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Vision has its roots in a very simple thing: a ray of light. Light is filtered through 
the lens and pupil of our eye and lands on the retina, located in the back of the 
eyeball. This light is absorbed by pigment molecules in the receptor cells of the 
retina, causing the retinal part of the visual pigment molecules to change in 
shape and separate from the main molecule. This chemical reaction, in turn, 
may ultimately create an electrical signal that travels down a series of neurons 
to the early visual areas. These humble beginnings lead to one of the most 
complex, yet seemingly effortless, aspects of our daily life: seeing. 

The retina is made up of hundreds of thousands of cells that react to light in 
this humble way; rods, which are important to see under dim lighting 
conditions, and cones, which determine our ability to see details and colour. 
The retina is organized in such a way that the highest concentration of these 
latter receptors is located in the center, called the fovea. Moving away from 
this center point, the number and concentration of cones diminishes. The 
higher density of cones in the fovea means that this region can transmit much 
more detailed information about the visual world for processing in the brain. 
Accordingly, we have evolved a system of muscles used to move our eyes such 
that more detailed inspection of the world can be rapidly and easily 
accomplished. Oculomotor control, deciding where and when to move your 
eyes, is thus a consequence of the architecture of the retina.  

1.1  Oculomotor Control 

Under normal circumstances, as we go about our daily activities, our eyes 
move approximately three times a second. In between these saccades are 
short periods of (relative) rest, called fixations. Fixations last roughly 150-350 
ms (see Figure 1.1) and it is during these periods that most information about 
the visual world is gathered. The function of a saccade is to relocate our high-
resolution fovea so that we can collect detailed information from different 
regions in our visual field to accomplish various visual tasks. Whether this is to 
find your missing keys, track approaching cars or pedestrians or simply to enjoy 
a movie or piece of art, it is the interplay between saccades and fixations that 
allows detailed spatial information about our environment to be obtained.  
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Figure 1.1: Fixation durations collected across several experiments conducted 
during the research for this thesis. Fixation durations faster than 80 ms and 
slower than 700 ms were removed.  

Fixations and saccades, or eye movements, are closely linked to attention. 
Attention is the covert selection process by which we prioritize some visual 
information over other information. Eye movements are an overt behavioural 
manifestation of attentional selection. Even though a shift of attention can be 
observed in the absence of an eye movement, there is much evidence 
suggesting that an eye movement is necessarily preceded by a shift of 
attention (Deubel & Schneider, 1996; Findlay, 2004; Findlay & Gilchrist, 1998). 
For example, target detection accuracy (indicating the allocation of attention) 
is highest when the location of the target coincides with the end-point of an 
eye movement. Conversely, when observers are asked to make an eye 
movement to one location while detecting a target at another location 
performance suffers (Deubel & Schneider, 1996; Hoffman & Subramaniam, 
1995). Thus there exists an obligatory coupling between eye movements and 
attention such that an eye movement towards a target is necessarily preceded 
by a shift of attention towards that target. This obligatory coupling has also 
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been observed in cases where the eye movement was unintentional (Peterson, 
Kramer, & Irwin, 2004) and for several consecutive planned eye movements 
(Godijn & Theeuwes, 2003; Van der Stigchel & Theeuwes, 2005). Since making 
an eye movement is very tightly linked to shifting attention, it is clear that eye 
movements are a key window into the attentional system. It is then critical to 
understand oculomotor control as this provides insight into how attentional 
selection is controlled. 

Oculomotor control is the process that determines where (and when) to look 
next. One key question in this field (and in this thesis) is what determines 
where we look? One way to answer this question is to simply say “we look 
where we want or need to look.” What does this simple statement actually 
entail? How does our visual system know where we ‘want’ to look and what 
does it mean when we ‘need’ to look somewhere?  

If we break this statement down a little further, it is actually quite a complex 
problem. On the one hand, vision is an active system; we use it to help us 
accomplish our goals, such as finding our keys or parallel parking. On the other 
hand, vision is a reactive system; it reacts to highly distinct or sudden events in 
our environment, such as a pedestrian wearing a red dress or a ball aimed at 
our heads.  

These two key ideas – vision as active or reactive – have been at the heart of 
many past and current theories of attentional and oculomotor selection. 
According to a top-down view, vision is perceived as an active process. In this 
view, the eyes are thought to be controlled by cognitive factors such as the 
current goal or task and attentional and oculomotor selection is considered to 
be made endogenously or volitionally (e.g., Bacon & Egeth, 1994; Folk, 
Remington, & Johnston, 1992; Foulsham & Underwood, 2007; Henderson, 
Malcolm, & Schandl, 2009). A bottom-up view assumes vision to be a reactive 
process. Here attentional and oculomotor selection is thought to be stimulus- 
or salience-driven and thus controlled by the properties of the environment, 
such as an extremely bright light in an otherwise dim room that captures 
attention (and the eyes) exogenously or automatically (e.g., Itti & Koch, 2000, 
2001; Itti, Koch, & Niebur, 1998; Koch & Ullman, 1985; Parkhurst, Law, & 
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Niebur, 2002; Theeuwes, 1991; Theeuwes, Kramer, Hahn, & Irwin, 1998; Yantis 
& Jonides, 1990). The question of which component – cognitive factors or 
salience  – is more powerful in determining where we look forms the basis of a 
very large body of work and has been the topic of intense theoretical debate 
for years (e.g., Henderson, 2003; Tatler, Hayhoe, Land, & Ballard, 2011; 
Theeuwes et al., 1998; van Zoest, Donk, & Theeuwes, 2004).  

1.2 Eye movements in natural scenes 

Before debating whether top-down or bottom-up theories best account for 
oculomotor control, it is useful to define, for the purposes of this thesis, what 
exactly we are looking at. This thesis is primarily concerned with natural 
scenes, and thus discussion of these two accounts will be predominantly 
framed in the context of natural scenes. Natural scenes are a complex, yet 
semantically coherent, collection of objects, surfaces and backgrounds that 
represent a real-world environment. They are often photographs (used 
exclusively in the work presented here) of real places, both natural and man-
made, including interiors, exteriors, parks and landscapes. Normally, and likely 
the case with many of the scenes used in the present work, natural scenes can 
be recognized (and often named) almost instantly (e.g., Greene & Oliva, 2009a; 
Schyns & Oliva, 1994).  

Natural scenes are important for studying oculomotor control by virtue of their 
complexity. Although much progress has been made with more basic stimuli 
(Donk & van Zoest, 2008; Hunt, von Mühlenen, & Kingstone, 2007; Siebold, 
Van Zoest, & Donk, 2011; Silvis & Donk, 2014; van Zoest & Donk, 2004, 2005; 
Van Zoest & Donk, 2006; van Zoest & Donk, 2010; van Zoest et al., 2004) the 
complexity of natural scenes is much closer to that of the real world. In 
addition, because of the complexity of natural scenes, the behaviours 
associated with them (eye movements) are more complex than when using 
more simplistic stimuli (e.g., Tatler, Baddeley, & Vincent, 2006; Tatler & 
Vincent, 2008). Understanding how the eyes are controlled in these more 
complex situations allows us to get a better sense of how the visual and 
attentional system deals with such complexity.  
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1.2.1. Quantifying Natural Scenes 
One of the goals of this thesis is to bridge the gap between research using 
simple displays and more complex displays. Do the same principles that hold 
for simple stimulus sets also hold for more complex ones? Answering 
questions like this allows us to apply the principles gained from more basic 
low-level research to more realistic situations. 

The principles that hold for simple displays are often derived in a context in 
which there is complete transparency concerning task goals and stimulus 
properties. For instance van Zoest and Donk (2005) had observers make a 
single eye movement to a right-tilted line which was simultaneously presented 
with a left-tilted line and multiple vertical lines (see Figure 1.2).  

 

Figure 1.2: Example trial types in a well-controlled, visual search display. 
Adapted from van Zoest and Donk (2005). 

In some conditions either the right-tilted or the left-tilted line was uniquely 
coloured. The displays used in van Zoest and Donk (2005) were very simple and 
allowed the formulation of straightforward predictions derived from top-down 
and bottom-up theories. That is, if on the one hand oculomotor selection is 
under top-down control, observers should be able to make an eye movement 
to the right-tilted line without being distracted by the presence of a distinctly 
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coloured other line. If on the other hand, selection is under bottom-up control, 
eye movements should be primarily directed towards the most distinct line 
(the uniquely coloured line), regardless of whether it was the target or not. The 
results showed that initial eye movements were preferably directed towards 
the distinctly coloured line, irrespective of whether it was the target or not, 
suggesting that oculomotor control is largely stimulus-driven. Yet, it is 
important to note that the stimuli used in van Zoest and Donk (2005) are 
unlikely to be encountered in the real-world. In contrast to real-world pictures, 
the stimulus displays used by van Zoest and Donk (2005) were very abstract, 
homogeneous and lacked any meaning. It is therefore questionable whether 
eye movement control operates in a similar fashion in the real world. In fact, it 
is very difficult to determine exactly how eye movements are controlled in 
real-world pictures.  

Consider for instance the picture presented at the top of Figure 1.3. If an 
observer had the task to make an eye movement to the lighthouse and she 
made instead an eye movement to the tree depicted in the center of the 
picture, would that eye movement then have been controlled in a top-down 
fashion (because the observer intended to make an eye movement towards 
something that looks tall) or a bottom-up manner (because the tree was 
relatively distinct in its surroundings)? To address questions like these, rather 
than controlling the stimulus set, research on selection behaviour in natural 
scenes typically quantifies existing stimuli. 

Critical to this approach is the concept of a salience map (e.g., Itti & Koch, 
2001; Itti et al., 1998) which provides a quantification of the relative 
distinctiveness or salience of locations across an image relative to their 
surroundings (see Figure 1.3). Though the specific details vary, a salience map 
represents the relative conspicuity of image features in the scene, such as 
orientation, luminance, and colour. Regions that are highly distinct in these 
properties have higher salience values (white in Figure 1.3), while regions that 
are more uniform along these values have lower salience values (black in 
Figure 1.3). Thus even though natural images cannot be controlled as well as 
computer-generated simple displays, they can at least be quantified in terms 
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of how distinct or salient the different parts of the image are. This possibility 
does not only allow the contents of different images to be categorized along 
one single dimension (i.e., salience) but also offers a means to test bottom-up 
and top-down theories of visual selection in real-world images.  

If visual selection is stimulus-driven, the eyes are expected to be directed to 
those locations that correspond to the regions in the map with the highest 
salience values. If selection control is top-down, eye movements are not 
expected to be necessarily directed to the most salient regions but rather to 
those regions that are, for example, goal-relevant (e.g., Einhäuser, Rutishauser, 
& Koch, 2008), similar to the target (e.g., Zelinsky, 2008) or that correspond to 
meaningful objects (e.g., Henderson et al., 2009; Nuthmann & Henderson, 
2010). 

Thus, if observers fixated the tree beside the lighthouse, this may be 
considered unlikely given that the salience of the region corresponding to that 
tree is a dark region in the salience map of Figure 1.3. Accordingly, selection of 
the tree might have been goal-driven rather than salience-driven because the 
tree is a tall object like the lighthouse. 

Even though the use of a salience map like that in Figure 1.3 helps to clarify 
alternative predictions with respect to natural images, it is still not always clear 
how an eye movement is controlled in a natural scene. In particular, the 
selection of a salient location might not have been necessarily driven by 
salience but could have also been the result of intentional goal-driven selection 
processes which potentially play a much larger role in the viewing of natural 
meaningful images than in simple displays. For example, a look to the red roof 
of the building next to the lighthouse in Figure 1.3 could have occurred 
because it was a building similar to the target (top-down) or because it is in a 
highly salient region (bottom-up). As outlined further in this thesis, studying 
visual selection in natural images is highly challenging not in the least due to 
the inherent lack of control over the stimulus material.  
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Figure 1.3: Example salience map from an image adapted from the Saliency 
Toolbox (Walther & Koch, 2006). Top: the image provides input to the model. 
Middle: filtering extracts variations in colour, intensity and orientation. 
Bottom: each feature channel is summed to produce the salience map. 

1.2.2. General characteristics of eye movements in natural scenes 
The eye movements of observers when they look at natural scenes have 
several typical characteristics. In this section I will briefly outline some of the 
measures that can be extracted from eye movements in natural scenes and 
describe some of the stereotypical patterns of eye movement behaviour in 
natural scenes.  
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One common measure of fixation behaviour is saccade latency, which is the 
duration between the onset of the scene and the initiation of a saccade to a 
new location. This measure generally provides a way to study initial scene 
perception. A short saccade latency represents an immediate response to the 
scene onset and can provide insights into early processing of the visual scene. 
In the work presented in this thesis, short-latency saccades are often 
compared to long-latency saccades. Another common measure is fixation 
duration, which is the time spent fixating between saccades. This is generally 
taken as a measure of cognitive processing, where long-duration saccades 
indicate that a particular region is being extensively processed (Henderson, 
2003). A final measure used in the work presented here is saccade amplitude, 
which is the size of the saccade preceding the current fixation. Small or large-
amplitude saccades typically provide a measure of the extent to which 
information in the periphery is processed (e.g., Võ & Henderson, 2010). 
Systematic relationships between these types of measures have been found 
when viewing natural scenes. For example, there is evidence that after a large 
saccade amplitude (6-7 degrees visual angle), the fixation following tends to 
have a longer duration and subsequent saccade amplitudes tend to be smaller 
(Tatler & Vincent, 2008). This is taken for evidence that, generally, observers 
have consistent periods of local scanning separated by a large transition to a 
new scene region.  

A more global property of scene viewing is the finding that fixations tend to 
cluster toward the middle of the scene, and by extension, the middle of the 
screen used to present it (Tatler, 2007). This occurs regardless of image 
content, image feature distributions, or the participants’ task. Some estimates 
suggest that roughly 34-56% of eye movements can be accounted for by this 
bias to fixate the screen center (Vincent, Baddeley, Correani, Troscianko, & 
Leonards, 2009). The middle of the screen is likely an optimal viewing position 
from which to survey the scene. This is corroborated by evidence that the 
central bias mostly occurs early on in scene viewing, where the initial saccade 
almost always moves toward the center of the scene (Tatler, 2007).  
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The consequence of this bias is that it can affect measures such as feature 
contrast at fixation. Feature contrast at fixation is one of a group of measures 
where low-level image characteristics are calculated from around the actual 
locations that observers fixate in a scene (e.g., Anderson, Ort, Kruijne, Meeter, 
& Donk, 2015; Einhäuser, Rutishauser, et al., 2008; Foulsham & Underwood, 
2008; Tatler, Baddeley, & Gilchrist, 2005). For example, Tatler, Baddeley and 
Gilchrist (2005) recorded eye movements from observers viewing natural 
scenes. They showed that fixated locations of a scene were higher in contrast 
and edge-content and were more likely to consist of high-frequency 
information in comparison to non-fixated regions of a scene. One of the main 
problems with such measures is how to select ‘non-fixated’ regions. They can 
be selected randomly; however images are not uniform in their statistics, 
where generally the center of an image is higher in feature contrast than the 
edges (Torralba & Oliva, 2003). As the central bias means that a large 
proportion of fixations in scenes are already biased to land in the center, this 
confound must be addressed when comparing image properties at fixation to 
those at non-fixated regions. A conservative solution is to select non-fixated 
locations in a pseudo-random manner. Tatler and colleagues (2005) employed 
a very conservative baseline measure, one very similar to that used in Chapter 
2 of this thesis. In this method, non-fixated regions are chosen randomly from 
the distribution of all fixation locations of an observer that occurred in other 
images. For example, the second ‘non-fixated’ location in an image was chosen 
from an observers’ second fixation location of another image (see Tatler et al., 
2005, p. 651). Consequently, this technique also accounts for any stereotypical 
within-participant eye movement biases.  

1.3 Eye movement control in natural scenes 

The desire to understand how observers control their eyes in natural scenes is 
not a new one. In 1935, Buswell took pictures of people’s eyes as they looked 
at various pictures of different styles of paintings, objects and figures. He 
found that the patterns and durations of people’s eye movements varied 
depending on the instructions they were given, their training in art and how 
long they looked at the pictures (Buswell, 1935). Later, Yarbus (1967) 
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developed some of the first eye-tracking technology using suction cups that 
attached to the eyes. Not only could this device track eye movements reliably, 
it could also be used to stabilize the retinal image, which at the time, was his 
principle concern (see Tatler, Wade, Kwan, Findlay, & Velichkovsky, 2010). In 
the final chapter of his work, Yarbus (1967) focused on how people look at 
paintings. Most notably, he had an observer view Ilya Repin’s The Unexpected 
Visitor seven times, each time with a different instruction (for example, to 
make a judgement about the scene, to remember it for later or to simply look 
at it freely). He found that changing these instructions, and thus the goal of the 
observer, markedly changed his viewing pattern. Since these early 
experiments, technology has dramatically improved and it is now possible to 
seamlessly record, with very high fidelity, the eye movements of observers as 
they look at complex natural scenes.  

When you ask someone the question “why do you look where you do in a 
picture” often the answer is along the lines of “well, it depends on what I’m 
doing.” For example, if you’re looking for your keys, you’d look where they’re 
likely to be or at similar objects. In this scenario, you are looking in regions 
where they may logically be (on plausible surfaces such as a coffee table rather 
than on the ceiling) or you may look at objects with similar features to your 
keys (a small figurine that is the same size and shape of your Lego Pirate 
keychain). Both types of selection are goal-driven. In the first case you target 
areas using the context of the visual environment (e.g., Brockmole & 
Henderson, 2006a; Rothkopf, Ballard, & Hayhoe, 2007; Torralba, Oliva, 
Castelhano, & Henderson, 2006) and in the second case you target areas 
showing categorical or feature similarity (Schmidt & Zelinsky, 2009; Zelinsky, 
2008). Both types of targeting are considered goal-driven or ‘top-down’, and 
therefore most likely reported. Yet, as shown in research using simple displays, 
eye movements might also be driven in a bottom-up fashion by the presence 
of distinct locations. While searching for your keys, the blinking light on your 
answering machine might capture your gaze even though it might not be 
located on the coffee table and does not show any similarity to your keys.  
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These two concepts, whether eye movement control is ‘top-down’ or ‘bottom-
up,’ is at the heart of an intense theoretical debate that has been going on for 
years (e.g., Henderson et al., 2009; Theeuwes et al., 1998; van Zoest et al., 
2004). While these two approaches are largely contrasted in the literature, the 
answer to the question of why we look where we do is almost definitely a 
combination of the two. Indeed, this forms the backbone of this thesis. Below, 
I review evidence for top-down and bottom-up control of eye movement 
behaviour in natural scenes and will then conclude with the outline of a unique 
perspective based on the work presented in this thesis. 

1.3.1. The case for top-down control of eye movements in natural scenes 
Evidence for top-down control of eye movements in natural scenes 
accumulates not only from our own personal experiences and reasoning about 
scenes (of course I’m not going to look for my keys on the ceiling), but from 
the earliest natural scene viewing research (Buswell, 1935; Yarbus, 1967), and 
more recently from literature on rapid scene perception (e.g., Greene & Oliva, 
2009a, 2009b; Larson, Freeman, Ringer, & Loschky, 2014; Oliva, 2005; Wu, 
Wang, & Pomplun, 2014a), contextual learning effects on target search in 
scenes (e.g., Brockmole & Henderson, 2006a, 2006b; Chun & Jiang, 1998), 
semantic consistency between scenes and objects (e.g., Becker, Pashler, & 
Lubin, 2007; Loftus & Mackworth, 1978; Underwood & Foulsham, 2006; Võ & 
Henderson, 2009) and task effects on eye movement control in scenes (e.g., 
Einhäuser, Rutishauser, et al., 2008; Foulsham & Underwood, 2007).  

It is important to note that in contrast to simple displays, a natural scene 
picture has a global meaning called gist which can be extracted within the 
earliest milliseconds of scene viewing (Oliva, 2005; Potter, 1975, 1976). For 
example, within 50-250 ms an observer can recognize whether a scene is a 
street or building, get a sense of its spatial layout, meaning and remember a 
few objects and where they were located (e.g., Fei-Fei, Iyer, Koch, & Perona, 
2007; Greene & Oliva, 2009a; Joubert, Rousselet, Fize, & Fabre-Thorpe, 2007; 
Potter, 1976; Schyns & Oliva, 1994; Thorpe, Fize, & Marlot, 1996). In a 
psychophysical study, Greene and Oliva (2009b) examined image exposure 
thresholds necessary for basic-level (e.g., whether a scene is an ocean or 
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forest) and global-property classification (the functional and spatial aspects of 
a scene such as whether it is hot or can be traversed). Threshold viewing times 
for classifying basic and global image categories were determined based on a 
staircase method where an image was presented from 50 to 200 ms in 10 ms 
intervals, followed by a series of mask images. 75% correct classification was 
achieved for global-level classifications at shorter presentation times than 
basic-level categorization. For example, a mere 19 ms was enough to correctly 
establish whether a scene was natural or manmade. Global property 
classification thresholds ranged from 19-47 ms while basic-level categorization 
thresholds ranged from 30-67 ms. Thus, very early in scene viewing, a great 
deal about a scene’s structure, its layout and its meaning can be quickly 
gleaned.  

It has been demonstrated that scene gist can be used to guide eye movements 
during a search task. For example, Võ and Henderson (2010) presented 
participants with a search target, then a brief scene preview followed by a 
blank screen to allow participants the time to integrate the search target and 
scene preview information. Participants then searched for the target through a 
small gaze-contingent window that revealed a small portion of the scene 
behind it as participants moved their eyes. Using this paradigm, they found 
that a preview as short as 75 ms was enough to shorten search times. In 
addition, when the scene-target integration time was increased, even a 50 ms 
preview was enough to provide a search benefit. Providing a scene preview 
also shortened the initial saccade latency and increased the amplitude of the 
first saccade into the image, suggesting that information provided from the 
preview was used to plan the first eye movement (even after a long blank 
screen intervened). This suggests that the initial scene preview not only 
provided scene gist, but actively influenced early gaze behaviour and guided 
gaze in the search task.  

The scene gist provides critical information about the scene, including its 
spatial layout. Spatial layout, or the relative spatial relationship among objects 
in a scene, is relatively constant. This in turn provides constraints on object 
locations and facilitates search. For example, by knowing the location of the 

513738-bw-Anderson.indd   22 08-09-17   15:01



513738-L-bw-Anderson513738-L-bw-Anderson513738-L-bw-Anderson513738-L-bw-Anderson
Processed on: 25-9-2017Processed on: 25-9-2017Processed on: 25-9-2017Processed on: 25-9-2017 PDF page: 23PDF page: 23PDF page: 23PDF page: 23

23 
 

table by the door, I can quickly deduce the location of my keys. This sort of 
contextual cuing has long been known to aid visual search in more simple 
displays. In the classic example (Chun & Jiang, 1998), a series of displays with 
rotated L’s (distractors) and a rotated T (target) was created such that most of 
the displays were randomly generated novel arrangements of letters, while a 
few of the displays were constant (locations of the L’s and the target were 
fixed). In the repeated displays, the locations of the L’s entirely predicted the 
location of the target. Over the course of the experiment, search times in these 
repeated trials became faster, suggesting that the global context guided visual 
attention. Interestingly, when participants were then asked to discriminate 
between repeated and novel trials, their performance was at chance, 
suggesting that the memory of the global context created by the repetition of 
search displays was implicit (Chun & Jiang, 1998).  

