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The world around us is filled with objects of all shapes, sizes and colors. In our daily rou-
tines most of them are not of great importance to us. However, we are often searching for a 
specific object. For instance, our keys when leaving the house, our favorite brand of chips in 
the supermarket or maybe even this thesis in a bookcase. The field dedicated to how we visually 
search for objects is referred to as visual search. In this field eye movements are obviously im-
portant: many of our daily searches cannot be accomplished without them. The current thesis 
focuses specifically on how eye movements lead us to the goal of our search.

Even though we are hardly aware of it, we make over 100.000 saccadic eye movements each 
day. With saccadic eye movements, or saccades for short, the focus of the eyes moves from one 
location in the scene to another. The initiation of saccades is characterized by a rapid increase 
of the rotational velocity of the eyes, to up to 600°/s (Collewijn, Erkelens & Steinman, 1988). In 
between saccades the eyes fixate for a short period of time. It is during these fixations, which 
typically last 200 to 300 ms, that visual information is collected and analyzed1.

The need for eye movements stems from the limitations of our visual system. High quality 
visual information is only available from a small part of the visual field, the part of the visual 
field that is projected to the centre of the eye’s retina, the fovea. The fovea covers the central 2 
degrees of the retina and is more sensitive to color information and detail than the periphery 
surrounding it. In order to acquire details from other parts of the visual field, eye movements 
are required. Saccades allow observers to rapidly direct the fovea to areas they want to inspect 
in more detail.

Studying Search 

Whereas the resolution of the visual periphery is often too low to identify objects, it is 
generally sufficient to select objects that resemble the target of a search. We will refer to the 
type of objects that cannot be distinguished peripherally from the target as potential targets. To 
illustrate this concept, think of how the average observer searches for his/her car in a parking 
lot. This may require scanning of several cars, but observers generally do not have to fixate each 
and every car: some can be rejected on the basis of peripheral information. However, cars that 
have the same color as the target car may require fixation in order to be rejected as the goal of 
the search. These cars are then considered as potential targets. In the current thesis we mainly 
focus on the selection of potential targets. We want to know what objects are selected by eye 
movements during a search and why.

To evaluate selection by eye movements in visual search we will rely on saccadic search 
tasks. Saccadic search tasks are those that require eye movements to find the object of a search. 
We use these tasks not only because they allow us to study eye movements in search, but also 
because many search tasks in daily life are saccadic search tasks. In our experiments we will 
use artificial displays that contain a target, the goal of the search, placed among a number of 

1 It has long been established that visual thresholds are elevated during the course of the saccade 
(Zuber & Stark, 1966). Yet, what exactly is processed during the course of the saccade is still debated (e.g., 
Castet & Masson, 2000; Ross, Morrone, Goldberg & Burr, 2001).
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non-targets. By manipulation of the properties and locations of target and non-targets we can 
introduce the aspects we want to investigate in a controlled manner.

The main focus of this thesis is the nature of selection of objects by eye movements. Howev-
er, we will also use a more general measure of search performance: search time. In literature the 
distinction is often made between efficient search and inefficient search. Search is considered 
efficient if the target can be found in the same time regardless of the number of non-targets. 
When search times increase with more than 10 ms per additional non-target, search is gener-
ally considered inefficient (e.g., Wolfe, 1998). While many studies focusing on search efficiency 
use visual search as a tool to study selective attention, insight in the latter is not the main goal 
of this thesis.

Eye Movements in Search

Many studies have demonstrated our ability to select objects that resemble the target. Luria 
and Strauss (1975) demonstrated that selection by eye movements may rely on basic features, 
such as color and shape. Color in particular was found to be a very important feature in selec-
tion (Williams, 1967). However, later, Zelinsky (1996) reported conflicting results as he found 
only limited selectivity in eye movements. This led him to conclude that less optimal strategies 
may undermine efficient selection. Thereafter, Hooge and Erkelens (1999) demonstrated that 
these conflicting findings could be resolved by taking into account stimulus material and fixa-
tion durations. The difficulty of the foveal discrimination task was a determining factor in fixa-
tion durations. Manipulating this difficulty Hooge and Erkelens could replicate both the results 
of Luria and Strauss (1975) and Zelinsky (1996). Their findings suggest that the relatively easy 
target discrimination in Zelinsky’s task resulted in fixation durations that were too short for 
effective peripheral selection.

Although the ability to select objects resembling the target by eye movements has been 
established, this does not mean that eye movements exclusively aim for objects resembling the 
target. For example, conspicuous objects that do not resemble the target also attract saccades 
(e.g., Zoest & Donk, 2004; Findlay & Brown, 2006). This finding has resulted in a distinction 
between stimulus-driven and goal-driven saccades. Stimulus-driven saccades aim for conspicu-
ous objects (those that are in contrast with their surroundings). Goal-driven saccades aim for 
objects that resemble the target. Recently, the focus of studies on eye movements has shifted 
from tasks that correlate with either stimulus-driven or goal-driven saccades to tasks that allow 
researchers to determine when these types of saccades occur (Hunt, von Mühlenen, & King-
stone, 2007; Ludwig & Gilchrist, 2002; Van Zoest, Donk, & Theeuwes, 2004). This work has re-
vealed that the proportion of these stimulus-driven and goal-driven saccades varies depending 
on the duration of the saccade latency (the time between the onset of a stimulus and the initia-
tion of a saccade). It was found that many short-latency saccades are more likely to be stimulus-
driven, while longer-latency saccades are more likely to be goal-driven. The underlying causes 
of these different types of saccades are still debated (e.g., Leber & Egeth, 2006; Theeuwes, 2004).
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The dynamics of selection by eye movements and search performance in general has been 
studied intensively using artificial displays. It can be argued that, for the findings to be of value, 
they need to be applicable to search in daily life conditions. Many recent studies have focused 
on how findings from artificial studies relate to search in (more) natural images. If one in-
creases the set-size under inefficient search conditions by raising the number of non-targets 
this will result in longer search times. However, Neider and Zelinsky (2008) showed that, in a 
search for a tank, the addition of extra trees in a quasi-natural scene actually improved search 
efficiency. Henderson, Chanceaux and Smith (2009) proposed that rather than the physical 
number of objects, clutter in the image may serve as the equivalent of set-size (the number of 
non-targets in the display). 

Some recent studies have focused on another aspect of search in more natural scenes: the 
background. A study by Wolfe, Oliva, Horowitz, Butcher and Bompas (2002) demonstrated 
that the addition of heterogeneous backgrounds increases search times, but does not affect 
search efficiency. This study is extensive in the sense that it covers a wide variety of heteroge-
neous backgrounds in several domains, but it uses backgrounds that are not necessarily natural 
to the search elements used. A more recent study by Neider and Zelinsky (2006) did vary the 
similarity of the target and the background, and also did not find search efficiency to be af-
fected significantly. Interestingly, despite the limited conspicuity of the target (as a result of high 
similarity between target and background), selection by eye movements was biased towards 
conspicuous distractor objects rather than patches of the background.

The bias in search towards conspicuous objects in natural scenes has been emphasized by 
many studies. One of the most prominent models of selection by eye movements is the saliency 
model developed by Itti and Koch (2000; 2001). This model and others that followed it (e.g., 
Parkhurst, Law & Niebur, 2002; Torralba, Oliva, Castelhano & Henderson, 2006) have effec-
tively incorporated conspicuity to predict selection by eye movements in search. Although the 
findings from these studies emphasize that selection by eye movements relies on conspicuity, 
some recent studies have demonstrated the ability to select locations in relation to the con-
cerned task (e.g., Henderson, Brockmole, Castelhano & Mack, 2007; Henderson, Malcolm & 
Schandl, 2009). The cause of the differences in findings on selection is hard to determine as so 
many factors can vary when observers have to search objects in natural images. For instance, 
in the Henderson et al. (2009) study, observers had to search for non-conspicuous targets, 
while in the Torralba et al. (2006) study observers had to count objects that could very well be 
conspicuous. It is quite possible that in these studies the difference in the type of target had an 
effect on what was selected during the course of a search.

Finally, many of the studies discussed above use tasks that require multiple eye movements 
to locate the target. The consecutive selection of objects by eye movements forms a scanpath. 
The ability to prepare such a path in its entirety has been demonstrated in a fixation task where 
observers were required to fixate locations in a sequence (Zingale & Kowler, 1987).

In general, studies in saccadic search have only provided limited and ambiguous evidence 
for the planning of saccade sequences.  A study addressing the question whether information 
from a previous fixation has an effect on subsequent saccades did not find evidence that the 
destination of the second saccade is affected by information from the previous fixation (Find-
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lay, Brown & Gilchrist, 2001). This result led the authors to conclude that the destination of a 
subsequent saccade may be programmed from scratch during each fixation with no carry-over 
from the previous fixation. On the other hand, a more recent study did find evidence that sub-
sequent saccades are planned ahead (Vergilino-Perez & Findlay, 2006). Even though saccades 
from one object to another could be programmed from scratch during each respective fixation, 
the destination of a saccade within the same object was determined during the preceding rather 
than the current fixation. In sum, only limited evidence of scanpath planning in saccadic search 
is available. 

Open Issues

Above we have briefly discussed selection by eye movements in search in general. Below we 
will elaborate on the issues that will be addressed in this thesis.

Stimulus-driven versus goal-driven saccades

As mentioned above both stimulus-driven and goal-driven saccades can be distinguished 
in search. It has been argued that the proposed dichotomy between these two types of sac-
cades stems from competing bottom-up and top-down processes. The general idea is that fast 
bottom-up processes automatically shift attention to the most conspicuous element in a display. 
Only after this shift, slower top-down control can disengage bottom-up attention and shift it 
to elements resembling the target (e.g., Theeuwes, 2010). Although this theory accounts for a 
broad range of phenomena, some findings are difficult to explain in these terms. For example, 
in a recent study observers were asked to make a saccade as quickly as possible towards the 
most conspicuous element in a display that also contained a less conspicuous element (Donk 
& Van Zoest, 2008). Whereas short-latency saccades correctly targeted the most conspicuous 
element, performance decreased for longer-latency saccades. This is odd as both bottom-up 
processes and top-down processes should favor the same element.

We hypothesize that the selection of conspicuous elements for short saccade latencies can 
be the result of the temporal aspects of processing visual information. During the saccade la-
tency, the decision where to move next is made. This decision is naturally limited to elements 
that have been detected at the moment the eye movement is prepared. As fixation durations 
increase, saccades become more selective and search becomes more efficient (Hooge & Erke-
lens, 1998; 1999). This suggests that with more time to process stimulus information, the set of 
potential targets can be reduced, because the additional information allows observers to reject 
some distractors as potential targets. Still, before an element can be rejected as a potential 
target, its presence needs to be determined. Initially, longer processing will lead to the detec-
tion of more elements and an increase in size of the potential target set. Only following the 
detection of elements those not resembling the target can be excluded from the potential target 
set. This could imply that the temporal aspects of processing visual information may underlie 
the distinction between stimulus-driven and goal-driven saccades. After short time periods, 
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only conspicuous elements have been detected, making top-down decisions appear stimulus 
driven. Longer processing allows for a more informed saccade, which will appear goal driven. 
In Chapter 2 we test whether this theory correctly explains the results of search tasks in which 
conspicuous elements require different processing times.

 
Crowding and Selection

As mentioned, the saliency model developed by Itti and Koch (2000; 2001) is one of the 
most prominent models on selection by eye movements. In this model, conspicuous features 
drive the selection by eye movements. However, in many search tasks in daily life selection of 
conspicuous objects by eye movements will not be efficient when the target of the search is 
inconspicuous. If observers are indeed biased towards conspicuous features, this may in many 
cases impair their ability to find objects quickly.

Recently, Neider and Zelinsky (2006) demonstrated that the selection by eye movements is 
biased towards conspicuous objects when the target is inconspicuous due to its high similarity 
with the background. Even so, increased target-background similarity is only one of the causes 
of decreased target conspicuity. Another important limitation on the identification of objects 
in the periphery is that object identification deteriorates when visually similar objects flank this 
peripheral object (e.g., Bouma, 1970). This phenomenon is generally known as crowding. An 
example of this phenomenon is presented in Figure 1. When we fixate the upper cross in the 
middle column, the X to the right can be identified without problems. When we fixate the cross 
one line lower, where the X to the left is flanked by Y’s, the X is harder to distinguish.  

The effect of crowding on identification of objects in the periphery has been studied exten-
sively and resulted in a number of parameters determining the magnitude of this phenomenon. 
The main findings can be summarized in three empirical laws. First, flanking objects more 
similar to the target object increase crowding (Nazir, 1992; Kooi, Toet, Tripathy & Levi, 1994).
Second, crowding increases when flanking objects are closer to the target object (e.g., Toet & 

XO O

X
XY Y

Fig. 1 An example of how crowding affects perception. While fixating the cross in the middle the single X is 
clearly easier to distinguish than when it is flanked by Y’s or O’s.
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Levi, 1992). Third, crowding is stronger when a target object, together with flanking objects, is 
located further in the visual periphery (see e.g., Bouma, 1970; Butler & Currie, 1986; Polat & 
Sagi, 1993; Huckauf, Heller & Nazir, 1999).

Despite many thorough studies on the nature of crowding, only few studies have inves-
tigated the role of crowding in saccadic search. One such study demonstrated that crowding 
deteriorates search performance (Vlaskamp & Hooge, 2006). However, the effect of crowding 
on selection by eye movements is still unknown. The problem of predicting selection can be 
demonstrated by returning to Figure 1. Here, in the middle row Y’s flank the X, while in the 
bottom row O’s flank the X. Even though both of these X’s are difficult to distinguish, the X be-
tween O’s appears less affected than the X between Y’s. This corresponds to findings that show 
that flankers that are more similar to an object increase crowding. Yet, as it becomes impossible 
to distinguish the X, the question arises whether the information from just the X can be used 
for selection at all. If selection relies on information from more elements than the single X, the 
X flanked by Y’s might be a more attractive target, as here more potential targets are present.

In Chapter 3 we focus on how crowding affects selection. Is selection biased towards areas 
containing less potential targets and less crowding, as might be expected from studies showing 
selection to be driven by conspicuity (Itti & Koch, 2000; 2001)? Or is selection biased towards 
areas containing many potential targets and strong crowding?

Background in Search

Recent studies have focused on translating the findings from artificial tasks to search tasks 
in natural images (e.g., Neider & Zelinsky, 2008; Henderson et al., 2009). One aspect that has 
received little attention in visual search is the nature of the background on which the search 
elements are presented to the observers. A study by Wolfe et al. (2002) shows that even though 
the addition of heterogeneous backgrounds does increase search times, it does not affect search 
efficiency. Yet, this study does not take into account the fact that both target and distractors 
generally have different contrasts with the background. A study by Rosenholtz et al. (2004) 
shows that changing the chromaticity of the background can reverse a color search asymmetry. 
This demonstrates that background is potentially an important factor in visual search. To the 
best of our knowledge no fundamental study that manipulates the nature of the background 
has been done. Therefore, in Chapter 4 we will investigate how visual search is affected by the 
nature of the background.

Planning of multiple saccades

Search tasks in daily life often require multiple eye movements. The consecutive selection 
of objects by saccades forms a scanpath. It is tempting to consider each upcoming eye move-
ment as the result of analysis and decision during the current fixation. However, during the 
initial fixation it is generally possible to discriminate several potential targets. In a non-search 
task it has been demonstrated that sequences of saccades can be prepared as a whole (Zingale 
& Kowler, 1987), but it is not yet known whether this applies to visual search as well. Recent 
studies have provided little evidence for the preparation of multiple eye movements in saccadic 
search (Findlay, Brown & Gilchrist, 2001; Vergilino-Perez & Findlay, 2006).
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Nevertheless, there are numerous benefits to the planning of sequences of saccades. Plan-
ning, for instance, may act as a form of memory. That is, planning can prevent observers from 
revisiting locations that have already been inspected. Previously, it has been suggested that 
inhibition of return (IOR) acts as a foraging factor in visual search (e.g., Klein & MacInnes, 
1999). IOR is an attentional phenomenon where objects at locations to which attention has 
been shifted previously are detected at a slower rate and with less accuracy (Posner, 1980). 
More recent studies have provided evidence that intentional memory processes are also avail-
able to prevent search from revisiting the same locations (Boot, McCarley, Cramer & Peterson, 
2004). Nevertheless, planning of sequences of saccades is an alternative for these other imple-
mentations that does not rely on keeping track of previously visited locations.

The benefits of planning are certainly not limited to acting as a form of memory. It can also 
help to narrow down the potential locations that can be visited on the next saccade. During 
a fixation the destination of a saccade is determined long before the initiation of this saccade 
(e.g., Ludwig, Mildinhall & Gilchrist, 2007). However, processing of visual information does 
continue during this period. As the detection threshold for features is time-dependent (Geisler 
& Chou, 1995), the chance that a target is detected or a potential target is identified as a distrac-
tor, increases with processing time. If this information is transferred to a subsequent saccade 
by means of planning, this can have a positive effect on search performance. In Chapter 5 we 
investigate to what extent scanpaths are planned ahead in saccadic search.
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Abstract

It has been suggested that independent bottom-up and top-down processes govern saccadic 
selection. However, recent findings by Donk and Van Zoest (2008) are hard to explain in such 
terms. We hypothesize that differences in visual processing time can explain their findings. 
This was tested using search displays containing two deviating elements, one requiring a short 
processing time and one requiring a long processing time. For the short latency saccades the 
deviation requiring less processing time is selected most frequently. This bias disappears for 
longer latency saccades. Our results suggest that the attraction of an element for short-latency 
saccades is due to the fact that it is the only element processed at that time. The temporal con-
straints of processing visual information therefore seem to be a determining factor in saccadic 
selection. Thus, relative saliency is a time-dependent phenomenon.
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Introduction

In a scene with many elements, resolution of the visual periphery is often insufficient to 
resolve the target. For that, eye movements are necessary. Eye movements allow an observer 
to bring objects to the central part of the retina, where they can be inspected at a high resolu-
tion. Generally, not all objects have to be inspected, as some objects can be excluded on the 
basis of peripheral information, such as color and shape (Luria & Strauss, 1975). This does 
not mean that eye movements exclusively land on objects resembling the target. For example, 
salient elements that do not resemble the target can also attract saccades (e.g., Theeuwes, 1991). 
This finding has resulted in a distinction between stimulus-driven and goal-driven saccades. 
Stimulus-driven saccades favor conspicuous objects (those that are in contrast with their sur-
roundings). Goal-driven saccades favor elements that resemble the target. 

Recently, the focus of studies on eye movements has shifted from tasks that correlate with 
either stimulus-driven or goal-driven saccades to tasks that allow researchers to determine 
when these types of saccades occur (Hunt, von Mühlenen, & Kingstone, 2007; Ludwig & Gil-
christ, 2002; Van Zoest, Donk, & Theeuwes, 2004). This work has revealed that the proportion 
of these stimulus-driven and goal-driven saccades varies depending on the duration of the sac-
cade latency. Short-latency saccades are more likely to be stimulus driven, and longer-latency 
saccades are more likely to be goal driven. These findings form the basis of the theory that inde-
pendent bottom-up and top-down processes govern saccadic selection. Bottom-up processes 
automatically shift attention to the most-salient element, and top-down control can disengage 
bottom-up attention and shift it to elements resembling the target (e.g., Theeuwes, 2010).

Several findings, however, are difficult to explain in terms of independent bottom-up and 
top-down processes. For instance, if an observer is required to make a speeded eye movement 
toward the most-salient element in a display that also contains a less-salient element, the latter 
draws more eye movements when saccade latencies become longer (Donk & Van Zoest, 2008). 
This is not what is expected, as neither bottom-up nor top-down processes should favor the 
less-salient element. Yet, with longer-latency saccades, less-salient elements become more like-
ly to be targeted. Generally, the proportion of eye movements toward the most-salient element 
decreases as the length of latencies increases, even when the most-salient element is the target 
(e.g., Van Zoest & Donk, 2008). Because this decrease appears to be a general phenomenon, the 
question arises whether it is the result of time-related aspects of processing visual information. 

During the saccade latency, the decision of where to move next is made. This decision is 
limited to elements that have been detected at the moment the eye movement is programmed. 
It is already known that as fixation durations increase, saccades become more selective, and 
search becomes more efficient (Hooge & Erkelens, 1998, 1999). This indicates that with more 
time to process stimulus information, the set of potential targets can be reduced. That is, hav-
ing more information available allows observers to reject some distractors as potential targets. 
However, before an element can be rejected, it needs to be detected by the visual system. Hence, 
initially longer processing will lead to the detection of more elements and, thus, an increase of 
the potential target set. Therefore, the temporal aspects of processing can possibly explain the 
existence of stimulus-driven and goal-driven saccades. After short time periods, only salient 



22 | Chapter 2

elements have been processed, thus top-down decisions will appear stimulus driven. Longer 
processing allows for a more informed saccade, which will appear goal driven.

The time it takes to detect an element depends on its visual properties. Physiological re-
search has revealed many visual properties that influence processing speed. These properties 
can be used to create stimuli through which we can control which element will be detected first. 
For instance, compared with high-spatial-frequency (hsf) stimuli, low-spatial-frequency (lsf) 
stimuli evoke responses at shorter latencies (e.g., Mazer, Vinje, McDermott, Schiller, & Gallant, 
2002; Parker & Salzen, 1977). Also, higher-contrast stimuli evoke responses at shorter laten-
cies than lower-contrast stimuli do at several stages of processing, for instance, at the retina 
(Shapley & Victor, 1978) and at the primary visual cortex (Albrecht, 1995; Carandini, Heeger, 
& Movshon, 1997). 

The ability to use these properties to influence processing time has also been demonstrated 
in psychophysical studies. For example, Schyns and Oliva (1994) showed that in a single stimu-
lus, information can be presented in such a way that it is processed at different moments in 
time. In their experiment, they used hybrid images, which are a superimposition of two scene 
images, one filtered at an lsf and one at an hsf. Varying presentation durations led observers to 
have different perceptual experiences. For short presentation durations, a bias toward reporting 
the scene filtered at the lower spatial frequency was found, but longer presentation durations 
led to more frequent reports of recognizing the scene filtered at the higher spatial frequency. 
However, we should note that Schyns and Oliva attributed the perceptual differences across 
presentation durations to coarse-to-fine scene recognition, rather than processing times. Nev-
ertheless, this study demonstrates an elegant way to present information that will be processed 
at different speeds in the same location in the visual field.

