was even evident from both the 
time-bin analysis as well as from the more sensitive time series analysis. 
The authors of the original study never directly compared discrimination 
performance between the probed locations. To directly compare 
performance at different location we subjected the original data of Rolfs 
et al. (2011), made available by the first author, to the same analyses 
as was used in our study. The re-analyses revealed that discrimination 
performance was higher at the remapped location than at the most distant 
control location, yet not higher than at the near control location. Just as 
was concluded from the study described in Chapter 5. Overall, using a 
direct comparison between locations, I conclude that the pattern of the 
results obtained in both experiments are similar and can be regarded in the 
same sense. 
Some studies investigating the allocation of attention around a saccade 
found a spread of attention spilling from the saccade targets to nearby 
locations (Harrison et al., 2012; Jonikaitis et al., 2013). In these studies, 
a single saccade was planned and attention was cued to a part of the 
visual scene. Attention was found to spread to the cued ‘hemi field’ and 
was not confined to specific locations. In contrast, other studies did find 
a narrow distribution of attention to only the saccade or cued targets and 
found no spreading of attention at the locations in between those targets 
(Baldauf & Deubel, 2008; Godijn & Theeuwes, 2003). Naturally, there are 
many differences between the paradigm of the studies mentioned above, 
for instance, the number of cued locations influences the allocation of 
attention greatly (for an overview of this and effects of other paradigm 
changes see Hanning et al. (2019)). Another possibility is that task difficulty 
influences the results. Kowler et al. (1995), previously showed that the 
relative importance of a saccade and discrimination task can affect the 
allocation of attention. Participants of the study in Chapter 5, reported that 
performing a dual eye movement and discrimination task was extremely 
difficult. It is likely that participants in our study as well as in the study by 
Rolfs et al. (2011) have adopted strategies to direct their attention solely 
to the probed saccade locations in order to achieve an acceptable level 
of success. Future work should investigate the relationship between task 
difficulty and the allocation of attention. 

Although we found no direct evidence for predictive remapping of attention, 



         97

other studies reported results arguing in favor of the existence of this 
mechanism (Szinte, Carrasco, Cavanagh, & Rolfs, 2015; Szinte et al., 2018, 
2016). To assess predictive remapping of attention Szinte et al. (2018) 
used a performance discrimination task similar to the study described in 
Chapter 5 but the amplitude of the saccade and the number of possible 
target locations was higher. They reported no spreading of attention and 
no attentional allocation at the positions between fixation and saccade 
target. It may be that the spreading of attention relies on the amplitude of 
the saccade as well as the number of locations. As was mentioned earlier, 
an increase of possible target locations leads to a narrower distribution 
of attention (Hanning et al., 2019). It is likely that predictive remapping 
attention is a fleeting and fragile effect that is best investigated using 
carefully constructed paradigms. 

Ultimately, in Chapter 5 I concluded that when we select multiple saccade 
targets, as is the case in a double-step saccade, attention is deployed at 
both saccade targets and to a lesser degree at the adjacent areas, already 
before the onset of the first saccade. 

Taken together, these studies showed that in the presence of irrelevant 
stimuli, target selection is subject to competition. The eyes do not always 
hit the intended target accurately, yet fortunately, the hands do. For eye 
movements, this competition appears to be robust, to solve it you need 
not just time, but more importantly, visual availability. This competition is 
so robust, that it can survive an intervening saccade, indicating that both 
target and other stimuli representations are updated across a saccade. 
Remapping of neural activity is the underlying mechanism responsible 
for this feat. As a consequence, it is thought that attention is predictively 
remapped before a saccade, however, the existence of this effect appears 
to be unclear. 
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