More recently, the idea that contextual cues can influence visual search has 
been confirmed in natural scenes (Brockmole & Henderson, 2006a, 2006b). In 
a series of experiments, Brockmole & Henderson (2006b) presented 
participants with natural scenes containing a small letter hidden within them. 
When a small proportion of scene and target locations were repeated, 
participants found the target significantly faster. In contrast to work using 
more basic, nonsense displays (L’s and T’s), in a subsequent memory test 
participants were quite accurate in pointing out the location of previous 
targets in the repeated scenes and explicitly aware of scene-target 
relationships. The authors suspected that the semantic information (and 
spatial layout) was facilitating contextual cueing. In order to determine 
whether this was the case, a follow-up experiment was conducted in which the 
novel and repeated scenes were inverted in order to hamper correct 
identification of the scene and its layout. Scene inversion effectively reduced 
the rate of learning substantially: learning of the context-target associations 
took twice as many repetitions as normal scenes, suggesting that the ability to 
quickly extract semantic information from scenes, at least in part, influences 
the memory for scene-target associations that underlie contextual cueing 
(Brockmole & Henderson, 2006b).  
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Contextual cueing of target locations by natural scenes has also been extended 
to the domain of eye movements (Brockmole & Henderson, 2006a). Brockmole 
and Henderson (2006a) presented participants with unmanipulated consistent 
scene-target pairings mixed with novel scenes so that they could learn which 
specific scenes corresponded with which target location. In a second phase, 
the learned scenes were mirror reversed, changing the scene’s spatial layout 
but not its identity. The question was how search might transfer to these new 
rearranged scenes. If the scene-target relationship is encoded solely based on 
the basic-level category of the scene, then search should commence in the 
same way as at the end of the learning phase and move toward where the 
target would be in the non-mirrored image. Indeed, participants immediately 
looked to where the target would be in the non-mirrored image, but then 
immediately recognized that the scene was mirrored and looked to the new 
target location. The authors suggest that this fast orientation toward the old 
target position followed by a rapid correction indicates a two phase 
recognition process. First, the identity of the scene is recognized without 
reference to the specific spatial layout or any visual features causing a 
reflexive, learned response to the old location of the target. Second, more 
specific recognition of visual features or objects leads to a realization of the 
mirror reversal, which then guides the eyes immediately to the new target 
location. The first is meant to be based on a more high-level representation of 
the scene, the second on more low-level visual features (Brockmole & 
Henderson, 2006a p. 1186).  

In addition to contextual influences on eye movements in natural scene 
viewing, there is evidence that scene semantics and syntax have an influence 
on eye movement behaviour. In simple line drawings, it has been shown that, 
for example, an octopus in a farmer’s field attracted gaze earlier than a similar-
sized tracker (Loftus & Mackworth, 1978; but see De Graef, Christiaens, & 
d’Ydewalle, 1990 for a failure to replicate). More recently, Vo and Henderson 
(2009) introduced syntactic (floating objects) and semantic (a printer in a 
kitchen) scene-object inconsistencies and presented them to participants. They 
found that while detection of the inconsistent object was not immediate, once 
located, the number of fixations and the fixation durations on the inconsistent 
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objects increased relative to consistent scene-object pairs. In addition, it 
appeared that this effect was stronger for semantic compared to syntactic 
inconsistencies.  

While there is an intuitive notion that eye movements tend to target objects in 
scenes (Buswell, 1935; Henderson, 2003), this has only recently been explicitly 
investigated (Einhäuser, Spain, & Perona, 2008; Foulsham & Kingstone, 2013; 
Nuthmann & Henderson, 2010; Pajak & Nuthmann, 2013; Stoll, Thrun, 
Nuthmann, & Einhäuser, 2015). Nuthmann and Henderson (2010) recorded the 
eye movements of observers while they performed a search task, a preference 
rating task and a memorization task for natural scenes. When a fixation landed 
on an object, the distribution of where on the object that fixation landed was 
assessed. The authors showed a remarkable tendency for eye movements to 
land within the center of an object (Nuthmann & Henderson, 2010). The 
preferred viewing location (PVL) for objects has since been replicated and 
extended by Foulsham and Kingstone (2013), who showed that when 
observers do fixate the center of an object (compared to the objects’ edge), 
they are faster to report the objects’ identity, suggesting a functional role for 
the PVL. This PVL mirrors work on reading, where the eyes tend to land near 
the center of words (Rayner, 1979). In the reading literature, the PVL for words 
suggests that reading is word-based, by extension, the PVL for objects suggests 
that eye movement behaviour in natural scenes is object-based (Nuthmann & 
Henderson, 2010). 

A crucial finding in the Vo and Henderson (2009) work on scene-object 
consistency was a failure to replicate a hotly debated finding in previous work, 
specifically, that semantic inconsistencies can be detected almost immediately 
(on the first fixation) in a scene (e.g., Becker et al., 2007; Loftus & Mackworth, 
1978; Underwood, Templeman, Lamming, & Foulsham, 2008). Such a finding is 
theoretically important as it would suggest that semantic information 
regarding an object can be detected in the periphery. Along with others (De 
Graef et al., 1990; Gareze & Findlay, 2007; Henderson, Weeks Jr, & 
Hollingworth, 1999), Vo and Henderson (2009) found no evidence that 
semantic or syntactic inconsistencies were detected immediately upon scene 
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presentation, and importantly, no evidence of extrafoveal detection of 
inconsistencies. The resolution of this debate could resolve the theoretically 
important question of whether objects can be identified (semantically) in the 
periphery.  

One of the strongest and most intuitive indications that eye movements may 
be governed by top-down, knowledge structures, is evidence from how 
viewing behaviour changes when our task goals change (e.g., Buswell, 1935; 
Einhäuser, Rutishauser, et al., 2008; Henderson et al., 2009; Mills, 
Hollingworth, Van der Stigchel, Hoffman, & Dodd, 2011; Rothkopf et al., 2007). 
There are many examples of the finding that some measure of eye movement 
behaviour changes when the task changes. Many researchers (e.g., Henderson, 
Brockmole, Castelhano, & Mack, 2007; Stirk & Underwood, 2007; Underwood, 
Foulsham, van Loon, Humphreys, & Bloyce, 2006) have shown that giving an 
observer a visual search task lessens their reliance on low-level image cues. For 
example, Foulsham and Underwood (2007) showed participants a series of 
scenes with objects that had known rankings based on a salience-map model. 
When participants were asked to memorize the scenes for a later test, they 
fixated the objects based on their salience rank. However, when participants 
were given a visual search task, the salience ranking had no effect on the order 
in which the objects were fixated (Foulsham & Underwood, 2007).  

Taken together, there is a great deal of evidence to suggest that eye 
movements in natural scenes are governed by top-down, cognitive knowledge 
structures. When an observer looks at a natural scene, a large amount of 
semantic, structural and contextual information is almost instantly known. 
Such information can guide eye movements toward a target, decrease search 
times and influence object viewing behaviour. Additionally, the emerging idea 
that eye movements in natural scenes are object-based, implies that semantic 
knowledge of objects is key in guiding attention. While this evidence seems 
intuitive and almost overwhelming, there is a key component that is missing in 
our understanding of eye guidance in natural scenes. This key component is 
the stimulus itself which forms the basis for bottom-up control.  
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1.3.2. The case for bottom-up control of eye movements in natural scenes 
The root of bottom-up control is the idea that our eyes target regions that are 
visually distinct from their surroundings in a reflexive or automatic manner. For 
example, you will likely automatically look at a ball that is flying toward your 
head because your attention has been ‘captured’ by the highly salient motion 
signal (e.g., Itti & Koch, 2000; Theeuwes et al., 1998).  

To study the influence of salience on eye movements in natural scenes, 
researchers have either used non-manipulated or manipulated images. 
Researchers using non-manipulated images generally present observers with a 
set of original images and measure the actual fixation locations of participants 
in those images. This pattern of eye movements is then related to the activity 
patterns observed in the salience maps corresponding to those images. 
Researchers who directly manipulate (regions of) an image, often aim to 
constrain certain low-level visual features in order to more directly investigate 
the presence of any causal relationship between salience and eye movements. 
In this section I will review both types of studies, after providing an overview of 
the influential salience map model (Itti et al., 1998; Koch & Ullman, 1985).  

It is not surprising that the concept of the salience map (see paragraph 1.2.1) 
has its origins in the bottom-up view emphasizing the relevance of the stimulus 
as being the driving force behind selection. The computations underlying the 
construction of a salience map rely heavily on the feature integration theory 
(Treisman & Gelade, 1980). Feature integration theory assumes that visual 
information processing occurs in two distinct stages. In the first, preattentive 
stage, basic stimulus features such as “red” or “horizontal” are processed 
rapidly, automatically, and in parallel across the visual field. Each distinct 
feature is coded in a separate feature map. The second, attentive stage is 
where attention comes into play. Attention is required to combine the 
individual feature maps into a coherent percept of, for example, an object. This 
second stage presumably operates in serial, rather than in parallel, and takes 
more time than the preattentive stage. Evidence for this theory comes from 
visual search experiments, where, for example, a red T among green L’s would 
pop-out, while a red T among red L’s requires serial search to find. In the latter 
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example, presumably, attention is needed to search through each letter 
individually and bind the different features (shape and colour) to find the 
target (Treisman & Gelade, 1980).  

To account for visual selection in natural scenes, these kinds of ideas have 
evolved into a very influential ‘saliency map model’ (Itti & Koch, 2000, 2001; 
Itti et al., 1998; Koch & Ullman, 1985) in which early primitive features are 
processed in parallel in a number of separate feature maps. The combined 
activity from all these maps at each location ultimately gives rise to an overall 
salience map reflecting the relative distinctiveness of individual locations in the 
visual field (see Figure 1.3). Most importantly, a bottom-up salience map 
model assumes selective attention to be driven by the salience distribution in 
the map such that it is directed to the region of the map with the highest 
salience, in a ‘winner take all’ fashion. Once a region is selected, inhibition of 
return (see Klein, 2000) is applied to that region and the region of next highest 
salience is selected, and so on. The model not only produces a good 
representation of salience across a natural scene, but also a prediction of the 
order of eye movements expected in that scene.  

The salience map model has proven highly popular in vision research, and in 
particular, the computer vision domain, and the model itself has gone through 
many different iterations (for a review see Borji & Itti, 2013). In initial work, 
model performance was directly compared to human performance (Foulsham 
& Underwood, 2008; Itti & Koch, 2000; Parkhurst et al., 2002). For instance, in 
Itti and Koch (2000) observers were presented with several colour photographs 
depicting a military vehicle (the target) among a background of trees and 
woods. Visual search performance (time until the target was found) was 
compared to model performance, which was allowed to run until it found the 
target. The model found the target faster on approximately ¾ of the trials; 
however, there was a poor correlation between model and human search 
performance.  

A more common manner to test the model, and by extension, bottom-up 
control is to compare fixated locations to model-predicted locations. 
Parkhurst, Law and Niebur (2002) compared model-predicted and real 
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observer eye movements in natural scenes and found that the correlation was 
significantly higher than would be expected by chance. In addition, they found 
a stronger correlation for eye movements that occurred in the first few 
seconds of viewing. Peters, Iyer, Itti and Koch (2005) compared the predicted 
locations of a slightly modified salience model that included interactions 
between feature channels and found that it predicted about half of the inter-
subject variance in fixation locations. Foulsham and Underwood (2008) 
compared both model-fixated locations and the order of predicted fixations to 
the eye movements of human observers viewing natural scenes. They found 
that the model was a poor predictor of the sequential component of an 
observers’ scanpath; however, it outperformed random models that took the 
central bias into account.  

To further test the salience-map model, other researchers looked directly at 
the statistics of the image around each fixation location in a scene and 
compared that to the feature statistics of the locations where observers did 
not look (see Section 1.2.2 for more details on this technique). In the earliest 
work to investigate eye movement behaviour this way, Mannan, Ruddock and 
Wooding (1996) showed that edge density was a significant predictor of the 
locations of eye movements in natural scenes (but other features were not). 
Later, using more stringent analysis techniques, this finding was confirmed by 
Tatler, Baddeley and Gilchrist (2005). In addition, Reinagel and Zador (1999) 
showed that fixated regions were higher in spatial contrast compared to non-
fixated regions and that such regions had pixel luminance values surrounding 
them that were less correlated to each other. This finding was later 
corroborated by Krieger and colleagues (2000). 

Demonstrating a correlation between image statistics or salience models and 
eye movement behaviour does not imply that there is a causal relationship 
between the two. As mentioned earlier, such correlations may be accounted 
for by the tendency for the eyes to look in the center of an image (Tatler, 
2007), or by other more top-down processes. The alternative is to manipulate 
the image itself.  

513738-bw-Anderson.indd   29 08-09-17   15:01



513738-L-bw-Anderson513738-L-bw-Anderson513738-L-bw-Anderson513738-L-bw-Anderson
Processed on: 25-9-2017Processed on: 25-9-2017Processed on: 25-9-2017Processed on: 25-9-2017 PDF page: 30PDF page: 30PDF page: 30PDF page: 30

30 
 

Several studies (including all of the experiments in the following chapters in 
this thesis) have shown that manipulating the image has consequences for eye 
movement behaviour. For example, Einhäuser and Konig (2003) showed that 
strong luminance reductions in regions of a scene attract fixations, moderate 
contrast reductions repel them even for small patches (Einhäuser et al., 2006). 
In addition, Einhäuser, Rutishauser and Koch (2008) had observers view scenes 
that were smoothly modified in contrast from one side to the other. When 
asked to simply look at the pictures, observers’ eye movements were biased 
toward the higher contrast side of the image. This effect, however, 
disappeared when observers were asked to search for a target object 
(Einhäuser, Rutishauser, et al., 2008), another example of how top-down goals 
can affect eye movement behaviour. Strikingly, when an object abruptly 
appears, disappears or changes colour, it attracts fixations immediately 
(Brockmole & Henderson, 2005b; Matsukura, Brockmole, & Henderson, 2009); 
however, this is only the case when the change occurs during a fixation (i.e., 
accompanied by a salient, transient signal) and not when the change occurs 
during a saccade (i.e., masked by saccadic suppression).  

Taken together, there is much evidence that salience, as well as low-level 
feature information can account for some of the variance in fixation locations 
in natural scenes. The eyes tend to fixate regions high in contrast and edge 
density and can be drawn to regions of a scene that are distinct from their 
surroundings (as determined by the salience map model). In addition, 
modifying scene contrast and luminance can impact eye movement behaviour. 
This suggests that there is a role for low-level scene properties in oculomotor 
control.  

1.4 Top-down versus bottom-up control in natural scene viewing 

What seems like the standard procedure when investigating top-down effects 
in natural scenes is to compare their effects on eye movement behaviour to 
eye movements that might be predicted by a bottom-up account. Almost 
invariably, top-down effects win this contest. For example, Henderson and 
colleagues (2007), asked observers to count the number of people in a series 
of natural scenes. They found that a random model that took into account the 
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general tendency to fixate the center and lower regions of a scene was a better 
predictor of observers’ fixations than those generated by the salience model 
(Itti & Koch, 2000). In addition, they found that the regions fixated by 
observers tended to be those rated high in semantic informativeness. 
Consequently, they concluded that any correlation between low-level image 
statistics and fixation placement was incidental (Henderson et al., 2007). In 
addition, it seems to be generally the case that model based fixation locations 
only account for a modest proportion of the eye movements of observers, and 
correlations between image statistics and fixated locations are small 
(Einhäuser, Spain, et al., 2008; Foulsham & Underwood, 2008; Tatler et al., 
2005, 2006). Taken together, the strong effects of top-down cognitive 
knowledge structures on eye movements seem to overshadow the effects of 
bottom-up image features in natural scenes.  

It has also been suggested that low-level visual salience only influences eye 
movement behaviour because it happens to coincide with the presence and 
location of objects. That is, rather than selecting low-level visual features, the 
unit of selection is object-based. Consistent with this view, Einhäuser, Spain 
and Perona (2008) had observers name the objects they saw in a series of 
scenes. These named objects predicted fixation locations better than a salience 
model, although salience combined with the objects mentioned predicted 
which objects would be more frequently named by observers. When 
Nuthmann and Henderson (2010) demonstrated that observers exhibited a 
preferred viewing location for the center of objects, they also showed that 
there was no such PVL for ‘proto-objects’ generated by a salience model unless 
they also overlapped with objects in the scene. Additionally, increasing the 
luminance of an object did not influence the PVL (’t Hart, Schmidt, Roth, & 
Einhäuser, 2013). Consequently, it has been proposed that any effect of low-
level image features is simply the result of an incidental overlap with objects.  

Indeed, some researchers (Henderson et al., 2009) suggest that there may be 
no controlling role of bottom-up image features in natural scenes at all. 
Recently, a theoretical framework has emerged that has placed top-down 
control as a central (if not the only) component of oculomotor control in 
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natural scenes. This theory is known as the cognitive relevance framework of 
oculomotor (and attentional) control. Coined by Henderson, Malcom and 
Schandl (2009), the idea is that objects in scenes are prioritized based on 
cognitive knowledge structures interacting with task goals. Locations for 
fixation are chosen from the scene based on their relevance for the task at 
hand coupled with the person’s semantic and episodic knowledge, and their 
current interpretation and understanding of the scene. The person receives 
this information via a gist-like representation garnered from the first tens of 
milliseconds of scene viewing along with more detailed information as they 
make fixations throughout the scene. This view assumes that a sort of flat, 
visuospatial representation is generated early in scene viewing that outlines 
the general spatial layout of the scene along with likely object locations. Once 
this representation is in place, fixation targets are ranked based on their 
cognitive relevance (see Henderson et al., 2009 p. 854-855). This idea has been 
expanded to include the notion that past experience and knowledge with 
similar scenes can be used to predict likely locations of objects (or targets) in a 
given scene category and that this prediction is key in assigning rank to fixation 
targets (Henderson, 2016). 

While this view is consistent with much of the evidence for top-down control 
in natural scene viewing, it makes several assumptions that may not be 
justified. First, while models that include contextual, gist-like information can 
predict the locations of observers’ fixations better than random models, when 
salience, or low-level visual feature information is included, the model 
performs much better (Ehinger, Hidalgo-Sotelo, Torralba, & Oliva, 2009; 
Torralba et al., 2006). Second, top-down models assume that eye movements 
can target objects in the periphery based on high-level knowledge of the 
objects’ identity. There is much debate on whether it is viable to assume that 
people can extract object identity information from the periphery at all (e.g., 
de Groot, Huettig, & Olivers, 2016; Evans & Treisman, 2005; Li, VanRullen, 
Koch, & Perona, 2002; Malcolm, Rattinger, & Shomstein, 2016). Third, top-
down models leave no role for attentional capture which is strikingly 
inconsistent with previous work that utilizes simple symbolic displays (Siebold 
et al., 2011; Theeuwes et al., 1998; van Zoest et al., 2004).  
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In such work, even when given a strong top-down goal, the eye movements of 
observers can be captured by low-level visual features (e.g., Godijn & 
Theeuwes, 2002; Siebold et al., 2011; Wolfe, 1994; Zehetleitner, Koch, Goschy, 
& Müller, 2013). A classic example of this is the demonstration of oculomotor 
capture during visual search (Theeuwes et al., 1998). In this work, observers 
were asked to report the identity of a letter inside a uniquely coloured circle 
among an array of circles. On some trials, an additional red circle was 
presented among the array. Even though this coloured circle was completely 
irrelevant to the search task, its onset captured the eyes of observers and 
interfered with the planning and execution of a saccade toward the goal-
relevant circle. However, this capture could be overcome when observers were 
given enough time prior to initiating search (Theeuwes et al., 1998). 

One idea emerging from such work is that both top-down and bottom-up 
components influence eye movement behaviour but they act on different time 
scales (Donk & Soesman, 2010, 2011a; Donk & van Zoest, 2008; Siebold et al., 
2011; van Zoest et al., 2004). While early, short-latency eye movements may 
be salience-driven, later and long-latency eye movements are goal-driven. For 
example, in a situation where salience is tightly controlled (see Figure 1.2), 
searching for a target object among objects of differing salience resulted in just 
that. Short-latency eye movements were captured by the most salient 
element, while long-latency eye movements were not (see also Siebold et al., 
2011).  

These principles may also be operational in natural scenes. The role of top-
down and bottom-up control of eye movements in natural scenes may change 
over time, similar to what has been found in simple displays. Indeed, there is 
evidence to suggest that salience predicts early fixation locations (Foulsham & 
Underwood, 2008; Parkhurst et al., 2002); however other findings have been 
mixed (Nyström & Holmqvist, 2008; Tatler et al., 2005). These studies generally 
look at time on the order of fixation number, while work utilizing more basic 
displays tends to investigate eye movement behaviour on the millisecond scale 
(latencies rather than fixation numbers). Additionally, in such work, the 
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salience of the scenes themselves are rarely manipulated directly (although 
see Einhäuser, Rutishauser, et al., 2008).  

In Chapter 2 of this thesis a series of experiments is described in which low-
level contrast information is manipulated globally across a natural scene. We 
selectively reduced or increased the contrast in a gradient across the entire 
scene and measured subsequent immediate and global viewing behaviour in 
both a free viewing (memory) task and a visual search task. The results 
revealed that initial eye movements into a scene were influenced by the 
underlying contrast gradient, where initial (and especially fast) eye movements 
landed in the higher contrast region. This was the case, even when participants 
were given a task to look for a target hidden in the scene. 

Having established first that similar principles to those at work in more basic 
displays also hold in natural scene viewing, and that early, short-latency 
saccades into a scene tend to be directed toward regions of higher salience, 
Chapter 3 of this thesis aimed to expand on our understanding of how 
contextual cues and salience may interact. Chapter 3 describes an experiment 
in which a brief preview was presented to participants before the onset of the 
scene. Critically, the contrast level of the scene was manipulated such that one 
side was lower in contrast than the other while the preview itself was 
unmanipulated. This brief preview allowed for contextual and semantic 
information to influence eye movement measures. While this increased the 
initial latency to saccade and the initial saccade amplitude into the scene, it 
was not able to override the early tendency for eye movements to target the 
higher contrast side of the image.  