In the study reported here, we investigated whether the temporal aspects of encoding vi-
sual information can explain the time-limited attraction of a salient element. We used hybrid 
images in a search display; these images had controllable visual characteristics with different 
processing times. As we wanted to limit the influence of top-down inputs, we asked observers 
to make an eye movement toward either of two target deviations in the stimulus. This allowed 
us to evaluate the relation between the processing speed and selection in saccades with differ-
ent latencies. We expected this procedure to provide similar results as those that form the basis 
for the theory that bottom-up and top-down processes compete in saccadic target selection.

Experiment 1

The central question in our first experiment was whether temporal aspects of encoding 
visual information govern saccadic target selection. To test this, we created a stimulus contain-
ing target deviations on two grids that required different processing times. One grid could be 
processed faster as it was filtered at a lower spatial frequency, but a second grid required more 
time to process as it was filtered at a higher spatial frequency (e.g., Mazer et al., 2002; Parker 
& Salzen, 1977). If saccadic selection is indeed limited by the temporal aspects of processing, 
a bias toward the deviation in the lsf grid should appear for short-latency saccades. This bias 
should disappear for longer-latency saccades.
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Methods

Observers

Seven observers (age range = 22 to 30 years), including one of the authors (JV), participated 
in the experiment. All except JV were naive to the goal of the experiment and had normal or 
corrected-to-normal vision. Observers either worked or studied at Utrecht University and par-
ticipated on a voluntary basis.

Stimuli and apparatus

The stimulus consisted of two grids containing 144 rectangles each (arranged in a regular 
12 × 12 pattern). All rectangles on each grid were oriented vertically (non-targets) except for 
one (the target), which deviated at an angle of 45 deg, either clockwise or counterclockwise. The 
two grids were filtered at different spatial frequencies, one using a bandwidth filter with a pri-
mary frequency of 6.5 cycles/deg (the hsf grid) and one using a bandwidth filter with a primary 
frequency of 3 cycles/deg (the lsf grid). The root-mean-square contrast of the filtered grids was 
equalized. The two grids were superimposed, creating a single grid containing 142 non-targets 
and 2 targets. An example of the stimulus is shown in Figure 1.

Fig. 1. Example stimulus used in Experiment 1. Two grids, one filtered at a high spatial frequency (hsf) and 
one filtered at a low spatial frequency (lsf), were superimposed, as illustrated at the left. Each grid contained 
143 vertical rectangles (nontargets) and 1 rectangle tilted 45 deg (target), either clockwise or counterclock-
wise. Targets were located at equal distances (6.1 deg) from the central fixation dot. The illustrations on the 
right are enlargements of the areas containing the two targets in this example: one in the hsf grid and one 
in the lsf grid.
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Targets were placed at one of eight possible locations on the grid, each at equal distance 
(6.1°) from the central fixation dot. Two additional constraints were applied to the placements 
of the two targets. First, targets were never placed in the same location as in the previous trial. 
This was done because latencies of saccades toward targets in the same location as in the previ-
ous trial are longer than latencies of saccades toward targets in different locations (Carpenter, 
2001). Second, the two targets were never placed in adjacent locations. This was done to make 
sure they were at a sufficient distance from each other to avoid saccades landing between the 
targets; a phenomenon known as the global effect (Findlay, 1982).

The stimuli were programmed in MATLAB (MathWorks, Natick, MA) and generated on 
an Apple G4 computer. They were displayed on a LaCie (Harmelen, The Netherlands) 22” CRT 
monitor with a refresh rate of 75 Hz at a resolution of 1,600 by 1,200 pixels. Eye movements 
were recorded using an Eyelink II system (SensoMotoric Instruments, Montreal, CA) at a fre-
quency of 500 Hz. The observer’s head was supported by a chin rest at a distance of 64 cm from 
the screen. 

Eye movement analysis

The stimuli were viewed binocularly, but eye movements were recorded from the left eye 
only. Eye movement data were collected for offline analysis. Saccades were defined as move-
ments with a minimum velocity of 20 deg/s; after a saccade was detected, its start point and 
end point were determined by looking backward and forward in time to determine when its 
velocity dropped below two standard deviations higher than the velocity during fixations (for 
details, see Van der Steen & Bruno, 1995). Saccades with amplitudes under 1.5 deg were re-
moved from the analysis. If a small saccade was removed, fixations before and after this saccade 
were combined by averaging their locations. Also, fixation durations shorter than 50 ms were 
discarded from further analysis.

The first saccade of each trial was categorized on the basis of its end point. If the end point 
was within 2.3 deg of one of the target deviations (a similar range was used by Donk & Van 
Zoest, 2008), it was considered as targeting that deviation. If it was not within 2.3 deg of either 
the lsf or the hsf deviation, it was discarded from analysis.

Procedure

After observers were familiarized with the setup, an example of the stimulus was shown. 
The observers were instructed to make an eye movement as fast as possible toward either of the 
two deviating targets. The fixation dot then appeared at the center of a gray screen. Trials were 
initiated by pressing the space bar on a keyboard, after which the fixation dot became slightly 
smaller to indicate that the trial had been initiated. After a random interval ranging from 500 
ms to 1,000 ms, the stimulus appeared, and observers were allowed to move their eyes. When 
observers located a target, they responded by pressing the “0” key on the keyboard’s numeric 
keypad. On half of the trials, the fixation dot remained visible during the trial, so we could ob-
tain a larger variation in saccade latencies (McSorley, Haggard, & Walker, 2006).
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Results

To evaluate saccadic selection over a range of saccade latencies, we sorted the latencies in 
ascending order and split them into five bins. The proportions of saccades toward each element 
are plotted in Figure 2. For short saccade latencies, there was a clear bias toward the lsf target. 
However, the proportion of eye movements toward the lsf target declined as the duration of sac-
cade latencies increased, F(4, 24) = 13.89, p < .001 (repeated measures ANOVA), with follow-
up polynomial contrasts indicating a significant linear effect, F(1, 5) = 23.276, p < .01. For the 
longer saccade latencies, this bias disappeared, and the hsf target was selected with nearly equal 
frequency.

Discussion

The shift from targeting only the lsf deviation to targeting the lsf and hsf deviations with 
equal frequency demonstrates that prolonged visual processing of the stimulus allows for the 

Fig. 2. Results from Experiment 1: mean proportion of saccades toward low spatial frequency (lsf) target and 
toward high spatial frequency (hsf) target as a function of saccade latency. Saccades were sorted in ascend-
ing order and divided into five bins of equal size, and each point in the graph represents the results of one 
bin. Error bars denote standard errors of the mean.
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detection of more potential targets. In other words, although for short-latency saccades only 
the lsf target was detected, more processing time allowed for the detection of the second target, 
which then also competed in the process of saccadic selection. This suggests that the attraction 
toward the most-salient element was a side effect of this element being processed faster than a 
less-salient element. At the moment of the saccadic decision, visual processing appears to have 
not yet been completed. So, rather than a competition between elements for attention, some 
elements were processed and others had not yet been processed at the time the saccadic deci-
sion was made.

To exclude effects of contrast, we equalized the root-mean-square contrast of both the lsf 
rectangles and the hsf rectangles (the elements that formed the respective grids). The find-
ings suggest that temporal aspects of processing visual information govern saccadic selection. 
However, in this experiment, only the spatial frequency of each grid was varied to influence 
processing speed. Many other visual properties also influence processing speed. To verify that 
the effects we found are generally applicable and not just related to an odd preference for low 
spatial frequencies, we also manipulated the contrast of the two grids in Experiment 2.

Experiment 2

To verify that the transient bias toward the lsf target was indeed due to the temporal aspects 
of processing visual information, we conducted Experiment 2, in which we manipulated the 
speed at which elements are processed by varying the luminance contrast of the grids. High-
contrast stimuli are processed faster than low-contrast stimuli (Albrecht, 1995; Carandini et al., 
1997), and, as a result, contrast should also influence saccadic selection as a function of latency. 
Increasing the contrast of a grid allows for faster processing, and therefore the target in this 
grid should be selected more frequently following short-latency saccades than following long-
latency saccades. To test these predictions, we manipulated the contrast of both the lsf and hsf 
grid separately over two conditions.

Methods

Observers

Six observers from the same pool used in the first experiment participated in Experiment 
2; 4 of the observers were naive to the goal of the experiment. The two other observers (JV and 
IH) were coauthors of this article.

Stimuli and apparatus

The stimulus design was similar to that used in Experiment 1, except that the luminance 
contrast of each grid was varied separately. In the lsf-contrast condition, the luminance contrast 
of all lsf rectangles was doubled. In the hsf-contrast condition, the luminance contrast of all hsf 
rectangles was increased by 50% of the original contrast. Figure 3 shows details of the hsf and 
lsf target areas for the two contrast conditions.
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Fig. 3. Details of an example stimulus used in Experiment 2. The stimulus was the same as in Experiment 
1, except that the luminance contrast of the low-spatial-frequency (lsf) grid and that of the high-spatial-
frequency (hsf) grid were varied independently. The illustrations show target areas for targets in the lsf grid 
and targets in the hsf grid in the lsf-contrast condition and the hsf-contrast condition. In the lsf-contrast con-
dition, the luminance contrast of all lsf rectangles was doubled; in the hsf-contrast condition, the luminance 
contrast of all hsf rectangles was increased by 50%.

Fig. 4. Results from Experiment 2: mean proportion of saccades toward low spatial frequency (lsf) and to-
ward targets with high spatial frequency (hsf) as a function of saccade latency. Results are shown for (A) the 
lsf-contrast condition and (B) the hsf-contrast condition. Saccades were divided into five bins of equal size, 
and each point in the graph represents the results of one bin. Error bars denote standard errors of the mean.
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Procedure

The only difference in the procedure from Experiment 1 was that Experiment 2 featured 
two conditions that were tested over two blocks. The order of the blocks (200 trials) was ran-
domized for each observer. 

Results and discussion

The proportions of saccades toward each target are plotted in Figure 4 for the two condi-
tions and show the effect of the respective contrast manipulations. In the lsf-contrast condi-
tion, the bias toward the lsf target increased (Figure 4A). In the hsf-contrast condition, the bias 
shifted toward the hsf target (Figure 4B). 

It seems counterintuitive that in the lsf-contrast condition, the bias toward the lsf target did 
not disappear completely for long-latency saccades. However, this can be explained by the large 
difference in processing speed. Although in Experiment 1, the distribution of processing speed 
for the two grids still overlapped—even for the shortest-latency saccades, the hsf target was 
selected occasionally—in the lsf-contrast condition, the increased contrast of the lsf grid led to 
very little overlap in processing times for the lsf and hsf grids (in this condition, short-latency 
saccades almost exclusively targeted the lsf deviation). The latency of the saccade is known to 
reflect the time needed to decide whether a target is present (Carpenter & Williams, 1995). In 
Experiment 2, it is most likely that the decision to initiate an eye movement toward the lsf target 
was made before the presence of the hsf target was detected.

General Discussion

Visual features in the periphery play an important role in the selection of potential tar-
gets (e.g., Luria & Strauss, 1975). The detection threshold of these different features is time-
dependent (e.g., Geisler & Chou, 1995). That is, some features require more processing time 
than others. As a consequence, early in the saccade latency, the presence of some features may 
not be detected yet. But as time progresses, the number of potential targets in a search task will 
increase, simply because more features are processed and their probability of being detected 
will rise. In the experiments reported here, we investigated whether the attraction of elements 
at short saccade latencies (elements that are often referred to as salient1, e.g. Van Zoest et al., 
2004) can be explained by the fact that only these elements have been processed. 

In two experiments, we manipulated the spatial frequency and contrast of two superim-
posed grids. Each grid contained one deviating element that served as a target, which meant 
that the superimposed grids featured both an lsf target and an hsf target. Because both contrast 
and spatial-frequency variations influence processing speed, we were able to create stimuli in 
which one target required a short processing time and one required a long processing time. 
In both experiments, we found that short-latency saccades were biased toward the target in 
the grid requiring shorter processing times. The resulting patterns were very similar to those 

1 Saliency is a term that is used in many different ways. Although some researchers consider sali-
ency to be a physical stimulus property, we define saliency as a subjective entity.
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found in previous studies (e.g., Van Zoest & Donk, 2006; Van Zoest et al., 2004); such results 
originally led to the theory that competing bottom-up and top-down processes underlie sac-
cadic selection. The experiments reported in this article provide converging evidence that not 
all targets have been detected at the moment of the saccadic decision. With longer latencies, 
more visual information is processed and, hence, saccadic selection is based on a larger number 
of potential targets. The initial attraction of a target is therefore likely the result of the fact that 
it is the only target that has been processed at the time of the saccade decision. Elements that 
attract attention are generally considered salient, but the limited lifetime of this attraction sug-
gests that saliency is not an entity as such but a time-dependent phenomenon.

Regarding the nature of potential targets, Hooge and Erkelens (1999) showed that saccadic 
selection becomes more efficient at longer fixation durations. This suggests that, over time, 
more elements are identified and rejected as potential targets. Because identification follows 
detection (Nothdurft, 2002a), elements can be rejected as potential targets only after they are 
detected. Elements detected first are also the first to be considered potential targets. This sug-
gests that rather than a competition between bottom-up and top-down processing, stimulus-
driven and goal-driven saccades are merely a reflection of how much information has been 
processed and is therefore available at any given time. 

The distinction between detecting the presence of an element and identifying the element 
can also shed new light on oculomotor capture. Bacon and Egeth (1994) suggested that capture 
by a salient task-irrelevant element may occur because observers have adopted a strategy for 
searching an odd form, even though the specific target form was known. If processing during 
short saccade latencies simply has not revealed enough information to identify the target, a sac-
cade toward the most-salient item can be considered a task-relevant decision. In experiments 
studying saccade latencies, observers are typically asked to make an eye movement as quickly 
as possible. Creating a sense of urgency can influence the decision criterion (Reddi & Carpen-
ter, 2000). In this case, faster responses are likely to force observers to rely only on the detection 
of elements, without allowing enough time to reject elements as potential targets on the basis 
of their identity. Truth be told, the validity of such findings is still the subject of debate (Leber 
& Egeth, 2006; Theeuwes, 2004).

The decreasing attraction of a salient element over time has previously been attributed to 
active inhibition of the respective element (Godijn & Theeuwes, 2002; McSorley et al., 2006), as 
well as passive decay of its strength (Cheal & Lyon, 1991; Nakayama & Mackeben, 1989; Noth-
durft, 2002b; Yantis & Jonides, 1990). Active inhibition cannot explain the results of the present 
experiments, as there was no need to inhibit the salient target, and observers could target either 
element. However, the decreasing attraction of a salient element over time can be due to more 
than just passive decay. Rather than an absolute decay of activation, it seems that with longer 
latencies, more information has been processed. As a result, an element loses its salience in a 
relative way, as more competing elements are uncovered. 

When varying spatial frequencies and contrasts and considering timing issues, it is tempt-
ing to look at differences between magnocellular and parvocellular pathways. However, it is 
hard to stimulate a single pathway exclusively (Merigan & Maunsell, 1993), and our stimuli 
surely did not. Nevertheless, our results seem to be compatible with the spatial frequency and 
timing characteristics attributed to these parallel pathways. It is, however, still a matter of de-
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bate on how these pathways relate to attentional guidance, and more research is necessary to 
see whether our findings are possibly in conflict with such work. Clearly, attention has different 
effects on the different pathways, but the results so far are not clear (e.g., Nieuwenhuis, Jepma, 
La Fors, & Olivers, 2008; Snowden, 2002). Furthermore, the results of studies focusing on pro-
cesses further along the visual pathway are less ambiguous. Looking beyond these pathways, in 
areas involved in saccadic selection, previous studies have documented that neural responses 
are consistent with the findings of our experiments. For example, in a recent study in which 
monkeys had to perform a feature-search task, models were evaluated on their ability to predict 
both response times and activation in movement neurons in the frontal eye fields. This demon-
strated that gated models, in which neurons in the frontal eye fields accumulate evidence over 
time, correspond well with behavioral data (Purcell, Heitz, Cohen, Schall, Logan, & Palmeri, 
2010). The question of where this information originates is an issue for future research.

The results of several physiological studies dealing with the creation of a saliency map are 
in line with our findings. Studies that show that relative salience is a temporal phenomenon—
a side effect of the moment at which elements have been processed—are one such example 
(Thorpe, 1990; VanRullen, Guyonneau, & Thorpe, 2005). Also, on the basis of responses from 
primate striate complex cells, Gawne, Kjaer, and Richmond (1996) reported that a cell’s re-
sponse latency is related to the contrast in the stimulus. This was not reflected in the cell’s 
response rate. It appears that the difference in the neural substrates is encoded in latency rather 
than in amplitude. Hence, a saliency map will initially include only the first-detected element, 
but over time it becomes more complex as more elements are detected and represented in the 
map. The content of the saliency map is therefore time dependent, and its complexity grows 
over time.

In conclusion, recent studies have shown that even when the most-salient element is the 
target, the number of eye movements toward the target decreases as saccade latencies lengthen. 
This finding is difficult to reconcile with a shift from bottom-up processes to top-down con-
trol of eye movements. Our findings show that the temporal aspects of visual processing can 
explain this decrease in performance. These results suggest that, at the time the saccade is initi-
ated, visual processing is not complete, and the set of potential targets is therefore limited to 
those that have been processed enough to be detected. Relative saliency is therefore a time-
dependent phenomenon. 

This theory does not rule out bottom-up and top-down influences, but rather than present-
ing them as competing, it posits an additive approach. A top-down decision is always made, 
but it depends on the state of bottom-up processing; ongoing bottom-up processes continually 
reveal more information, and this allows for a more-informed saccadic decision.
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Abstract

We investigated the role of crowding in saccadic selection during visual search. To guide eye 
movements, often information from the visual periphery is used. Crowding is known to dete-
riorate the quality of peripheral information. In four search experiments we studied the role 
of crowding, by accompanying individual search elements by flankers. Varying the difference 
between target and flankers allowed us to manipulate crowding strength throughout the stimu-
lus. We found that eye movements are biased towards areas with little crowding for conditions 
where a target could be discriminated peripherally. Interestingly, for conditions in which the 
target could not be discriminated peripherally, this bias reversed to areas with strong crowding. 
This led to shorter search times for a target presented in areas with stronger crowding, com-
pared to a target presented in areas with less crowding. These findings suggest a dual role for 
crowding in visual search. The presence of flankers similar to the target deteriorates the quality 
of the peripheral target signal, but can also attract eye movements, as more potential targets are 
present over the area.
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Introduction

A visual scene often consists of multiple objects. Finding an object in such a scene can 
vary in difficulty. When the object we are looking for is conspicuous, it can be discriminated 
peripherally without making a saccade (e.g. Wertheim, Hooge, Krikke & Johnson, 2006). How-
ever, the limited resolution of our visual periphery often requires us to make eye movements 
to locate and inspect the objects (e.g., Yarbus, 1967). Even though visual information from the 
periphery is often too sparse to identify targets, it is generally good enough to select candidates 
resembling the target for further inspection (saccadic selection). We refer to these candidates as 
potential targets for eye movements. After selection, a saccade to the next element is made and 
foveal inspection may reveal a target. This process continues until the target is found or, when 
no target is present, the whole display has been inspected. Throughout many different saccadic 
search tasks where eye movements were measured, the nature of potential targets was studied 
(e.g., Findlay, 1997; Hooge & Erkelens, 1999; Motter & Belky, 1997; McSorley & Findlay, 2003). 
It was shown for example that color and shape are potent in limiting the set of potential tar-
gets (Luria & Strauss, 1975). This results in more efficient search, as fewer elements have to be 
inspected. A large body of research has been devoted to guidance in search, relating stimulus 
properties to search efficiency. We now know that search for a target defined by a combination 
of two features is inefficient, as these features are not automatically combined in the periphery 
(Treisman & Gelade, 1980). Also, decreasing target-distractor dissimilarity slows search (Dun-
can & Humphreys, 1989). Emphasizing the ability to guide search, Bacon and Egeth (1997) 
showed observers informed on the frequency of different distractor types could weigh selec-
tion towards particular target features. A comprehensive overview of many stimulus properties 
influencing search efficiency can be found in Guided Search 4.0 by Wolfe (2007).

Many models of visual search assume that features of elements in the periphery are available 
(e.g., Avraham, Yeshurun & Lindenbaum, 2008; Wolfe, 2007). However, elements near each 
other in the periphery impair the ability to detect properties of those elements, a phenomenon 
known as crowding (e.g., Bouma, 1970; Toet & Levi, 1992). In saccadic search the presence of 
flankers around search elements deteriorates search performance (Vlaskamp & Hooge, 2006). 
These authors suggest that crowding, rather than decreasing retinal resolution is the bottleneck 
in visual search. However, from the study of Vlaskamp and Hooge (2006), it is not clear wheth-
er crowding affects saccadic selection or peripheral target discrimination. Recent studies on 
eye movements in complex search tasks find conspicuity to be an important factor in saccadic 
selection, regardless of the properties of the target. Neider and Zelinsky (2006) varied target-
background similarity and found a bias in saccadic selection. Conspicuous patterns segmented 
from the background were fixated more frequently than target-similar unsegmented regions of 
the background. Furthermore, in a study using rhesus monkeys, Shen and Pare (2006) found 
an inverse relation between the proportion of target-colored elements in the stimulus and the 
proportion of initial eye movements landing on them. Hence, initial eye movements were bi-
ased to elements of the color least present in the stimulus, those most likely to be conspicuous. 
These findings are in contrast with saccadic selection being biased towards elements sharing 
features of the target, which has been found in eye movement studies with elements placed on 
a blank background. However, the inverse relation found in Shen and Pare (2006) concerns 
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the initial eye movement, which is more likely to be captured by a conspicuous element than 
subsequent eye movements (Findlay & Brown, 2006). Also, in daily life the distinction between 
objects and background is often not as clear as in Neider and Zelinsky (2006) and scenes can be 
cluttered with elements similar and dissimilar to the target. The target might be found among 
either of these. How is the search for the target executed in such complex scenes? In the present 
study, we investigate how different crowding conditions affect eye movement strategies. The 
crowding conditions were achieved by manipulating both target and flankers.