Chapter 4 describes an experiment that looks beyond the initial moments of 
scene perception to examine how changing the luminance (and salience) of an 
object in an image affects eye movement behaviour. It has long been 
established that an abrupt onset of an object can capture the eyes, both in 
more basic displays (Theeuwes et al., 1998) and in natural scenes (Brockmole 
& Henderson, 2005b). What is more controversial is whether changes made 
during a saccade (and thus masked by saccadic suppression) can also capture 
attention, and whether this may depend on the objects’ salience (Matsukura et 
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al., 2009). In the experiment described in Chapter 4, an object of originally 
medium salience in the scene was increased in salience or decreased in 
salience either during a fixation or during a saccade, or the salience remained 
unchanged throughout to provide a baseline object viewing rate. Compared to 
baseline viewing rates, when the change was made during a fixation, the 
object immediately attracted the eyes, regardless of whether the change was 
an increase or decrease in salience. When the change was made during a 
saccade (and thus masked by saccadic suppression), it only attracted the eyes 
when the change was an increase in salience. In addition, when the object 
changed during a fixation, within-object landing positions were more central 
than when no change was made, suggesting that this transient (yet salient) cue 
influenced object-based targeting.  

The finding in Chapter 4 that a transient onset of an object in a natural scene 
resulted in a more central PVL for that object raised the question of whether 
salience may have a role in object-based targeting. Chapter 5 describes an 
experiment that combines ideas from each of the preceding chapters of this 
thesis. A low-level luminance manipulation is applied to an individual object 
within a natural scene such that it increased in luminance from right to left, or 
from left to right. We measured the effect that this had on an individual’s 
within-object landing position. Compared to a non-luminance manipulated 
object, landing positions within the object were consistently biased toward the 
side of the object with brighter luminance. This was the case both when 
participants were asked to remember the scene for a later memory test (weak 
top-down manipulation) and when participants were asked to search for the 
object (strong top-down manipulation). This suggests that salience may play a 
role in object-based targeting, perhaps as a means to accurately target objects 
that cannot otherwise be identified (i.e., semantically) in the periphery.  

Together, the results presented in this thesis indicate that low-level visual 
salience plays a much larger role in natural scene viewing than might be 
predicted given the overwhelming evidence for top-down control of eye 
movements in natural scenes (see Section 1.3.1). Not only does salience 
influence eye movement behaviour on the first saccade into the scene, but its 
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effects can be seen later on. These results are in line with the idea that 
salience may be used to signal the location and presence of objects (Donk & 
Soesman, 2011a) and that it additionally plays a role in targeting those objects. 
This is particularly important given that oculomotor control must be 
meaningfully directed in service of our current task and goals, but also flexible 
enough to respond to abrupt changes and distinct locations (such as objects) in 
a complex and dynamic environment.  

The work presented in this thesis highlights the connection, rather than the 
dissociation, between top-down and bottom-up control in natural scenes. 
While top-down control plays a large role in natural scene viewing, the 
chapters below will show that bottom-up control cannot be ignored. By 
utilizing techniques common in work with more basic displays, and through 
employing greater control of scenes and the objects within them, we outline 
the real constraints of bottom-up control in natural scenes within the larger 
context of top-down influences.  
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Chapter 2  

 

It depends on when you look at it: Salience 

influences eye movements in natural scene 

viewing and search early in time 

 

 

 

 

 

 

Adapted from: 

Anderson, N. C., Ort, E., Kruijne, W., Meeter, M., & Donk, M. (2015). It depends 
on when you look at it: Salience influences eye movements in natural 

scene viewing and search early in time. Journal of Vision, 15(5):9. 
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2.1 Abstract 

It is generally accepted that salience affects eye movements in simple 
artificially created search displays. However, no such consensus exists for eye 
movements in natural scenes, with several reports arguing that it is mostly 
high-level cognitive factors that control oculomotor behaviour in natural 
scenes. Here, we manipulate the salience distribution across images by 
decreasing or increasing the contrast in a gradient across the image. We 
recorded eye movements in an encoding (Experiment 1) and visual search task 
(Experiment 2) and analyzed the relationship between the latency of fixations 
and subsequent saccade targeting throughout scene viewing. We find that 
short-latency first saccades are more likely to land on a region of the image 
with high salience than long-latency and subsequent saccades in both the 
encoding and visual search tasks. This implies that salience indeed influences 
oculomotor behaviour in natural scenes, albeit on a different timescale than 
previously reported. We discuss our findings in relation to current theories of 
saccade control in natural scenes.  
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2.2 Introduction 

One of the fundamental questions facing eye movement research is the extent 
to which eye movements in natural scenes are under the control of bottom-up, 
image-based features and top-down, cognitive factors. The idea that bottom-
up image features can influence selective attention in natural scenes arose 
predominantly from the development of models centered around the ‘salience 
map’ (Koch & Ullman, 1985). The salience map is a retinotopic representation 
containing information concerning the relative conspicuity of individual 
features in the visual field, like distinct colours or orientations. Theories 
presuming a salience map (Itti & Koch, 2000; Itti et al., 1998) assume that we 
attend to the location with the highest activation in this map. There is evidence 
that such models of salience can account for some of the variance in real 
human eye movements (Foulsham & Underwood, 2008; Itti & Koch, 2000; 
Parkhurst et al., 2002; Peters et al., 2005; Underwood & Foulsham, 2006). 
Converging with this evidence, when scene statistics are directly compared 
with fixated locations, edge density and luminance contrast tend to be higher 
at fixated compared to non-fixated locations (Mannan et al., 1996; Reinagel & 
Zador, 1999; Tatler et al., 2005). However, even in the earliest discussion of the 
salience map model, Koch and Ullman (1985) stipulated that the salience map 
may be modulated by higher cortical centers in a top-down fashion.  

Indeed, some of the earliest reports of eye movements in natural scenes 
observed a large role of top-down control in the determination of fixated 
locations. Yarbus (1967) had an observer view a painting (“The unexpected 
visitor” of I. E. Repin) and showed that viewing behaviour varied with 
instruction. For instance, the observer primarily fixated the faces of the 
depicted people when asked to give their ages whereas this was not the case 
when asked to remember the positions of the people. More recently, an 
increasing number of studies suggest that eye movements are influenced by a 
variety of top-down factors such as scene gist (Oliva & Torralba, 2006), objects 
(Einhäuser, Spain, et al., 2008; Nuthmann & Henderson, 2010), domain 
knowledge and expertise (Reingold, Charness, Pomplun, & Stampe, 2001; 
Underwood, Foulsham, & Humphrey, 2009) and context and episodic memory 
(Altmann, 2004; Brockmole, Castelhano, & Henderson, 2006; Richardson & 
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Spivey, 2000). Such pervasive evidence for top-down factors influencing eye 
movement behaviour in natural scenes has led to the question of whether 
there is truly a controlling role for salience in oculomotor control and 
attentional selection at all (Henderson et al., 2007; Land, 2009; Tatler et al., 
2011). 

Perhaps the strongest evidence against a role for salience in oculomotor 
control arises from the fact that models of bottom-up salience can only 
account for a modest portion of the variance observed in the eye movement 
behaviour of observers viewing real-world pictures. That is, evaluations of the 
extent to which salience models predicted fixation locations have found only a 
modest relationship between fixated locations and the salience of those 
locations (e.g., Einhäuser, Rutishauser, et al., 2008; Tatler et al., 2005). 
Accordingly, correlations between image statistics and fixated locations tend 
to be small (Tatler et al., 2006). More importantly, demonstrating a correlation 
between salience and fixated locations does not imply that there is a causal 
relationship between the two. In particular, the relationship between fixated 
locations and image statistics may also be accounted for by top-down 
influences such as the presence of a central bias in scene viewing or a 
correspondence between objects and salience (Einhäuser, Spain, et al., 2008; 
Nuthmann & Henderson, 2010; see Tatler et al., 2011 for a comprehensive 
review). Finally, the relationship between bottom-up image salience and eye 
movement behaviour tends to disappear completely when participants are 
given a task goal or have special knowledge of the stimuli. For example, 
bottom-up salience effects are overridden in visual search for a specific target 
(Einhäuser, Rutishauser, et al., 2008; Henderson et al., 2007; Stirk & 
Underwood, 2007; Underwood et al., 2006), when encoding and remembering 
emotive stimuli (Humphrey, Underwood, & Lambert, 2012) or when stimuli are 
related to personal expertise (Humphrey & Underwood, 2009). The idea that 
bottom-up stimulus information plays little role in natural scene viewing 
contrasts sharply with the strong bottom-up salience effects that arise in 
experiments employing more simple, impoverished visual displays, even when 
given a strong top-down goal (e.g., Godijn & Theeuwes, 2002; Hickey, van 
Zoest, & Theeuwes, 2010; Hunt et al., 2007; Irwin, Colcombe, Kramer, & Hahn, 
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2000; Lamy & Zoaris, 2009; Siebold et al., 2011; Theeuwes, 1994; van Zoest et 
al., 2004; Wolfe, 1994; Zehetleitner et al., 2013 among many others). Attention 
can be captured by irrelevant, but salient distractors in colour, shape, 
orientation and luminance (Siebold et al., 2011; Theeuwes, De Vries, & Godijn, 
2003; Turatto & Galfano, 2000; van Zoest et al., 2004). For example, when 
asked to search for a small element inside a singleton with a unique dimension 
(either a unique shape or unique colour, depending on the block), participants’ 
eye movements were captured when another item in the display happened to 
be unique in the task-irrelevant dimension. Thus, attention, and the eyes, are 
readily captured by salient items (Theeuwes, 1992; Theeuwes et al., 2003). 
However, even the role and the extent to which salience influences goal-driven 
eye movements in such basic displays has been hotly debated (Folk & 
Remington, 1998; Theeuwes, 2004; van Zoest et al., 2004). One emerging idea 
is that bottom-up stimulus-driven and top-down goal-driven processes both 
influence oculomotor behaviour, but operate on different time scales (van 
Zoest et al., 2004). For example, when searching among singletons with 
differing salience, short-latency, first eye movements were consistently 
directed toward the most salient singleton, with longer-latency and 
subsequent saccades being predominantly goal-driven (Siebold et al., 2011).  

Does the view that the effects of bottom-up salience and top-down factors are 
temporally dissociable, generalize to natural scenes? This question has thus far 
yielded mixed answers. For example, early saccades have been found to have a 
higher salience value than late saccades, both during free-viewing (Parkhurst 
et al., 2002) and in an encoding-retrieval task (Foulsham & Underwood, 2008). 
Conversely, Tatler et al. (2005) found no significant differences of salience, 
computed as edge density and contrast, across saccade number in a similar 
encoding task. Nystrom and Holmqvist (2008) found that elevated contrast 
values for early fixated locations only occurred in 'neutral' images, and not in 
images with faces or emotional content. Rather than exploring salience at 
fixated locations, Einhäuser, Rutishauser, et al. (2008) manipulated images 
such that one side had higher contrast (and thus higher salience). They 
compared the extent to which eye movements were biased toward the higher 
contrast region when participants were given different task demands. Both in 
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free-viewing and presumed bottom-up driven “oddity search” a bias in the first 
saccades for the high contrast side was found. This bias disappeared when 
participants searched for a prespecified “bull’s-eye” target.  

True bottom-up salience effects are rarely observed in a natural scene visual 
search task, and they seem easily overridden by top-down goals (Einhäuser, 
Rutishauser, et al., 2008; Henderson et al., 2007; Stirk & Underwood, 2007; 
Underwood et al., 2006). One potential reason is that it is difficult to 
disentangle salience effects from goal-driven effects in natural scenes, in 
particular when the target itself is highly salient. In Einhäuser, Rutishauser, et 
al. (2008), when the template target was located on the low-contrast side of 
the image and thus was likely more salient than its surroundings, on average 
less than one fixation was made before the target was found (see Table S3 in 
Supplementary Materials, Einhäuser, Rutishauser, et al., 2008). This suggests 
that the target was acquired immediately after the first saccade into the 
image. Moreover, in contrast to simple artificial displays, natural scenes are 
typically heterogeneous, consisting of a multitude of objects and textures. This 
multitude leads to many somewhat salient locations but it prevents a few 
individual locations to become very salient. Accordingly, even if selection 
behaviour in a natural image is partly influenced by salience, it would be hard 
to distinguish this influence from top-down driven saccades to objects of 
interest that happen to also be salient. Additionally, it is possible that bottom-
up salience effects dissipate with time irrespective of top-down control (Donk 
& van Zoest, 2008) and that the initial saccade latency in an image is simply too 
long for salience effects to arise. The average latency of the first eye 
movement in a natural scene is often in the range of around 330 ms 
(Henderson & Hollingworth, 1999), in which saccades in basic displays tend to 
already show strong goal-driven components (Siebold et al., 2011; van Zoest et 
al., 2004). Salience effects may thus be present in natural scenes, but emerge 
only at the shortest-latency initial saccades. 

Crucially, temporal effects of salience in natural scenes are generally only 
explored based on ordinal saccade number (Einhäuser, Rutishauser, et al., 
2008; Foulsham & Underwood, 2008; Nyström & Holmqvist, 2008; Tatler et al., 
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2005). In research with artificial/basic displays, latency is treated as a critical 
component (e.g., Hickey et al., 2010; Siebold et al., 2011; van Zoest et al., 
2004). In such experiments, early short-latency saccades are more likely to be 
driven by the bottom-up featural information in the display. It is therefore 
possible that the mixed results in natural scenes lies in the millisecond-level 
time course of the deployment of a saccade. Indeed, (Mackay, Cerf, & Koch, 
2012) looked at the time-course of saccades throughout scene viewing. They 
demonstrated that saccadic targeting was different for short-latency saccades 
than long-latency saccades, with slower eye movements being more strongly 
directed toward faces in scenes. This effect increased over saccade number 
and was modulated by task demands. They argue that early saccades (initiated 
within 60-100 ms) are controlled by subcortical circuits (namely, the superior 
colliculus) and represent a distinct population from later and slower saccades. 
They suggest that the function of these early eye movements is to 
automatically and rapidly direct gaze to salient objects in a scene without the 
need for cortical analysis. However, it remains unclear from that work how 
these initial rapid eye movements into a scene are exactly targeted as their 
comparison was against early saccades that landed on faces in the picture, and 
whether they were partially anticipatory saccades that were not targeted at 
all.  

In the present work, we explore the time course of the scanpaths created 
when looking at a real-world image. As in research with simple displays, 
bottom-up, salience information may only play a role in influencing eye 
movement behaviour at the earliest moments of scene presentation. If this is 
the case, then short-latency, initial eye movements into a display, even in real-
world images, are more likely to be directed toward regions of high salience, 
while long-latency and later saccades should be less influenced by salience. As 
much of the criticism surrounding the salience model concerns the 
correlational nature of comparing fixated locations to model-predicted values, 
we employ a contrast manipulation across the image (Einhäuser et al., 2006; 
Einhäuser, Rutishauser, et al., 2008; Nyström & Holmqvist, 2008). 
Furthermore, we investigate the possible influence of salience with and 
without a visual search task. In Experiment 1 we determine whether the 
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saccade latency is related to the extent to which eye movements are directed 
toward a high or low contrast side of an image. We use an encoding and 
recognition task that has previously been shown to elicit early salience effects 
(Foulsham & Underwood, 2008). In Experiment 2, we investigate the same 
effect in a visual search task previously shown not to elicit early biases toward 
salient regions (Einhäuser, Rutishauser, et al., 2008).  

2.3 Experiments 1a and 1b 

In Experiment 1 we manipulated the salience distribution across images by 
selectively manipulating the contrast in a gradient across the image. In other 
studies, this usually implied selectively reducing the contrast (Einhäuser et al., 
2006; Einhäuser, Rutishauser, et al., 2008; Nyström & Holmqvist, 2008). 
However, such a reduction of salience may be confounded with other factors, 
as participants might choose to avoid the low-contrast side simply because it 
has been manipulated, or because the loss of visual information makes it 
harder to recognize objects on that side. Therefore we explored the effects of 
both reducing the contrast (Experiment 1a) and increasing it (Experiment 1b).  

2.3.1. Methods 1a and 1b 

2.3.1.1. Participants 
Two separate groups of 12 participants (ages 18-26, M = 22 years) were 
recruited from the Vrije Universiteit Amsterdam and participated in 
Experiments 1a and 1b respectively for course credit or 9 Euros. All reported 
normal or corrected to normal vision and were naive to the purpose of the 
experiment. The study was approved by the ethics board of the Faculty of 
Psychology and Education and conducted according to the principles of the 
Declaration of Helsinki.  

2.3.1.2. Apparatus  
The experiments were designed and presented using OpenSesame (Mathôt, 
Schreij, & Theeuwes, 2012), an open source experiment programming 
environment integrated with the SR Research Eyelink 1000 tracking system (SR 
Research Ltd., Mississauga, Ontario, Canada). Stimuli were presented on a 22 
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inch (diagonal) Samsung Syncmaster 2233RZ with a resolution 1680 x 1050 
pixels and refresh rate of 60 Hz at a viewing distance of 75 cm. Eye position 
was recorded via a second computer at 1000 Hz with a spatial resolution of 
0.01° visual angle using a 9 point calibration and validation procedure. The 
online saccade detector of the eyetracker was set to detect saccades with an 
amplitude of at least 0.5°, using an acceleration threshold of 9500°/s2 and a 
velocity threshold of 35°/s. The experiments took place in a dim, sound-
attenuated room. The experimenter received real-time feedback on system 
accuracy on a second monitor located in an adjacent room and calibration and 
validation was repeated as needed. 

2.3.1.3. Stimuli 
Images were selected from the SUN2012 Database (Xiao, Hays, Ehinger, Oliva, 
& Torralba, 2010) and from ‘Learning to Predict where Humans Look’ (Judd, 
Ehinger, Durand, & Torralba, 2009). The images depicted various exteriors, 
interiors and natural scenes and were chosen such that they did not contain 
any obvious human faces or text. Each image had a native resolution of 
1024x768 pixels and was converted to greyscale. Images were then further 
selected such that their mean pixel intensity values across the left and right 
side of the image conformed to a ratio of at most 3:4. Conforming with these 
selection criteria, 150 images were used from the SUN2012 Database and 92 
images from ‘Learning to Predict where Humans Look.’ Stimuli were presented 
centrally on the monitor at their native resolution and subtended a visual angle 
of approximately 22 degrees horizontal by 16 degrees vertical. The rest of the 
screen surrounding the image was black.  

2.3.1.4. Contrast Adjustment 
Image contrast adjustment was performed on all selected images using 
Matlab’s imadjust function (MATLAB, 2011). For Experiment 1a, pixel intensity 
values on one side of the image were linearly remapped to a range spanning 
40% of the original range, in a way that left mean pixel intensity unaffected. 
Only the variance in pixel intensity was thus reduced. For each image, either 
the left or right 40% was manipulated in this fashion. For the center 20%, 
contrast was gradually reduced linearly, from full to reduced contrast. Two 
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versions of each image were created, either with the contrast gradually 
reduced from left to right or from right to left (see Figure 2.1A).  

The contrast increase for Experiment 1b was achieved with a similar 
procedure, by remapping those intensity values within 40% of the mean to the 
whole intensity range. Intensity values outside of this 40% range were 
remapped to black and white (see Figure 2.1C). 

The monitor used to display the images employed a gamma correction value of 
2.2, and was therefore not linearized. See the Supplementary Materials for the 
luminance response curve of the monitor used. 

2.3.1.5. Contrast Adjustment and Salience 
The above contrast reduction and contrast increase manipulations were 
intended to decrease or increase the salience on one side of the image, 
relative to the other. In order to confirm whether these manipulations were 
successful, salience maps were produced using both the salience model 
implemented in the Saliency Toolbox (Walther & Koch, 2006) as well as the 
AIM model (Bruce & Tsotsos, 2009). The mean salience value for the original, 
the contrast reduced and the contrast increased side from the output of both 
models were compared. Note that these models rely on very different 
assumptions regarding visual features and calculate salience very differently. 
Nevertheless, they yielded comparable results; both reveal significant changes 
in salience due to the contrast manipulation. For the Saliency Toolbox, 
compared to original salience values (M = 0.03, SD = 0.009) reducing contrast 
indeed reduced salience (M = 0.01, SD = 0.005), t(241) = 38.30, p < .001, while 
increasing contrast increased salience (M = 0.04, SD = 0.01), t(241) = 23.37, p < 
.001. For the AIM model, compared to the original salience values (M = 0.33, 
SD = 0.08), reducing contrast reduced the salience (M = 0.23, SD = 0.06), t(241) 
= 48.32, p < .001, while increasing contrast increased salience (M = 0.41, SD = 
0.07), t(241) = 21,43, p< .001. Figure 2.1 shows an example of the salience map 
of an unmanipulated image, a contrast reduced image and a contrast increased 
image.  
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Figure 2.1: Example contrast adjustment and resulting salience maps. Panel A, 
shows an example of the contrast reduction on the right side of the image. 
Panel B is an example of an unmanipulated image. Panel C, shows the contrast 
increase on the right side of the image. Next to each image is the 
accompanying salience map. Middle panels are the salience map as computed 
by the Saliency Toolbox in Matlab (Walther & Koch, 2006) and the far right 
panels are the salience map as computed by the AIM model (Bruce & Tsotsos, 
2009). 

2.3.1.6. Procedure 
Participants were seated with their head constrained in a chin rest and were 
given verbal instructions regarding the experimental procedure. Calibration 
and validation of their eye position was performed. In order to encourage free 
exploration of the images, participants were instructed to explore the images 
carefully so as to remember the images for a later recognition task. Each trial 
began with a drift-correction screen in which participants were required to 
press the spacebar while fixating a centrally presented fixation cross. 
Afterwards, the cross remained on screen for 225 ms, followed by a 75 ms 
blank screen. This 75 ms blank was introduced in order to facilitate fast first 
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eye movements (Fischer & Ramsperger, 1984; Reuter-Lorenz, Hughes, & 
Fendrich, 1991). The image was then presented for 2 seconds. Four hundred 
images were randomly selected from the image set, 200 with the contrast 
adjustment on the left, and their counterparts with contrast adjustment on the 
right. These images were presented in a mixed random order. Thus, each 
participant saw the same image (with a different side adjusted) twice 
throughout the experiments, with the restriction that this could never happen 
within three consecutive trials. Afterwards participants performed a 
recognition task on 20 previously presented images and 20 new images, 
selected from the image pool. Participants were asked to press the ‘z’ key if 
they had seen the image before, or the ‘/’ key if they had not seen the image 
before. Each image was presented once, and remained on screen until a 
response was made. 