Before hypothesizing about the effect of crowding on saccadic selection, it is important to 
know the properties of crowding. Crowding has extensively been studied in many psychophysi-
cal experiments. Its main properties can be summarized in three empirical laws. Most impor-
tant to us is that flankers more similar to the target increase crowding (Nazir 1992; Kooi, Toet, 
Tripathy & Levi, 1994). Furthermore, crowding also increases when flankers are closer to the 
peripheral target (e.g., Toet & Levi 1992). Finally, crowding is stronger when a target, together 
with flankers, is located further in the visual periphery (see e.g., Bouma 1970; Butler & Currie 
1986; Polat & Sagi 1993; Huckauf, Heller & Nazir, 1999).

To generalize the effects of crowding from peripheral identification tasks to saccadic search 
is potentially problematic because both peripheral target discrimination and saccadic selection 
may be affected by crowding. Observers may adopt different eye movement strategies depend-
ing on the quality of peripheral visual information. Suppose a stimulus consisting of one tar-
get and many search elements; some of the search elements resemble the target and some do 
not. Throughout this stimulus, search elements are non-uniformly distributed over the display, 
resulting in a display with areas over which crowding varies. As stated above, the target can 
be found by: (1) peripheral target discrimination or (2) saccadic selection followed by foveal 
discrimination. We start by focusing on peripheral target discrimination. How is a target found 
in an area containing many elements not resembling the target? In such an area a target can 
often be discriminated peripherally (target fixation is not required for target discrimination), 
because here peripheral discrimination does not suffer from crowding. In contrast, in an area 
where different distractors resemble the target, peripheral target discrimination is often not 
possible and search performance depends on saccadic selection. Even though crowding de-
teriorates the quality of peripheral information in this situation, crowding is not taken into 
account in current models of visual search. Furthermore, much of the guidance literature in-
vestigates search efficiency, rather than saccadic selection. Therefore it cannot show what at-
tracts eye movements, while eye movements can reveal search processes that are not clear from 
manual reaction times analysis (Zelinsky et al., 1997). Many theories on crowding exist (for a 
review see Levi, 2008) making it difficult to predict what eye movement strategy observers may 
adopt. The important question is: Does the oculomotor system prefer areas containing many 
potential targets and strong crowding or does it prefer areas containing less potential targets 
and less crowding, as might be expected from recent findings in complex search tasks (Neider 
& Zelinsky 2006; Shen & Pare 2006; Torralba, Oliva, Castelhano & Henderson 2006)?

To investigate this question we constructed a stimulus containing search elements, each 
accompanied by flankers, which had no predictive power over the location of the target. By 
manipulating the properties of these flankers we influenced the strength of crowding, as flank-
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ers more similar to the target cause stronger crowding. In this way we varied the strength of 
crowding for different areas in the display. 

 

Experiment 1A

Any strategy employed to find a target is likely to depend on whether a target can or can-
not be discriminated peripherally. Therefore, we varied the properties of the target over two 
conditions. 

In the visual periphery sensitivity for high spatial frequencies decreases. Crowding further 
deteriorates the ability to discriminate elements in the periphery. Therefore, high spatial fre-
quency elements are more likely to become indiscriminable as a result of crowding. We used 
spatial frequency to vary the discriminability of the target. In the low spatial frequency (lsf) 
condition the target is an lsf Gabor patch (2.6 cycles/deg), and can likely be discriminated 
despite crowding. In the high spatial frequency (hsf) condition the target is an hsf Gabor patch 
(5.2 cycles/deg) and is more likely to become indiscriminable due to crowding.

To investigate the influence of crowding, throughout both conditions, in different trials the 
target can either be found among flankers of the same spatial frequency or flankers of a dif-
ferent spatial frequency. In the lsf condition we expect to find a preference for locations where 
the target is accompanied by flankers of a different spatial frequency, as these do not require 
fixation to be discriminated. However, the most interesting case is the hsf condition. The ocu-
lomotor system might again prefer areas with little crowding. However, locations with strong 
crowding might also be preferred, as they reveal many potential targets.

Methods

Observers

Each condition included six observers, three of which participated in both conditions. All 
observers had normal or corrected to normal vision and were of ages 25 to 42. Two observers, 
IH and JV, are authors of this chapter; other observers were naive as to the goal of the experi-
ment. Observers either worked or studied at Utrecht University and participated on a voluntary 
basis.

Apparatus & Stimuli

All stimuli consisted of 12 search elements on an invisible 4 by 3 hexagonal grid on a grey 
background (6.0 cd/m2). These search elements, Gabors, consisted of one target and 11 distrac-
tors. To distinguish target from distractors, the sinusoidal carrier was rotated and modulated to 
change the orientation and spatial frequency, respectively. Elements were placed at a spacing of 
8.1 deg (center-to-center) and were of either high spatial frequency (5.2 cycles/deg, 12.5 cd/m2, 
85% contrast) or low spatial frequency (2.6 cycles/deg, 13.0 cd/m2, 80% contrast). The Gabors 
had a diameter of 0.92 deg on screen, however perceived radius was slightly smaller at approxi-
mately 0.8 deg (see Fredericksen, Bex & Verstraten, 1997). The target had a vertical orientation, 
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while other elements were rotated away from the vertical orientation (randomly chosen from a 
range of 10-20 deg), either clockwise or counterclockwise.

Target and distractors were, each individually, surrounded by four flankers, creating a dis-
play containing 12 clusters. A cluster subtended 2.3 deg by 2.3 deg. Flankers were Gabors of ei-
ther high spatial frequency (hsf) or low spatial frequency (lsf), resulting in four types of clusters 
(clusters composed of an lsf center with lsf flankers, an lsf center with hsf flankers, an hsf center 
with lsf flankers and an hsf center with hsf flankers). For each cluster they were rotated either 
45° clockwise (upper left and lower right flankers), or 45 deg counterclockwise (upper right 
and lower left flankers). An example of the stimulus can be found in Figure 1. The stimuli were 
generated using Matlab (MathWorks, Natick, MA), on an Apple G4 and displayed on a Lacie 
(Harmelen, The Netherlands) 22” CRT monitor at a resolution of 1600 by 1200 pixels with a 
refresh rate of 75 Hz. 

Procedure

Depending on the two conditions, observers were instructed to search for an hsf or an lsf 
vertical Gabor. Next, observers were set up with the Eyelink and instructed on the proceedings 
of a trial. Before each trial a small fixation cross was displayed and observers started a trial by 
pressing the space bar. Observers indicated having located the target by pressing the ‘zero key’ 

Fig. 1. An example of the stimulus used in Experiment 1A from the hsf condition. The target can be found 
in the lower left corner of the display.
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on the numerical keypad. Each condition lasted approximately fifteen minutes, and a break of 
at least 5 minutes between conditions was included.

Eye movement analysis

Eye movements were recorded using an SMI Eyelink II system (SensoMotoric Instruments, 
Montreal, CA) at a frequency of 500 Hz while the observer’s head was placed in a chinrest at 
a distance of 64 cm to the screen. Images were viewed binocularly but eye movements were 
recorded from the left eye only. Eye movement data were collected for offline analysis. Saccades 
were detected at a velocity of 20 deg/s, after which start and endpoint was found by searching 
back and forth until the velocity was two standard deviations higher than the velocity during 
fixations (as in Van der Steen & Bruno, 1995). Saccades with amplitudes under 1.5 deg were 
removed from the analysis. If a small saccade was removed, fixations before and after this sac-
cade were added together. Finally, fixation durations shorter than 50 ms were discarded from 
further analysis.

Results

Saccade Amplitudes

The goal of the experiment was to evaluate the outcome of the selection process. To draw 
any conclusions from the results of our experiments on the selection process, it is important 
that selection is based on a similar choice for each eye movement. A possible confounding fac-
tor for these displays was that eye movements targeting one type of cluster originated from far 
away, while another type of cluster was only targeted when it was a direct neighbor. The dis-
tance between clusters and the properties of the Gabors were chosen such that observers could 
only evaluate one cluster per fixation and saccade to neighboring clusters. 

Fig. 2. A shows the saccade amplitudes towards the different types of clusters in the low spatial frequency 
target condition. B shows the saccade amplitudes towards the different types of clusters in the high spatial 
frequency target condition. Letters represent cluster compositions. An L indicates low spatial frequency Ga-
bors, an H indicates high spatial frequency Gabors.
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Saccade amplitudes are generally acknowledged to be a good indication of the number of 
stimulus elements that can be evaluated in a single fixation (e.g., Jacobs, 1986). In Figure 2 we 
plot the median saccade amplitudes to verify that they are in accordance with the intention of 
saccades targeting neighboring clusters. Here we see that the median saccade amplitudes are 
similar for all clusters, indicating that different types of clusters are not selected from different 
distances.

Search Time

In order to evaluate the influence of flankers on selection for each condition, we divided the 
trials into two subsets of which we averaged search times individually. The subsets are based 
on the type of flanker, either hsf or lsf, surrounding the target. Note that only two of the four 
cluster types, those with the correct spatial frequency, could hold the target. This allows us to 
distinguish search times for a target surrounded by similar flankers from a target surrounded 
by dissimilar flankers. A bias in eye movements towards one type of cluster should result in 
shorter search times when the target is found in such a cluster, as it then has a higher chance of 
being fixated. In Figure 3A search times are plotted for the lsf condition. In this condition find-
ing a target among similar flankers requires longer search times than finding a target among 
dissimilar flankers (t(5) = 4.389; p < 0.01 ). This is contrasted by the results for the hsf condition 
(Figure 3B). Here we see longer search times when the flankers of the target are dissimilar, in 
comparison to shorter search times for a target placed among similar flankers (t(5) = 3.121; p 
< 0.05 ). 

Fig. 3. Search Times for the Experiment 1. A shows average search times for low spatial frequency target con-
dition. Trials are divided in two subsets, dark grey bars indicate search times when the target is surrounded 
by similar, low spatial, flankers. Light grey bars indicate search times when target is surrounded by dissimi-
lar, high spatial frequency, flankers. B shows the search times for the high spatial frequency target condition. 
Dark bars again indicate search times when the target is surrounded by similar, in this case high spatial 
frequency, flankers. Light grey bars indicate search times when the target is surrounded by dissimilar, low 
spatial frequency, flankers. Cluster composition is indicated using letters. The letter L represents low spatial 
frequency Gabors, the H high spatial frequency Gabors. Error bars represent standard errors of the mean.
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Selection of clusters

If the difference in search times is indeed due to a bias in selection based on the type of 
flankers, a difference in the number of fixations per cluster type should be at the basis of this 
variation in search times. That is, we reason a target to be found quicker in a type cluster, if this 
cluster is more likely to be fixated. Therefore we analyzed which clusters were fixated through-
out a search. In Figure 4 the proportion of the total number of fixations is plotted for each 
of the four types of clusters. When a target is not found in the clusters that attract eye move-
ments, naturally the rest of the clusters will also be scanned. As our interest lies with the initial 
preference and not the systematic scanning of the entire image, this analysis was limited to the 
endpoints of the first three saccades.

In the lsf condition, clusters where an lsf Gabor is accompanied by dissimilar, hsf, flankers 
are fixated more frequently than clusters with similar, lsf, flankers. However, during the search 
for an hsf target, clusters with similar, hsf, flankers are fixated more frequently than clusters 
with dissimilar, lsf, flankers. This held even when a dissimilar, lsf, Gabor is located at the center 
of the cluster.

Discussion Experiment 1A

Comparing the two conditions, search times for the lsf condition are shorter than those 
for the hsf condition. However, as we are interested in saccadic selection we focus on where 
in the display the target is found quickest, rather than in which condition. In the lsf condition 
we see that search times are shorter when an lsf target is flanked by hsf Gabors, than when it is 

Fig. 4. Number of fixations set out for the four cluster types. A shows the results for the low spatial frequency 
target condition. B shows the results for the high spatial frequency target condition. Letters represent cluster 
compositions. An L indicates low spatial frequency Gabors, an H indicates high spatial frequency Gabors. 
Error bars represent standard deviations.
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flanked by lsf Gabors. This can be explained as flankers less similar to the target form weaker 
masks (Nazir, 1992; Kooi et al., 1994). However, ordinary masking cannot explain why a target 
is found fastest when surrounded by similar flankers in the hsf target condition. To explain this 
counterintuitive result we need to move beyond the idea of just masking of the target. In this 
case it seems that surroundings can no longer be distinguished from the target and saccadic 
targeting seems to be attracted by the properties of the central and flanking Gabors combined. 
Locations where more of the target property is present over a greater area, are now more likely 
to be selected by saccadic targeting. These results suggest that when a target is peripherally 
indiscriminable, areas with more potential targets and stronger crowding are preferred over 
those with less potential target and less crowding. This is in contrast to saccadic selection be-
ing guided by conspicuity, as clusters with irregularities (those with a combination of hsf and 
lsf Gabors) are selected less frequently than the homogeneous clusters with elements similar 
to the target. However, one remaining issue is that this result can also be explained in terms of 
the type of flanker, rather than the similarity it has to its center. We will address this issue in 
Experiment 2.

Experiment 1B

On the basis of literature we assumed that in our experiment flankers more similar to the 
target always form the strongest mask. Considering the many other factors, apart from spatial 
frequency, that can be of influence in masking, such as luminance and contrast, we performed 
a small control experiment in order to check the validity of our assumption for the stimuli used. 
The measurements were performed using a method based on the conspicuity meter, as intro-
duced by Wertheim et al. (2006). This procedure is subjective, as observers are asked to indicate 
at what eccentricity they can no longer recognize the target. However, as we are interested in 
comparing between different cluster compositions, rather than finding absolute conspicuity 
angles, this method serves our goal best.

Methods

Observers

Four observers from the same pool as the previous experiment participated in the task. 
Observer JV is also an author of this chapter.

Stimulus

The stimulus consists of a fixation cross with a peripherally placed cluster (either to the left 
or the right of the fixation cross). The cluster is initially placed at an eccentricity of 16.2 deg, 
near the border of the screen. Located at the center of the cluster is a vertical target Gabor as 
used in Experiment 1A. Either lsf or hsf flankers surround this target. A condition where no 
flankers were present was also added, to obtain a complete picture of the influence of the flank-
ing Gabors on peripheral discrimination.
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Procedure

For each type of cluster observers performed this task 6 times, 3 times on the left side of the 
fixation cross, 3 times on the right side of the fixation cross. They were asked to place the Gabor 
at the largest eccentricity that still allows them to distinguish it as the vertical target, while fixat-
ing the central fixation cross. The cluster can be moved both towards the center as well as away 
from fixation by using the arrow keys.

Results

Figure 5 shows the eccentricities of the conspicuity measurements for the four observers. 
In Figure 5A and 5B the results are plotted for the lsf and the hsf target condition, respectively. 
The same patterns were found not only for all observers within a condition, but also for both 
conditions. Conspicuity angles are the smallest when flankers of the same spatial frequency 
surround the target. Conspicuity angles are higher when dissimilar flankers surround target 
and are largest when no flankers are presented around the target. 

Discussion Experiment 1B

This control experiment shows that the presence of flankers decreases the eccentricity at 
which observers can still recognize the target. In line with earlier studies we see that this ec-
centricity is smaller for flankers that are more similar to the target.

As the decreasing resolution of peripheral vision allows for relatively better discrimination 
of lower spatial frequencies, it seems counterintuitive that conspicuity angles for the hsf target 
and the lsf target are close to equal. However, this is explained by the difference in the task in 
the control experiment and what is likely to happen in saccadic selection. In the control experi-
ment the task is to distinguish the vertical orientation of the central Gabor. As discrimination 

Fig. 5.  Conspicuity angles for the lsf and hsf target in panel A and panel B, respectively. S denotes the target 
is surrounded by similar flankers, D by dissimilar flankers and N by no flankers. Error bars of the average 
conspicuity angles represent standard error of the mean, error bars of individual observers represent stand-
ard deviations.
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thresholds are higher for lower spatial frequencies (Burr & Weijesundra, 1991), the discrimina-
tion of the orientation of an lsf Gabor is less accurate at any eccentricity. In the results of Experi-
ment 1A we evaluate selection by looking at contrast between spatial frequencies of target and 
flankers, not by the distinction of the orientation of the central Gabor. However, in this experi-
ment we purely intended to show the difference in masking strength, rather than to provide 
absolute conspicuity angles that explain what happens in the search experiment.

Experiment 2

The results of Experiment 1A show saccadic selection is dependent on the peripheral dis-
crimination of the target. In the lsf condition, search times are longer when the target is placed 
among similar flankers as opposed to dissimilar flankers, an effect that reverses in the hsf con-
dition. Even though we explain this result in terms of a contrast between similar and dissimilar 
flankers, one could argue that in both conditions clusters with hsf flankers are simply fixated 
more frequently. We wanted to verify that the preference for clusters with similar flankers did 
not stem from a preference for clusters with a specific type of flankers. 

Therefore in this second experiment a comparison is made between two conditions where 
the spatial frequency of target and flankers are equal. We now define the target in a feature 
space that should not influence its peripheral discriminability. Depending on the condition, the 
target is now either a green or a red vertical Gabor. All Gabors are at the high spatial frequency 
(5.2 cycles/deg) of Experiment 1A, as we are interested in the generalizability of the preference 
for areas with stronger crowding.

 
Methods

Experimental procedures were similar to those of Experiment 1A. Below, we only discuss 
adaptations to the methods of Experiment 1A.

Observers

Five observers from the same pool as the previous experiment participated in the task. Two 
of those observers (JV and IH) are also authors of this chapter.

Stimuli

In the previous experiment the target was distinguished by a difference in spatial frequency, 
here the target was either a red or green Gabor (6.5 cd/m2 and 10.5 cd/m2, respectively). In this 
experiment all Gabors were of high spatial frequency (5.2 cycles/deg). Each condition included 
150 stimulus displays. The target was a red vertical Gabor in the red condition and the target 
was a green vertical Gabor in the green condition.
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Results

Figure 6 displays the average search times. In this case observers show the same pattern for 
both conditions. Search times are shorter when a target is flanked by Gabors of the same color 
than when the flankers have the opposite color (t(5) = 5.105; p < 0.01 and t(5) = 2.845; p < 0.05, 
for the red and green, respectively). Here, eye movements are attracted to clusters with strong 
crowding in both conditions.

Fig. 6. Search times for the search task with as target a colored Gabor. A shows results for the red target Ga-
bor condition, B for the green target Gabor condition. Dark grey bars indicate times from the subset in which 
the target is flanked by the same color Gabors (similar flankers). Light grey bars indicate search times for 
targets flanked by the opposite colored Gabors (dissimilar flankers). Letters represent cluster compositions, 
the R’s indicate red Gabors, the G’s indicate green Gabors. Error bars represent standard errors of the mean.

Fig. 7. Fixation frequency for the different cluster types. A shows which clusters are fixated in the red target 
condition. B shows the fixations for the green target condition. Cluster compositions are represented by let-
ters, R’s indicate red Gabors, G’s indicate green Gabors. Error bars represent standard deviation.
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In Figure 7 we plot the total number of fixations on each type of cluster. Again the endpoints 
of the first three saccades are used in this analysis. The differences in these numbers clearly in-
dicate a preference towards clusters where the flankers share the target color, rather than where 
the flankers have the opposite color. Clusters containing red flankers attract more saccades 
when a red target has to be found and clusters containing green flankers attract more saccades 
when a green target has to be found.

Discussion Experiment 2

In line with the findings from Experiment 1A, flankers have an effect on selection. In this 
experiment targets were not peripherally discriminable. Here we found search times to be 
shorter when a target is placed among flankers of the same color. As both targets are equally 
prone to crowding, the only difference that explains the results is a preference for clusters where 
flankers are similar to the target. The difference is more pronounced in the green condition 
than in the red condition. A likely reason for this anisotropy is that the red and green Gabors 
do not have the same onscreen luminance. However, even though red Gabors have a lower 
onscreen luminance than green Gabors, the general fixation patterns are similar.

The fixation patterns found in Experiment 2 show that selection is biased towards clusters 
with target colored flankers. Even though those clusters are fixated most frequently when they 
have a target colored element at their center, when this is not the case, they are still fixated 
frequently. This gives rise to the question whether there is a continuous relation between the 
likelihood of selecting a cluster and the number of elements that hold the target property. Fur-
thermore, as the results are consistent over targets defined by spatial frequency and color, we 
ask whether they also extend to a class of stimuli more frequently found in everyday life, such 
as letters. We investigated these two questions in Experiment 3 and 4.

Experiment 3

A preference for clusters with many elements similar to the target can be seen in the fixa-
tion patterns from the previous experiment. However, the displays used only include a choice 
between clusters with strong crowding or very little. It is therefore not possible to conclude 
how sensitive the oculomotor system is if crowding were to vary more widely throughout the 
stimulus. The preference for clusters with strong crowding might be a very coarse one, only 
distinguishing between clusters with strong crowding and little crowding. However, it is also 
possible that saccadic selection is sensitive to a broad range of variations and that locations are 
compared on the basis of how strong the crowding is in a continuous relation. To test this, the 
composition of the clusters has been adapted. No longer are all flankers either similar or dis-
similar, but their color is varied individually. The experiment was limited to just one condition 
with a red vertical target, as Experiment 2 demonstrated that a search for a red as well as a green 
target resulted in the same behavior. 
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Methods

Observers

Four observers of ages 25 to 28 participated in the third experiment. They were selected 
from the same pool as the previous experiments.

Stimulus

Six different cluster compositions can be distinguished, varying in the number of red (i.e. 
target colored) Gabors that a cluster contains (the complement of the Gabors in the cluster 
are green). The spatial frequency of these Gabors is the same as the high spatial frequency 
from Experiment 1. A single display contains three clusters of each type, making for a total of 
18 clusters in each display. The target, the only red vertical Gabor, is always presented at the 
center of a cluster. However, a red Gabor was not always presented at the center of a cluster not 
containing the target. There were 375 trials, balanced to be able to compare five subsets. These 
subsets were based on the number of red Gabors in the cluster containing the target. Each 
subset included all trials in which the target was found in a cluster with one, two, three, four or 
five red Gabors, respectively.

Results

Search times are set out against the number of red Gabors contained in a cluster and are 
found in Figure 8. Search times decrease in a close to linear fashion (repeated measures ANO-
VA F(4, 16) = 15.70, p < .001, with a follow-up polynomial contrasts indicating a significant 
linear effect, (F (1,5) = 27.79, p <.05)). In Figure 9 we look at fixation data. As the target can 

Fig. 8. Search times for the search for a red Gabor set out against the number of red Gabors in the target 
cluster (the complement is made up of green Gabors). Error bars represent standard errors of the mean.
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now be present in a greater number of clusters types and search has become more extensive we 
evaluate the first eight saccade endpoints. While search times were not always completely linear 
for each observer, in Figure 9 we see the proportion of fixations for each cluster type does rise 
with each additional red Gabor presented in a cluster for all four observers (repeated measures 
ANOVA (F(5, 20) = 31.85, p < .001), with a follow-up polynomial contrasts indicating a signifi-
cant linear effect, (F (1,6) = 41.46 p <.01)).

Discussion Experiment 3

The results again emphasize that the proportion of target-colored Gabors over an area larger 
than that of just the target can attract saccades. Rather than a preference for salient structures, 
preference seems to be determined by the number of target-colored Gabors. Interestingly, even 
though the target cannot be discriminated peripherally, properties describing the area in which 
it lies are available for saccadic target selection.

Because in this experiment the probability of finding a target is equal for the different clus-
ter types, there is no benefit of selecting areas with more elements similar to the target. How-
ever, this is only due to the artificial nature of the task: the target location is limited to the center 
of an isolated cluster, a restriction not common in everyday life. In daily life, selecting locations 
with many potential targets and strong crowding allows us to evaluate more potential targets 
upon fixation, which is probably an efficient strategy.

Fig. 9. Fixation proportion while looking for the red vertical Gabor. The Y-axis shows the relative number of 
fixations over all trials set out against the number of red Gabors per clusters. Each cluster holds five Gabors, 
the complement is made up out of green Gabors. Error bars represent standard deviations.
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Experiment 4

The previous experiments show a bias in selection towards clusters with stronger crowd-
ing. This search experiment tests whether these findings can be generalized to a class of stimuli 
more common in everyday life. Here the displays consisted of letters, frequently used in crowd-
ing experiments. We consider these stimuli more complex than Gabors, as they can be decom-
posed into parts of different orientations. These parts have different curvature and, finally, these 
parts in some cases intersect each other.

Methods

The general setup is again the same as that of Experiments 1 and 2. Only those methods that 
differ are discussed.

Observers

Six observers of ages 25 to 32 from the same pool participated in the task.

Stimulus

Each display contains a target X at the center of one of 12 clusters. The Michelson contrast 
of all of the letters is equal. The clusters are composed in a similar fashion as in the first two 
experiments. A target X (15 cd/m2) and distractors, 6 O’s (15 cd/m2) and 5 Y’s (15 cd/m2) are 
placed on an invisible hexagonal grid. Half of the letters are flanked by Y’s and the other half are 
flanked by O’s. The choice for Y’s and O’s is based on their varying similarity to the X. As the X 
and Y share more features than the X and O, they can be used to place a target X either among 
similar or dissimilar surroundings, respectively.

 
Results

Figure 10 shows the search times are in line with the findings of the first two experiments. 
The displays where the X is flanked by (the more similar) Y’s result in shorter search times than 
those where (the more dissimilar) O’s flank the X.

The proportion of fixations for each cluster can be found in Figure 11. The analysis included 
the first three saccades of every trial. From this graph it is clear that clusters where the flankers 
are Y’s, are selected more frequently than those where the flankers are O’s. The bias towards the 
clusters with similar flankers is similar to those found in the previous experiments.

These results show that flankers affect saccadic selection in a similar fashion when the ob-
ject of the search is more complex than a Gabor. As in Experiment 1A and 2, when crowding 
prevents the peripheral discrimination of the target, a bias towards areas with more of the 
target property is found.
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General Discussion

To investigate saccadic selection in relation to crowding, in four search experiments we ac-
companied all individual search elements by flankers. To vary the strength of crowding on the 
search elements, these flankers could be either similar or dissimilar to their respective search 
element. In all experiments crowding influenced saccadic selection, but not always in the same 
way. The oculomotor system preferred search elements in areas with little crowding, for periph-
erally discriminable targets. However, when looking for a peripherally indiscriminable target, 
the oculomotor system, interestingly enough, preferred search elements with strong crowding. 
We see this duality in Experiment 1A, where a low spatial frequency (lsf) target is found fastest 
when surrounded by flankers of a high spatial frequency (hsf), while an hsf target, peripherally 
indiscriminable, is found fastest among flankers of the same spatial frequency. Experiment 2 
confirms the preference for areas with strong crowding when looking for a peripherally indis-
criminable target. Here, looking for a red or green hsf target, flankers of the target color attract 
the most eye movements. Vlaskamp and Hooge (2006) have shown that performance in visual 
search deteriorates with crowding. Interestingly, our findings show that crowding not just dete-
riorates peripheral target discrimination, but also has an effect on the nature of potential targets 
in visual search. We see that when a target is peripherally indiscriminable, selection is biased 
towards areas with strong crowding. Even though adding flankers in a search task decreases 
overall search performance (Vlaskamp & Hooge, 2006), surprisingly, the target is not neces-
sarily found slowest in an area where crowding is strongest. It appears similar flankers not only 
mask the signal of the target, but can also attract eye movements as they raise the presence of 
target signal throughout the area. 

Fig. 10. Average search times. The dark grey bar 
indicates average search times for the subset where 
Y’s accompany the target. The light grey bar indi-
cates the average search times when O’s accompa-
ny the target. Error bars represent standard errors 
of the mean. 

Fig. 11. Number of fixations for each cluster type. 
Cluster compositions are indicated by the letters 
that make up the cluster. Clusters that have a Y at 
the center can also have the target X at their center. 
Error bars represent standard deviations. 
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The current experiments provide insight into the crowding phenomenon in general. There 
is still a lively debate on the mechanism behind crowding. Pelli, Palomares and Majaj (2004), 
for instance, assume that crowding is due to a lack of feature-binding of individual elements 
(attributing features to corresponding elements correctly). Strasburger (2005) also advocates a 
problem with feature binding showing that observers often report a flanker instead of the tar-
get in letter identification tasks. Cavanagh (2001), on the other hand, advocates that averaging 
to the benefit of peripheral texture detection might be the underlying cause. In line with this 
thought, Saarela, Sayim, Westheimer and Herzog (2009) show that when flankers group with 
other flankers, their masking strength decreases. As peripheral visual information can be used 
for saccadic selection, what is selected by eye movements cannot reveal the mechanism behind 
crowding, but can bring us more insight into what information is available from a crowded 
region (a region made up of a target and masking flankers). That is, finding that one type of 
cluster is preferred over another type also implies there is sufficient information on the visual 
aspects of these clusters to be able to distinguish between them. The results from Experiment 
3, showing that there is a continuous relation between the number of fixations on a cluster type 
and the number of target colored Gabors, not just emphasize that eye movements are attracted 
by areas with more target colored elements. They also demonstrate that, even though individu-
al elements cannot be distinguished, information on the composition of the cluster is available 
as selection discriminates between clusters containing either more or less potential targets. 
This is interesting, as most suggestions on how crowding influences the percept are based on 
indirect measures. Saccadic targeting, however, reveals that enough information is present to 
be able to distinguish between different clusters. Even though peripheral target discrimination 
of an individual element fails, the cluster’s contents can be evaluated.

A preference for one type of cluster does not lead to any benefits in the present experiments. 
The target can be found just as likely in each type of cluster. However, in everyday life, items we 
try to locate are generally not limited to a specific position within an arrangement, and select-
ing areas with more elements holding target properties allows for evaluation of more potential 
targets upon foveation. We expect that the bias found is likely part of a search strategy, which 
includes two types of saccades that can be characterized as target directed and explorative. Tar-
get-directed saccades occur when a target can be discriminated peripherally. These saccades 
target individual elements that could potentially be the target. Explorative saccades arise when 
a target is masked and saccades are directed towards areas with more potential targets and also 
stronger crowding. Together, these two types of saccades may provide for an efficient strategy 
for visual search in everyday life. When the target of a search stands out from its surroundings 
it is selected directly. When the target does not sufficiently stand out from its surroundings, as 
a second best solution, saccades are directed towards areas with more of the target property 
present.

For instance, imagine you are looking for one of your books in your office, without any 
recollection of where you left it. This scene is likely to contain a bookcase, a location with many 
books and strong crowding. There might also be some books on your desk where there is less 
crowding, but, also less books. To quickly find your book, an efficient strategy could be to make 
an eye movement to your bookcase, rather than one towards your desk.
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Of course, to make the claim that this strategy is beneficial in everyday life, it is important 
that these results also hold for stimuli found in daily life. To a certain extent, Experiment 4 
demonstrates that. The findings do not just hold for displays containing Gabors, but for letters 
as well.

Many studies evaluating the nature of potential targets have shown that features of periph-
eral elements play an important role in saccadic selection (e.g., Findlay, 1997; Hooge & Erke-
lens, 1999; Motter & Belky, 1997; McSorley, 2003). These studies evaluate saccadic selection on 
the basis of single elements on a sparse grid and show target similarity to be an important factor 
in guiding eye movements. In studies using more complex scenes, area composition has been 
taken into account (e.g., Neider & Zelinsky, 2006; Torralba et al., 2006; Shen & Pare, 2006). 
However, emphasis lies on saccadic selection guided by conspicuity, rather than by target simi-
larity. The current study evaluates the nature of potential targets on the basis of the combina-
tion of elements near each other in the periphery, in a complex search task. When a target can 
be discriminated peripherally, target similarity is highest when crowding is weak. However, 
when a target cannot be discriminated peripherally, due to crowding, target similarity seems 
to be estimated over a larger area. Therefore the role of flankers similar to the target in visual 
search is two-fold. They impair peripheral target discrimination and - interestingly - they also 
attract a greater number of eye movements, as more of the target property is present at the 
location of the target.
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Abstract

Contrast between object and background plays an important role in object discrimination and 
detection. Despite this, most models of visual search rely solely on the properties of target and 
distractors, and do not take the background into account. However, both target and distrac-
tors have their individual contrasts with the background. These contrasts are generally differ-
ent, as target and distractors differ in at least one feature. Therefore, background may play an 
important role in visual search. In three experiments we manipulated the properties of the 
background (luminance, orientation and spatial frequency) while keeping the target and dis-
tractors constant. In the luminance experiment, in which target and distractors had a differ-
ent luminance, changing the background luminance had an extensive effect on search times. 
When background luminance was in between that of the target and distractors, search times 
were always short. Interestingly, when the background was darker than both the target and 
the distractors, search times increased up to three times. Manipulating orientation and spatial 
frequency of the background, on the other hand, resulted in search times that were longest for 
small target-background contrasts. Thus, background plays an important role in search. This 
role depends on the individual contrast of both target and distractors with the background and 
the type of contrast (luminance, orientation or spatial frequency).
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Introduction

The resolution of the peripheral retina is often too low to distinguish objects projected on 
it. In many cases eye movements are required to identify these objects. The time it takes to 
find an object is the topic of many studies on visual search (see Wolfe & Horowitz, 2004 for an 
overview). Here, an often-made distinction is the one between efficient and inefficient search. 
Search is considered efficient when an increase in the number of distractors in a display does 
not lead to an increase in search times. On the other hand, search is considered inefficient 
when search times do rise when more distractors are present (at least 10 ms per additional 
distractor; Wolfe, 1998). Models of search efficiency generally take into account the properties 
of target and distractors (e.g., Wolfe, 2007). Nevertheless, a third factor, the background, is also 
an inherent part of a search display. Despite the many studies showing that background plays 
an important role in the discriminability of individual objects (e.g., Krauskopf & Gegenfurtner, 
1992), most models of visual search do not take background into account.

One reason for this may be that background is considered a neutral factor in most tasks. 
However, there are at least two issues with this. First, we do not know what constitutes neu-
tral. It might, for instance, be tempting to assume that a mid-grey background is neutral with 
respect to black and white search elements, yet research on brightness (perceived luminance) 
shows that luminance increments appear brighter than luminance decrements, regardless of 
the absolute luminance (for demonstrations see Kingdom, 2003). This does not necessarily 
mean that luminance also influences search times, but it does emphasize the influence of the 
background on the perceived contrast of individual elements. A second and probably more 
important issue is that in daily life backgrounds are rarely neutral. For instance, when we are 
looking for our keys and scanning the coffee table, it is highly unlikely that other objects on 
the table have the exact same luminance, color and orientation contrasts with the texture of the 
table as our keys do.

Although the role of background has not been studied extensively in visual search, this has 
changed during the last decade. In a visual search study by Wolfe, Oliva, Horowitz, Butcher and 
Bompas (2002) the addition of heterogeneous backgrounds led to increases in search times, 
but had little influence on search efficiency (i.e. search slopes did not change, but the inter-
cept rose). Efficiency was only affected when target and background were nearly identical. The 
Wolfe et al. study is extensive in the sense that it covers a wide variety of heterogeneous back-
grounds in several domains. However, it does not account for the possibility that the target and 
distractors have different contrasts with the background. In another study that looked at the 
effect of camouflage, the difference between target and background, specifically, was manipu-
lated (Neider & Zelinsky, 2006). The target-background difference was decreased by creating 
backgrounds based on patches of the target object. Findings were similar to those of the Wolfe 
et al. study. Furthermore, saccadic selection was biased to conspicuous distractors rather than 
to patches of the background. However, this only demonstrated what happens when a target 
disappears into the background. It leaves more systematic questions on the influence of back-
ground on visual search unanswered, especially because the difference between distractor and 
background was not varied. 
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Rosenholtz, Nagy and Bell (2004) investigated the influence of the background on a color 
search asymmetry. They found that switching from an achromatic to a chromatic background 
could reverse a search asymmetry when the distinction between target and distractors was 
a difference in saturation. The Rosenholtz et al. study systematically varied the nature of the 
uniform background, while leaving the target and distractors unchanged. However, only chro-
matic and achromatic backgrounds were compared and the polarity of target and distractor 
was always the same, i.e. target and distractor were both either more or less saturated than the 
background.

Thus, current literature lacks a fundamental study in which the nature of the background is 
systematically varied. In the present study, we have set out to address this issue and investigate 
the influence of backgrounds on search performance in a systematic manner. Several factors 
can play a role in determining the influence of the background. When one considers the effect 
background has on the detection of the target, naturally, any background similar to the target is 
expected to decrease search performance, as the target tends to disappear into the background 
(Wolfe et al., 2002; Neider & Zelinsky, 2006). When one considers the effect of background 
on distractors a similar argument can be made: when the difference between distractors and 
background is too small they will become indistinguishable from the background. In this case 
localizing the target will be limited to the detection of the only element that can still be dis-
criminated from the background, resulting in very short search times. An additional role of the 
background has been proposed by Rosenholtz (2001), who suggested the background serves as 
a kind of distractor. This would imply that a background that differs from distractors creates a 
more heterogeneous set to search and therefore search times will become longer. 

Combining the findings of the studies mentioned above, the main hypothesis we can de-
rive is that lowering target-background contrast will increase search times, while lowering dis-
tractor-background contrast will decrease search times. To test this hypothesis we performed 
three experiments in which background luminance (Experiment 1), orientation (Experiment 
2) and spatial frequency (Experiment 3) were separately manipulated. In each experiment the 
properties of target and distractor were held constant and only the background was changed. 
Studying the influence of the background in several domains should allow us to distinguish a 
more general influence of background from the possible feature specific influences on search 
performance.

Experiment 1

Given that the effects of luminance on perception are extensive (for a recent review see 
Kingdom, 2011), background luminance could potentially have a large impact on performance 
in search. Here we set out to investigate the influence of background luminance on search 
times.  Background luminance was varied in seven steps while keeping the luminance values 
of the target and distractors constant. These luminance values were chosen such that the back-
ground could be darker, lighter or in between the luminance of the target and the luminance 
of the distractors. As Rosenholtz et al. (2004) have demonstrated that search asymmetries may 
depend on the combination of the properties of background, target and distractors, we also 
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included two conditions. In one condition (the lighter condition) the target was lighter than 
the distractors and in one condition  (the darker condition) the target was darker than the 
distractors.

Methods

Observers

Four observers participated in the experiment. All observers had normal or corrected to 
normal vision and ranged in age from 28 to 45. Two observers, IH and JV, are authors of this 
chapter; other observers were naive as to the goal of the experiment. Observers either worked 
or studied at Utrecht University and participated on a voluntary basis.

Apparatus and Stimuli

All displays consisted of 100 search elements placed on an invisible rectangular grid on 
a uniform background (examples can be found in Figure 1). Ninety-nine of these elements 
(filled circles with a radius of 0.69 deg) were distractors and one was the target. Elements were 
separated by a spacing of 2.65 deg (center-to-center), and randomly jittered (irregularly varied 
from their grid position) in both the vertical and horizontal direction by a maximum of 30% of 
the distance between the elements. The target was always located at a distance of 11.4 deg from 
the central fixation dot on an invisible circle (with slight variations over trials due to the jitter 
mentioned above), and its location was restricted to the top-left, top-right, bottom-left and 
bottom-right regions of the grid.

In the lighter condition the target was lighter than the distractors. The target luminance 
was set to 3/4 (~75 cd/m2) of the luminance range of the linearized screen, and distractor lu-
minance to 1/4 (~25 cd/m2) of this range. As previous research has demonstrated that search 
asymmetries can be a result of the properties of the background, we also included a condition 
in which target and distractor luminance were reversed. In this darker condition the target 
luminance was set to 1/4 and the distractor luminance to 3/4 of the range of the screen. For 
both conditions the different backgrounds were chosen in steps of 1/8 of the luminance range 
(approximately 12.5 cd/m2). Obviously, we took care that the background never had the same 
luminance as target or distractors. This resulted in 7 background luminance values at 0/8 (1.1 
cd/m2), 1/8 (12.4 cd/m2), 3/8 (36.7 cd/m2), 4/8 (50.6 cd/m2), 5/8 (61.2 cd/m2), 7/8 (86 cd/m2), 
8/8 (99.3 cd/m2).

The stimuli were generated using Matlab (MathWorks, Natick, MA) on an Apple Macintosh 
G5 and displayed on a linearized LaCie (Harmelen, The Netherlands) 22” monitor at a resolu-
tion of 1600 by 1200 pixels and at a refresh rate of 75 Hz. 

Procedure

Observers were set up with the EyeLink and asked to locate the deviating element as fast 
as possible. Furthermore, they were instructed that the target was located near one of the four 
corners of the grid. Before each trial a central fixation cross was displayed on a uniform back-
ground that had the same luminance as the background of the upcoming trial. Observers start-
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Fig 1. Examples of displays from the lighter condition (left column), where the target luminance is higher 
than the distractor luminance, and examples from the darker condition (right column), where the target 
luminance is lower than the distractor luminance. In the experiment seven different background luminance 
values were used. Here in each column we have displayed (from top to bottom) the lightest (A), middle (B) 
and darkest (C) background luminance values.
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ed a trial by pressing the space bar, and when they found the target they pressed the zero key on 
the numerical keypad. At the end of each trial a grey screen (~50 cd/m2) was presented for half 
a second to mask the previous trial. Both the lighter and the darker condition included 50 trials 
of each of the seven possible background luminance values, for a total of 350 trials. These trials 
were presented in a mixed order. The two conditions were presented in blocked order (counter-
balanced) and a break of at least 5 minutes between these two conditions was included. 

Eye movement analysis

Eye movements were recorded using an SMI EyeLink II system (SensoMotoric Instru-
ments, Montreal, CA) at a frequency of 500 Hz. The observer’s head was placed in a chinrest 
at a distance of 64 cm from the screen. Images were viewed binocularly, but eye movements 
were recorded from the left eye only. Eye movement data were collected for off-line analysis. 
Saccades were detected at a velocity of 20 deg/s, after which start and endpoint were found by 
searching back and forth until the velocity was two standard deviations higher than the veloc-
ity during fixations (as in Smeets & Hooge, 2003). Saccades with amplitudes smaller than 1.5 
deg were removed from the analysis. If a small saccade was removed, fixations before and after 
this saccade were added together. Finally, fixation durations shorter than 50 ms were discarded 
from further analysis.

Results

Search Times

In Figure 2 the search times are plotted as a function of background luminance. We found 
similar patterns for our four observers for each condition. Over both conditions we found that 
search times were short when the difference between distractors and background was small. 
When the background was either darker or lighter than both target and distractors, search 
times did increase when the difference between background luminance and target luminance 
was small. Interestingly, the largest increase in search times was obtained when the background 
was made darker than both target and distractors.

Search times were short when the background was in between target and distractors in lu-
minance and therefore target and distractors were polarized (i.e. target and distractor contrast 
have a different sign). This held even when the background luminance was close to the target 
luminance.

If we compare the conditions we find that the increase in search times when the back-
ground is darker than both target and distractors is much larger in the darker condition than in 
the lighter condition, indicating a search asymmetry. Moreover, in the darker condition search 
times only rise when the background is darker than both target and distractors: in all other 
cases search times are short.

Saccade Latencies

In the experiment, luminance polarity (where the sign of the target-background contrast is 
different from the sign of the distractor-background contrast) is always associated with short 
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Fig 2. A. Average median search times as a function of background for a target in the darker condition. The 
vertical lines indicate the luminance values of the darker target (white circle) and the lighter distractors 
(black square). Individual observer data is displayed in the small graphs on the right. Error bars represent 
standard errors of the mean. B. Average median search times as a function of background for a target in 
the lighter condition. The vertical lines indicate the luminance values of the lighter target (white circle) and 
darker distractors (black square). Individual observer data is displayed in the small graphs on the right. Er-
ror bars represent standard errors of the mean.
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Fig 3. A. Latencies as a function of background for the darker condition. The vertical lines indicate the 
luminance values of the darker target (white circle) and the lighter distractors (black square). B. Latencies 
as a function of background for the lighter condition. The vertical lines indicate the luminance values of the 
lighter target (white circle) and the darker distractors (black square).