To familiarize participants with the task, they viewed 10 contrast reduced 
(Experiment 1a) or contrast-increased (Experiment 1b) practice images 
followed by 10 recognition trials (5 ‘old’ images and 5 ‘new’ images) prior to 
the experimental trials. Immediately after the practice trials, participants were 
given feedback on their performance and had an opportunity to ask questions 
about the experimental procedure. At the conclusion of the experiment, 
participants were asked to type in a field on the screen whether or not they 
had “noticed anything strange about the images.” This was done in order to 
check whether the contrast adjustment was noticed by the participants. The 
complete experiment lasted approximately 60 minutes.  

2.3.1.7. Data Processing 
Previous research employing more basic displays has demonstrated that 
salience has a reflexive influence on eye movements when saccades are 
initiated quickly into a display. Thereafter, top-down influences may be mainly 
responsible for eye movement control (Donk & van Zoest, 2008; Siebold et al., 
2011). The typical pattern is that short-latency, initial eye movements into a 
display are clearly controlled by salience, while long-latency, initial eye 
movements are not. For this reason, we split each saccade into several latency 
bins to look at the time-course of selection behaviour. We were interested 
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most in the first saccade into an image as there is a clear prediction that when 
initiated quickly, it will be influenced by our contrast adjustment. However, we 
also included an analysis of subsequent eye movements to look for similar 
patterns of capture that may emerge later in the trial. These later saccades can 
also provide some information on how the contrast manipulation may have 
influenced eye movement behaviour throughout scene viewing. 

The data were handled in the same way for Experiments 1a and 1b. First 
temporal and spatial outliers were removed. Saccades were removed if their 
preceding fixation duration was shorter than 90 ms or longer than 700 ms or if 
they landed outside of the image boundary. Saccades initiated faster than 90 
ms were removed in order to exclude eye movements that were anticipatory 
(if it preceded the first saccade in the trial) or corrective (for later saccades). 
Outlier removal resulted in 9.36% of eye movements removed from 
Experiment 1a and 10.83% of eye movements removed from Experiment 1b. 
Saccades subsequent to Saccade 7 were collapsed into one group. Then 
saccades were sorted into four bins based on the duration of their preceding 
fixation, except for the first saccade. The latency of first eye movement was 
calculated relative to the onset of the display. Recognition trials were not 
included in the analysis of the eye movement data. 

The primary dependent measure was the proportion of saccades that landed in 
a higher or lower contrast region. This region was either the left or right side of 
the image, from the center to the edge of the image boundary (i.e., including 
half of the middle 20% of the image).  

A second measure, local luminance contrast at fixation, was calculated 
(Einhäuser et al., 2006). Luminance contrast at fixation is defined as the 
standard deviation of the luminance in a patch around fixation (80x80 pixels 
corresponding to approximately 1.72° x 1.72° of visual angle), divided by the 
mean luminance of the image. To take into account any biases that may arise 
due to incidental regularities in the local contrast dependent on fixation 
number, and to account for the central bias known to be most pronounced for 
early saccades (Einhäuser et al., 2006; Tatler, 2007), we additionally calculated 
normalized luminance contrast at fixation, which represented luminance 
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contrast at fixation relative to baseline values separately calculated for each 
fixation number and participant.  The baseline for the fixation following the 
n’th saccade was calculated by averaging the luminance contrast values of all 
fixations following the n’th saccade of a given participant over the course of 
the experiment. These baselines were then subtracted from the local contrast 
at fixation values for the corresponding fixations participants made in a given 
trial. Thus, values above zero represent local contrast that is higher than the 
average local contrast for that fixation number, and values below zero 
represent local contrast that is below average local contrast for that fixation 
number. This measure reveals any variations in local contrast associated with 
saccade latency.  

In addition, a measure of saccade bias was calculated as the proportion of 
saccades that switched from the higher to lower contrast side in the image or 
vice versa. It is the proportion of saccades that started in one type of contrast 
side (higher or lower) and landed in another (lower or higher) and represents 
the likelihood that a given saccade switched sides during viewing. This measure 
was introduced in order to investigate how the contrast manipulation across 
our images may have influenced eye movement behaviour later in the trial. It 
makes explicit whether participants prefer one side of the image region over 
another. If the salience distribution across the image influences scanning 
behaviour, more switches will be made into the higher contrast region of our 
images and participants will be more likely to stay in that region.  

2.3.2. Results 

2.3.2.1. Experiment 1a 
Behavioural results. Participants scored on average 86.04% (SD = 7.19%) 
correct in the recognition task. Four out of 12 participants indicated in the 
follow-up questionnaire that they had noticed the contrast manipulation.  

Proportion to highest contrast region. Figure 2.2, Panel A shows the 
proportion of saccades that landed in the higher contrast region of the image 
in relation to the latency of the preceding fixation. A 7 (saccade number) by 4 
(fixation latency bin) within-subjects analysis of variance was conducted on 
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this proportion to investigate to what extent eye movements may have been 
biased toward the higher contrast side of the image. For clarity, contrasts were 
planned such that for the factor saccade number, the first eye movement was 
always compared to the average of saccades 2-7 and the fixation latency bin 
factor was treated as linear. There was a main effect of saccade number where 
first saccades were more likely to land on a higher contrast region, F(1, 11) = 
64.047, MSE = 0.698, p < .001,     = .853. In addition, the first eye movement, 
in general, was more likely to land on the higher contrast region than chance in 
a one-sample t-test against 0.5, t(11) = 13.952, p < .001. There was a main 
effect of fixation latency bin, where faster compared to slower saccades were 
more likely to land on a higher contrast region, F(1, 11) = 11.904, MSE = 0.001, 
p < .01,      = .520. Both main effects were qualified by an interaction between 
saccade number and latency bin, F(1, 11) = 29.788, MSE = 0.341, p < .001,     = 
.730, such that short-latency first saccades were particularly more likely than 
long-latency first saccades to land on a higher contrast region (see Figure 
2.2A).  
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Figure 2.2: Proportion of saccades that landed in the higher contrast region of 
the image in (A) Experiment 1a and (B) Experiment 1b. Saccades 2-7 are coded 
in gray scale, so that saccade 2 is darkest gray line and saccade 7 the lightest. 
Error bars in this and all subsequent figures represent standard error corrected 
for between-subjects variance (Cousineau, 2005; Morey, 2008).  

Normalized local luminance contrast at fixation. Figure 2.3, Panel A shows the 
normalized local contrast at fixation following each saccade across latency bins 
for. A 7 (saccade number) by 4 (fixation latency bin) within subjects analysis of 
variance was conducted. Because normalized contrast at fixation has an 
averaged value of 0 for each saccade, our reports in this and subsequent local 
contrast analyses are limited to those involving main effects of latency bin and 
interactions between saccade number and latency bin. There was a marginal 
effect of latency bin suggesting that short-latency saccades landed on higher 
local contrast regions compared to long-latency saccades, F(1, 11) = 4.197, 
MSE = .005, p = .068,     = .296. There was a marginal interaction between 
saccade number and latency bin, F(1, 11) = 4.500, MSE = .035, p = .060,     = 
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.310, such that short-latency, first saccades tended to land on a higher local 
contrast region relative to long-latency, first saccades. 

 

Figure 2.3: Normalized local luminance contrast following each saccade in (A) 
Experiment 1a and (B) Experiment 1b. Values greater than zero indicate that 
local contrast at fixation is above average. The small rectangular points on the 
top left of each panel indicate the average luminance contrast for each fixation 
following a given saccade. 

Saccade bias. Figure 2.4, Panels A and B shows the likelihood to switch from 
the higher or lower contrast sides to the lower or higher contrast sides, 
respectively, across latency bin for the 2nd to 7th saccades. In general, 
participants were more likely to stay on the side where they were than to 
make a switch to the other side; the likelihood of a side switch was below 50% 
both for switches from the normal to the reduced contrast region (M = 0.36), 
t(11) = 7.56, p < .001, and from the reduced to the normal contrast region (M = 
0.45), t(11) = 2.44, p = .033. To investigate any systematic dependencies on 
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initial contrast side, saccade number and fixation latency bin, a 2 (initial 
contrast side: normal or reduced) by 6 (saccade number: saccades 2 - 6) by 4 
(fixation latency bin) within subjects analysis of variance was conducted on the 
proportion of saccades that switched from the higher or lower contrast side of 
the image to the lower or higher contrast side of the image, respectively. 
Contrasts were planned as linear for saccade number and latency bin. There 
was a main effect of initial contrast side, F(1, 11) = 45.244, MSE = .058, p < 
.001,     = .804, where the likelihood to switch from the reduced contrast side 
to the normal contrast side was higher than that of the opposite switch. There 
was also a marginal linear effect of saccade, F(1, 11) = 3.608, MSE = .012, p = 
.084,     = .247, where there was a slight tendency for later saccades to switch 
contrast sides less often than earlier saccades. There was no main effect of 
latency bin, nor an interaction between initial contrast side and saccade, initial 
contrast side and latency bin, or between saccade and latency bin, all F’s < 1. 
There was an interaction between initial contrast side, saccade and latency 
bin, F(1, 11) = 8.817, MSE = .045, p = .034,     = .346, which probably related to 
the tendency for switches from the reduced to normal contrast side to vary 
more with latency across saccades than switches from the normal to reduced 
contrast side.  
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Figure 2.4: The likelihood that a saccade resulted in a switch in image side, 
either from higher to lower contrast (A and C) or from lower to higher contrast 
(B and D) per saccade, dependent on the duration of the preceding fixation for 
Experiment 1a (A and B) and Experiment 1b (C and D). 

2.3.2.2. Experiment 1b 
Behavioural results. Participants scored on average 86.45% (SD = 8.15%) 
correct in the recognition task. As in Experiment 1a, only 4 out of 12 
participants indicated in the follow-up questionnaire that they had noticed the 
contrast manipulation.  
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Proportion to higher contrast region. Figure 2.2, Panel B shows the proportion 
of saccades that landed in the higher contrast region in relation to the latency 
of the preceding fixation. As in Experiment 1a, a 7 (saccade number) by 4 
(fixation latency bin) within-subjects analysis of variance was conducted on the 
proportion of saccades that landed in the higher contrast region of the image. 
There was a main effect of saccade number, where first saccades were 
directed to the higher contrast region more often than later saccades. F(1, 11) 
= 34.353, MSE = 0.171, p < .001,     = .757. In addition, the first eye movement, 
in general, was more likely to land on the higher contrast region than chance in 
a one-sample t-test against 0.5, t(11) = 4.939, p < .001. However, there was no 
main effect of latency bin, F < 1. There was an interaction between saccade 
number and latency bin, F(1, 11) = 7.775, MSE = .127, p < .05,     = .414, such 
that short-latency, first saccades were particularly more likely to land on a 
higher contrast region than long-latency, first saccades compared to the 
subsequent saccades. 

Normalized local luminance contrast at fixation. Figure 2.3, Panel B shows the 
normalized local contrast at fixation following each saccade across latency bin. 
A 7 (saccade number) by 4 (fixation latency bin) within subjects analysis of 
variance showed no effect of latency bin, F(1, 11) = 1.865, MSE = .009, p = .199, 
    = .145, nor an interaction between saccade number and latency bin, F(1, 
11) = 1.651, MSE = .046, p = .225,     = .130.  

Saccade bias. Figure 2.4, Panels C and D show the likelihood to switch from the 
higher or lower contrast sides to the lower or higher contrast sides across 
latency bin for the 2nd to 7th saccades. Again, the likelihood of a side switch was 
less than 50%, both for switches from the increased to the normal contrast 
region (M = 0.39), t(11) = 6.15, p < .001, and for switches from the normal to 
the increased contrast region (M = 0.43), t(11) = 5.39, p < .001. To investigate 
any systematic dependencies on initial contrast side, saccade number and 
fixation latency bin, a 2 (initial contrast side: normal or reduced) by 6 (saccade 
number: saccades 2 - 6) by 4 (fixation latency bin) within subjects analysis of 
variance was conducted on the proportion of saccades that switched from the 
higher or lower contrast side of the image to the lower or higher contrast side 
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of the image, respectively. Contrasts were planned as linear for saccade 
number and latency bin. There was no effect of initial contrast side, F(1, 11) = 
2.324, MSE = .107, p < .156,     = .174, nor of saccade, F < 1, or latency bin, F < 
1, nor an interaction between initial contrast side and saccade, F(1, 11) = 
1.632, MSE = .072, p = .228,     = .129, initial contrast side and latency bin, F(1, 
11) = 1.021, MSE = .017, p = .334,     = .085, or saccade and latency bin, F < 1. 
There was also no interaction between initial contrast side, saccade number 
and fixation latency bin, F(1, 11) = 1.311, MSE = .015, p = .277,     = .106.  

2.3.3. Discussion 
In Experiments 1a and 1b, we employed a contrast manipulation across the 
images in order to manipulate the distribution of salience. The results of both 
Experiments 1a and 1b revealed that the first saccade was more likely to land 
on a higher contrast region. In addition, this effect varied with the latency of 
the preceding fixation duration, where short-latency first saccades into the 
scene were more likely to land on a higher contrast side relative to long-
latency, first saccades. In Experiment 1a, where the images were reduced in 
contrast on one side, the normalized local contrast at fixation following the 
first saccade relative to the others tended to vary with the preceding fixation 
latency, where short-latency saccades landed on regions of high local contrast 
compared to long-latency saccades. Not unexpectedly, saccades subsequent to 
the first did not vary significantly with the latency of the preceding fixation. 
Taken together, these results suggest that the early deployment of attention in 
a natural scene is indeed biased toward regions of high salience.  

Interestingly, saccades initiated from one side of the image tended to land on 
that same side, with the exception of the reduced contrast side in Experiment 
1a: these eye movements were more likely than those initiated in the normal 
contrast side to switch sides. In general, observers tended to look more at the 
higher contrast region of an image and then stay there. These results are 
consistent with previous work showing a general bias toward higher contrast 
regions of an image (e.g., Einhäuser et al., 2006) and the elevation of salience 
at fixation in general (Parkhurst et al., 2002). We extend that work by showing 
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that the extent to which first saccades are biased toward the higher contrast 
region of the image varies with the preceding fixation latency.  

Even though normalized local contrast at fixation showed similar patterns to 
those of the proportion to higher contrast data, it did not vary with latency in 
the first saccade of Experiment 1b. It is possible that this result was related to 
the fact that the increased contrast images of Experiment 1b generally 
contained many locations with high salience, resulting in substantial 
competition of salient regions across the entire image (see Figure 2.1C). The 
presence of many salient locations in the increased contrast images - especially 
in the center - as opposed to only few (very) salient locations in the reduced 
contrast images, may have partly concealed the occurrence of true salience-
driven selection behaviour in Experiment 1b. In particular, it may explain why 
an effect of latency was not found for the normalized local contrast at fixation 
measure, even though this effect was present in the proportion of saccades to 
the higher contrast side. 

Experiments 1a and 1b confirmed our intuition that the contrast manipulations 
influence the direction of the first eye movement into a scene and that this 
effect varies with its latency, a strong indication for the idea that initial 
selection was truly influenced by salience (e.g., van Zoest et al., 2004). 
However, it is unclear whether this effect will survive in the presence of a 
strong top-down goal.  

 

2.4 Experiment 2 

In Experiment 2 we used a template visual search task modeled on the work of 
Einhäuser, Rutishauser et al. (2008) in order to investigate whether the early 
effects of salience as well as its dependence on preceding fixation latency, as 
observed in Experiment 1, survives in the presence of a strong top-down goal 
thought to override salience effects (Einhäuser, Rutishauser, et al., 2008; 
Henderson et al., 2007). Unlike Einhäuser, Rutishauser et al. (2008) we varied 
the visibility of the template target in a manner that depends on the target’s 
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immediate background as well as the visual search performance on the 
previous trial. This reduced the possibility of biases due to higher visibility of 
the target in one or the other side of the image, and the potential for 
immediate target acquisition.  

2.4.1. Methods 

2.4.1.1. Participants 
Twelve participants (ages 18-25, M = 21 years) were recruited from the Vrije 
Universiteit Amsterdam and participated for course credit or for 9 Euros. All 
participants reported normal or corrected to normal vision and were naive to 
the purpose of the experiment. Again, the study and consent procedure were 
approved by the ethics board of the Faculty of Psychology and Education and 
conducted according to the principles of the Declaration of Helsinki.  

2.4.1.2. Apparatus  
The experimental apparatus was exactly the same as that used for Experiments 
1a and 1b. 

2.4.1.3. Stimuli 
One hundred images for the experimental phase and 20 for the practice phase 
were randomly selected from the images used in Experiments 1a and 1b. Four 
versions were created of each image as in Experiment 1: contrast reduction at 
the left or right side, and contrast increase at the left or right side. To each 
image a bull’s-eye was added that acted as a target. The target location was 
randomly selected on a trial-by-trial basis to appear within an annulus around 
the center of the screen such that it was greater than 200 pixels 
(approximately 4.3 degrees visual angle) and less than 384 pixels away from 
the image center as well as 20 pixels away from the horizontal screen edges. 
Moreover, the target was equally likely to be presented at either side of each 
image.  

The bull’s-eye was defined by increasing and decreasing the intensity of the 
pixels around its center location (x0, y0). First, the ‘bull’s-eye’ filter, B, was 
defined on the basis of the distance d of each pixel to the center location. This 
filter was formed by multiplying a Gaussian density function with a sinusoid: 
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       (1) 

The parameter values σ = 5, b = 13.44, and λ = 3 constrained the span of the 
bull’s-eye to approximately 20 x 20 pixels (approximately 0.43 x 0.43 degrees 
visual angle), and ensured that the bull’s-eye had 3 rings.  

To make the bull’s-eye target approximately equally visible across locations 
and pictures, the pixel intensity change was made dependent on the prior pixel 
intensity    1 and local contrast           in the image. The change to the 
intensity     of pixel (x, y) was then defined by:  

       
                          

                              
  (2) 

Equation 2 implies that the bull’s-eye will brighten or darken pixels depending 
on their prior pixel intensity. In a very bright patch, the dark rings will stand 
out, while in a dark patch it will be the light rings that stand out. Moreover, the 
contrast of the ring was higher when there was high contrast at the bull’s-eye 
location than when there was low contrast. This local contrast           was 
quantified by the standard deviation of pixel intensity values within the 20 x 20 
pixel patch surrounding the center location. To avoid situations in which the 
bull’s-eye became invisible or extremely high in contrast, the standard 
deviation of the region patch was constrained such that it was never below 
0.08 or above 0.35. We included a scaling factor,  , that was initialized to 3, 
but that depended on the participants’ performance on the previous trial (see 
below). 

Images including the bull’s-eye target were presented centrally at their native 
1024x768 pixel resolution such that they subtended a visual angle of 

 

1 For clarity and ease of computation the pixel intensity values were 
converted to scale from 0 to 1 instead of 0 to 255. After the application of the 
target, the image was converted back to range from 0 to 255. 
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approximately 22 degrees horizontal by 17 degrees vertical. The rest of the 
screen surrounding the image was black. 

2.4.1.4. Procedure 
Each trial began with a drift-correction screen in which participants were 
required to press the spacebar while fixating a centrally presented fixation 
cross2. The image with the hidden bull’s-eye target was then presented and 
participants were required to search for the target. Participants were allowed 
only 8 eye movements to find the target in order to encourage speeded 
exploration of the image. Fixation and saccade parameters were monitored 
real-time and an eye movement was considered valid and counted toward the 
total 8 allowed if it was larger than 60 pixels (approximately 1.3 degrees visual 
angle). A target was considered found if the participant fixated within 100 
pixels (approximately 2.15 degrees visual angle) of the bull’s-eye, after which a 
small green arrow appeared for 2 seconds pointing toward the target and 
indicating successful completion of the trial. If the participant failed to locate 
the target before making 8 eye movements, a small red arrow appeared for 2 
seconds indicating the location of the target.  

The visibility of the target was modified on a trial-by-trial basis in relation to 
real-time performance. If the target was found within 3 eye movements on the 
previous trial, the contrast of the target was reduced by subtracting the scaling 
factor of the previous trial, c (see Equation 2) by 0.2. If the target was not 
found within 3 eye movements on the previous trial, c was increased by 0.2 to 
increase the contrast of the target. Thus, c varied from trial-to-trial throughout 
the experiment. This adjustment was done in order to encourage multiple eye 
movements being made before finding the target and the values were 
essentially arbitrary and selected based on pilot testing. 

 

2 We opted not to offset the fixation dot prior to image presentation as 
was done in Experiment 1. Since participants were no longer free viewing the 
images but actively searching for a target we did no longer consider the prior 
offset of the fixation dot to be necessary to provoke fast initial saccades.  
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Participants were seated comfortably in the chin rest and given written 
instructions regarding the experimental procedure including an example of the 
bull’s-eye target. Calibration and validation of their eye position was then 
performed. Participants started with 20 practice trials in order to familiarize 
themselves with the experimental procedure and the number of allowed eye 
movements and were given a chance to clarify instructions before the 
experimental phase began. The experimental phase consisted of four blocks of 
100 trials each. Each block consisted of equal numbers of trials with images 
with contrast reduction on the left, with contrast reduction on the right, 
contrast increase on the left, and contrast increase on the right. Each 
participant was always presented with all four versions of each image, with the 
restriction that different versions of one image were never presented within 
one block of trials. Across blocks, target location and contrast adjustment were 
fully counterbalanced, i.e., across the four versions of one unique image, the 
target appeared half of the time on the left side of the image, half on the right, 
and half of the time in the higher contrast region and half in the lower contrast 
region. In addition to the trial-by-trial feedback, participants received feedback 
on their accuracy and average response time after each block of trials. At the 
conclusion of the experiment, participants were again asked to type in a field 
on the screen whether or not they had “noticed anything strange about the 
images.” In total, there were 420 trials and the experiment lasted 
approximately 60 minutes. 

2.4.1.5. Data Processing 
The data were handled in exactly the same way as in Experiments 1a and 1b, 
except that in addition to the previous criteria, the last saccade in the image 
was always excluded from analysis (since it was usually directed towards the 
target). This resulted in 19.23% of eye movements being removed from the 
analysis. In addition, only those eye movements were analysed that were not 
explicitly target-directed. That is, if a sequence of eye movements were 
directed toward the target (and the target was subsequently found), those eye 
movements were removed. An eye movement was considered target-directed 
if it was directed within two imaginary tangent lines from the start point of the 
eye movement to either side of an imaginary 100 pixel circular radius around 
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the target. This increased the proportion of removed eye movements to 
22.14% of the total. We also ran the analyses including these target-directed 
eye movements. This did not change the general pattern of our results in any 
of the dependent measures. 

2.4.2. Results 
To remain consistent with the analyses of Experiment 1A and 1B, we chose to 
analyze the eye movement data from the reduced contrast images and 
increased contrast images separately. As a control we also ran a complete 2 
(image contrast adjustment; increased or reduced) by 7 (saccade number) by 4 
(fixation latency bin) within-subjects analysis of variance on both the 
proportion of eye movements that went to the higher contrast region and on 
the normalized local luminance contrast at fixation data. In the proportion of 
eye movements that went to the higher contrast region, there was no main 
effect of image contrast adjustment, F(1, 11) = 3.026, MSE = 0.107, p = .110,     
= .216; the only interaction with this factor on this proportion data was with 
saccade number, F(1, 11) = 11.906, MSE = 0.860, p = .005,     = .520, such that 
first saccades were more likely to land in the higher contrast region for 
reduced contrast images compared to increased contrast images. For the 
normalized local contrast at fixation measure, there was no main effect of 
image contrast adjustment, F < 1.  

Behavioural Results. Participants correctly located the target on 84.1% of the 
trials. The target was somewhat easier to find in reduced contrast images (M = 
87.9%, SD = 2.8%) than in increased contrast images (M = 80.2%, SD = 3.5%), 
t(11) = 8.16, p < .001. The visibility of the target was manipulated relative to 
both the immediately surrounding pixels as well as in a stair-case manner (see 
Methods section), in order to encourage active exploration before finding the 
target. This was achieved in that on average, 4 eye movements were made 
before the target was found. Only 1 of the 12 participants indicated in the 
follow-up questionnaire that they had noticed the contrast manipulation. 

2.4.2.1. Reduced Contrast Images 
Proportion to higher contrast region. Figure 2.5, Panel A shows the proportion 
of saccades that landed in the normal (higher) contrast region of the image in 
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relation to the latency of the preceding fixation for reduced contrast images. In 
order to investigate to what extent eye movements were directed toward the 
higher contrast side of the image, a 7 (saccade number) by 4 (fixation latency 
bin) within-subjects analysis of variance was conducted on this proportion. 
Planned contrasts were conducted on the factor saccade number where the 
first saccade was compared to the average of the later saccades and the factor 
fixation latency bin was treated as linear as in Experiment 1. There was a main 
effect of saccade number, where first saccades were more likely to land on the 
higher contrast region of the image than later saccades, F(1, 11) = 16.362, MSE 
= .506, p < .005,     = .598. In addition, this first eye movement, in general, was 
more likely to land on the higher contrast region than chance in a one-sample 
t-test against 0.5, t(11) = 5.625, p < .001. There was a main effect of latency 
bin, where short-latency compared to long-latency saccades were more likely 
to land on a higher contrast region, F(1, 11) = 5.905, MSE = .093, p = .033,     = 
.349. These main effects were qualified by an interaction between saccade 
number and latency bin, F(1, 11) = 13.915, MSE = .242, p = .003,     = .559, 
such that the effect of latency was larger for first saccades compared to the 
subsequent saccades (see Figure 2.5A). 
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Figure 2.5: Proportion of saccades that landed in the higher contrast region of 
the image for (A) contrast reduced and (B) contrast increased images. 

Normalized local luminance contrast at fixation. Figure 2.6, Panel A shows the 
normalized local contrast at fixation across latency bins following each saccade 
(described on p. 38) for the reduced contrast images. A 7 (saccade number) by 
4 (fixation latency bin) within subjects analysis of variance showed no main 
effect of latency bin, F < 1. There was a saccade number by latency bin 
interaction, F(1, 11) = 10.548, MSE = .043, p = .008,     = .490, such that 
shorter-latency, first saccades were more likely to land on a region of higher 
local contrast than longer-latency first saccades, whereas subsequent saccades 
did not show this pattern.  
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Figure 2.6: Normalized local luminance contrast following each saccade for (A) 
contrast reduced images and (B) contrast increased images. Values greater 
than zero indicate that local contrast at fixation is above baseline. The small 
rectangular points on the top left of each panel indicate the average luminance 
contrast for each saccade. 

Saccade bias. Figure 2.7, Panels A and B shows the likelihood to switch image 
sides across latency bin for the 2nd to 7th saccades for the reduced contrast 
images. In general, participants were more likely to stay on the side where 
they were than to make a switch to the other side; the likelihood of a side 
switch was below 50% both for switches from the normal to reduced contrast 
region (M = 0.31), t(11) = 16.915, p < .001, and from the reduced to normal 
contrast region (M = 0.35), t(11) = 9.478, p < .001. To investigate any 
systematic influences of the contrast side where the saccade is initiated, 
saccade number and fixation latency bin, a 2 (initial contrast side: normal or 
reduced) by 6 (saccade number: saccades 2 - 6) by 4 (fixation latency bin) 
within subjects analysis of variance was conducted on the proportion of 
saccades that switched contrast sides. Contrasts were planned as linear for 
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saccade number and latency bin. There was an effect of initial contrast side, 
F(1, 11) = 11.514, MSE = .016, p = .006,     = .511, such that switches from 
reduced to normal contrast were more likely than switches from the normal to 
reduced contrast region. There was an effect of saccade number, F(1, 11) = 
3.528, MSE = .043, p = .008,     = .243, where there was a tendency for earlier 
saccades to switch contrast sides more often than later saccades, potentially 
reflecting the eventual localization of the target (even though explicitly target-
directed eye movements were excluded from the analysis). There was no main 
effect of latency bin, F(1, 11) = 1.778, MSE = .068, p = .171,     = .139, nor was 
there an interaction between initial contrast side and saccade number, F(1, 11) 
= 1.675, MSE = .032, p = .156,     = .132, initial contrast side and latency bin, 
F(1, 11) = 2.331, MSE = .032 p = .092,     = .175, saccade number and latency 
bin, F(1, 11) = 1.273, MSE = .036, p = .224,     = .104, nor between initial 
contrast side, saccade number and latency bin, F < 1.  

513738-bw-Anderson.indd   67 08-09-17   15:02



513738-L-bw-Anderson513738-L-bw-Anderson513738-L-bw-Anderson513738-L-bw-Anderson
Processed on: 25-9-2017Processed on: 25-9-2017Processed on: 25-9-2017Processed on: 25-9-2017 PDF page: 68PDF page: 68PDF page: 68PDF page: 68

68 
 

Figure 2.7: The likelihood that a saccade resulted in a switch in image side, 
either from higher to lower contrast (A and C) or from lower to higher contrast 
(B and D) per saccade, dependent on the duration of the preceding fixation for 
the reduced contrast images (A and B) and increased contrast images (C and D) 
separately.  

2.4.2.2. Increased Contrast Images 
Proportion to higher contrast region. Figure 2.5, Panel B shows the proportion 
of saccades that landed in the increased (higher) contrast region of the image 
in relation to the latency of the preceding fixation for the increased contrast 
images. A 7 (saccade number) by 4 (fixation latency bin) within-subjects 
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analysis of variance was conducted on this proportion. There were no effects 
of saccade or latency bin, nor was there an interaction between these two, all 
F’s  < 1. The first eye movement was only marginally more likely to land on the 
higher contrast region than chance in a one-sample t-test against 0.5, t(11) = 
1.919, p = .081. 

Normalized local luminance contrast at fixation. Figure 2.6, Panel B shows 
local the normalized contrast at fixation following each saccade across latency 
bins (described on p. 38). A 7 (saccade number) by 4 (fixation latency bin) 
within subjects analysis of showed a main effect of latency bin, F (1, 11) = 
7.512, MSE = .032, p = .019,     = .406, such that in general, short-latency 
saccades were more likely to land on a region lower in local contrast compared 
to long-latency saccades. However, there was an interaction between saccade 
and latency bin, F(1, 11) = 4.939, MSE = .130, p = .048,     = .310, such that 
short-latency, first saccades were more likely to land on a region higher in local 
contrast than long-latency first saccades, compared to subsequent saccades, 
which show the opposite pattern. 

Saccade bias. Figure 2.7, Panels C and D shows the likelihood to switch image 
sides from higher or lower contrast sides to lower or higher contrast sides 
across latency bin for the 2nd to 7th saccades for the increased contrast images. 
Again, the likelihood of a side switch was less than 50%, both from the 
increased to normal contrast region (M = 0.30), t(11) = 14.853, p < .001, and 
from the normal to increased contrast region (M = 0.35), t(11) = 7.945, p < 
.001. To investigate any systematic influences of the contrast side where the 
saccade was initiated, saccade number and fixation latency bin, a 2 (initial 
contrast side: increased or normal) by 6 (saccade number: saccades 2 - 6) by 4 
(fixation latency bin) within subjects analysis of variance was conducted on the 
proportion of saccades that switched sides. Contrasts were planned as linear 
for saccade number and latency bin. There was an effect of initial contrast 
side, F(1, 11) = 25.941, MSE = .012, p < .002,     = .702, such that switches from 
the normal to increased side of the image were more likely than switches from 
the increased to normal side of the image. There was an effect of saccade, F(1, 
11) = 8.457, MSE = .027, p < .001,     = .435, where there was a tendency for 
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earlier saccades to switch contrast sides more often than later saccades. There 
was also an effect of latency bin, F(1, 11) = 6.364, MSE = .036, p = .002,     = 
.366, where short-latency eye movements were more likely to switch image 
sides than long-latency eye movements. There was no interaction between 
initial contrast side and saccade number, F < 1, initial contrast side and latency 
bin, F < 1, saccade and latency bin, F(1, 11) = 1.707, MSE = .021, p = .054,     = . 
134, nor between initial contrast side, saccade number and latency bin, F(1, 
11) = 1.116, MSE = .023, p = .346,     = .092. 

2.4.3. Discussion 
In Experiment 2 we examined the extent to which eye movements in natural 
scenes are affected by reducing or increasing the contrast on one side of an 
image in a visual search task. Despite the strong top-down goal in this template 
visual search task, initial saccades were more likely to land on a region of 
normal contrast than on a region of reduced contrast than subsequent 
saccades. This was particularly the case for short-latency first eye movements. 
The contrast increase manipulation did not affect performance to the same 
extent. Initial saccades were not more likely to land on the increased contrast 
region of the image, and this did not vary with the latency to initiate a saccade. 
Moreover, normalized local luminance contrast varied with the latency of the 
preceding fixation, such that short-latency, first saccades tended to land on a 
higher local contrast region than long-latency saccades. This was the case both 
for reduced contrast and increased contrast images. Throughout scene 
viewing, when an eye movement traversed across the image, it was more likely 
to switch from the lower contrast side of the image into the higher contrast 
side. Taken together, these results suggest that, even when instructed to 
search for a target, gaze selection is influenced by the salience distribution 
across an image. Moreover, the results suggest that this is particularly the case 
for short-latency, initial saccades. 

These results stand in apparent contrast to previous work using a very similar 
template target search paradigm where task demands overrode any image 
salience effects (Einhäuser, Spain, et al., 2008); however, there are several 
differences between the present work and Einhäuser, Rutishauser et al. (2008). 
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First, we manipulated target visibility in order to avoid direct or early target 
acquisition and encourage exploration. Second, although this did not change 
the pattern of our results, we excluded eye movements that were directed 
toward and eventually acquired the target, as these eye movements were 
ambiguous in whether they were influenced by salience or top-down goals. 
Third, we introduced a modest time constraint such that participant responses 
were more speeded. For this reason alone it may be the case that saccades 
were initiated faster than in previous work, allowing us to find a salience effect 
in the fastest initial saccades.  

It is also possible that a similar effect was present in Einhäuser, Rutishauser et 
al.’s (2008) experiment, but only for short-latency initial saccades. We 
requested, and were kindly granted data from Einhäuser, Rutishauser et al. 
(2008) in order to confirm our suspicions. In the template search (Bull’s-Eye) 
condition, the bias toward the high contrast region of the image for the first 
saccade was linearly dependent on the latency of the preceding fixation, in 
both the condition in which the target was predominantly placed in the low-
contrast region, and in the one in which it was distributed evenly across 
regions (linear main effect of latency bin, F(1, 4) = 10.24, MSE = 5624.18, p < 
.01,     = .72). This result is consistent with our findings and suggests that even 
with a different experimental design, the extent to which early eye movements 
may be influenced by salience is dependent on the latency of the first saccade. 

An interesting pattern emerged in the normalized local contrast at fixation 
measure, where the average local luminance contrast (displayed in the top left 
of each panel in Figure 2.6) was elevated following the first saccade relative to 
subsequent saccades. One account of this finding is that it reflects the central 
bias in scene viewing, where early saccades into a scene typically fall close to 
the center of the image (Tatler, 2007). Interestingly, the average local contrast 
was elevated per saccade to a similar extent in both the reduced contrast and 
increased contrast images, suggesting that indeed, the central bias is fairly 
systematic in natural scene viewing. It is possible that feature contrasts were 
elevated in the center of the image. In our images, we did not control for 
where the majority of features were, beyond restricting the ratio of mean 
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intensity differences across the two sides of the image. By normalizing the 
local luminance contrast per saccade, we were able to factor out any effects of 
the central bias and focus only on how the local contrast varied with the 
preceding saccade latency. When the first saccade was initiated quickly, it 
tended to land on a region of higher local contrast than when it was initiated 
more slowly. This suggests that these initial eye movements are indeed 
sensitive to the underlying salience of the image. 

Interestingly, beyond the first saccade, there appears to be some influence of 
the contrast manipulation on where participants look in this visual search task. 
In general, participants were more likely to switch from the lower to higher 
contrast side of an image than vice versa, particularly on early saccades 
beyond the first one. Switches in image side reduce as time in the trial 
progresses, likely reflecting either an early bias to explore the gross outlay of 
the scene or that the participant has started to localize the target. This 
influence of the contrast manipulation beyond the first eye movement is 
surprising and may have to do with particular correspondences between the 
contrast manipulation and a given participants’ search strategy. An intriguing 
alternative explanation is that as the central bias in scene viewing decreases 
over saccade number, a bias toward the higher contrast side of the image 
emerges. This is in line with previous work demonstrating that in visual search 
tasks where the target is defined by luminance contrast, fixation placement 
later in scene viewing follows the distribution of features in the image (Tatler, 
2007).  

2.5 General Discussion 

Previous research has established that saccades in simple artificial displays are 
affected by bottom-up salience, even in the presence of a strong top-down 
goal such as in visual target search (Siebold et al., 2011; van Zoest et al., 2004). 
By the inclusion of both a contrast-reduction and a contrast-increase 
manipulation, and by looking at the time-course of selection behaviour, we 
were able to demonstrate that salience indeed influences short-latency and 
early saccades in natural scenes even when participants are given a strong top-
down goal such as template search, at least in the case of contrast-reduced 
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images. These results seem to contradict previous work showing little to no 
role for bottom-up salience in the control of saccades in natural scenes, but 
are in line with current thinking on saccade control in more simple displays and 
to some extent in natural scenes (Donk & van Zoest, 2008; Einhäuser, 
Rutishauser, et al., 2008; Einhäuser, Spain, et al., 2008; Foulsham & 
Underwood, 2008; Henderson et al., 2007; Tatler et al., 2005; van Zoest et al., 
2004).  

The influence of salience was stronger and the latency effects more clear in 
Experiment 1, in which participants were free to explore the image, than in 
Experiment 2, in which participants engaged in a search task. This suggests that 
the presence of a top-down goal affects oculomotor selection, even early on. It 
is possible that the observers in Experiment 2 preprogrammed their initial 
saccade in line with their expectations concerning the possible target locations 
(Rao, Zelinsky, Hayhoe, & Ballard, 2002). As a result, initial eye movements 
might have been less affected by salience than those in Experiment 1. This 
finding points to the idea that there are different degrees of top-down 
involvement. The view known as strategic divergence, posits that low-level 
image features continuously influence saccadic targeting and it is the top-
down influence that varies over time. Tatler et al. (2005) suggest that the 
visual representation required for such a high-level system may be an 
intermediate-level representation that allows for the discrimination between 
informative and non-informative locations. This representation would also be 
insensitive to differences in the real world, such as illumination, but would 
preserve, for example, contrast and edge content (which have been previously 
shown to be highly discriminatory at fixated, compared to non-fixated 
locations, Parkhurst et al., 2002; Tatler et al., 2005).  

A more radical theory is that natural scene viewing is under full cognitive, 
knowledge-based control (Henderson et al., 2007). Saccade targets in this view 
are ranked and selected purely on their relevance to the current task and 
based on a pre-existing knowledge base of episodic and semantic memory. 
According to this view, the correspondence between salience and fixations is 
merely accidental, because regions of high salience tend to be where relevant 
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objects are located (Nuthmann & Henderson, 2010; Walther & Koch, 2006). 
Support for this view lies in the idea that such episodic and semantic scene 
knowledge, or gist, can be extracted very quickly (Oliva & Torralba, 2006) and 
albeit in conjunction with the salience model, such a knowledge-base predicts 
fixation locations well (Torralba et al., 2006). In our work, targets tagged by 
such a knowledge system would presumably have existed on both the normal 
and contrast manipulated sides of the image and selection subsequent to the 
first saccade is therefore not fully biased to the higher contrast region. 
However, to the extent that the initial saccade was most likely into a higher 
contrast region, this suggests that a knowledge-based representation is either 
built on or influenced by, at least initially, bottom-up salience information. 

In both Experiment 1 and Experiment 2, we found differential effects with 
reduced contrast and increased contrast images. Whereas reductions in 
contrast strongly affected the first saccade, the effects of increased contrast 
were smaller and less dependent on the latency of the initial saccade in 
Experiments 1 and 2. One potential explanation of these differences is that the 
salience distribution was remarkably different between the two types of 
contrast manipulation (see Figure 2.1). In the contrast reduced images, the 
number of salient regions decreased dramatically. In these images, the normal 
contrast side will usually contain the most salient regions, with one of these 
regions typically winning the competition for selection. The increased contrast 
images contained many salient regions in both the manipulated and 
unmanipulated regions, resulting in less of an advantage for the increased 
contrast side. Such an explanation is predicated on the notion that the target 
of an eye movement is chosen after competition for selection in some salience 
map (Koch & Ullman, 1985; Wolfe, 1994). An alternative explanation would be 
that less salient objects simply take longer to process. In our reduced contrast 
manipulation, early initial saccades might be biased towards the normal side 
because processing of the reduced contrast side of the image would not be 
complete yet. Slower initial saccades and later saccades would then be made 
when processing of the reduced side was complete, and would therefore not 
be biased towards the normal side to the same extent. Increasing contrast may 
speed up processing relative to normal contrast, leading to smaller effects of 
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contrast increase, relative to contrast decrease and less variation with latency. 
Similar time-based explanations have been suggested for the effects of 
salience in artificial displays (Donk & van Zoest, 2008). It is still an open 
question whether such explanations can account for all effects of salience on 
eye movement behaviour (Siebold, van Zoest, Meeter, & Donk, 2013).  

In the present work, we computed local contrast at fixation following each 
saccade by normalizing each value relative to the corresponding averaged 
value per subject obtained for that ordinal saccade number. This was done to 
correct for any potential influence of a central bias which is known to decrease 
with saccade number (Tatler, 2007). The averaged contrast values dropped 
significantly over the first few eye movements (see inset of Figures 2.3 and 
2.6). This decrease may be related to an initial bias to select center locations 
that tend to have a higher contrast value than more peripheral locations. 
However, the central bias is thought to be intrinsically invoked by the observer 
rather than being related to any image features. Regardless, any potential 
central bias confound was removed from the normalized contrast at fixation 
values. These values show that short-latency first saccades tended to land on a 
region higher in local contrast than long-latency first saccades, irrespective of 
the central bias.  

In both experiments, salience had its strongest effects on the initial saccade 
into an image. These results are in line with theories based on work using more 
simple displays (Siebold et al., 2011; Theeuwes & Godijn, 2002; van Zoest et 
al., 2004; Zehetleitner et al., 2013). One current theory is that stimulus-driven 
salience is only briefly represented in the visual system. Relative salience 
effects are short-lived (within the first few hundred milliseconds of a display 
onset). To explain these results Donk and Soesman (2010, 2011a) proposed 
that relative salience might dissipate early, while information concerning the 
locations of distinct objects might be preserved over a longer period of time. 
This latter information might serve as a basis for further goal-driven selection 
in that it provides information about the locations of potentially interesting 
targets. The salience map in this sense is assumed to evolve over time from a 
representation containing information concerning the relative salience of 
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different locations in the visual field to a representation containing information 
concerning the locations of (potentially interesting) objects (Donk & Soesman, 
2010, 2011a; Donk & van Zoest, 2008).  

The conjecture that relative salience is replaced by an object-like 
representation (Donk & van Zoest, 2008) is mirrored by work in natural scenes 
showing that attentional selection critically depends on the objects in those 
natural scenes (Einhäuser, Spain, et al., 2008; Nuthmann & Henderson, 2010; ’t 
Hart et al., 2013). In our work, every image was presented to every participant 
with the contrast adjustment on the left and on the right, precluding any 
systematic relation between a particular objects’ location and the contrast 
adjustment. Even if the early saccades were directed toward objects, not 
simply to highly salient regions, the salience distribution across the image 
influenced which objects were fixated first. This is consistent with the view of 
Donk and Soesman (2010, 2011a) that the top-down component may rely on a 
representation of the scene that was built on initial salience and that this initial 
salience may have early effects on object parsing. Indeed, ‘t Hart et al. (2013) 
have recently shown that if a rarely mentioned object (i.e., semantically 
unimportant) in a scene was increased in contrast relative to the underlying 
scene, the number of mentions of, and saccades to that object increased. The 
authors suggest that an objects’ importance is weighted relative to its 
expected importance given the underlying scene statistics of the image, rather 
than the scene semantics alone. The extent to which underlying image salience 
may influence ‘objectness’ or any intermediate-level representations serving 
top-down control (Donk & van Zoest, 2008; Henderson et al., 2007; Nuthmann 
& Henderson, 2010; Tatler et al., 2005) is a fruitful avenue for future research. 

Regardless of the development and subsequent fate of such an intermediate-
level representation, our results agree with the proposal that bottom-up and 
top down control act on different time-scales, where only short-latency, early 
eye movements are stimulus-driven, whereas top-down components take time 
to emerge (Donk & van Zoest, 2008; van Zoest et al., 2004). This would indeed 
explain why, in our natural scenes, salience played a strong role early on. It 
also explains, to some extent, why reports of early salience effects have been 
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mixed (Einhäuser, Rutishauser, et al., 2008; Foulsham & Underwood, 2008; 
Nyström & Holmqvist, 2008; Parkhurst et al., 2002; Tatler et al., 2005). Saccade 
latencies can depend critically on the difficulty of visual and cognitive 
processing (Nuthmann, Smith, Engbert, & Henderson, 2010). It is not yet clear 
under what exact conditions the initial saccade latency in a natural scene 
varies; however, it stands to reason that it may depend critically on task 
demands or stimulus complexity3. If salience effects are strongest at the first 
moments of scene presentation (in our case for the first 2-3 fixation latency 
bins) this may allow for a wide variety of differing reports on its actual 
influence when results are averaged over the millisecond-level time-course. 
This was indeed the case for Einhäuser, Rutishauser and Koch (2008), with 
salience effects only becoming apparent once this time-course was uncovered.  