Fig 4. A. Proportion of first eye movements directly aimed at the target for the darker condition. An eye 
movement is classified as aimed at the target when its landing position lies within a 2.3 deg radius of the 
target. The vertical lines indicate the luminance values of the darker target (white circle) and the lighter 
distractors (black square). B. Proportion of first eye movements directly aimed at the target for the lighter 
condition. The vertical lines indicate the luminance values of the lighter target (white circle) and the darker 
distractors (black square).



64 | Chapter 4

search times. Search times around 500 ms generally indicate the target could be found within 
a single eye movement. The ability to find the target within a single eye movement does not 
necessarily mean that the target can always be resolved equally fast. In Figure 3 we look at the 
latencies of the initial saccade to evaluate variations in the reactions of observers that cannot 
be found in search times. We find that these latencies are longer when the target-background 
difference is smaller.

Overall, we find that saccade latencies closely relate to search time; they only do not rise as 
sharply as search times for a darker background. The increase in search times can be explained 
by saccades that are initiated even though no target has been detected yet. This becomes appar-
ent when inspecting the proportion of saccades correctly initiated towards the target (Figure 
4). In the case of darker backgrounds the latencies do not increase further, but the number of 
saccades correctly initiated towards the target falls considerably.

 
Discussion

 
As expected search times increase when the target-background difference decreases (un-

less this causes a polarization of target and distractors). Still, the target-background difference 
by itself is not the most important factor in determining search times. Rather, the background 
luminance appears to influence the perceptual difference between target and distractors. In 
both the darker and the lighter condition, search is fast when the background luminance lies 
between the luminance of target and distractors, and thus polarizes the contrast of the two. 
This corresponds to previous research showing that contrast polarity allows for efficient search 
(e.g., Theeuwes & Kooi, 1994). The current results show that this is even the case when the dif-
ference between target and background is small. A small increase in initial saccade latencies is 
found when the difference between background luminance and target luminance is small, but 
this does not translate into a significant increase in search times. Interestingly, lowering the 
background luminance to where it becomes darker than both target and distractors causes the 
largest increase in search times. 

Therefore, the size of the target-background difference alone is insufficient to explain the 
above effects. We also have to take the changes in perceptual difference between target and 
distractors as a result of background manipulations into account. Many models of luminance 
perception exist (for a recent review see Kingdom, 2011) and might be able to account for these 
results. However, currently no model can explain the full range of phenomena in luminance 
perception. More importantly, the point here is not to support one particular model of lumi-
nance perception. Our study was not designed to investigate luminance perception. For exam-
ple, the surroundings outside of the screen are difficult to quantify, as the room was not com-
pletely darkened. Which model best explains the current results is a case for future research. 

When one compares the two conditions a large asymmetry in search times is found when 
the background is darker than both target and distractors. On a dark background search times 
in the darker condition are twice as long as those in the lighter condition. When we evaluate 
saccadic selection we find that, whereas almost half of the first eye movements land near the 
target in the lighter condition, hardly any of the first eye movements land near the target in the 
darker condition. It appears that on a dark background peripheral information simply does not 
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reveal the location of the target in the darker condition. As the perceptual difference between 
the target and distractors becomes negligible due to the luminance of the background, only 
thorough inspection reveals which element is the target.

In sum, the current results show that search times do not always increase the most for small 
target-background differences. They reveal that the influence of the background on the percep-
tual difference between target and distractors also has a large effect on search times. In the next 
experiment we will investigate whether the current results can be generalized to other feature 
types, or whether luminance is a special case.

 Experiment 2

The previous experiment suggests that in case of manipulations of background luminance, 
decreased perceptual differences between target and distractors can cause even larger increases 

Fig. 5. Examples of the target in the vertical condition (left) and the oblique condition (right). In the ex-
periment six different background orientations were used. Here in each column we have displayed the most 
right-oriented background (A) and the most left-oriented background (B).
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in search times than decreased target-background differences. However, many other features 
are used to distinguish a target from distractors in search studies. Not all of these features have 
the same large influence on the appearance of elements. To investigate whether the effects of 
manipulating the luminance of the background can be generalized to other feature domains, 
we focus on the effect of background orientation on search times in Experiment 2.

Methods

Observers

Four observers from the same pool as the previous experiment participated. JV is also an 
author of this chapter.

 
Stimulus

The configuration of the stimulus is similar to the one in the previous experiment. One 
hundred elements, of which one deviating element is the target, are placed on a rectangular 
grid (at a spacing of 2.53 deg). The target is again placed on an imaginary circle (radius 10.9 
deg) near one of the corners of the grid. The main differences are in the elements and back-
ground. The background now consists of a vertically oriented sine wave grating (3.0 cycles/deg 
at 60% Michelson contrast) that covers the entire screen. The search elements used are Gabors 
(3.0 cycles/deg at 58% Michelson contrast). Rather than superimposing them on the back-
ground, apertures in the background grating are created with a diameter of 0.92 deg. Gabors 
are drawn in these apertures, clearly distinguishing them from the background. Cutouts of the 
displays containing both target and a number of distractors are displayed in Figure 5.

Again, there are two conditions. In the vertical condition the target is oriented vertically 
and all distractors are tilted 30 deg clockwise. In the oblique condition the orientations of target 
and distractors are reversed: now the distractors are oriented vertically and the target is tilted 
30 deg clockwise. The background is varied in steps of 10 deg ranging from 20 deg counter-
clockwise to 50 deg clockwise, again excluding the target and distractor orientations. The pos-
sible background orientations are therefore -20, -10, 10, 20, 40 or 50 deg.

Results & Discussion

Search times are plotted in Figure 6. Again we find that a smaller target-background differ-
ence leads to a substantial increase in search times. Interestingly, as for luminance, search times 
are high for a small target-background difference when the target orientation lies between the 
orientation of the background and the orientation of the distractors. This is in line with the 
suggestion that background may serve as an additional distractor (Rosenholtz, 2001). More-
over, a large target-background difference leads to short search times regardless of distractor-
background difference.

The current results clearly differ from those of the luminance experiment. Where in the case 
of luminance a greater difference between background and search elements can increase search 



Background in Search | 67

Fig 6. A. Average median search times as a function of background for a target in the vertical condition. 
The vertical lines indicate the orientation of the vertical target (white circle) and of the oblique distractors 
(black square). Individual observer data is displayed in the small figures on the right hand side. Error bars 
represent standard errors of the mean. B. Average median search times as a function of background for a 
target in the oblique condition. The vertical lines indicate the orientation of the oblique target (white circle) 
and of the vertical distractors (black square). Individual observer data is displayed in the small figures on 
the right-hand side. Error bars represent standard errors of the mean.
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times, here this is not the case: a greater difference between target and background only leads to 
shorter search times. Therefore, in contrast to luminance, the most important factor in orienta-
tion appears to be target-background difference. It appears that any perceptual modulation of 
orientations by background does not lead to decreased perceptual differences between target 
and distractors, that result in longer search times. To investigate whether background lumi-
nance is indeed a special case among the different features we manipulate the spatial frequency 
of the background in Experiment 3.

 Experiment 3

Where in the luminance experiment a decreased perceptual difference between target and 
distractors causes the largest increase in search times, in the orientation experiment a decreased 
target-background difference causes the largest increase in search times. To evaluate whether 

Fig 7. Examples of displays of the lsf condition (left) and the hsf condition (right). In the experiment seven 
different background spatial frequencies were used. Here in each column we have displayed the lowest back-
ground frequency (A) and the highest background frequency (B).
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background luminance is indeed a special case we will here focus on spatial frequency. Like ori-
entation, spatial frequency is often used to create a distinction between target and distractors.

Variations in spatial frequencies around us are abundant. Nonetheless, many backgrounds 
will have dominant spatial frequencies. Think of trying to find a predator in the woods, where 
the trees and their branches will provide a rich high spatial frequency content, as opposed to 
looking for the same predator in open fields, where low spatial frequencies will dominate. 

Methods

The methods are mostly like those in Experiment 2. We will outline the differences below. 

Observers

Four observers from the same pool as in the previous experiments participated in this ex-
periment. Observer JV is also an author of this chapter.

Stimulus

The stimulus was designed following the same rules as in Experiment 2. Only now the dis-
tinction between target, distractors and background lies within the spatial frequency domain. 
Target and distractors are again Gabors drawn into apertures in the background, now with a 
diameter of 1.4 deg. 

In the low spatial frequency (lsf) condition the target (a Gabor) had a spatial frequency 
of 2.65 cycles/deg (Michelson contrast approx. 98%) and the distractors were Gabors with a 
high spatial frequency of 4.34 cycles/deg (Michelson contrast approx 98%). In the high spatial 
frequency (hsf) condition this was reversed: now the target had a spatial frequency of 4.34 deg 
and distractors a spatial frequency of 2.65 deg. The background always had a 100% Michelson 
contrast, and seven different spatial frequencies (1.74, 2.17, 3.04, 3.47, 3.91, 4.77 or 5.21 cycles/
deg) were used. Finally, in each individual trial target, distractors and background all had the 
same orientation; this orientation was randomly varied over trials.

Results & Discussion

In Figure 8 the search times are plotted as a function of the spatial frequency of the back-
ground. It shows that search times are longest when the spatial frequency of the background 
is close to the spatial frequency of the target. As is true for orientation, the longest search 
times occur not only at the point of the smallest target-background difference, but also when 
the spatial frequency of the target lies between those of the background and the distractors. 
Yet, when the target-background difference increases, search times do not decrease as quickly. 
This difference between the orientation and spatial frequency experiment could be a matter of 
degree. That is, if we would have used a different combination of spatial frequencies, we could 
potentially have obtained results that are of the same magnitude as in the case of manipulating 
background orientation.

 



70 | Chapter 4

Fig 8. A. Average median search times as a function of background for a target in the lsf condition. The 
vertical lines crossing the search times indicate the spatial frequency of the lsf target (white circle) and the 
hsf distractors (black square). Individual observer data is displayed in the small graphs on the right-hand 
side. Error bars represent standard errors of the mean. B. Average median search times as a function of 
background for a target in the hsf condition. Again, the vertical lines crossing the search times indicate the 
spatial frequency of the hsf target (white circle) and lsf distractors (black square). Individual observer data 
is displayed in the small graphs on the right-hand side. Error bars represent standard errors of the mean.
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General Discussion

A typical experiment in visual search involves a target together with a number of distrac-
tors placed on a uniform background. Manipulations of displays in such experiments generally 
concern the properties of target and distractors. The third component, the background, has not 
received much attention. This is somewhat surprising, as there is evidence that background has 
a strong effect on the perception and discriminability of objects (e.g., Krauskopf & Gegenfurt-
ner, 1992; Monnier & Shevell, 2001). Two studies that have focused on the role of background 
in visual search used heterogeneous backgrounds (Wolfe et al., 2002; Neider & Zelinsky, 2006). 
The only study looking at backgrounds that manipulated both target and distractor contrast, 
to our knowledge, is a study demonstrating that a color search asymmetry depends on the 
chromaticity of the background (Rosenholtz et al., 2004). However, only a chromatic and an 
achromatic background were used in the experiments.

The aim of the current study was to investigate the fundamental aspects of the nature of the 
background in visual search. We have performed three experiments in which the background 
was manipulated within a single feature domain, while keeping the physical properties of target 
and distractors constant.

In Experiment 1 manipulation of the background luminance strongly influenced search 
performance. Reducing the difference between target and background deteriorated search 
performance only slightly. However, other background luminance values had a much larger 
impact. Most notably, a background darker than both target and distractors caused the largest 
increase in search times, despite a large luminance difference between target, distractors and 
background. This contrasted sharply with grey backgrounds that polarize targets and distrac-
tors: such backgrounds consistently led to short search times, even when the target-background 
difference was small. Finally, when background is darker than both target and distractors a 
search asymmetry is obtained. In this case a lighter element among darker elements is found 
faster than its reverse. Such a search asymmetry was reported earlier by Braun (1994), but we 
find that this asymmetry is limited to cases in which target and distractors are both lighter than 
the background.

In Experiment 2, background orientation was manipulated, which impacted search perfor-
mance in a different way. Here, in line with our hypothesis, a decrease in target-background 
contrast did cause the greatest increase in search times. Interestingly, search times peaked for a 
background orientation close to that of the target, specifically when the target had an orienta-
tion lying between that of the background and that of the distractors. A background orienta-
tion close to that of the distractors does not enhance search performance. 

Finally, in Experiment 3 the spatial frequency of the background was manipulated. The re-
sults were similar to those of the orientation experiment, but there was one notable difference. 
When the orientation of the target lies between those of the background and the distractors, 
search times quickly decrease when the orientation of the background is moved farther away 
from that of the target. This does not hold for spatial frequency. When the spatial frequency 
of the target lies between those of the background and the distractors a background frequency 
further from that of the target only leads to negligible decreases in search times.
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In Experiment 2 and 3 decreasing the difference between target and background caused a 
systematic decrease in search performance. This aspect of search has been noted before (e.g., 
Wolfe et al., 2002). The role of distractors, on the other hand, seems more limited, as a smaller 
difference between distractors and background hardly decreases search times. However, one 
of the caveats of our method is that we cannot separate the influence of the target-background 
difference from that of the distractor-background difference. Changing the background leads 
to a change in both the difference between target and background and the difference between 
distractors and background. As a result, it is currently not possible to conclude how much of 
the decrease in search times should be attributed to the change in the difference between target 
and background and how much to the change in the difference between distractors and back-
ground. Nevertheless, the limited enhancement of search performance for a low distractor-
background difference is not surprising as a target differing from distractors on a single feature 
is often found quickly, regardless of the presence of numerous distractors. In general, therefore, 
the results from the orientation and spatial frequency experiment appear to be in line with our 
expectations. 

Interestingly, the hypothesis that decreased target-background contrast and increased dis-
tractor-background contrast lead to increases in search times is by itself not sufficient to ex-
plain all of the results found. To this end, the effect of background on the perception of target 
and distractors also needs to be taken into account. This becomes clear when the luminance 
of the background is varied. In the luminance experiment a dark background caused a large 
increase in search times. Models of luminance perception, as for instance the double anchoring 
theory of lightness (Bressan, 2006), can explain why a dark background decreases the distin-
guishability between target and distractors. 

Upon inspection of our daily environment, it is clear that the described background ma-
nipulations also occur outside of a laboratory setting. Rather than the uniform backgrounds 
frequently used in laboratory experiments, luminance, orientation and spatial frequency varia-
tions are abundant when considering backgrounds in our daily environment. Of course, in 
most real world situations the contrast between objects and background will not be limited to 
a single feature domain. For this laboratory research to apply to situations in our daily environ-
ment it is important that the current work is extended to research on how the combination of 
contrasts between background and search elements of several features influences search per-
formance. Nevertheless, some conclusions can already be drawn from the current findings. 
As one example, when we consider a doctor searching an x-ray for anomalies, the finding that 
luminance differences on a black background are hard to distinguish implies that the current 
circumstances are far from optimal.

As noted earlier, some research on backgrounds in visual search has already been done. In 
an attempt to move from laboratory search tasks to real world tasks, Wolfe et al. (2002) intro-
duced heterogeneous backgrounds in a visual search task. They found that the addition of a 
heterogeneous background did increase search times, but did not affect search efficiency (i.e. 
search slopes did not change, but the intercept rose). On the basis of their results they reasoned 
that background impairs effective segmentation. That is, on heterogeneous backgrounds the 
segmentation process may result in objects that are harder to identify. However, even though 
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the backgrounds included much of the complexities in backgrounds from daily life, the scenes 
created did not reflect the fact that, in search in daily life, target and distractors often have dif-
ferent contrasts with the background. The current findings emphasize that background has a 
much more extensive influence on search times. Although we did not measure search efficiency 
directly, the steep increases in search times for a dark background are unlikely to merely be a 
reflection of a rise in intercept. In our experiment the target is known to be confined to an area 
near one of the corners of the grid, yet observers required extensive scanning to find it.

One of the few models incorporating ‘background’ is the saliency model (Rosenholtz, 1999). 
In Rosenholtz et al. (2004) this model is tested extensively and it is demonstrated that it can 
account for the reversal of a color search asymmetry by switching from an achromatic back-
ground to a chromatic background. In essence the saliency model is based on the conjecture 
that background functions as an extra distractor. The model accounts for an increase in search 
times when the property of the target lies in between that of the background and distractors. 
However, the saliency model does not account for the large variations over different features. 
Of course, the model was not created to explain these various nuances and we merely want to 
point out that a model that accounts for these nuances is currently still missing in literature.

Finally, the implications of the current findings are not limited to studies focusing on the 
influence of background. Many studies have used luminance differences to distinguish search 
elements from each other. The current findings emphasize the vigilance that is needed when 
generalizing findings based on a single luminance manipulation to the entire luminance do-
main. For instance, a statement that luminance attracts attention (Turatto & Galfano, 2000) 
clearly does not hold for all luminance combinations. Also, a reference to luminance as under-
lying efficient search (as in Wang, Kristjansson & Nakayama, 2005) appears to be an overstate-
ment: even though this holds for the distinction made in luminance polarity, this does not 
hold for all luminance combinations. The search asymmetry where a bright element is found 
faster among darker elements as reported in Braun (1994) only holds when background lumi-
nance is darker than the luminance of both target and distractors. If anything the asymmetry 
reverses when the background is lighter than target and distractor, although this asymmetry is 
not nearly as strong. 

Conclusion

Overall, the hypothesis that decreased target-background contrast and increased distractor-
background contrast lead to increases in search times is insufficient to explain the current find-
ings. Even though part of the variations can be explained by taking into account the contrast 
of the target and the background, it is clear that this is insufficient to explain findings within 
the luminance domain. For this, the effect of background on the perceived difference between 
target and distractors needs to be taken into account. This emphasizes that, for theories based 
on laboratory tasks to be applicable in daily life, the incorporation of background in models 
of visual search is a necessity. The models discussed in Rosenholtz et al. (2004) are a first step 
toward such an approach, but still need refinement to be able to account for the different influ-
ences of the various features.
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Abstract

In visual search, multiple fixations are often required to locate a target. During search, observ-
ers generally select objects that resemble the target (potential targets) and ignore those that do 
not. The consecutive selection of these potential targets forms a scanpath. In a non-search task 
the ability to plan such paths as a whole has been demonstrated (Zingale & Kowler, 1987). So 
far, it is not known whether this applies to visual search as well. We investigated to what extent 
scanpaths are planned ahead in visual search by using gaze-contingent displays. We found that 
the ability to deviate from planned paths depends on whether new visual information can be 
processed sufficiently fast (Experiment 1). Moreover, we found evidence that planned paths 
may include at least three saccades (Experiment 2). This shows that scanpaths are planned 
ahead in visual search as well. Deviating from a planned path is possible, but at the cost of 
longer latencies.
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Introduction

The decreasing visual resolution towards the periphery of the retina often requires observ-
ers to make eye movements when they try to find an object. Many studies have focused on the 
selection of objects by eye movements in visual search (e.g., Luria & Strauss, 1975; Findlay, 
1995; Zelinsky, 1996; Hooge & Erkelens, 1999). These studies have shown that, even though in 
search tasks the eyes might not directly aim for the target, they generally land on objects that 
resemble the target. At first sight, it is tempting to assume that each decision that underlies the 
next eye movement is based on visual analysis during the current fixation. This means that the 
sequence of eye movements, generally known as a scanpath, is the result of a series of individual 
decisions. However, it is also possible that a scanpath, or a part of it, is planned ahead. That is, a 
number of eye movements to different locations are planned a number of fixations before they 
are actually executed.

The ability to plan extensive scanpaths has been demonstrated before. In Zingale and Kow-
ler’s study (1987) observers performed a fixation task, and were asked to execute saccades to-
wards up to 5 different locations in a sequence. It was found that in anticipation of a longer 
saccade sequence, the initial saccade latency increased. Such increases in latencies of initial 
responses were best accounted for by models of planning multiple motor actions (e.g., Stern-
berg, Monsell, Knoll & Wright, 1978). The ability to process two saccades concurrently has 
been demonstrated frequently (e.g., Becker & Jürgens, 1979; Inhoff, 1986; Vergilino & Beauvil-
lain, 2000). However, in all these studies the planning of a subsequent saccade was required 
to complete the task (either explicitly or implicitly) and subsequent saccades were generally 
preceded by very short inter-saccade intervals (the time between two saccades). In search tasks 
that require eye movements (which we will refer to as saccadic search tasks), this is normally not 
the case. Whether planning of scanpaths as a whole occurs in saccadic search (where it is not 
explicitly part of the task) is still an unresolved issue.

In the past decade visual search tasks have been used to investigate the dynamics of concur-
rently processed saccades. In one such task, observers were asked to make an eye movement 
toward an odd-colored target (McPeek, Skavenski & Nakayama, 2000). In half of the trials, 
in which observers executed the first saccade incorrectly towards a distractor, the location of 
the target was switched with that of a distractor while the saccade was executed. Under these 
circumstances observers were mostly unable to prevent the execution of the second saccade 
towards the original target location. Upon execution, these second saccades typically were ac-
companied by very short inter-saccade intervals. When inter-saccade intervals were longer, 
observers were generally able to adapt to the change in the display and were able to correctly 
direct the second saccade towards the new location of the target. Caspi, Beutter & Eckstein 
(2004) further explored the influence of information presented during the initial fixation on 
the destination of the subsequent saccade. They used a reverse-correlation analysis to show that 
most of the evidence for the subsequent saccade in a search task is accumulated during the first 
fixation. 

Both the study by McPeek et al. (2000), and the one by Caspi et al. (2004) use search tasks 
where the target can be resolved peripherally without making any eye movements. Further-
more, the second saccade follows after the first saccade with very short inter-saccade intervals, 
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generally around 125 ms. In a saccadic search task, on the other hand, elements have to be 
foveated to distinguish the target. Here inter-saccade intervals are generally longer, around 200 
ms. Furthermore, in saccadic search tasks no information on the need for multiple saccades 
is available: whether an element is the target only becomes apparent after foveal inspection. 
Therefore a scanpath may consist of a number of saccades. Given these differences, the question 
whether scanpaths are planned ahead in saccadic search remains unanswered.