The pattern of results reported here clearly indicate that the initial eye 
movement is influenced by the salience distribution across the images. But 
what can be said about any subsequent saccades? Participants generally spent 
more time fixating the higher contrast region of the image throughout the 
trials, both in the encoding/recognition and visual search experiments, and 
continued to be more likely to switch from the low-contrast to the high-
contrast side than vice versa. This indicates that salience continues to impact 
later saccades; however, the mechanism is yet unclear. It is possible that the 
contrast manipulation could have influenced an intermediate-level 
representation of scene objects and their locations. Subsequently, the objects 
on the higher contrast side of the image maintained a sort of privileged status 
throughout scene viewing due to their higher initial salience (Donk & Soesman, 
2011a). Top-down mechanisms could therefore use such an intermediate-level 
map that was only initially influenced by salience. However, the lack of any 
dependence on latency in salience effects suggests that subsequent saccades 
are guided in a different way from the initial saccade into an image. Previous 

 

3 In our own work, we find significantly slower initial latencies in 
Experiment 1a, compared to 1b, but no difference in initial latencies between 
Experiments 1 and 2. 
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work in both simple search displays and in natural scenes suggests at least that 
these later eye movements are predominantly guided by top-down, cognitive 
control (e.g., Henderson et al., 2007; Siebold et al., 2011). The present results 
are not able to clearly distinguish between these accounts. 

The analysis of eye movement behaviour in natural scenes is an important way 
of linking eye movement behaviour studied in simpler displays to the 
increasing need to study eye movements in the natural environment 
(Foulsham, Walker, & Kingstone, 2011; Hayhoe & Ballard, 2005; Kingstone, 
Smilek, & Eastwood, 2008; Tatler et al., 2011). Aside from practical reasons, 
the study of natural scenes in a laboratory setting is a compromise between 
stimulus control and naturalness. The onset of a natural scene may appear to 
be something that does not typically happen outside of the laboratory or away 
from our computers. However, it is a situation in which contextual and other 
forms of top-down cognitive information is not available to guide eye 
movements. Participants are uncertain as to the exact nature of the stimulus 
they are about to see. For this reason, the investigation of an initial eye 
movement into a natural scene allows us to better understand responses that 
occur in the absence of prior information about a scene or environment. 
Although as yet unknown, this may occur in situations encountered in our 
everyday lives, such as walking into an unfamiliar room, re-orienting attention 
across a large space (turning the head or body), or during a scene change or 
cut in a movie or television show. We have shown that bottom-up, stimulus 
features play a large role in guiding our early eye movements. Perhaps because 
it allows for faster, more efficient object localization and may correlate with 
sudden onsets, motion or unexpected objects. Eye movements in response to 
the sudden onset of a natural scene can help to reveal how the visual system 
deals with the interaction between the meaning of a scene and its bottom-up 
visual features. The present results have therefore important implications for 
theories and models of eye movement behaviour that are based on natural 
scene viewing and visual search.  
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2.6 Conclusion 

In the present work, we demonstrated that salience plays a role in the early 
deployment of attention into a natural scene. By decreasing or increasing the 
contrast in a gradient across an image, we manipulated the salience 
distribution. We show that fast, first saccades are more likely to be directed 
toward a region of the image that contains more physically salient information. 
We demonstrate that this occurs even when participants are given a strong top 
down goal, such as searching for a bull’s-eye in an image. These results help to 
resolve some debate over the extent of salience effects in natural scene 
viewing while helping to bridge the gap between research in more basic 
displays and those employing natural scenes. 
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Chapter 3  

 

The influence of a scene preview on eye 

movement behaviour in natural scenes 

 

 

 

 

 

 

 

Adapted from: 

Anderson, N. C., Donk, M., & Meeter, M. (2016). The influence of a scene 
preview on eye movement behavior in natural scenes. Psychonomic 

Bulletin & Review, 23(6), 1794-1801. 
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3.1 Abstract 

Rich contextual and semantic information can be extracted from only a brief 
presentation of a natural scene. This is presumed to be activated quickly 
enough to guide initial eye movements into a scene. However, early, short-
latency eye movements in natural scenes have been shown to be dependent 
on the salience distribution across the image (Anderson et al., 2015). In the 
present work we manipulated the salience distribution across a natural scene 
by changing the global contrast. We showed participants a brief real or 
nonsense preview of the scene and examined the time-course of eye 
movement guidance. A real preview decreased the latency and increased the 
amplitude of initial saccades into the image, suggesting that the preview 
allowed observers to obtain additional contextual information that would 
otherwise not be available. However, the preview did not completely override 
the initial tendency for short-latency saccades to be guided by the underlying 
salience distribution of the image. We discuss these findings in the context of 
oculomotor selection based on the integration of contextual information and 
low-level features in a natural scene. 
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3.2 Introduction 

A key question in research on oculomotor behaviour in natural scenes is how 
such eye movements are controlled. It is generally accepted that our eyes and 
attention can be influenced by both the stimulus itself and by more cognitive 
factors, such as knowledge and task goals. In research utilizing simple displays, 
stimulus features capture attention even when participants have a strong top-
down goal (e.g., Godijn & Theeuwes, 2002; Hunt et al., 2007; Siebold et al., 
2011; Zehetleitner et al., 2013). In research utilizing natural scenes, such 
bottom-up effects on attention have been studied by comparing fixated 
locations to a salience map, which quantifies the relative conspicuity of 
individual features in the visual field (e.g., Foulsham & Underwood, 2008; Itti & 
Koch, 2000; Koch & Ullman, 1985; Mannan et al., 1996; Peters et al., 2005; 
Reinagel & Zador, 1999). Even though this represents a straightforward 
approach, the observed correlations may also be accounted for by more 
cognitive influences such as the participants’ task (Anderson et al., 2015; 
Castelhano, Mack, & Henderson, 2009; Einhäuser, Rutishauser, et al., 2008; 
Yarbus, 1967), the presence of a bias to look in the center of an image (Tatler, 
2007), the meaning of the scene (Foulsham & Underwood, 2011), or the 
correspondence between objects and salience (Einhäuser, Spain, et al., 2008; 
Nuthmann & Henderson, 2010). 

To estimate how salience affects natural scene viewing behaviour, we recently 
performed a study in which we manipulated the salience distribution across an 
image (Anderson et al., 2015; see also Einhäuser, Rutishauser, et al., 2008). We 
asked participants either to memorize a scene, or to search for a bull’s-eye-
shaped target. Critically, half of the scene was either reduced or increased in 
contrast relative to the other half, changing the overall distribution of salient 
regions across the image without the confounding factors that have bedevilled 
other attempts to correlate salience with eye movement behaviour (e.g., 
Einhäuser, Rutishauser, et al., 2008). We found that this contrast manipulation 
influenced where participants attended. When they initiated their first saccade 
into the scene quickly, within approximately 300 ms after the onset of the 
image, they were more likely to land on the region of higher contrast. Beyond 
300 ms after the presentation of the image, however, participants were almost 
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equally likely to go to either side of the image. These results suggest that while 
long-latency and subsequent saccades might be based on more goal-driven or 
cognitive influences, short-latency eye movements are salience-driven. 
However, salience may not necessarily be the only driving force behind rapid 
initial selection.  

Unlike synthetic, uniform displays that enforce tight control on salience and 
object placement, natural scenes have complex spatial arrangements that are 
rich in meaning. The visual system has much practice in extracting contextual 
information, semantics and objects from pictures of the real world. Indeed, a 
lot of information can be gleaned from just a brief glance (50-250 ms) at a 
scene. It can rapidly provide information about a scenes’ structure (Joubert et 
al., 2007) and scene semantics (Greene & Oliva, 2009b). It is also enough to 
establish the gist of a scene (Oliva & Torralba, 2006), its consistency 
(Davenport & Potter, 2004), and the presence and identity of some objects, 
people and animals (Fei-Fei et al., 2007; Thorpe et al., 1996). What is less well 
known, however, is to what extent such information influences eye 
movements occurring rapidly after the presentation of an image.  

Torralba, Oliva, Castelhano and Henderson (2006) proposed that both salience 
and contextual information are computed in parallel and integrated early on, 
before the occurrence of a first eye movement. Local (salience) and global 
(context) features are assumed to quickly converge into a contextually 
modulated salience map that may potentially affect even the fastest eye 
movements. Castelhano and Henderson (2007) and Vo and Henderson (2010) 
demonstrated that a briefly presented scene preview (as short as 50 ms), in 
conjunction with a prolonged delay between the preview and final image, 
reduced the time and the number of eye movements before a target was 
found. Already the first saccade into the scene was altered by the preview: its 
latency was reduced and its amplitude increased compared to a control 
condition without preview. This suggests that the preview allowed observers 
to extract contextual information that would otherwise not be available, which 
would run counter to the idea of Torralba et al. (2006) that contextual 
information is rapidly available. However, the scene preview may have also 
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provided time for target knowledge to be integrated with the contextual 
representation extracted from the preview allowing subsequent eye 
movements to be quickly guided towards the target (Võ & Henderson, 2010). 
This would bring the results in line with the contextual guidance model of 
Torralba et al. (2006): a preview may not necessarily yield contextual 
information that would otherwise be missing, but may allow a faster 
integration of that information with target knowledge. Here, we sought to 
differentiate between these two possibilities, by investigating whether a 
preview would also affect the first saccade into an image if there was no 
explicit top-down search goal, and thus no need for any target-context 
integration. 

In the present work, we presented participants with a brief preview of a scene 
that was either a normal preview of the upcoming image, or a nonsense image. 
After a delay, sufficiently long to establish a strong contextual representation, 
the final image was presented. Unlike the normal preview, the final image was 
manipulated to be reduced in contrast on one side of the image. The scene 
preview was shown long enough, and with a significant delay prior to the final 
scene onset to establish a strong representation of any gist, or conceptual or 
semantic scene knowledge (Võ & Henderson, 2010). For convenience we will 
refer to any information gleaned from the scene preview to be ‘contextual,’ 
though see Wu, Wick, and Pomplun (2014a) for an excellent discussion of the 
different forms of semantic information this definition might entail. The task 
for participants was to remember the scene for a later memory test, to allow 
for relatively free exploration of the images.  

If contextual information is available early enough to guide even the fastest 
first eye movements in a scene (Torralba et al., 2006), the preview type should 
not further affect initial selection behaviour for there is no need for any target-
context integration in the present set-up. Accordingly, the contrast distribution 
of the final image should affect initial eye movements equally in the normal 
relative to the nonsense preview condition. Alternatively, if contextual 
information is more gradually acquired, then a real preview should reduce the 
impact of the contrast distribution in the final image relative to a nonsense 
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preview. This would be the case because a normal preview should then lead to 
a change in the contextually modulated salience map, such that the relative 
influence of context becomes larger at the expense of salience. This should 
lead to a reduced salience effect in the normal preview relative to the 
nonsense preview condition.  

3.3 Methods 

3.3.1. Participants 
16 participants (ages 18-28, M = 21.9 years, 94% female) were recruited from 
VU University Amsterdam and participated in this experiment for course credit 
or 9 Euros. All reported normal or corrected to normal vision and were naive to 
the purpose of the experiment. The study was approved by the ethics board of 
the Faculty of Psychology and Education and conducted according to the 
principles of the Declaration of Helsinki.  

3.3.2. Apparatus  
The experiment was designed and presented using OpenSesame (Mathôt et 
al., 2012), an open source experiment programming environment integrated 
with the SR Research Eyelink 1000 tracking system (SR Research Ltd., 
Mississauga, Ontario, Canada). Stimuli were presented on a 22 inch (diagonal) 
Samsung Syncmaster 2233RZ with a resolution 1,680 x 1,050 pixels and refresh 
rate of 120 Hz at a viewing distance of 75 cm. Eye position was recorded via a 
second computer at 1,000 Hz with a spatial resolution of 0.01° visual angle 
using a 9 point calibration and validation procedure. The eye with the best 
spatial accuracy as determined by the calibration procedure was chosen for 
tracking. The online saccade detector of the eye tracker was set to detect 
saccades with an amplitude of at least 0.5°, using an acceleration threshold of 
9,500°/s2 and a velocity threshold of 35°/s. The experiments took place in a 
dim, sound-attenuated room. The experimenter received real-time feedback 
on system accuracy on a second monitor located in an adjacent room and 
calibration and validation was repeated as needed. 
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3.3.3. Stimuli 
Images were selected from the SUN2012 Database (Xiao et al., 2010) and from 
‘Learning to Predict where Humans Look’ (Judd et al., 2009). The images 
depicted various exteriors, interiors and natural scenes and were chosen such 
that they did not contain any obvious human faces or text. Each image had a 
native resolution of 1,024x768 pixels and was converted to greyscale. Images 
were then further selected such that their mean intensity values across the left 
and right side of the image conformed to a ratio of at most 3:4. Conforming to 
these selection criteria, 100 images were used from the SUN2012 Database 
and 91 images from ‘Learning to Predict where Humans Look.’ Stimuli were 
presented centrally on the monitor at their native resolution and subtended a 
visual angle of approximately 22 degrees horizontal by 16 degrees vertical. The 
rest of the screen surrounding the image was gray.  

3.3.4. Contrast Adjustment 
Image contrast adjustment was performed on all selected images using 
Matlab’s imadjust function (MATLAB, 2011). Intensity values on one side of the 
image were linearly remapped to a range spanning 40% of the original 
intensity range, in a way that left mean intensity unaffected. Only the variance 
in intensity was thus reduced. For each image, either the left or right 2/5 of the 
image width was manipulated in this fashion. For the center 1/5, contrast was 
reduced gradually, from full to reduced contrast, leaving the remaining 2/5 of 
the image width unmanipulated. Two versions of each image were created, 
either with the contrast gradually reduced from left to right or from right to 
left (see Figure 3.1A). Salience maps were computed for each modified image 
using the Saliency Toolbox (Walther & Koch, 2006). Mean salience was 
significantly lower for the reduced contrast side of each image (M = 0.005), 
compared to the original (M = 0.03), t(381) = 38.59, p < .001.  

3.3.5. Scrambled Images 
A ‘scrambled’ version of each image was created using a texture synthesis 
algorithm created by Portilla and Simoncelli (2000), but modified by Greene 
and Oliva (2009b). The algorithm takes the image as input and calculates a 
number of image statistics such as orientation and luminance information. It 
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then coerces a noise stimulus to have the same properties. The resulting 
stimuli have similar low level perceptual features as the scene input stimulus, 
but without any object or spatial layout information (see Greene & Oliva, 
2009b). 

3.3.6. Procedure 
Participants were seated with their head constrained in a chin rest and were 
given verbal and written instructions regarding the experimental procedure. 
Calibration and validation of their eye position was performed. In the first 
phase of the experiment, participants were instructed to explore the images 
carefully so as to remember the images for a later recognition task. Each trial 
began with a drift-correction screen in which participants were required to 
press the spacebar while fixating a centrally presented circular dot. 
Participants were then given either a preview of the image that they were 
about to see that was an unmanipulated version (i.e., without the contrast 
adjustment) of the final image, or a nonsense preview that was a scrambled 
version of the image (see Figure 3.1A). The preview or nonsense image was 
presented for 250 ms immediately followed by a 50 ms noise mask, then a 3 s 
uniform grey ‘integration’ screen. The image was then presented for 2 s (see 
Figure 3.2B). The previews and integration screens contained a centrally 
presented circular fixation dot and participants were instructed to fixate on the 
dot for as long as it appeared onscreen. This dot disappeared when the final 
image was presented and participants were then free to move their eyes 
throughout the image. Figure 3.2B depicts a possible trial sequence. 

We selected 150 images from the dataset, with the contrast adjusted on both 
the left and right. These images were presented in 300 trials with a mixed 
random order such that each participant saw the same image (with a different 
side adjusted) twice throughout the first phase of the experiment, with the 
restriction that participants could never see the second version of the image 
within the following three consecutive trials. The images were presented in 10 
blocks and after each block participants were given feedback about their 
progress through the experiment.  
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At the end of the experiment, participants performed a recognition task on 20 
images that had been presented in the initial phase and 20 new images (these 
images were randomly chosen from the image pool and were a mix of image 
categories). Each image was presented for 2 s, after which participants were 
asked to press the ‘z’ key if they had seen the image before, or the ‘/’ key if 
they had not seen the image before.  

 

Figure 3.1: Panel A: Example of an original grayscale image, the same image 
with reduced contrast on the left and the synthesized scrambled ‘nonsense’ 
preview. Panel B: Schematic representation of an encoding trial with a normal 
preview.  

To familiarize participants with the task, participants performed 14 practice 
trials followed by 14 recognition trials (7 ‘old’ images and 7 ‘new’ images) prior 
to the experimental phase. Immediately after the practice trials, participants 
were given feedback on their performance in the recognition phase and had an 
opportunity to ask questions about the experimental procedure. At the 
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conclusion of the experiment, participants were given feedback on their 
performance in the recognition task and then were asked to type in a field on 
the screen whether or not they had “noticed anything strange about the 
images.” This was done in order to check whether the contrast adjustment was 
noticed by the participants. The entire experiment lasted approximately 60 
minutes.  

3.3.7. Data Processing 
Fixations were removed if their duration was longer than 700 ms or faster than 
120 ms or if they started outside a 65 pixel radius (approximately 1 degree 
visual angle) from the central fixation dot. These restrictions resulted in the 
removal of 2.6% of the trials.  

The primary dependent measure was the proportion of initial saccades that 
landed in the higher contrast region. This region was either the left or right 
side of the image, from the center to the edge of the image boundary (i.e., 
including half of the middle 20% of the image that was gradually reduced in 
contrast at one side). A second dependent measure, saccade amplitude (in 
degrees visual angle) was calculated in order to assess the potential impact of 
the various preview types on saccadic targeting. A third measure analyzed was 
the latency of the initial saccade, calculated from the onset of the final image. 
We focus only on the first saccade into a scene for two reasons. First, it has 
been previously demonstrated that these eye movements are influenced by 
the contrast manipulation, while subsequent saccades are less affected by it 
(Anderson et al., 2015). Second, since we do not employ a gaze-contingent 
design when participants view the final image, we cannot make inferences 
about how any contextual representation built during the scene preview 
influences these eye movements. 
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3.4 Results 

3.4.1. Performance 
Seven out of the 16 participants indicated in the questionnaire that they had 
noticed the contrast manipulation4. Recognition accuracy was 91.6% (SE = 
1.74%). 

3.4.2. Proportion of eye movements to the higher contrast region 
Figure 3.2 shows the proportion of saccades that landed on the higher contrast 
region of the image as a function of their saccade latency for both the normal 
or nonsense preview conditions. A 2 (preview type: nonsense vs. normal) by 4 
(saccade latency bin) within-subjects analysis of variance was conducted on 
the proportion of first saccades that landed on the higher contrast region of 
the image, with the saccade latency factor treated as a linear contrast.  

There was a main effect of preview type, F(1, 15) = 30.91, MSE = .008, p < .001, 
    = .673, such that saccades landed more often on the higher contrast region 
when the preview was a nonsense image compared to when it was a normal 
image. There was a marginal main effect of saccade latency bin, F(1, 15) = 3.85, 
MSE = .009, p = .069,     = .204, such that short-latency first saccades tended 
to land more often on the higher contrast side of the image than long-latency 
saccades. There was no interaction between preview type and saccade latency 
bin, F(1, 15) = 0.34, MSE = .010, p = .569,     = .022. 

Figure 3.2 suggests that when the preview was a normal image, selection of 
the higher contrast region may vary with latency in a non-linear fashion. In 
order to investigate the time course of selection performance across 
conditions, we performed a follow-up analysis of variance with saccade latency 

 

4 When submitted as a between subjects factor, whether people noticed 
the manipulation did not influence the proportion of eye movements that 
landed on the higher contrast region, F < 1, nor did it interact with preview, F < 
1, bin, F(1,14) = 1.54, MSE = .008, p = .234,     = .099, nor the preview by bin 
interaction, F < 1. This was also the case for saccade amplitudes, all F’s < 1.  
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bin as a quadratic factor (see Figure 3.2). There was no quadratic main effect 
of bin, F(1, 15) = 1.43, MSE = .004, p = .250,     = .087, but there was a 
significant interaction between preview type and latency bin, F(1, 15) = 8.64, 
MSE = .006, p= .010,     = .364. This interaction likely results from the 
particular tendency, when the preview was a normal image, for the shortest-
latency saccades (from the first saccade latency quartile – see Figure 3.2) to 
more often land on the higher contrast region of the image than those from 
later latency quartiles. However, for each bin and across both normal and 
nonsense preview types, first saccades were more likely than chance to land 
on the higher contrast region, all t’s > 4.87, p’s < .001. 

 

Figure 3.2: Proportion of saccades that landed in the higher contrast region of 
the image separately for each preview condition and saccade latency bin. Error 
bars in this and all subsequent figures represent standard error corrected for 
between-subjects variance (Cousineau, 2005; Morey, 2008). 

3.4.3. Saccadic Amplitude 
Figure 3.3 shows the amplitude of the first saccade as a function of its latency 
for both preview conditions. A 2 (preview type: nonsense vs. normal) by 4 
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(saccade latency bin) within-subjects analysis of variance was conducted on 
the first saccadic amplitude, with saccadic latency factor treated as a linear 
contrast.  

There was a main effect of preview type, F(1, 15) = 35.78, MSE = .222, p < .001, 
    = .705, such that saccade amplitude was significantly larger when the 
preview was a normal image, compared to when the preview was a nonsense 
image. There was no linear effect of saccade latency bin, F(1, 15) = 3.02, MSE = 
.348, p = .013,     = .168, and no interaction between preview type and 
saccade latency bin, F(1, 15) = 2.52, MSE = .192, p = .133,     = .144.  

We also performed a follow-up analysis of variance with saccade latency bin as 
a quadratic factor on the first saccade amplitude. There was a quadratic main 
effect of latency bin, F(1, 15) = 17.87, MSE = .060, p = .001,     = .544, but no 
interaction between preview type and saccade latency bin, F(1, 15) = 2.74, MSE 
= .332, p = .119,     = .154. 

 

Figure 3.3: Saccade amplitude separately for each preview condition and 
saccade latency bin. 
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3.4.4. Latency of the first saccade 
The latency of the first saccade into the image was significantly shorter when 
the preview was a normal image (M = 286 ms; SD = 25.21 ms) than when the 
preview was a nonsense image (M = 310 ms; SD = 26.59 ms), t(15) = 6.57, p < 
.001. 

3.5 Discussion 

The results of the present work revealed that a brief preview of an image was 
enough to influence saccadic programming to the extent that the tendency to 
move the eyes to the higher-contrast region was reduced relative to when the 
preview was a nonsense image. A preview of a natural scene significantly 
shortened the latency, and increased the amplitude of the initial saccade. This 
finding extends previous work (Võ & Henderson, 2010) by demonstrating that 
a preview influences short-latency initial saccades into a scene. The present 
work additionally shows that this occurs even when there is no subsequent 
disruption to scene context (Võ & Henderson, 2010). More importantly, the 
results demonstrate that a preview affects initial saccades while observers 
were not engaged in any search task. This suggests that a preview effect may 
not only arise because the preview prolongs the available context-target 
integration time (Võ & Henderson, 2010) but also because it enhances the 
relative influence of context on oculomotor selection behaviour (at the 
expense of the contribution of salience).   

Nevertheless, the scene preview was not enough to completely override an 
early tendency to look toward the region of the image with a higher contrast, 
indicating that salience, to some extent, still affected oculomotor selection 
behaviour. This finding contrasts with work suggesting that a contextual 
representation built during a 250 ms image preview should allow selection to 
be completely guided in a top-down fashion (Brockmole & Henderson, 2008; 
Võ & Henderson, 2010), and even when not provided with an image preview, 
much work suggests that goal-driven processes can rapidly influence eye 
movement behaviour (e.g., Henderson et al., 2009; Neider & Zelinsky, 2006; 
Spotorno, Malcolm, & Tatler, 2014; Torralba et al., 2006; Võ & Henderson, 
2010).  
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While the idea that stimulus salience may influence oculomotor control is 
against theories suggesting that selection behaviour is driven predominantly 
by cognitive factors (Henderson et al., 2007; Neider & Zelinsky, 2006; Spotorno 
et al., 2014), such earlier work has not investigated selection behaviour on 
such a fine-grained timescale as in the present work (see also: Anderson et al., 
2015; Mackay et al., 2012). Our results are in line with a view of oculomotor 
control that integrates both stimulus salience and knowledge structures 
(Navalpakkam & Itti, 2005; Torralba et al., 2006). Findings here and in studies 
utilizing more simple displays (Donk & van Zoest, 2008; van Zoest & Donk, 
2008; van Zoest et al., 2004) further constrain this relationship by suggesting 
that salience may be perceived as an emergent property of the speed at which 
individual objects are processed in the visual system. In this view, salience is 
coded in the temporal as well as spatial domain, where more conspicuous 
regions receive earlier activation than less conspicuous regions. This results in 
a selection bias for salient regions for early, fast responses, but eventually 
leads to a state of equivalence across locations that stand out from the 
background.  

Taken together, the present findings suggest that even though both salience 
and context determine selection behaviour early on in scene viewing (Torralba 
et al., 2006), the relative contribution of context can be increased by the 
presentation of a real preview. This latter finding is in line with the idea that 
the contextual representation is acquired during a longer period of time than 
previously assumed (Torralba et al., 2006) and suggests that context, like 
salience exerts its influence through a dynamically changing representation in 
time.  

3.6 Conclusions 

In the present work, we demonstrated that a brief preview of a natural scene 
provides some contextual guidance of eye movements. It can decrease the 
latency and increase the amplitude of the first saccade into a natural scene. In 
addition, it reduces the tendency for initial saccades to be guided by the 
salience distribution of the scene. The contextual representation built during 
the preview, however, was not strong enough to completely override the 
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influence of salience, as saccades were more likely than chance to land on the 
higher contrast side of the image which was particularly the case for the very 
shortest-latency saccades.  
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Chapter 4  

 

Salient object changes influence overt attentional 

prioritization and object-based targeting in 

natural scenes 

 

 

 

 

 

 

Adapted from: 

Anderson, N. C., & Donk, M. (2017). Salient object changes influence overt 
attentional prioritization and object-based targeting in natural scenes. PloS 

one, 12(2), e0172132. 
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4.1 Abstract 

A change to an object in natural scenes attracts attention when it occurs 
during a fixation. However, when a change occurs during a saccade, and is 
masked by saccadic suppression, it typically does not capture the gaze in a 
bottom-up manner. In the present work, we investigated how the type and 
direction of salient changes to objects affect the prioritization and targeting of 
objects in natural scenes. We asked observers to look around a scene in 
preparation for a later memory test. After a period of time, an object in the 
scene was increased or decreased in salience either during a fixation (with a 
transient signal) or during a saccade (without transient signal), or it was not 
changed at all. Changes that were made during a fixation attracted the eyes 
both when the change involved an increase and a decrease in salience. 
However, changes that were made during a saccade only captured the eyes 
when the change was an increase in salience, relative to the baseline no-
change condition. These results suggest that the prioritization of object 
changes can be influenced by the underlying salience of the changed object. In 
addition, object changes that occurred with a transient signal (which is itself a 
salient signal) resulted in more central object targeting. Taken together, our 
results suggest that salient signals in a natural scene are an important 
component in both object prioritization and targeting in natural scene viewing, 
insofar as they align with object locations.  
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4.2 Introduction 

A key question in research on attention and oculomotor control in natural 
scene viewing is the extent to which eye movements and attention may be 
governed by the low-level visual features of the scene or more high-level, 
cognitive factors. This has been the focus of much debate; however, it is 
becoming increasingly clear that while bottom-up stimulus features play a role 
in where people look, this is heavily influenced by cognitive factors.  

Evidence that bottom-up, stimulus features influence oculomotor control 
stems from early attempts to model visual attention via a ‘salience map’ (Itti & 
Koch, 2001; Itti et al., 1998). This model predicts where observers will look in 
an image based on differences among basic visual features such as colour, 
orientation and luminance. There is evidence that such models perform fairly 
well in predicting real fixation locations (e.g., Foulsham & Underwood, 2008; 
Itti & Koch, 2000; Parkhurst et al., 2002) and that statistical properties of an 
image such as higher edge density and luminance contrast correlate with 
fixated locations (e.g., Mannan et al., 1996; Tatler et al., 2005)). In addition, 
when visual features such as luminance contrast and intensity are altered in 
selected regions of scenes, eye movement behaviour is affected (Anderson et 
al., 2015; Einhäuser & Konig, 2003; ’t Hart et al., 2013).  

Evidence that top-down, more cognitive factors influence oculomotor control 
stems from some of the earliest investigations of eye movement behaviour in 
natural scenes (Buswell, 1935; Yarbus, 1967), where differences in task 
revealed clear qualitative differences in eye movement behaviour. From these 
early reports, more recent work has demonstrated that oculomotor control is 
not only influenced by task (Hayhoe & Ballard, 2005; Rothkopf et al., 2007), but 
by a whole host of top-down factors such as context (Altmann, 2004; Torralba 
et al., 2006), expertise (Reingold et al., 2001; Underwood et al., 2009), scene 
semantics (Wu, Wang, & Pomplun, 2014b) and objects (Einhäuser, Spain, et al., 
2008; Nuthmann & Henderson, 2010). 

There is a growing number of studies demonstrating that cognitive factors play 
a dominant role in natural scene viewing (e.g., Henderson et al., 2009; Tatler et 
al., 2011) suggesting that the influence of salience on oculomotor control is 
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marginal (Tatler et al., 2005, 2006) or even entirely absent (Einhäuser, 
Rutishauser, et al., 2008; Henderson et al., 2007; Stirk & Underwood, 2007; 
Underwood et al., 2006). In natural scene viewing, it is generally thought that if 
salience is to play a role at all, usually it is only because it happens to correlate 
with (interesting) objects (Einhäuser, Spain, et al., 2008; Foulsham & 
Kingstone, 2013; Henderson et al., 2007; Nuthmann & Henderson, 2010; Pajak 
& Nuthmann, 2013; ’t Hart et al., 2013). Strong evidence for this view derives 
from the finding that when fixating objects embedded within a natural scene, 
fixations tend to land near the center of objects; the Preferred Viewing 
Location (PVL) (Foulsham & Kingstone, 2013; Nuthmann & Henderson, 2010). 
This is similar to the PVL typically found for words when reading (O’Regan & 
Jacobs, 1992; Rayner, 1979; Yang et al., 2007), which is taken as evidence that 
attentional selection during reading is word-based. By extension a PVL for 
objects in scenes is evidence that visual selection is object, rather than feature-
based. No such PVL was found for salient ‘proto-objects’ (determined by the 
Saliency Toolbox) unless they happened to overlap with objects (Nuthmann & 
Henderson, 2010).  

One property that readily attracts attention in natural scenes is a transient 
signal such as a luminance change, which itself is highly salient (Franconeri, 
Hollingworth, & Simons, 2005; Jonides & Yantis, 1988). For instance, 
Matsukura, Brockmole and Henderson (2009) (see also Brockmole & 
Henderson, 2005a, 2008; Matsukura, Brockmole, Boot, & Henderson, 2011)) 
presented participants with a scene in which an object could appear or change 
colour either during a fixation (with associated transient signal) or during a 
saccade (without transient signal) after a pre-set amount of viewing time. 
Participants were asked to view the scene in preparation for a later memory 
test. Attentional capture was measured in terms of how much, and when, 
these object appearances or changes were looked at. Their results showed that 
both object appearances and feature changes tend to attract attention during 
natural scene viewing, particularly when also accompanied by a transient 
signal. When the transient signal was absent (the change occurred during 
saccadic suppression), the changed objects no longer automatically captured 
the gaze. Even though people were still more likely to fixate the changed 
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location over an unchanged location, this was thought to be mediated by an 
identity mismatch between memory for the initial and the changed display and 
have little to do with low-level visual features such as salience. To more clearly 
investigate this, Matsukura and colleagues (2009) calculated the salience of 
the changed objects using the Saliency Toolbox (Walther & Koch, 2006) and 
found that rates of change detection were not associated with differences in 
salience (Matsukura et al., 2009). 

In contrast, it has been demonstrated in work utilizing more basic displays that 
changes in salience can capture the eyes even when they occur during a 
saccade. Silvis and Donk (2014) had participants perform a visual search task 
for a left-tilted line in the presence of a right-tilted distractor among a 
background of uniform horizontal lines. Prior to search, participants had to 
make an eye movement from the top of the display to the bottom. The 
luminance of the target or distracter could be increased or decreased in such a 
way that during this first saccade, while masked by saccadic suppression, it 
became the most salient item in the display. Importantly, the target or 
distractor only captured the eyes if it became the uniquely most salient item in 
the display. This occurred even when the change was a luminance decrease, 
provided that it was then the most salient item in the display. The results thus 
showed that saccade-contingent changes capture the eyes as long as the 
critical change results in a uniquely high salience value. In the work of 
Matsukura and colleagues (2009), it was unclear whether the changed object 
became the most salient item in the display, which could account for the 
discrepancy between their results and those of Silvis and Donk (2014). 

In the present work, we aimed to test how a change in the salience of an 
object embedded in a natural scene both during a fixation and during a 
saccade affects visual selection and object-based targeting. We asked 
participants to look through a scene in preparation for a later memory test. In 
a method similar to that of Brockmole and Henderson (2005a) and Matsukura 
and colleagues (2009), we made a luminance change to an object in the scene 
either during a fixation or during a saccade. Crucially, the luminance change 
was controlled in such a way that the change was an increase in object salience 
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or a decrease in object salience, as measured by the Saliency Toolbox (Walther 
& Koch, 2006). This design allowed us to investigate salient changes that were 
associated with transient signals and those associated with salience changes 
per se. We investigated how these changes affected the selection of the object 
concerned, and how they affected object-based targeting (the PVL).  

4.3 Methods 

4.3.1. Participants 
24 participants (ages 18-37, M = 21.9 years, 94% female) were recruited from 
VU University Amsterdam and participated in this experiment for course credit 
or 10.5 Euros. All reported normal or corrected to normal vision and were 
naive to the purpose of the experiment. The study was approved by the ethics 
board of the Faculty of Psychology and Education and conducted according to 
the principles of the Declaration of Helsinki. Participants gave written consent 
after being informed of the experimental procedure and at the conclusion of 
their participation given a verbal debriefing as to the purpose of the 
experiment.  

4.3.2. Apparatus  
The experiment was designed and presented using OpenSesame (Mathôt et 
al., 2012), an open source experiment programming environment integrated 
with the SR Research Eyelink 1000 tracking system (SR Research Ltd., 
Mississauga, Ontario, Canada). Stimuli were presented on a 22-inch (diagonal) 
Samsung Syncmaster 2233RZ with a resolution 1,680 x 1,050 pixels and refresh 
rate of 120 Hz at a viewing distance of 75 cm. Eye position was recorded via a 
second computer at 1,000 Hz with a spatial resolution of 0.01° visual angle 
using a 9-point calibration and validation procedure. The eye with the best 
spatial accuracy as determined by the calibration procedure was chosen for 
tracking. The online saccade detector of the eye tracker was set to detect 
saccades with an amplitude of at least 0.5°, using an acceleration threshold of 
9,500°/s2 and a velocity threshold of 35°/s. The experiments took place in a 
dim, sound-attenuated room. The experimenter received real-time feedback 
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on system accuracy on a second monitor located in an adjacent room and 
calibration and validation were repeated as needed. 

4.3.3. Stimuli 
Images and object annotations were selected from the LabelMe database 
(Russell, Torralba, Murphy, & Freeman, 2008). An initial selection of the images 
from the database was made such that images were at least 1024 by 768 pixels 
in size or, if larger, conformed to a ratio of 4:3 (such that images and 
annotations could be resized to 1024 by 768 pixels) and that they contained at 
least 1 annotated object that fit inside an imaginary bounding box between 80 
by 80 pixels and 250 by 250 pixels in size (in the lab, these object sizes ranged 
between 1.7 degrees visual angle squared to 5.4 degrees visual angle squared). 
Images were then converted to grayscale, reduced in luminance to 80% of the 
luminance value of the original image, and their corresponding salience maps 
were computed via the Saliency Toolbox (version 2.1) (Walther & Koch, 2006) 
using the default parameters including the features intensity and orientation 
weighted equally but with the colour feature removed (given that the images 
were greyscale) and the iterative normalization type.  

Images were further selected by choosing those that contained an object that 
conformed to certain criteria in the following manner. An imaginary bounding 
box was drawn around each object (of a size between 80x80 and 250x250 
pixels) and the salience value of the object was calculated from the salience 
map by taking the mean salience value of the area inside this box. If images 
contained more than one object, starting from the object with a salience value 
closest to the median salience of the image, the object was both increased and 
decreased in luminance by 25%. As the grayscale image is already reduced in 
luminance, this ensures that the luminance increase of the object never 
exceeds that of the original, unmodified image. Note that the luminance 
change was done on only the object itself (not to the entire bounding box 
area), and a Gaussian blur of approximately 10 pixels was added to the object 
border in order to minimize edge effects as a result of the luminance 
manipulation. Salience maps were re-calculated using the Saliency Toolbox for 
each of the resulting images with the object increased and decreased in 
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luminance, and the mean salience value of these objects was again computed 
from the map. The mean salience of the luminance increased or decreased 
object was compared with the original salience of the unmanipulated object 
and if the increase in luminance resulted in an increase in salience, and a 
reduction in luminance resulted in a reduction in salience, their salience values 
were then further compared to the salience distribution of the original, 
unmanipulated image. The image was selected from the database if the 
salience of the increased luminance object was higher than the 70th percentile 
of non-zero salience values in the original map and the salience of the 
corresponding reduced luminance object was below the 30th percentile of non-
zero salience values in the original map (1577 images were selected based on 
this algorithm). Some object borders outlined by the volunteers of the 
LabelMe project contained artefacts around the border (either including parts 
of background or excluding parts of the object). Therefore, images containing 
objects with such artefacts were excluded from the set of images, based on the 
first author's best judgement. This resulted in 243 images containing a critical 
object that conformed to these criteria. See Figure 4.1 for an example image.   

 

Figure 4.1: Example image with the selected object outlined in white (not 
shown during experiment). The critical object is increased in luminance (A), 
unaltered (B), and reduced in luminance (C).  

4.3.4. Procedure 
Participants were seated with their head resting on a chin rest and were given 
verbal and written instructions regarding the experimental procedure. 
Calibration and validation of their eye position was performed. In the first 
phase of the experiment, participants were instructed to explore each of 243 
images carefully so as to remember them for a later recognition task. Each trial 
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began with a drift-correction screen in which participants were required to 
press the spacebar while fixating a centrally presented cross. The image 
containing the unaltered critical object was then presented for a randomly 
selected amount of time between 2000 and 4000 ms. After this time, a second 
image was presented either containing the luminance-altered or the unaltered 
critical object. There were three types of trials. In the fixation trials, the second 
image contained the luminance-altered object and it was presented during 
fixation (1/3 of trials or 81 trials). In the saccade trials, the second image also 
contained the luminance-altered object but it was presented during a saccade 
(1/3 of trials). In the remaining trials, the critical object in the second image 
was unaltered relative to that in the first image and provided a baseline on 
which the other trial types could be compared (1/3 of the trials). The timing of 
the second display was based on real-time feedback from the eye tracker, 
based on filters from the OpenSesame Eyelink toolbox, which indicted when a 
saccade or fixation started. Trial type was manipulated within-participants and 
counterbalanced across images such that each image-object pair occurred in 
one of these three conditions across three participants. The Direction of 
change (increase or decrease) was manipulated between-participants and 
counterbalanced across participants. For each participant, there were 243 
trials in the first phase of the experiment. In the second phase of the 
experiment, participants performed a short memory test, where 10 images 
already seen by the participant were displayed (with no object change) along 
with 10 new images selected from unused images from the original dataset. 
Each image was shown for 2 seconds after which participants indicated 
whether they had seen the image before (press ‘z’) or not (press ‘/’). 
Recognition accuracy was 81.5% correct (SE = 2.32%). Before the experiment 
began, participants had a short practice session with 10 images in an encoding 
phase and 10 in the testing phase (5 old, 5 new). No pictures in the practice 
phase had an object change occur.  

4.3.5. Data Processing 
Fixations with durations shorter than 70 ms and longer than 800 ms were 
removed from analysis. Of the saccade trials, 74% of object changes were 
successfully executed during the saccade. The change was made approximately 

513738-bw-Anderson.indd   105 08-09-17   15:02



513738-L-bw-Anderson513738-L-bw-Anderson513738-L-bw-Anderson513738-L-bw-Anderson
Processed on: 25-9-2017Processed on: 25-9-2017Processed on: 25-9-2017Processed on: 25-9-2017 PDF page: 106PDF page: 106PDF page: 106PDF page: 106

106 
 

19 ms (SD = 0.15) after the start of the saccade and average saccade duration 
was 64 ms. Of the fixation trials, 99% of object changes were successfully 
executed during the fixation. Those that were not successfully presented were 
excluded from analysis. To investigate how selection behaviour was 
dynamically affected by the presence of an object change, we calculated the 
proportion of eye movements that landed on the critical object separately for 
each of the four fixations following the change occurring in the fixation and the 
saccade trials. For comparison, in the baseline trials, the proportions of eye 
movements that landed on the critical object were calculated after a randomly 
selected point in time between 2000 and 4000 ms (roughly equivalent to when 
the change occurred in the other conditions).  

4.4 Results 

4.4.1. Proportion of eye movements landing on object 
In order to simplify the analysis, the proportion of eye movements that landed 
on the critical object in the case in which no change occurred was subtracted 
from the proportion of eye movements that landed on the object in the case in 
which changes were made during a saccade and during a fixation. Thus, 
reported results reflect difference scores from a baseline where no change was 
made to the critical object. Figure 4.2 shows the proportion of first eye 
movements that landed on the critical object relative to baseline critical object 
fixation rates as a function of Trial type (fixation trials, saccade trials), Fixation 
Index (1-4), and Direction of change (increase and decrease). A 2 (Trial type) by 
4 (Fixation index) by 2 (Direction of change) mixed analysis of variance was 
conducted on the proportion of first eye movements that landed on the 
object. Linear contrasts were planned for the Fixation index factor.  
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Figure 4.2: The mean proportion difference from baseline that landed within 
the bounding box region of the critical object. (A) For Trial type, Fixation index, 
and Direction of change. Individual subject mean proportion differences are 
plotted in lighter shaded points. (B) Baseline object viewing rates. Error bars 
represent confidence intervals corrected for between-subjects variance 
(Cousineau, 2005; Morey, 2008). 

There was a main effect of Trial type, F(1, 22) = 136.178, p < .001,     = .861, 
such that the proportion of eye movements that landed on the critical object 
relative to baseline was higher in the fixation trials than in the saccade trials. 
There was a linear main effect of Fixation index, F(1, 22) = 72.895, p < .001,     
= .768, such that the proportion of eye movements that landed on the critical 
object relative to baseline decreased linearly over fixation index. There was no 
main effect of Direction of change, F(1, 22) = 1.385, p = .252,     = .059.  
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There was no interaction between Fixation index and Direction of change, F(1, 
22) = 2.761, p = .111,     = .111, however, there was an interaction between 
Trial type and Direction of change, F(1, 22) = 16.037, p = .001,     = .422, 
between Trial type and Fixation index, F(1, 22) = 96.299, p < .001,     = .814 
and between Trial type, Fixation index and Direction of change, F(1, 22) = 
8.708, p = .007,     = .284. To further explore this interaction, mixed analyses of 
variance were performed on the proportion of eye movements that landed on 
the critical object relative to baseline for fixation trials and saccade trials, 
separately. For the fixation trials, there was a main effect of Direction of 
change, F(1, 22) = 6.748, p = .016,     = .235, such that observers in the 
decrease group were more likely to select the critical object than those in the 
increase group. In addition, one-sample t-tests against 0 confirms that 
observers in both the increase group (M difference = 0.07), t(11) = 9.080, p < 
.001, and decrease group (M difference = 0.10), t(11) = 8.723, p < .001, were 
more likely than baseline to select the critical object. There was a main effect 
of Fixation index, F(1, 22) = 96.818, p < .001,     =.815 as well as an interaction 
between Fixation index and Direction of change, F(1, 22) = 5.660, p= .026,     = 
.205, indicating a more linear trend over Fixation index in the decrease group 
compared to the increase group (see Figure 4.2).  

For saccade trials, there was also a main effect of Direction of change, F(1, 22) 
= 5.891, p = .024,     = .211, showing the reversed pattern in comparison to 
that in the fixation trials, i.e., observers in the increase group were more likely 
to select the critical object than those in the decrease group. In addition, one-
sample t-tests against 0 confirms that observers in the increase group (M 
difference = 0.02), t(11) = 3.367, p = .006, were more likely than baseline to 
select the critical object, which was not the case in the decrease group (M 
difference = 0.002), t(11) = 0.416, p = .685. Moreover, there was a significant 
main effect of Fixation index, F(1, 22) = 5.479, p = .029,     = .199, but no 
interaction between Fixation index and Direction of change, F < 1.  