The benefits of planning in search make this an important question. Zingale and Kowler 
(1987) argued that there are two general advantages of planning sequences of saccades. The first 
is that the planning of several saccades at once allows for the execution of a saccade sequence 
to proceed with little effort, allowing analysis to be devoted to identifying objects. The second 
advantage lies in the fact that scanning our environment is not just based on eye movements 
alone, but is executed in combination with other motor actions, like those of head and body. 
Considering that many body movements are planned as patterned sequences (e.g., Rosenbaum, 
Kenny & Derr, 1983), why would this not hold for eye movements?

 Performance in search tasks, specifically, can clearly benefit from advanced planning. Plan-
ning may, for instance, act as a form of memory. Visual features in the periphery play an im-
portant role in selection, but can only be used when they are above detection threshold. This 
detection threshold generally depends on the location on the retina. The retinal location of a 
peripheral feature is likely to change for each new fixation, where features will sometimes be 
above and sometimes below detection threshold. Hence, scanpath planning can reduce the de-
pendence on the continuously changing locations of features on the retina. Furthermore, plan-
ning may prevent the revisiting of locations. Previously, it has been argued this is implemented 
by means of the so-called inhibition of return (e.g., Klein & MacInnes, 1999; but see Hooge, 
Over, Wezel & Frens, 2005).

So far only limited effects of planning scanpaths have been demonstrated. Analysis of eye 
movements in a saccadic search task with elements distributed along two concentric circles 
did not show any influence of information from the initial fixation on the destination of the 
second saccade (Findlay, Brown & Gilchrist, 2001).  Target proximity during the second fixa-
tion, rather than target proximity during the initial fixation, turned out to determine the likeli-
hood of the second saccade reaching the target. The authors concluded that the destination of 
a subsequent saccade is, therefore, determined during the current fixation with no carry-over 
of information acquired during the previous fixation. Yet, even though elements were placed at 
two different distances from the initial central fixation point, it was not clear whether elements 
farther from the central fixation point could not be distinguished from each other.

Recent evidence that subsequent saccades are influenced by information presented during 
the previous fixation comes from a study by Vergilino-Perez and Findlay (2006). In a saccadic 
search task, in which objects were displaced while the initial saccade was executed in a propor-
tion of the trials, it was found that the destination of some of the second saccades was based on 
information presented during the initial fixation, rather than the second fixation. However, this 
was only the case when the second saccade was directed to a different location within the same 
object. When the second saccade was directed to a different object, its destination was based on 
information presented during the second fixation. This made the authors distinguish between 
within-object saccades and between-object saccades, and they concluded that between-object 
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saccades can be programmed afresh on every eye movement. However, the changes in these 
stimuli, displacements of entire objects, were coarse and were therefore processed quickly. The 
programming of a between-object saccade might only rely on information from the previous 
fixation if information presented during the current fixation cannot be processed quickly.

In sum, despite many studies demonstrating the ability to concurrently process multiple 
saccades, reports on saccadic search only show planning of multiple saccades for within-object 
saccades. Furthermore, the finding that within-object saccades are prepared during the previ-
ous fixation is only demonstrated for the subsequent saccade, which is limited if one considers 
that scanpaths are generally made up of several saccades.

In Experiment 1 we verified whether a subsequent saccade is indeed planned ahead in a 
saccadic search task with individual objects. Furthermore, as it is clear from Vergilino-Perez 
and Findlay (2006) that even if the second saccade is planned ahead it can still be overwritten, 
we investigated whether processing time of stimulus information affects the ability to deviate 
from a planned path. Previewing the results of this experiment, we found a large influence of 
information presented during the initial fixation on the landing position of the second saccade.

The second saccade is only limited in the context of entire scanpaths. We hypothesize that 
scanpaths are planned ahead in visual search. Therefore, in Experiment 2 we focus on the ques-
tion whether a third saccade is also planned ahead. As the paradigm used in Experiment 1 only 
allows for the evaluation of the planning of the second saccade, in Experiment 2 we introduce 
a new cueing paradigm that allows us to test whether a third saccade is planned ahead as well.

Experiment 1

In Experiment 1 we focus on the question whether the subsequent saccade in a search 
task, here the second saccade, is planned ahead. We have two conditions: In one condition the 
stimulus elements maintain their positions throughout the trials (no switch condition). In the 
other condition the target may switch position with a distractor during the course of the first 
eye movement (switch condition). If the second saccade is planned ahead, we expect saccades 
to aim for the distractor rather than the target in the switch condition.

Vergilino-Perez and Findlay (2006) demonstrated that - upon displacement of entire ob-
jects (changes that can be processed quickly) - between-object saccades did not show any 
influence of information processed in a previous fixation. This means that, even if saccades 
were planned ahead, this plan can be overwritten. We expect that the ability to deviate from a 
planned path depends on whether new information can be processed sufficiently fast. That is, 
unless information that the situation has changed can be processed in time, saccades will be 
executed as originally planned. 

To investigate the role of processing time, we also include two conditions in which process-
ing time is manipulated. An effective way to manipulate processing time is by varying contrast 
(e.g., Jakobsson & Johansson, 1992). Moreover, it has been demonstrated that the contrast of a 
target correlates to the speed at which saccades can be prepared (Carpenter, 2004). Therefore, 
to manipulate processing time we have varied contrast over two conditions. The low contrast 
condition requires longer processing times to distinguish between target and distractors. More 
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time is needed to process new information, and less time is left to reprogram the next saccade. 
In the high contrast condition the situation is reversed. Now, the processing time required is 
shorter, and more time is available for reprogramming. If processing speed and available time 
determine whether prepared saccades can be overwritten, observers should be able to adapt to 
changes more frequently in the high contrast condition.

Methods

Observers

Five observers aged 22 to 30, including one of the authors (JV), participated in the experi-
ment. All, except JV, were naive as to the goal of the experiment, and had normal or corrected 
to normal vision. Observers either worked or studied at Utrecht University and participated on 
a voluntary basis.

Apparatus and Stimuli

Three elements (filled circles 1.6 deg in diameter) were placed on the junctions of an imagi-
nary triangle on a grey background (48.0 cd/m2), at equal distance (11.8 deg) from the central 
fixation point (see Figure 1A). Of these three elements, two were white and one was of a darker 
shade. One of the two white elements (85.0 cd/m2) was the target and contained a small hori-
zontal line inside the element. The other white element did not contain this line and required 
foveation to be distinguished from the target. We refer to this element as the foveal distractor. 
The third element contained the same horizontal line as the target and differed from the target 
as it was darker than the target. Depending on the condition, the darker distractor could either 
be black (1.4 cd/m2, high contrast condition) or grey (58.3 cd/m2, low contrast condition). The 
lower luminance of this distractor (as compared to the target) allowed for it to be distinguished 
peripherally from the target. Therefore we will refer to this distractor as the peripheral distrac-
tor. 

To ensure that the target could not be detected during the initial fixation the horizontal line 
distinguishing the target from the other white element was not present during the initial fixa-
tion. The horizontal line was added to the target at the onset of the first saccade. 

The stimuli were programmed in MATLAB (MathWorks, Natick, MA) and generated on an 
Apple Macintosh G5. They were displayed on a LaCie (Harmelen, The Netherlands) 22” CRT 
monitor at a resolution of 1024 by 768 pixels at a refresh rate of 120 Hz.

Procedure

After observers were familiarized with the setup, an example of the stimulus was shown. 
The observers were instructed to find the target (the white filled circle with a small horizontal 
line) as fast as possible. Observers were told that the configuration of stimulus elements could 
change during the course of a trial. Moreover, they were also instructed that changes would 
not be made to the display once they had located the target. Trials were initiated by pressing 
the spacebar. At the same time the fixation dot slightly increased in size to indicate that the 
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trial started. Following a SOA between 500 ms to 1000 ms after the spacebar was pressed, the 
stimulus elements appeared and observers could start their search. When observers located the 
target they responded by pressing the zero key of the numeric keypad.

In all of the trials of the no switch condition the display remained the same during the 
course of the trial, except for the addition of the horizontal line that identified the target. In the 
trials belonging to the switch condition, the direction of the initial saccade determined whether 
the target and peripheral distractor switched position. Only when the first saccade was initiated 
towards the foveal distractor, the location of target and peripheral distractor were switched. A 
schematic overview of the chronology of a trial can be found in Figure 1. The 150 trials of each 
condition (switch and no switch) were randomly inter-mixed. The central fixation dot remained 
visible for the entire trial.

Fig. 1. The sequence of a typical trial in Experiment 1. A. Depicts the display presented at the onset of a trial 
for the low contrast condition. The target appears identical to the foveal distractor here, as the horizontal 
line that distinguishes it is added upon detection of the initial saccade. Upon the initiation of the first sac-
cade the display either turns to B (no switch condition) or C (switch condition). B. The display after the first 
saccade in the no switch condition. Here the only change is the addition of the horizontal line that distin-
guishes the target. C. The display after the first saccade in the switch condition. Besides the addition of the 
horizontal line to the target, the target switches position with the peripheral distractor.
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Eye movement analysis

Eye movements were recorded using an SMI Eyelink II system (SensoMotoric Instruments, 
Montreal, CA) at a frequency of 500 Hz. The observer’s head was supported by a chinrest at a 
distance of 64 cm from the screen. Images were viewed binocularly, but eye movements were 
recorded from the left eye only. Eye movement data were used to track eye position online and 
were collected for offline analysis. 

Online eye movement data were used to determine when elements were to be switched 
during the course of a saccade. A movement of the eye was considered a saccade when the eye 
moved outside of a 2.1 deg range from the initial fixation dot. Upon the detection of the sac-
cade, it was assumed to target the element to which the eye position was closest at that point 
in time.

In offline analysis saccades were detected at a velocity of 20 deg/s, after which starting point 
and ending point were found by searching back and forth until the velocity was two standard 
deviations higher than the velocity during fixations (as in Smeets & Hooge, 2003). Saccades 
with amplitudes under 1.5 deg were excluded from further analysis. If a small saccade was re-
moved, fixations before and after this 
saccade were added together. Finally, 
fixations with durations shorter than 
50 ms were discarded from further 
analysis.

Analysis & Results

The switch trials were used to eval-
uate whether the second saccade was 
planned ahead. In these trials the tar-
get switched positions with the periph-
eral distractor. We analyzed whether 
the second saccade was based on the 
old (original) location of the target 
(before the switch) or on the new lo-
cation of the target (after the switch). 
The proportion of trials in which the 
second saccade destination was the 
new target location is plotted in Fig-
ure 2. In both conditions combined, 
the destination of the second saccade 
is less likely to rely on the information 
presented during the second fixation, 
than on the information displayed 
during the initial fixation. When the 
two conditions are compared, a clear 
difference emerges: In the high con- Figure 2. The proportion of second saccades correctly target-

ing the new target location.
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trast condition observers adapt their path in 48% of the trials while this only happens in 9% of 
the trials in the low contrast condition (p < 0.05).

The above demonstrates that the ability to adapt the direction of the second saccade to 
new information depends on the time required to process stimulus elements. If the available 
processing time is indeed a determining factor, we should also find a difference based on the 
duration of the inter-saccade interval. Longer inter-saccade intervals mean that the second sac-
cade is initiated later, leaving more time to prepare a saccade on the basis of new information. 
In Figure 3 the distributions of inter-saccade intervals for both saccades targeting the new and 
the old target location, are presented separately. This reveals that in the high contrast condition 
the underlying interval distributions for saccades towards the old and the new target location 
are not only different, but also hardly show overlap. The distinction between these distribu-
tions demonstrates that short inter-saccade intervals do not allow sufficient processing time 
to overwrite the previously planned saccade. Moreover, in the low contrast condition, even for 
longer inter-saccade intervals such a difference in distributions cannot be found. This suggests 
the processing of the low contrast information is never fast enough to allow for deviation from 
the planned saccade, and the second saccade is executed without regard for the change in the 
display.

Fig. 3. Histogram of inter-saccade intervals for second saccades for the low and high contrast condition 
individually. The data for all observers have been combined. Each bar represents the number of saccades 
initiated towards the old target location (dark-grey bars) or new target location (light-grey bars) for a 20 
ms interval.
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Discussion

The results from both conditions combined show that in most trials the second saccade 
was erroneously initiated toward the original location of the target. This interesting observa-
tion seems to indicate that, despite long inter-saccade intervals and the uncertainty whether 
a second saccade is required to locate the target, a second saccade is still planned ahead in a 
saccadic search task.

The difference between the two conditions shows that observers more frequently adapt to 
changes in the display in the high contrast condition than in the low contrast condition. High 
contrast information can be processed faster than low contrast information (e.g., Jakobsson & 
Johansson, 1992). This leaves more time for reprogramming of the upcoming saccade. Thus, 
whether new information can be used to program upcoming saccades depends on how fast 
this information can be processed. These findings not only confirm that inter-saccade intervals 
have to be sufficiently long to program saccades on the basis of new information (e.g., McPeek 
et al., 2000), but they also demonstrate that it requires visual input that can be processed suffi-
ciently fast. This corresponds to studies on single saccades, demonstrating that the preparation 
time for a saccade depends on the contrast of the saccade target (e.g., Carpenter, 2004). There-
fore, it appears that saccades are planned ahead and will be executed as programmed, unless 
new information is processed in time to overwrite this initial program.

As planning in visual search not only occurs when peripheral information reveals that a 
saccade is erroneously initiated toward a distractor, it is not a priori unlikely that even more 
saccades are planned ahead. In Experiment 2 we introduce a new paradigm to evaluate whether 
this is indeed the case.

Experiment 2

The results of Experiment 1 show that more than one saccade can be planned ahead. Yet, 
scanpaths in visual search are often much more extensive. In the current experiment we inves-
tigate whether saccades beyond the subsequent saccade are planned ahead as well.

As the paradigm used in Experiment 1 does not allow us to investigate the effects of plan-
ning beyond the subsequent saccade, we introduce a new paradigm that evaluates the costs of 
deviating from a potentially planned path. In this paradigm we use displays in which the scan-
path of observers can be predicted beforehand. To evaluate whether these predicted paths were 
planned ahead we introduced cue trials. In these cue trials observers were required to follow a 
cue rather than to continue their search. This cue either follows the potentially planned path, 
or moves off this path on the third eye movement. If paths are indeed planned ahead, following 
a cue that moves off-path should take more time than following a cue that stays on the path. 
Before we elaborate on the cue trials we will first explain how we predict an observer’s path.
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Fig. 4A. An example of the stimulus used in experiment 2. The initial fixation point was located to the left 
of the stimulus elements. In order to facilitate left-to-right scanning of foveal distractors, the search elements 
were divided over the three columns from left to right, each containing one foveal distractor (or target) and a 
peripheral distractor; B. Proceedings of a cue trial in Experiment 2. The figure top left shows an example of 
an initial display. The mask image shows the initiation of the initial saccade towards the left-most potential 
target, upon which all stimulus elements were masked by grey circles. As the eyes approach the first element 
the mask is followed by the first cue, a red filled circle (represented by a dotted circle). As the eyes reach the 
first cue, the first cue is removed and the second cue is displayed. This cue remains onscreen until 300 ms 
following the eye reaching the second cue; C. An example of an original display. The predicted path indicated 
by the dotted line. This path is predicted on the basis of the locations of target and foveal distractors. Periph-
erally these cannot be distinguished and therefore require foveation. The left-to-right placement should fa-
cilitate left-to-right scanning; D. The two cue locations for the planned condition lying on the predicted path; 
E. The two cue locations for the unplanned condition of which the first lies on-path and the second off-path. 
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Predicting the Path

Even though it is not possible to completely control an observer’s path from trial to trial, 
we have found a setup that fits this purpose well. We created the displays using one target, two 
foveal distractors and three peripheral distractors. This way, there is a clear distinction between 
potential targets (here, target and foveal distractors) and elements that do not have to be fixated 
at all (here, peripheral distractors). A schematic example is presented in Figure 4A. However, 
even though this allowed us to predict potential targets beforehand they can still be fixated 
in any given order. To be able to predict scanning order, the potential targets and peripheral 
distractors were divided over three columns with the initial fixation dot to the left of these 
columns. Each column contained both a potential target and a peripheral distractor. With the 
initial fixation dot to the left of these columns and each column containing one potential target 
the resulting display facilitated left-to-right scanning of potential targets. This made prediction 
of the scanpath for each individual trial possible. As the position of elements in each column 
varied over trials, so did the predicted paths.

Cueing the Path

In the majority of trials observers had to search for the target. However, in a proportion of 
the trials, the cue trials, the display was masked upon the onset of the initial saccade by filled 
dark grey circles. The entire chronology of a cue trial is shown in Figure 4B. As the eye nears the 
location of the left-most potential target the first cue appears, a red filled circle. The first cue lo-
cation is always the location previously occupied by the potential target in the middle column. 
When the focus of the eyes nears this cue it disappears and the second cue appears in the third 
column. The location of the second cue depends on the condition. In the planned condition it is 
placed on the location previously occupied by a potential target (as shown in Figure 4D). In the 
unplanned condition it is also in the third column, but on the location previously occupied by a 
peripheral distractor (as shown in Figure 4E). If a location that previously contained a potential 
target is cued we refer to it as an on-path cue, otherwise we will refer to the cue as an off-path 
cue. If the third saccade is indeed planned ahead we expect there to be cost in the form of time 
if observers have to move off-path on the final cue.

Planning versus Inhibition

Apart from planning, another reason for a delayed initiation of a saccade towards a loca-
tion previously occupied by a peripheral distractor, is the inhibition of this location. It has, for 
instance, been demonstrated that manual response times to a probe on a location previously 
occupied by a distractor are slower than to a probe on a previously empty location (Müller, 
Mühlenen & Geyer, 2007). In the current experiment this could be a confounding factor, as 
we want to evaluate the cost of deviating from a planned path rather than the effect of the in-
hibition of distractor locations. Therefore, on half of the trials the peripheral distractor in the 
rightmost column was removed. Any difference between on-path and off-path cues must then 
be due to planning, rather than inhibition of distractors.
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Methods

Observers

Eight observers from the same pool as in the first experiment participated in the task. Four 
were naive as to the goal of the experiment, two had participated in a previous pilot version of 
the experiment, and two (JV and IH) are authors of this chapter.

Apparatus and Stimuli

The displays consisted of 6 search elements (filled circles with a 1.8 deg diameter) divided 
over three columns with the initial fixation cross to the left of these columns. A schematic 
example is presented in Figure 4A. The distance between elements was 11.2 deg in horizontal 
and 12.3 deg vertical direction. The distance from the initial fixation dot to the two left-most 
elements was 9.5 deg. Each column contained both a white and a black element. One white ele-
ment, the target, contained a vertically oriented line. The other two white elements contained a 
horizontal line and will again be referred to as foveal distractors. The three black elements were 
all distractors and will be referred to as peripheral distractors. As in Experiment 1, we wanted to 
make sure that the target could not be detected during the initial fixation. Therefore, the target 
appeared as a foveal distractor during initial fixation and was replaced by the target at the onset 
of the first eye movement.

 
 Procedure

On regular search trials (240 per observer) the stimulus configuration remained on the 
screen until the observer indicated to have located the target (zero-key on the numerical key-
pad). Observers were instructed to search for the target, a white element containing a small ver-
tical line, as fast as possible. Observers initiated a trial by pressing the spacebar and responded 
having located the target by using the zero-key. However, in 120 randomly intermixed cue trials 
the stimulus elements disappeared on the onset of the first saccade and a path was cued. Ob-
servers were instructed on this possibility and were told that in these trials they were required 
to follow the cued path as fast as possible. Five practice cue trials were included to familiarize 
observers with the task.

 Eye movement analysis

Most of the eye movement procedures were the same as in Experiment 1, except for the fol-
lowing differences: initial saccade detection was based on the eye moving outside of a 3.6 deg 
range from the initial fixation dot. For a cue trial, all stimulus elements were replaced by six 
grey masks (40.9 cd/m2) as soon as the initial saccade was initiated. When this initial saccade 
moved within 4.4 deg of the first location on the predicted path the first cue was drawn. This 
first cue was always on the location of the former potential target in the second column. As 
soon as the eye moved within 4.4 deg of the first cue, it was removed, and the second cue was 
drawn. The location of the second cue depended on whether the trial belonged to the planned 
condition or the unplanned condition. The trial was finished 300 ms after the eye moved within 
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3.6 deg of the final cue. This 300 ms delay was included to allow for fixation of the cue. If the 
initial saccade moved towards a different location than the leftmost potential target the stimu-
lus elements were replaced and the trial proceeded as a search trial. In these cases the cue trial 
was repeated.

The online detection algorithm uses the position of the eye to predict its landing position. 
To ensure that this prediction was correct, offline data analysis was used to impose two con-
straints to verify the validity of each trial. First, as the initial saccade was detected when the eye 
moved beyond 3.6 deg from the fixation dot, trials were excluded from analysis if the initial 
fixation was not within this range. Second, as the online detection algorithm only verified that 
the eye moved near a cue, it did not check if the saccade responsible for the movement resulted 
in the fixation of the cue. Therefore, cue trials were removed if offline analysis revealed that the 
cues were not actually fixated.

Results & Discussion

Regular Trials

Our stimulus design was aimed at predicting the observers’ scanning behavior; so it is im-
portant to know whether observers did actually follow the predicted paths on the regular trials. 
We analyzed whether observers did scan columns from left to right without skipping columns 
and found that they skipped columns on no more than 14.7% of all trials. This means that for 

Fig. 5. Mean cue latencies. A. The cue latencies for the second cue; in B and C the cue latencies have been 
split into a distractor condition, when the off-path cue (B) was located on a location previously occupied 
by a peripheral distractor and an empty condition (C), when the off-path cue was located on a previously 
empty location.
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most of the trials observers do scan columns from left to right, which implies that the current 
setup fitted its purpose well.

Cue Trials

If the third saccade is planned ahead, we expect the time it takes to fixate off-path cues to 
be longer than the time needed to fixate on-path cues. In Figure 5A the cue latencies for the 
second cue are plotted (the location of first cue was the same in both conditions). These laten-
cies were calculated by subtracting the onset time of the cue from the starting time of the fixation 
of the respective cue. The second cue, depending on the condition, could be in a location that 
belonged to a potentially planned path (on-path) or a different location (off-path). There is a 
29 ms difference between the time required to fixate cues laying on-path and cues laying off-
path. A paired t-test showed this difference to be significant (p < 0.01). Furthermore, evaluating 
individual subject data revealed that cue latencies were longer in the off-path compared to the 
on-path condition for each individual subject.

Previous studies have demonstrated that previewing part of the distractor set allows for 
shorter search times, a phenomenon known as visual marking (e.g., Watson & Humphreys, 
1997). For the present experiment this could imply that inhibition of distractor locations, with-
out even visiting them, makes them less attractive destinations for saccades. To verify that our 
findings pertain to planning, and not to inhibition of distractor locations, the data were split 
into 2 sets. One set contained the trials where the off-path cue aimed for a distractor position, 

Fig. 6A. The frequency at which the 3rd eye movement misses the cue. As can be seen errors are a lot more 
frequent when the cue is presented off-path; B. The latencies of the saccades targeting the correct cue on the 
3rd saccade.
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and one set where this cue aimed for a position that did not hold a distractor, i.e. an empty posi-
tion. We found that for both conditions the cue latencies were shorter when the cue was on an 
on-path location than when it was on an off-path location. This difference was found regardless 
of whether the location previously contained a peripheral distractor (Figure 5B) or no element 
at all (Figure 5C). The differences of the averages were 19 ms and 43 ms respectively, and both 
were significant (p < 0.05 and p < 0.01, respectively). This shows that the current findings are 
not the result of the inhibition of a location that was previously occupied by a distractor.

Clearly, cue latencies for the second cue (third saccade) are longer in the off-path condi-
tion than in the on-path condition. There are at least two causes for this difference: errors and 
longer inter-saccade intervals. An error is made when the third saccade targets a previously 
planned location, rather than the location of the cue. This will add to the cue latencies because, 
instead of directly fixating the cue, a longer route is taken. When a saccade does move correctly 
towards an off-path cue it might be accompanied by a longer inter-saccade interval than when 
the originally prepared saccade is executed. The percentage of errors on the third saccade is 
plotted in Figure 6A. For the correct saccades (that is, error saccades excluded) we plot the 
inter-saccade intervals for the third saccade in Figure 6B for both the planned and unplanned 
condition. Both these measures show a significant difference, in that more errors were made 
when the third saccade has to target an off-path cue (p < 0.05) and inter-saccade intervals were 
longer when the third saccade correctly targeted the cue in the off-path condition as compared 
to the on-path condition  (p < 0.01).

In sum, deviating from a potentially planned saccade is possible, but comes at the cost of 
longer cue latencies. The results suggest that up to at least three saccades are planned ahead 
in visual search, and provide the first evidence that in visual search not just the subsequent 
saccade is planned ahead, but a third as well. This strengthens the evidence for the concurrent 
preparation of multiple saccades in visual search.

General Discussion

In this chapter we have presented two experiments studying the extent of scanpath plan-
ning in visual search. The results of Experiment 1 show that in a saccadic search task (a task that 
requires eye movements) visual information presented during the initial fixation influences 
the destination of the subsequent saccade. This demonstrates that indeed saccades are planned 
ahead in saccadic search. Furthermore, the difference between the high contrast condition and 
the low contrast condition suggests that the ability to deviate from a previously planned sac-
cade depends on whether new evidence can be processed in time. Experiment 2 elaborates on 
the findings of Experiment 1 and shows that up to at least three saccades are planned ahead. 
The present study thus provides the first concrete evidence that the planning of sequences of 
saccades underlies scanpaths in visual search. Where a previous study (Findlay, Brown, & Gil-
christ, 2001) using a saccadic search task had not revealed any effect on a subsequent saccade 
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destination from information of the previous fixation, here we present evidence for the plan-
ning of multiple saccades. 

A recent study (Vergilino-Perez & Findlay, 2006) demonstrated that between-object sac-
cades could be programmed from scratch during each fixation. We expand on this finding by 
showing that the ability to program a saccade from scratch depends on the time required to 
process stimulus elements. Where the change in the Vergilino-Perez & Findlay (2006) study 
consisted of displacement of entire objects during the course of the first saccade, in Experiment 
1 we only switched the position of objects. We find that the ability to program saccades afresh 
depends on the time required to process visual information. It appears that not only a suffi-
ciently long inter-saccade interval is necessary to be able to program saccades afresh, but also 
visual information that can be processed fast enough. These findings, therefore, demonstrate 
that even with longer inter-saccade intervals there is considerable influence of information 
presented during the previous fixation. 

The current findings support the hypothesis already put forward by Zingale and Kowler 
(1987) that planning underlies saccadic scanning behavior in general. In their study the plan-
ning of more saccades was associated with rising saccade latencies. These saccade latencies av-
eraged well above 200 ms for the planning of three saccades. Interestingly, we find that average 
latencies as short as 155 ms allowed for the apparent planning of three saccades concurrently. 
This emphasizes that the planning of multiple saccades can underlie any kind of search, as 
initial saccade latencies are usually not shorter than 155 ms on average. The difference between 
the current latencies and those obtained in Zingale and Kowler (1987) possibly stems from a 
difference in intentional saccade preparation compared to unintentional preparation of mul-
tiple saccades.

The planning of sequences of saccades in visual search raises several important issues per-
taining to previous findings on the execution of a search. Inhibition of return (IOR) has been 
extensively studied in visual search. IOR is an attentional phenomenon where objects at loca-
tions to which attention has shifted previously are detected at a slower rate and with less accu-
racy (Posner, 1980). Even though the existence of this phenomenon is not disputed, there is still 
much debate on whether IOR could be a mechanism that facilitates search. Some have suggest-
ed IOR serves as a foraging factor in search, keeping track of locations visited previously, and 
prevents observers from revisiting them (Klein & MacInnes, 1999). Yet, others have disputed 
these claims (e.g., Hooge, Over, Wezel & Frens, 2005). However, the fact that multiple saccades 
are prepared in advance makes this a less likely function of IOR. Studies on inhibition of sac-
cadic return have generally shown longer latencies when returning to a location visited during 
the previous four fixations of a search (e.g., Dodd, Van der Stigchel & Hollingworth, 2009). 
Nevertheless, as the current results demonstrate that at least three saccades can be planned 
ahead in visual search, the benefits of having a special mechanism preventing revisiting of loca-
tions seems limited.

Planning not only prevents the eyes from returning to previously visited locations, but also 
allows for more efficient selection of future locations. If we make an eye movement to a poten-
tial target that is surrounded by many other potential targets it may be efficient to scan these 
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surrounding potential targets before moving on to different areas. Rather than basing each eye 
movement on whatever visual information is present just ahead of this movement, planning of 
scanpaths allows for efficient implementation of strategies transcending single saccades.

Implications of the current study also extend to research on selection of conspicuous ele-
ments by eye movements. Many studies demonstrate that conspicuous elements attract eye 
movements. However, these studies generally test this by evaluating the destination of initial 
saccades in displays containing such a conspicuous element (e.g., Van Zoest & Donk, 2006). 
The attraction of such conspicuous elements is limited to the first eye movement, and does not 
hold for subsequent eye movements (Findlay & Brown, 2006). As much of our daily scanning 
behavior might involve planning, it would be interesting to see whether a conspicuous element 
presented during any of the subsequent fixations does attract the eye movements. If the attrac-
tion of a conspicuous element overrules planned saccades the fact that observers are already 
performing another task should not hinder the attraction of such an element. However, the 
number of errors on the third eye movement found in Experiment 2 seems to point in a dif-
ferent direction. Therefore it would be interesting to know whether a conspicuous event also 
attracts a saccade when observers are in the midst of performing a task in daily life.

Finally, we can only speculate on how planning would relate to the many structures in the 
brain involved in programming and executing saccades. A study by McPeek and Keller (2002) 
has shown the superior colliculus to be involved in the execution of two concurrently processed 
saccades. However, they only find activation to be sustained up to 125 ms, which is too short to 
be the cause of the current findings. Many other structures, such as the lateral intraparietal area 
(LIP) and the frontal eye fields (FEF), are involved in eye movement control. Furthermore, as 
all these structures are retinotopically organized the locations in these maps need to be updated 
over saccades. This implies that even if none of these structures by themselves are responsible 
for centralized planning, a greater network could underlie planning.

Conclusion

Studies of selection by eye movements in visual search have taught us much about the se-
lection of elements by saccades, but do not tell us when this selection takes place. The current 
results demonstrate that rather than preparing saccades from scratch on each fixation, at least 
parts of scanpaths are prepared as a whole. We show that this occurs in visual search without 
any explicit task or need for observers to adopt a planning strategy. The current findings dem-
onstrate that these scanpaths extend up to at least three saccades.
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In the previous chapters we have presented four studies on the nature of selection by eye 
movements in visual search. Here we briefly recapitulate the findings of each chapter, discuss 
the main implications and provide some suggestions for future research.

A Competition for Salience

In Chapter 2 we addressed the issue why conspicuous objects that do not resemble the 
search target still frequently attract short-latency saccades. Previously, it has been suggested 
that independent bottom-up and top-down processes govern saccadic selection. However, re-
cent fin-dings by Donk and Van Zoest (2008) are hard to explain in such terms. During the 
saccade latency, the decision of where to move next is made. This decision is naturally limited 
to objects that have been detected at the moment the eye movement is programmed. The time 
it takes to detect an object depends on its visual properties. We hypothesized that differences in 
visual processing time provide an explanation of the resulting eye movements.

To test this hypothesis we performed two experiments, in which we manipulated the spatial 
frequency and luminance contrast of two superimposed grids, each containing one deviating 
element that served as a target. The resulting displays, therefore, contained two targets. As both 
spatial frequency and contrast differences affect processing time, this allowed us to create dis-
plays in which the detection of one target required a short processing time and one required a 
long processing time. In both experiments, we found that short-latency saccades were biased 
towards the target requiring shorter processing times. This bias decreased for longer saccade 
latencies. This suggests that the frequent selection of a conspicuous object by eye movements 
following short saccade latencies is due to the fact that it is the only object detected at that time.

A number of theories have been proposed to account for the attraction of conspicuous 
objects. It has, for instance, been suggested that bottom-up attentional shifts towards the most 
conspicuous object underlie its attraction (Theeuwes, 1991). Alternatively, it has been suggest-
ed that observers adopt a top-down strategy for searching an odd form (Bacon & Egeth, 1994). 
The findings presented in Chapter 2 suggest that the temporal constraints of processing visual 
information are a determining factor in selection by eye movements. This does not exclude bot-
tom-up and top-down influences. A top-down decision is always made, but it depends on the 
state of bottom-up processing at that specific moment in time; ongoing bottom-up processes 
continually reveal more information, and this allows for a better-informed saccadic decision.

What the current findings do not reveal is whether the detection of a deviating element 
influences its processing beyond its detection. Since an element is detected before it is identi-
fied (Nothdurft, 2002a), it is still possible that once an element is detected, attentional shifts 
influence the subsequent course of processing visual information. Future research will have to 
show whether the detection of an element has an effect on processing early enough to influence 
selection by eye movements.
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Crowding in Visual Search

In Chapter 3 we investigated the role of crowding in saccadic selection during visual search. 
The scenes searched by observers in daily life are often cluttered by the presence of many ob-
jects, which results in so-called crowding. As a result of this clutter, crowding strength will 
generally vary throughout a scene. Recent studies have focused on the relation between clutter 
and selection by eye movements (e.g., Henderson et al., 2009), but the exact relation between 
crowding and selection by eye movements is still an open issue. In four search experiments we 
studied the role of crowding in selection during search by surrounding individual search ele-
ments by flankers. Manipulating the similarity between search elements and flankers allowed 
us to manipulate crowding strength throughout the displays.

We showed that eye movements were biased towards areas with weak crowding when a 
target could be detected peripherally. Interestingly, for conditions in which the target could not 
be detected peripherally, this bias in selection reversed towards areas with strong crowding. 
This led to shorter search times for a target presented in areas with stronger crowding. This is 
quite counterintuitive, as it means that the target was found quickest at those positions where 
its peripheral discriminability was impaired the most.

Several models have successfully used conspicuous features to predict selection in natural 
images (e.g., Itti & Koch, 2000; 2001; Parkhurst, Law & Niebur, 2002; Torrabla et al. 2006). 
Nevertheless, selection driven by conspicuous features is not efficient when observers have to 
search for an inconspicuous target. In Chapter 3 we did find conspicuity to be an important 
factor when the target can be detected peripherally. In contrast, when the target cannot be 
detected as a result of crowding, selection is biased towards locations where many elements 
resembling the target are present. These findings suggest flankers similar to the target play a 
dual role in visual search. They impair peripheral target discrimination, but they also attract a 
greater number of eye movements, as with their presence more of the target property is found 
within the area. 

In the experiments of Chapter 3 the probability of finding a target is equal for the different 
cluster types. There is no benefit in selecting areas with more elements similar to the target. 
However, this is only due to the artificial nature of the task: the target location is limited to the 
center of an isolated cluster, a restriction not common in everyday life. In daily life, selecting 
locations with many potential targets and strong crowding allows us to evaluate more potential 
targets upon fixation, which is likely an efficient strategy. Still, the clutter in daily life will be 
more heterogeneous than in our artificial displays. Future work will have to reveal whether the 
bias towards areas with stronger crowding is also present when searching cluttered scenes from 
everyday life.

Background in Visual Search

In Chapter 4 we focused on the nature of background in search. Several studies have shown 
that contrasts between object and background play an important role in object discrimina-
tion (e.g., Krauskopf & Gegenfurtner, 1992; Miyahara, Smith, & Pokorny, 1993). Still, many 
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models of visual search take into account the properties of target and distractors, but not the 
background. Both target and distractors have their individual contrasts with the background. 
These contrasts with the background are different, as target and distractors differ on at least 
one feature. One study where these contrasts did vary, revealed a color search asymmetry that 
could be reversed by manipulation of the background (Rosenholtz et al., 2004). However, to 
our knowledge a fundamental study of the nature of the background in relation to the target 
and distractors is not yet available.

In three experiments we manipulated the nature of the background (luminance, orienta-
tion and spatial frequency) while keeping the properties of target and distractors constant. In 
the luminance experiment, in which target and distractors had a different luminance, chang-
ing the background luminance had a significant effect on search times. When the background 
luminance was in between the luminance of the target and distractors, search times were al-
ways short. Interestingly, when the background was darker than both the target and distractors 
search times increased up to three times. This increase was much larger than increases resulting 
from a small target-background difference. Such a finding contrasts with the findings from the 
orientation and spatial frequency experiment. In these experiments we did find a small-target 
background difference to cause the largest increase in search times. 

Wolfe et al. (2002) suggest the main influence of backgrounds is that they can impair ef-
fective segmentation. The segmentation process may deliver objects that are harder to identify 
on complex backgrounds. In the experiments of Wolfe et al. target and distractors had a com-
parable contrast with the background. The findings of Chapter 4 clearly demonstrate that the 
background has an even more extensive impact than just impairing the segmentation of ob-
jects. For instance, as already noted, a background darker than both target and distractors may 
severely reduce the perceptual difference between them, and, as a result, increase search times. 

In sum, the role of background depends on 1) the individual contrast of both target and 
distractors with the background, and 2) the type of feature underlying the contrast (luminance, 
orientation or spatial frequency). The current study emphasizes not only that background is an 
important factor in search, but also that the type of contrast is of importance. In order to fully 
incorporate the influence of background into models of visual search it is important that future 
work focuses on how the combination of contrasts of different features with the background 
influences search performance.

Planning a Scanpath

Many of the tasks described in this thesis and in daily life require multiple fixations to locate 
a target. The consecutive selection of fixation locations forms a sequence, also known as a scan-
path. In a fixation task Zingale and Kowler (1987) asked observers to execute saccades towards 
up to five different locations in sequence. It was found that in anticipation of a longer saccade 
sequence, the initial saccade latency increased. Such increases were best accounted for by mo-
dels of planning multiple motor actions (e.g., Sternberg, Monsell, Knoll & Wright, 1978). Still, 
it is not yet known whether this applies to saccadic search (search requiring eye movements) 
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as well. In Chapter 5 we discussed two experiments using gaze-contingent displays that inves-
tigate to what extent scanpaths are planned ahead in saccadic search. 

In Experiment 1 we used an adaptation of the paradigm introduced by McPeek, Skaven-
ski and Nakayama (2000) to investigate whether saccades are also planned ahead in saccadic 
search. We found that the ability to deviate from planned paths depended on whether new 
visual information could be processed fast enough. 

 When one considers scanpaths may consist of many saccades, the first two saccades 
will often only be a small part of such a path. In Experiment 2 we investigated the possibility 
that a third saccade is also planned ahead by introducing a new cueing paradigm. We created 
displays that favored one particular scanpath, over other possibilities. These displays allowed us 
to predict the observers’ scanpaths. In a proportion of the trials the stimulus elements were re-
moved during the course of the initial saccade. In these trials observers had to follow a cue with 
their eyes instead. This cue always followed the predicted path on the second saccade, but on 
the third saccade it either followed the predicted path, or moved off it. Completion of the cued 
path took longer when the third saccade was cued to a location off rather than on the predicted 
path. The additional time required to complete the path was due both to longer inter-saccade 
intervals and to eye movements continuing on the predicted path rather than fixating the cues. 
Therefore, it appears that the predicted path was indeed planned ahead. These findings provide, 
to our knowledge, the first evidence for scanpath planning in saccadic search.

 The finding that multiple saccades are prepared concurrently also has implications 
for the debate on the role of memory in search. Many studies have demonstrated that during 
search observers are able to avoid revisiting locations. Several implementations supporting this 
memory have been suggested. While some focus on an intentional memory component (e.g., 
McCarley, Wang, Kramer, Irwin & Peterson, 2003) others have suggested that inhibition of 
return (IOR) might be the responsible mechanism (e.g., Klein & MacInnes, 1999). The finding 
that scanpaths are planned ahead in saccadic search does not argue for or against any of the 
previous findings directly. Nevertheless, as the current results demonstrate that sequences of 
saccades are planned ahead in visual search, the value of having a special mechanism prevent-
ing revisiting of locations must be limited. 

 Interestingly, the benefits of planning are certainly not limited to the prevention of 
the eyes returning to a previously visited location. Planning can also help to limit the potential 
locations to be visited on the next saccade. Fixation durations continue after the next saccade 
destination has been determined (e.g., Ludwig, Mildinhall & Gilchrist, 2007), yet processing 
of visual information continues until the execution of the saccade. As the detection threshold 
for features is time-dependent (Geisler & Chou, 1995), the chance that a target is detected, 
or distractors are rejected as potential targets, increases with the available processing time. 
By means of planning this information can be transferred to subsequent saccades, which can 
benefit search performance, among other things by avoiding a return to previously visited loca-
tions. 
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Conclusion

Above we have presented four empirical studies on selection by eye movements in visual 
search. Efficient selection by eye movements is key to finding a target quickly. Previous research 
has demonstrated that despite our ability to select objects resembling the target, this alone is 
often insufficient to explain selection in search: observers frequently select conspicuous ele-
ments instead. In Chapter 2 we provide an alternative explanation for the frequent selection 
of conspicuous objects following short-latency saccades. In Chapter 3 we demonstrated that 
when a target cannot be detected due to crowding, eye movements are often biased towards the 
selection of locations where targets are actually least conspicuous.

Concerning search performance in general, in Chapter 4 we showed the importance of a 
factor often neglected in visual search, the background. Finally, in Chapter 5 we demonstrated 
that although it is tempting to assume that saccades are movements planned in the immediately 
preceding fixation, multiple saccades are actually planned ahead. In all we have provided new 
findings on eye movements in visual search, which revealed several unexpected results. 
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Het zoeken van objecten is een belangrijk onderdeel van ons dagelijks bestaan. Zonder onze 
sleutels kunnen we ’s ochtends de deur niet uit. Om vervolgens te vertrekken moeten we ook 
onze fiets of auto kunnen vinden en zo zit onze dag vol met zoektaken die opgelost moeten 
worden. In dit proefschrift worden vier empirische hoofdstukken gepresenteerd gericht op hoe 
het pad van oogbewegingen dat naar ons doel leidt tot stand komt. 

Verwerkingstijd bepalend in Selectie

Veel van de oogbewegingen op het pad dat naar ons doel leidt gaan naar objecten die op 
het doel lijken. Dat neemt echter niet weg dat er ook frequent oogbewegingen naar opvallende 
elementen uitgaan die niet op ons doel lijken. De aantrekking van opvallende elementen is dan 
ook een belangrijk onderwerp in de literatuur over het visuele zoeken. Hoofdstuk 2 focust op 
het fenomeen dat vooral na korte saccadelatenties (de tijd tussen het opkomen van het beeld en 
het initiëren van de oogbeweging) veel saccades richting opvallende elementen gaan.

Voorheen is  gesuggereerd dat dit het gevolg is van onafhankelijke bottom-up en top-down 
processen. Echter, recente bevindingen van Donk en Van Zoest (2008) zijn moeilijk uit te leg-
gen in deze termen. Gedurende de saccadelatentie wordt de beslissing genomen waar onze 
ogen heen gaan. De gemaakte keuze is logischerwijs beperkt tot objecten die zijn gedetecteerd 
op het moment dat de oogbeweging wordt geprogrammeerd. De tijd die nodig is voor het de-
tecteren van een object is afhankelijk van de visuele eigenschappen ervan. De hypothese die in 
Hoofdstuk 2 centraal staat is dat selectie kan worden verklaard aan de hand van verschillen in 
de verwerkingstijd van visuele eigenschappen.

Om de hypothese te testen hebben we twee experimenten uitgevoerd. In deze experimen-
ten hebben we de spatiële frequentie (Experiment 1) en het luminantiecontrast (Experiment 
2) van twee over elkaar liggende grids gemanipuleerd. Elk van deze grids bevat één afwijkend 
element dat als doel fungeert. Gezien spatiële frequentie en luminantiecontrast beide de ver-
werkingstijd beïnvloeden, bevatten de displays nu één doel dat langzaam en één doel dat snel 
verwerkt wordt. In beide experimenten vonden we dat de afwijking die het snelst kon worden 
verwerkt vaker werd geselecteerd voor de korte saccadelatenties. Deze voorkeur nam af voor 
langere latenties. Dit suggereert dat de veelvuldige selectie van opvallende objecten het resul-
taat is van het feit dat enkel deze objecten zijn verwerkt op het moment dat de oogbeweging 
wordt voorbereid. 

Meerdere theorieën zijn voorgesteld die de aantrekking van opvallende objecten kunnen 
ver-klaren. Het is bijvoorbeeld gesuggereerd dat de aantrekking het resultaat is van bottom-
up aandachtsverschuivingen naar het meest opvallende object in het visuele veld (Theeuwes, 
1991). Aan de andere kant is gesuggereerd dat waarnemers een top-down strategie voor een 
afwij-kende vorm adopteren (Bacon & Egeth, 1994). De bevindingen in Hoofdstuk 2 tonen aan 
dat  de temporele beperkingen bij de verwerking van visuele informatie een bepalende factor 
zijn in selectie door oogbewegingen. Dit betekent echter niet dat bottom-up en top-down in-
vloeden geen rol spelen. Een top-down beslissing wordt altijd gemaakt, maar is beperkt door de 
staat van bottom-up processen; deze vergaren steeds meer informatie, waardoor beslissingen 
na langere latenties gebaseerd zijn op meer informatie.
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Wat niet uit de huidige bevindingen kan worden opgemaakt is of het moment van detecte-
ren van een object de verdere verwerking van dit object beïnvloedt. Daar de detectie van een 
object vooraf gaat aan de identificatie (Nothdurft, 2002a) is het mogelijk dat de detectie van 
een object de verdere verwerking van de objecten beïnvloedt. Vervolgonderzoek zal moeten 
uitwijzen of het moment van de detectie van een object inderdaad invloed heeft op de verdere 
verwerking ervan, nog vóór de beslissing valt waar het oog heen gaat.

De Rol van Crowding

Als een militair op de uitkijk staat en zoekt naar de vijand dan is de kans dat deze opvalt 
verwaarloosbaar. De vijand zal zijn uiterste best doen juist niet op te vallen. In een dergelijk 
geval is het erg inefficiënt als oogbewegingen uitgaan naar opvallende objecten, omdat het doel 
onopvallend is. Om niet op te vallen zal de vijand proberen zo veel mogelijk op zijn omgeving  
te lijken. Het identificeren van objecten in de periferie is namelijk moeilijker als deze omringd 
worden door objecten die er op lijken, een fenomeen dat bekent staat als crowding. In Hoofd-
stuk 3 hebben we de rol van crowding in saccadische selectie tijdens het visueel zoeken onder-
zocht. De scènes die waarnemers in het dagelijks leven doorzoeken bevatten vaak meerdere 
objecten, waardoor de sterkte van crowding door de scène varieert. Recente studies zijn wel 
gericht op rommelige scènes, met veel objecten (bijv. Henderson et al., 2009), maar de relatie 
tussen de sterkte van crowding en selectie is nog onbekend. 

In vier experimenten hebben we de rol van crowding in de selectie door oogbewegingen 
tij-dens het zoeken onderzocht. Hiertoe hebben we individuele zoekelementen omgeven met 
omliggende elementen (flankers). Manipulatie van de overeenkomst tussen zoekelementen en 
flankers stelde ons in staat de sterkte van crowding over de displays te variëren. De displays 
bestonden nu uit verschillende clusters. In het geval dat het doel perifeer kon worden gedetec-
teerd waren oogbewegingen vooral gericht op gebieden waar crowding zwak was. Wanneer het 
doel echter niet perifeer kon worden gedetecteerd, sloeg deze voorkeur om naar gebieden met 
sterke crowding. Dit leidde tot kortere zoektijden voor een doel gepresenteerd in gebieden met 
sterkere crowding. Dit gaat tegen de intuïtie in, omdat het betekent dat in deze situatie het doel-
wit het snelst werd gevonden op plekken waar perifere discriminatie het meest was aangetast.

Verschillende modellen hebben met succes gebruik gemaakt van opvallendheid om selectie 
te voorspellen in natuurlijke beelden (bijv. Itti & Koch, 2000; 2001; Parkhurst, Law & Niebur, 
2002; Torrabla et al., 2006). In Hoofdstuk 3 zien we dat opvallendheid een belangrijke factor in 
selectie is wanneer het doel perifeer kan worden gedetecteerd. Daarentegen, wanneer het doel 
niet perifeer kan worden gedetecteerd als gevolg van crowding, bestaat er een voorkeur voor 
gebieden waar zich veel elementen bevinden die op het doel lijken. Deze bevindingen suggere-
ren dat flankers die op het doel lijken een dubbelrol spelen. Ze tasten de onderscheidbaarheid 
van het perifere doel aan, maar ze trekken ook een groter aantal oogbewegingen aan, omdat 
met hun aanwezigheid meer van de doeleigenschap wordt gevonden binnen het gebied. 

In de experimenten van Hoofdstuk 3 is de kans op het vinden van een doel gelijk voor de 
verschillende clustertypes. Er is dus geen reden om gebieden met meer elementen die vergelijk-
baar zijn met het doel te selecteren. Dit is echter het gevolg van het kunstmatige karakter van 
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de taak: de doellocatie is beperkt tot het centrum van een cluster. Een dergelijke beperking is 
niet gebruikelijk in het dagelijks leven: hier kan het selecteren van locaties met veel elementen 
die op het doel lijken en sterke crowding waarnemers juist in staat stellen om meer potentiële 
doelen te evalueren per fixatie. In het dagelijks leven zal de crowding echter meer variëren dan 
in onze kunstmatige displays. Vervolgonderzoek zal moeten uitwijzen of de bias naar gebieden 
met sterkere crowding ook aanwezig is bij het zoeken in onoverzichtelijke scènes uit het dage-
lijks leven.

De Rol van de Achtergrond

De omringende objecten, zoals die in Hoofdstuk 3, zijn slechts een onderdeel van wat de 
waarneming van een object beïnvloedt. Een andere belangrijke factor is de achtergrond. In 
Hoofdstuk 4 hebben we gekeken naar de rol van de achtergrond in zoektaken. Verschillende 
studies laten zien dat het contrast van objecten met de achtergrond een belangrijke rol speelt 
in de identificatie van objecten (bijv. Krauskopf & Gegenfurtner, 1992; Miyahara, Smith, & 
Pokorny, 1993). Echter, veel modellen van visueel zoeken laten de achtergrond buiten beschou-
wing. Er wordt alleen gebruik gemaakt van de eigenschappen van het doel en de afleiders. 
Beide hebben hun eigen contrasten met de achtergrond. Deze zullen verschillen daar het doel 
en de afleiders in minimaal 1 eigenschap van elkaar afwijken. Voorheen is reeds aangetoond 
dat manipulatie van de achtergrond een zoekasymmetrie kan omdraaien (Rosenholtz et al., 
2004). Voor zover wij weten ontbreekt er in de literatuur echter nog een fundamentele studie 
over de rol van de achtergrond.

In Hoofdstuk 4 hebben we in drie experimenten de eigenschappen van de achtergrond 
(luminantie, oriëntatie en spatiële frequentie) gevarieerd terwijl de eigenschappen van het doel 
en de afleiders constant werden gehouden. In het luminantie-experiment hadden het doel en 
de afleiders verschillende lichtsterktes. Het variëren van de achtergrondluminantie had een 
significant effect op de zoektijden. Zoektijden voor condities waarbij de luminantie van de 
achtergrond tussen de luminantie van het doel en die van de afleiders ligt waren altijd kort. 
Interessant was dat een achtergrond die donkerder was dan zowel doel als afleiders een sterke 
stijging in zoektijden veroorzaakte. Deze stijging was veel groter dan de stijging die het gevolg 
was van het verkleinen van het verschil tussen doel en achtergrond. Dit gold echter niet voor 
het oriëntatie en het spatiële frequentie experiment. Hier vonden we dat een klein verschil tus-
sen doel en achtergrond de langste zoektijden veroorzaakte.

Wolfe et al. (2002) suggereerden dat de grootste invloed van de achtergrond ligt in het feit 
dat deze effectieve segmentatie kan verhinderen. Het segmentatieproces kan hierdoor objecten 
afleveren die moeilijker te identificeren zijn. In hun experimenten hadden doel en afleiders 
echter een vergelijkbaar contrast met de achtergrond. De bevindingen van Hoofdstuk 4 laten 
duidelijk zien dat de rol van achtergrond niet beperkt is tot segmentatie van objecten. Zoals we 
hierboven opgemerkt hebben kan een achtergrond die donkerder is dan zowel doel als aflei-
ders het perceptuele verschil tussen deze beide drastisch aantasten en daardoor leiden tot een 
scherpe stijging in de zoektijden. 
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In het algemeen blijkt dat de rol van de achtergrond afhangt van 1) het individuele con-
trast van doel en afleiders met de achtergrond, en 2) het type contrast (luminantie, oriënta-
tie of spatiële frequentie). De huidige studie benadrukt daarmee niet alleen het belang van 
object-achtergrond contrast, maar ook van het type van het contrast. Om de invloed van de 
achtergrond in modellen te kunnen verwerken is het belangrijk in toekomstig werk aandacht 
te besteden aan de invloed van de combinatie van contrasten binnen verschillende domeinen 
op de zoektijden.

Automatisch Plannen van Scanpaden

Veel van de zoektaken beschreven in dit proefschrift vereisen, net als in het dagelijks le-
ven, meerdere fixaties om het doel te vinden. De aaneengeschakelde selectie van fixatielocaties 
vormt een sequentie, veelal scanpad genoemd. In een fixatietaak hebben Zingale en Kowler 
(1987) waarnemers gevraagd om een sequentie van saccades te maken naar verschillende loca-
ties (met een maximum van vijf). Ze vonden dat in afwachting van langere saccadesequenties 
de initiële latentie toenam. Deze langere latenties kunnen het beste worden uitgelegd aan de 
hand van modellen voor het plannen van meerdere motorische acties (bijv. Sternberg, Monsell, 
Knoll & Wright, 1978). Ondanks dit reeds lang bekende onderzoek is het niet bekend of plan-
ning ook een rol speelt binnen het saccadisch zoeken (zoeken waarvoor oogbewegingen nodig 
zijn). In Hoofdstuk 5 hebben we twee experimenten besproken die gebruik maken van gaze-
contingent displays om te onderzoeken in hoeverre scanpaden als een geheel in het saccadische 
zoeken vooruit worden gepland. 

In Experiment 1 hebben we een aangepaste versie van het experiment van McPeek, Ska-
venski en Nakayama (2000) gebruikt om te onderzoeken of saccades ook vooruit worden ge-
pland in het saccadisch zoeken. We vonden dat, om af te kunnen wijken van geplande paden, 
nieuwe informatie snel genoeg verwerkt moet kunnen worden. Als we in acht nemen dat scan-
paden vaak uit meerdere saccades bestaan, zijn de eerste twee saccades slechts een beperkt 
concept. In Experiment 2 hebben we daarom de mogelijkheid onderzocht dat ook een derde 
saccade  vooruit wordt gepland aan de hand van een nieuw cueing paradigma. Hiertoe hebben 
we displays gemaakt waarin één bepaald scanpad aantrekkelijker is dan de andere mogelijke 
scanpaden. Op deze manier waren we in staat het scanpad van participanten te voorspellen. In 
een deel van de trials werden gedurende de eerste saccade de stimuluselementen verwijderd 
van het scherm. In deze trials moesten participanten een rode cue volgen die een pad afliep. 
Deze cue bewoog of over het geplande pad, of week van dit geplande pad af op de derde oog-
beweging. Het volgen van het pad duurde langer in trials waar de cue van het pad afweek in 
vergelijking met trials waar de cue op het pad bleef. De extra tijd die vereist was om het pad te 
voltooien bleek het gevolg van twee factoren: langere inter-saccade intervallen en meer fouten 
bij het volgen van het pad. Hiermee tonen we in Experiment 2 aan dat drie saccades vooruit 
kunnen worden gepland. Voor zover ons bekend is dit de eerste demonstratie dat meer dan één 
saccade vooruit wordt gepland in het visueel zoeken.

De bevinding dat meerdere saccades tegelijk worden voorbereid heeft ook implicaties voor 
het debat over de rol van het geheugen in zoeken. Veel studies tonen aan dat participanten 
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gedurende het zoeken reeds bezochte locaties vermijden. Verschillende implementaties van 
het onderliggend geheugen zijn voorgesteld. Terwijl sommigen een intentionele geheugencom-
ponent suggereren (bijv. McCarley, Wang, Kramer, Irwin & Peterson, 2003) hebben anderen 
gesuggereerd dat inhibition of return (IOR) het onderliggende mechanisme is (bijv. Klein & 
MacInnes, 1999). De bevinding dat scanpaden vooruit worden gepland in het visueel zoeken is 
niet een tegenbewijs van deze theorieën. Echter, omdat sequenties van saccades vooruit worden 
gepland in het visueel zoeken, lijkt de waarde van speciale mechanismes die ons weerhouden 
voorgaande locaties te bezoeken beperkt. 

De voordelen van planning blijven niet beperkt tot het vermijden van reeds bezochte loca-
ties. Vooruitplannen kan ook helpen het aantal potentiële doelen voor de volgende saccade te 
verminderen. Fixaties duren langer dan de tijd die nodig is om te bepalen waar het oog in de 
eerste saccade heen gaat (bijv. Ludwig, Mildinhall & Gilchrist, 2007).  Er is tot de uitvoering 
van de saccade wel tijd over voor het verwerken van extra informatie. Daar detectiedrempels 
tijdsgebonden zijn (Geisler & Chou, 1995), biedt dit de mogelijkheid om meer elementen af te 
schrijven als potentieel doel. Door vooruit te plannen kan deze informatie naar de opvolgende 
saccade worden overgedragen.

Conclusie

We hebben vier empirische studies over de selectie door oogbewegingen in het visuele zoe-
ken gepresenteerd. In Hoofdstuk 2 hebben we laten zien dat de temporele beperkingen van 
het visuele systeem een belangrijke factor zijn binnen de selectie. Onze voorkeur voor op-
vallende objecten op de korte saccade latenties kan hierdoor verklaard worden. Hoewel veel 
toonaangevende modellen gebruik maken van opvallendheid om selectie te verklaren laten we 
in Hoofdstuk 3 zien dat opvallendheid niet altijd de oogbeweging aantrekt. Als het doel niet 
perifeer kan worden gedetecteerd als gevolg van crowding gaan oogbewegingen juist naar lo-
caties waar veel elementen op de het doel lijken en dus niet opvallen. Hoofdstuk 4 laat zien hoe 
belangrijk de achtergrond van een display is. Deze component krijgt binnen de literatuur vaak 
weinig aandacht. Hier laten wij echter zien dat manipulatie van de achtergrond de perceptuele 
verschillen tussen doel en afleiders drastisch kan verminderen en daarmee de zoektijden kan 
doen oplopen. Tot slot tonen we in Hoofdstuk 5 aan dat, hoewel het aantrekkelijk is om sac-
cades als individuele, op basis van de huidige fixatie gemaakte beslissingen te zien, er minstens 
drie vooruit gepland kunnen worden. Daarmee hebben we in dit proefschrift een aantal nieuwe 
bevindingen naar voren gebracht met onverwachte resultaten.
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Dankwoord

 
Tot slot wil ik de mensen bedanken die betrokken zijn geweest bij het tot stand komen van 

mijn proefschrift. 

Allereerst wil ik mijn begeleiders bedanken, die de afgelopen jaren veel tijd en moeite in dit 
proefschrift hebben gestoken. Mijn promotor, Frans Verstraten, ben ik naast de betrokkenheid 
bij het onderzoek, zeer dankbaar voor de vele mogelijkheden om tijdens mijn promotie mijn 
werk internationaal te presenteren. Verder ook veel dank voor de mogelijkheid om als postdoc 
verder te kunnen gaan met het werk dat ik het leukst vind. 

Mijn co-promotor en dagelijks begeleider, Ignace Hooge, ben ik dankbaar voor de vrijheid 
die ik heb gekregen om het proefschrift te maken zoals ik het wilde. Deze vrijheid is waar-
schijnlijk nog het best te typeren aan de hand van de vraag die je mij in de loop van mijn eerste 
dag stelde, namelijk: ‘Ben je er morgen ook?’. Dat nam echter onder geen beding weg dat je deur 
altijd open stond om ideeën uit te wisselen, experimenten te bespreken en stukken te lezen. Ik 
heb over de jaren veel van je geleerd.

Mijn co-promotor, Marco Wiering, verhuisde naar Groningen. Bovendien duurde het lan-
ger dan gehoopt voor ik de oogbewegingen onder de knie had. Ook al hebben we daardoor 
minder kunnen samenwerken dan verwacht, was je toch ook op afstand altijd bereid stukken 
te lezen en advies te geven, wat ik zeer heb gewaardeerd. 

Naast mijn directe begeleiders wil ik ook graag Stefan van der Stigchel bedanken, aan wie ik 
op het inhoudelijke vlak veel heb gehad. Jouw uitgebreide literatuurkennis en je bereidheid om 
tijd vrij te maken en mee te denken hebben me veel geholpen. 

Lex Wertheim wil ik graag bedanken voor de bijdrage aan Hoofdstuk 4. Op de NCU-dag 
heb je hiervoor het idee aangedragen en al snel vloeide daar het hoofdstuk uit voort. Ik hoop 
nog vaker van de interessante ideeën, waarvan je er zo veel hebt, gebruik te mogen maken.

Daarnaast wil ik een aantal mensen bedanken die mij de afgelopen jaren hebben geholpen 
en voor veel gezelligheid hebben gezorgd. Zo staat er denk ik geen studie in dit proefschrift 
waarvoor Stijn Massar niet een keer als proefpersoon heeft gezeten. Sterker nog, je hebt ook 
nog in heel wat pilots gezeten die dit proefschrift niet hebben gehaald. Ik ben je erg dankbaar 
voor je hulp. Daarnaast ben ik je minstens zo dankbaar dat ik veel van de maaltijden in de 
deprimerende kantine niet in mijn eentje hoefde te nuttigen, maar samen onder het genot van 
een gezellig biertje. Sjoerd Stuit wil ik ook graag bedanken. Je bereidheid om mee te denken 
en mee te doen aan veel pilots was zeer nuttig; vooruit dan maar: awesomeness. En natuurlijk 
Mandarijntje Struiksma. We hebben het samen toch vier jaar uitgehouden op 1 kamer. Zonder 
echt naar elkaar te luisteren hebben we elkaar toch steun kunnen geven. ;-) Ik kan me geen 
prettiger kamergenoot voorstellen.
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De afgelopen jaren heb ik het erg naar mijn zin gehad op de 17e, of het nu om de gezellige 
vrijdagmiddagborrel ging, of om de mensen die bereid waren mij met mijn werk te helpen. In 
de hoop dat ik niet te veel mensen vergeet is dit mede mogelijk gemaakt door: Hiske Berend-
sen, Neeltje Kant, Loes Koelewijn, Saskia van Nieuwenhuizen, Mijke Hartendorp (nog extra 
dank voor Hoofdstuk 4), Wietske Zuiderbaan (pizza?), Sarah Plukaard, Valentina Rossi, Suzan 
Nouwens (ook voor het delen van je Paint Shop Pro expertise in de Coffee Company), Carlijn 
van den Boomen (zeker ook voor je bereidheid om proefpersoon te zijn), Branka Milivojevic, 
Tanja Nijboer, Katinka van der Kooij, Jeroen Benjamins, Haike van Stralen (natuurlijk ook 
voor de ultieme tip), Rudmer Menger, Esther Eijlers, Ben Harvey, Franco Delogu, Rick van 
den Toorn, Maartje de Jong, Ivo Heitland, Floris Klumpers, Linda Schoo, Alyanne de Haan 
(met extra dank voor de InDesign hulp), Anouk Keizer, Siarhei Uzunbajakau, Maarten van der 
Smagt, Chris Paffen, Suzan te Pas, Stella Donker, Anne-Marieke Meij, Hinze Hogendoorn en 
Serge Dumoulin.

Voor de logistieke hulp over de jaren wil ik Veronica Maassen, Ans Hörchner-Driehuis, Ilse 
Ritsma en Renée Zijlstra graag bedanken. Vooral ook voor de extra herinnerings-mailtjes die 
nog wel eens nodig waren voor alles wat ik vergat.

Naast de mensen op het werk, heb ik de afgelopen jaren veel steun gehad aan goede vrien-
den. Ik wil me hier beperken tot het noemen van hen die het meeste van mijn gesteun, geklaag 
en gejammer aan hebben moeten horen. Arian en Nina, onderweg van de Uithof naar huis 
was het fijn een vaste stop te hebben waar je kunt relaxen, eten en een potje pes spelen. Al die 
jaren heb ik erg veel aan jullie gehad, thnx! Harm, op de Uithof koffie drinken en gezamenlijk 
de beperkte voortgang bespreken van onze projecten of een keer een presentatie oefenen, het 
heeft me veel geholpen. Aan Fedor beloof ik nu plechtig dat ik mijn best ga doen om de slechte 
verhalen over mijn promotie in te ruilen voor hulp aan de boot! And finally, when 24-hour cy-
cles are not your thing it’s always nice when there is someone left to discuss your day with over 
a beer at 4 am. Krzysztof, I do believe I owe you a couple of beers. 

Als laatste wil ik zeker nog mijn familie bedanken. Het is niet alleen prettig om een familie 
te hebben die je mentaal steunt, maar ook wel heel fijn dat je familie gerust nog even je stukken 
naleest. Abstracts, papers, of zelfs het hele proefschrift, en dat niet maar één keer. Bedankt voor 
alle steun en support!
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Curriculum Vitae

Jelmer Philip de Vries werd geboren op 26 november 1980 te ‘s-Gravenhage. In 2000 behaalde 
hij zijn VWO diploma aan de Scholengemeenschap Dalton Voorburg. In datzelfde jaar is hij 
Technische Kunstmatige Intelligentie gaan studeren aan de Universiteit Utrecht. Het studiejaar 
2005-2006 bracht hij door aan de University of Florida (VS). In 2006 behaalde hij in Utrecht 
zijn doctoraal informatica met een specialisatie in Agents and Knowledge Technology.
Na het behalen van zijn bul begon hij in 2007 aan zijn promotieonderzoek naar oogbewegingen 
binnen het visueel zoeken bij Prof. dr. Frans Verstraten en co-promotoren dr. Ignace Hooge en 
dr. Marco Wiering.
Momenteel werkt Jelmer als postdoc aan de Universiteit Utrecht en doet nader onderzoek naar 
oogbewegingen binnen het visueel zoeken.