In summary, object changes that were made during a fixation attracted the 
eyes earlier and in higher frequency than changes that occurred during a 
saccade (compared to baseline viewing rates). For changes that occurred 
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during a fixation, decreases in luminance were fixated earlier and with more 
frequency than increases in luminance. When the object changed during a 
saccade, and so was masked by saccadic suppression, only increases in 
luminance attracted the eyes over baseline viewing rates (see Figure 4.2).  

4.4.2. Object targeting 
In order to calculate normalized landing positions within objects, the first 
fixations that landed within the imaginary bounding box surrounding the 
object were selected from the original data. Normalization was conducted in a 
manner similar to Nuthmann and Henderson (2010) and ‘t Hart, Schmidt, Roth 
and Einhäuser (2013). The x and y pixel locations of these first fixations were 
recalculated with respect to a within-object coordinate system where the 
upper left corner of the bounding box was (0.5, 0.5) and the bottom right 
corner was (-0.5,-0.5). Table 4.1 shows the mean normalized distance from the 
center and Figure 4.3 shows the normalized landing positions of the first 
fixation into the imaginary bounding box surrounding the critical object after 
the object changed in the fixation and saccade trials or after an equivalent 
amount of time in the baseline trials, for the increase and decrease luminance 
group. Note that we collapsed across Fixation index (and included all fixations, 
including those beyond the 4th) to increase cell N and because there was no a-
priori prediction about Fixation index on this factor (although see below for a 
post-hoc analysis). 
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Figure 4.3: 2D density plots of the normalized landing position of the first 
fixation into the object across Trial type and Direction of change. Density 
estimation for this and subsequent plots performed in ggplot2 (Wickham, 
2009) based on the R function kde2d (Venables & Ripley, 2002).  

A mixed analysis of variance was conducted on the normalized distance from 
object center of the first fixations that landed within the object bounding box 
with the within-subjects factor Trial type (fixation, saccade, and baseline) and 
the between-subjects factor Direction of change (increase or decrease).  

There was a main effect of Trial type, F(2, 44) = 13.654, p < .001,     = .383. 
There was no main effect of Direction of change, and no interaction between 
Trial type and Direction of change, all F’s < 1. Paired-samples t-tests revealed 
that the first fixation on the object landed closer to the center of the object for 
fixation trials compared to saccade trials, t(23) = 3.723, p = .001, and compared 
to baseline trials, t(23) = 5.663, p < .001. The first fixation did not land 
significantly closer to the object center for saccade trials compared to baseline 
trials, t(23) = 1.114, p = .277.  

In summary, an object change during a fixation led to a more central within-
object landing position than changes made during a saccade or when no 
change was made. Within-object landing position was not affected by the 
direction of change (see Table 4.1 and Figure 4.3). 
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Table 4.1. Mean normalized distance from object center (standard deviation in 
brackets) of the first fixation that landed within the imaginary bounding box 
surrounding the object. 

Trial Type 

Direction of Change 

Increased Luminance Decreased Luminance 

Fixation 0.31 (0.02) 0.31 (0.03) 

Saccade 0.35 (0.04) 0.33 (0.04) 

Baseline 0.35 (0.02) 0.35 (0.03) 

 

As object changes that occurred during a fixation were associated with a 
transient signal, the above findings led to the question of whether the salient 
transient itself aids in the immediate and accurate localization of the change. 
In order to investigate this possibility, the first fixations that landed on the 
object in fixation trials were further split into two groups: those fixations that 
immediately followed the change (i.e., when the first fixation after the change 
landed on the object) or those occurring later in the trial. Figure 4.4 shows 2D 
density plots for this comparison. Fixations landing on the object as an 
immediate response to the change (N = 432, M = 0.29), landed significantly 
closer to the object center than those that first landed on the object later in 
the trial (N = 690, M = 0.31), t(23) = 3.92, p = .001.  
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Figure 4.4: 2D density plots of the normalized landing position of the first 
fixation into the object for fixation trials. Split into two groups: the first fixation 
into the object was the first fixation after the change (left) and when the first 
fixation that landed on the object was later on in the trial (right).  

4.5 Discussion 

The goal of the present work was to investigate the effect of changes in object 
salience on both oculomotor selection and object-based targeting. We 
increased or decreased the salience of an object embedded in a natural scene 
either during a fixation (associated with a transient signal) or during a saccade 
(transient signal masked by saccadic suppression), and compared performance 
in these conditions to a baseline condition in which the critical object remained 
unchanged. Thus, there were two manipulations, Trial type (fixation trials, 
saccade trials, baseline trials) and Direction of change (an increase versus a 
decrease in object salience). We discuss our findings first in relation to 
oculomotor capture, then in relation to object-based attention/targeting.  

4.5.1. Oculomotor Capture 
Replicating previous work (Brockmole & Henderson, 2005a, 2008; Matsukura 
et al., 2009) Trial type affected oculomotor selection. The proportion of 
fixations that landed on the critical object in a scene was higher and occurred 
at earlier fixations when the change occurred during a fixation, than when the 
change occurred during a saccade, regardless of whether this change was an 
increase, or a decrease in salience. In addition, a change that occurred during a 
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fixation attracted the gaze more often when the change concerned a decrease 
compared to an increase in salience, whereas a change that occurred during a 
saccade attracted the eyes more often when it concerned an increase 
compared to a decrease in salience.  

These findings seem to be at odds with the findings of Matsukura and 
colleagues (2009), where oculomotor capture to an object that changed during 
a saccade did not depend on the salience of the object. However, Matsukura et 
al. (2009) did not manipulate the direction of the salience change resulting 
from their object changes. That is, they did not systematically vary the extent 
to which object changes led to increases or decreases in salience values. Here, 
we find critical differences in oculomotor capture based on both the direction 
of change and whether the object changed during a fixation or during a 
saccade. This latter finding fits with the work of Silvis and Donk (2014). In that 
work, a singleton that was changed during a saccade only captured the eyes 
when it became the most salient item in the display. These results, together 
with the results presented here, indicate that changes that occur without a 
transient signal may capture attention, but only when the change results in an 
item (or object) that is the most salient item in the display.  

In the case where the change occurred during a fixation, attentional capture 
was strongest when the change was a reduction in salience, compared to an 
increase. At face value, this is a counterintuitive and unexpected finding. A 
possible explanation may be found in the magnitude of the salience change 
itself, calculated from the salience map. When selecting our image-object 
pairs, we took pains to manipulate the direction of the salience change on the 
basis of the output of the Salience Toolbox. Luminance modified objects were 
only selected such that their resulting salience map values were above the 70th 
percentile of salience values in the map for a salience increase and below the 
30% percentile of salience values in the map for a salience decrease. It may 
very well be the case that the magnitude of the change itself was actually 
higher for reductions in salience compared to increases. This fits with previous 
findings that different changes in object features can influence oculomotor 
capture (Matsukura et al., 2009). However, it adds the interesting possibility 
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that the magnitude of a salience change can influence the extent of 
oculomotor capture in conjunction with a transient signal (c.f., Enns, Austen, Di 
Lollo, Rauschenberger, & Yantis, 2001)).  

4.5.2. Object-based attention 
Research to date on object-based attention in natural scenes has concluded 
that many (but not all) fixations in scenes target objects, and that when they 
do, fixations tend to land closer to the center of the objects (Nuthmann & 
Henderson, 2010; Pajak & Nuthmann, 2013). This PVL for objects appears to be 
related to object ‘importance’ (’t Hart et al., 2013), is functionally related to 
object processing (Foulsham & Kingstone, 2013) and is thought to be based on 
the cognitive relevance of objects in scenes (Henderson et al., 2009). This latter 
idea implies that object identity can be determined in the periphery, an idea 
that is contentious in the literature (e.g., Evans & Treisman, 2005; Li et al., 
2002)). This has raised the speculation that some form of object processing 
may allow for eye guidance, without the need for full object recognition. This is 
thought to be possibly dependent on object salience (Foulsham & Kingstone, 
2013), presumably where object edges act as salient reference points, with 
direct fixation in the middle of the object (the PVL) a result reminiscent of the 
global effect (Godijn & Theeuwes, 2002; Trappenberg, Dorris, Munoz, & Klein, 
2001). 

Here, we found no evidence to suggest that the direction of salience change 
differentially impacted the tendency for the eyes to land near the center of an 
object. However, we found that Trial type strongly affected the PVL. When the 
object changed during a fixation, the eyes landed closer to the center of the 
object, compared to when the change occurred during a saccade or when no 
change occurred. This is particularly the case when the fixation landed on the 
object immediately after the change, i.e., it was a direct (and first) response to 
the highly salient transient signal.  

The former finding is in line with previous work that also statically increased 
the luminance of objects in scenes (’t Hart et al., 2013). In that work, increasing 
object luminance (but not necessarily object salience) had no effect on the 
PVL. However, increases in object luminance tended to increase their 
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‘importance,’ as rated by subjects. In turn, objects higher in ‘importance’ 
tended to induce a more central PVL than less important objects. Although we 
initially hypothesized that increases in salience may affect the PVL, it is 
interesting to note that here, the Trial type itself had more of an impact on the 
PVL, rather than the direction of the salience change. One explanation of this 
latter finding may lie in ideas about object-based attention in work utilizing 
more basic displays. In such work, object-based attentional benefits tend to 
occur for objects that possess general feature-based properties such as having 
connected edges (e.g., Egly, Driver, & Rafal, 1994; Moore, Yantis, & Vaughan, 
1998)). Fixating the middle of an object in a natural scene (which is naturally 
more complex than objects used in more seminal work), would require only a 
rough representation of its shape. Perhaps here, the transient salient signal 
boosted the perception of such low-level shape characteristics in a manner 
similar to what is believed to underlie the detection of scene gist (Foulsham & 
Kingstone, 2013; Torralba et al., 2006), regardless of whether the final object 
was increased or reduced in salience as a result.  

4.6 Conclusions 

In the present work we investigated how object changes affect oculomotor 
capture and object targeting by increasing or decreasing an object’s salience 
either during a fixation (with transient signal), during a saccade (masked by 
saccadic suppression) or by not changing it at all. We found that, like previous 
work, changing an object during a fixation automatically captured the eyes. 
Additionally, when objects were changed during a fixation, they were more 
likely to capture the eyes when they decreased in luminance (and salience), a 
factor that may relate to the magnitude of the salience change. When an 
object was changed during a saccade, it only captured the eyes when the 
object increased in salience, suggesting a privileged status of objects that 
increase in salience in a display. In terms of object-based targeting, object 
changes during a fixation were also associated with a more central PVL, 
particularly when the change captured the eyes immediately. This suggests 
that the salient transient signal associated with such a change is a fundamental 
component of object targeting and object-based attention in the context of 
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oculomotor capture. Taken together, our results suggest that salient signals do 
constitute a fundamental component in scene viewing insofar as salient signals 
are unique or transient, and correspond with object locations.   

One idea emerging from work utilizing more basic displays, is that salience 
functions as a spatiotopic placeholder system for object localization that is 
consistent, and is retained over saccades (Donk & Soesman, 2011a; Zhaoping, 
2008), with salience influencing occulomotor capture, (Silvis & Donk, 2014) and 
saccadic curvature (Jonikaitis & Belopolsky, 2014; Jonikaitis, Szinte, Rolfs, & 
Cavanagh, 2013) in subsequent saccades. In this view, effects of salience are an 
emergent property of the speed at which information is processed in the visual 
system. After some time, information concerning the relative salience of scene 
regions becomes information concerning their relative locations. This would 
explain why salience only captures attention when eye movements are 
initiated quickly in a new display (Anderson, Donk, & Meeter, 2016; Anderson 
et al., 2015; Siebold et al., 2011; van Zoest et al., 2004; Zehetleitner et al., 
2013) when a change is associated with a transient motion signal (e.g., 
Brockmole & Henderson, 2005a; Theeuwes et al., 1998)), or results in a 
uniquely high salience value (Silvis & Donk, 2014). With an attentional system 
largely under top-down control, salience allows for a representation that 
remains stable over time, but is flexible enough for the visual system to rapidly 
respond to new information, and quickly hand back control. In addition, this 
idea, and the findings of the present work, implies that salience, and low-level 
image features, may play an important and ongoing role in object-based 
attentional selection in natural scenes. 
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Chapter 5  

 

Within-object luminance distributions affect 

within-object landing positions in natural scene 

viewing and search 

 

 

 

 

 

 

Adapted from: 

Anderson, N. C., Bucker, B. & Donk, M. (submitted). Within-object luminance 
distributions affect within-object landing positions in natural scene viewing 

and search. 
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5.1 Abstract 

When viewing natural scenes, the eye movements of observers tend to land in 
the center of objects. This preferred viewing location is thought to indicate 
that attention in natural scenes is object-based rather than salience-based 
because a salience-based account would predict fixations to the highly salient 
edges of objects rather than their center. In the present work, we investigated 
whether a within-object luminance manipulation could impact the preferred 
viewing locations within objects both in a memorization task (Experiment 1) 
and a visual search task (Experiment 2). We showed that when one side of the 
object has a higher luminance, within-object landing positions are biased 
toward the brighter side of the object both in the memorization task and visual 
search task. This implies that object targeting is influenced by low-level 
salience-based information within the object and not solely on scene-object 
semantics. These findings align with work utilizing more impoverished stimuli 
where saccadic averaging results in fixation positions in between two salient 
regions (the global effect). 
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5.2 Introduction 

The prevailing consensus among vision researchers is that eye movements in 
natural scenes are predominantly driven by cognitive factors rather than by 
visual feature contrasts. The idea that low-level visual features can guide visual 
selection in natural scenes stems from ‘saliency map’ models based on 
physiological evidence of processing stages in the early visual cortex (Itti & 
Koch, 2001; Itti et al., 1998). While there is evidence of a positive correlation 
between low-level visual features of a scene and fixation locations (e.g., 
Parkhurst et al., 2002), there is much evidence to suggest that this correlation 
may result from the accidental overlap of salient features and objects (e.g., 
Henderson, 2003; Henderson et al., 2007; Spotorno et al., 2014; ’t Hart et al., 
2013; Torralba et al., 2006). In strong support of this perspective is the 
hypothesis that regions of a visual scene are selected purely based on their 
cognitive relevance (Henderson et al., 2009). Rather than ranking scenes on 
the basis of visual salience, scenes are parsed based on a semantic analysis and 
figure-ground relationships that interact with the observer’s goals and 
intentions. Objects in the scene are ranked in order of their relevance to the 
task at hand and fixated in that order (Henderson et al., 2007, 2009).  

Converging with this view is evidence that overt attentional selection in natural 
scenes may be largely object-based (Foulsham & Kingstone, 2013; Nuthmann 
& Henderson, 2010; Pajak & Nuthmann, 2013; Stoll et al., 2015). That is, when 
looking at natural scenes, observers tend to fixate objects rather than 
background regions (Buswell, 1935; Henderson, 2003), and when they do, they 
tend to land close to the object’s center rather than close to the object’s edge 
where feature contrasts are generally highest (Nuthmann & Henderson, 2010). 
In Nuthmann and Henderson (2010), the eye movements of observers were 
recorded while viewing scenes and performing several different tasks (search, 
preference ranking and memorization). The distribution of fixation locations 
were analysed within both real objects in the scene and ‘proto-objects’ that 
were generated by a popular salience model (Walther & Koch, 2006). The 
results showed that fixations tended to land near the middle of real objects, 
such that the preferred viewing location (PVL) was close to the objects’ center. 
This central PVL was not found for the salience model-based proto-objects 
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unless they happened to overlap with a real object in the scene. Similar to the 
idea that a PVL for words in sentences implies that attentional selection in 
reading is word-based (O’Regan & Jacobs, 1992; Rayner, 1979; Yang et al., 
2007), Nuthmann and Henderson (2010) concluded that the PVL for objects in 
natural scenes implies that attentional selection in scenes is object-based.  

In line with the idea that attentional selection is object-based, further studies 
have demonstrated that the PVL for objects in scenes may be functional. It has 
been shown to be related to the object’s ‘importance.’ For example, when an 
object in the scene has been rated as ‘important’ (whether it was mentioned 
often by a set of observers describing the scene), fixations within the object 
were more central (’t Hart et al., 2013). Furthermore, when observers were 
asked to determine whether an object was a real object or ‘nonobject,’ they 
were much quicker to respond when their gaze was in the center of the object 
compared to when their gaze was toward the object edge (Foulsham & 
Kingstone, 2013). Indeed, when the observers’ gaze was located on the edge of 
the object, they were much more likely to re-fixate toward the center of the 
object before making their decision. This suggests that the PVL is an optimal 
location from which to extract meaningful information from an object 
(Foulsham & Kingstone, 2013).  

Even though finding a PVL close to the center of objects is generally taken as 
evidence for object-based selection, it does not necessarily follow that it 
cannot be explained, at least in part, by a stimulus-driven account. One 
potential problem is that it is not yet clear (and there is a large debate on this 
topic) whether objects can be recognized explicitly in the periphery (e.g., de 
Groot et al., 2016; Evans & Treisman, 2005; Li et al., 2002; Malcolm et al., 
2016). A clear finding in more simple displays is that when the eyes move 
towards a location in the periphery that contains, for example, two simple 
circular shapes, the eyes tend to land between the two shapes, a finding 
termed ‘the global effect’ (Findlay, 1982; Godijn & Theeuwes, 2002; 
Trappenberg et al., 2001; see Van der Stigchel & Nijboer, 2011 for a review). In 
this view, the precise position of the saccadic endpoint is not determined by 
the salience at that specific position, but rather by the weighted average of 
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salience activity across a larger area around that position (e.g., Van der Stigchel 
& Nijboer, 2013). That is, in the global effect eye movements tend to be 
directed towards the maximum weighted average of the salience distributions 
of the two closely presented objects (i.e., in the middle). As objects in natural 
scenes tend to be surrounded by (salient) edges, this maximum weighted 
average of salience activity might be aligned with the center of objects. 
Accordingly, the PVL in the center of individual objects may well reflect the 
salience distribution across individual objects rather than their cognitive 
relevance.  

Indeed, previous work has demonstrated that object size and launch site 
distance (previous saccade amplitude) play a role in the PVL for objects (Pajak 
& Nuthmann, 2013). Foulsham and Kingstone (2013) speculate that object 
recognition in the periphery may be dependent on object salience and size, 
such that a representation of (at least) the object’s shape, can be extracted 
from the periphery in a manner similar to how the representation of scene gist 
arises (Torralba et al., 2006). In addition, we have demonstrated that when an 
object transiently changes luminance in a scene, it evokes a more central PVL, 
presumably because the salient transient signal boosted the representation of 
the objects’ shape (Anderson & Donk, 2017). Together with the idea that 
salience may signal the presence and location of an interesting object, these 
previous findings suggest that a within-object manipulation that influences the 
salience distribution across an object should have an impact on the PVL.  

In the present study we varied the luminance gradient across an individual 
object in a natural scene so as to change the salience distribution across the 
object. The object was either increased in luminance gradually from left to 
right, from right to left, or it was not manipulated at all. PVL’s between objects 
with or without a luminance manipulation were compared to investigate 
whether low-level salience information influences within-object landing 
positions in natural scenes. In Experiment 1, we showed participants a series of 
images and asked them to remember it for a later memory test. To investigate 
the effect of a strong top down goal on our manipulation and to increase the 
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number of fixations on the critical object, in Experiment 2, participants 
searched for the object in the scene.  

5.3 Experiment 1 

5.3.1. Methods 

5.3.1.1. Participants 
18 participants (ages 18 - 43, M  = 23 years, 11 female) were recruited from 
the Vrije Universiteit Amsterdam and participated in this experiment for 
course credit or 4.5 Euros. All reported normal or corrected to normal vision 
and were naive to the purpose of the experiment. The study was approved by 
the ethics board of the Faculty of Psychology and Education and conducted 
according to the principles of the Declaration of Helsinki.  

5.3.1.2. Apparatus 
The experiment was designed and presented using OpenSesame (Mathôt, 
Schreij, & Theeuwes, 2012) an open source experiment programming 
environment integrated with the SR Research Eyelink 1000 tracking system (SR 
Research Ltd., Mississauga, Ontario, Canada). Stimuli were presented on a 22 
inch (diagonal) Samsung Syncmaster 2233RZ with a resolution 1,680 by 1,050 
pixels and refresh rate of 120 Hz at a viewing distance of 75 cm. Eye position 
was recorded via a second computer at 1,000 Hz with a spatial resolution of 
0.01° visual angle using a 9 point calibration and validation procedure. The eye 
with the best spatial accuracy as determined by the calibration procedure was 
chosen for tracking. The online saccade detector of the eye tracker was set to 
detect saccades with an amplitude of at least 0.5°, using an acceleration 
threshold of 9,500°/s2 and a velocity threshold of 35°/s. The experiments took 
place in a dimly lit, sound-attenuated room. The experimenter received real-
time feedback on system accuracy on a second monitor located in an adjacent 
room and calibration and validation were repeated as needed. 

5.3.1.3. Stimuli 
Images and object annotations were selected from the LabelMe database 
(Russell, Torralba, Murphy, & Freeman, 2008). An initial selection of the images 
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from the database was made such that images were at least 1,024 by 768 
pixels in size or, if larger, conformed to a ratio of 4:3 (such that images and 
annotations could be resized to 1,024 by 768 pixels) and that they contained at 
least 1 annotated object that fit inside an imaginary bounding box between 80 
by 80 pixels and 250 by 250 pixels in size. Images were then converted to 
grayscale, reduced in luminance to 60% of the luminance value of the original 
image. Further selection criteria based on the salience of the objects were 
applied in a manner that the extreme changes to object luminance were below 
the 30th or above the 70th percentile of salience in the image, which resulted in 
a set of 243 images with a suitable object present (see Anderson & Donk, 2017 
for details of the selection process). From this set, images were further 
selected such that the annotated objects were not in the center 100 pixels of 
the image (approximately 2 degrees visual angle), and that when presented on 
their own, they were not overly occluded by other objects in the image. With 
these further selections, 114 images were used for the present experiment. 
The critical object within the image was then manipulated such that it either 
increased in luminance from left to right or from right to left, or it was not 
manipulated at all. The luminance modification was performed smoothly 
across the horizontal axis of the object such that from one side of the object to 
the other, object luminance went from 25% below to 25% above its luminance 
value. See Figure 5.1A for an example of a manipulated object. 
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Figure 5.1: A) Example object manipulations. Left, increased luminance on left; 
middle, unmanipulated; right, increased luminance on right. B) Trial sequence 
in Experiment 2. The target, always an unmanipulated object, was viewed for 2 
seconds, followed by the search display.  

5.3.1.4. Procedure 
Participants were seated with their head resting on a chin rest and were given 
verbal and written instructions that they would be viewing a series of images 
and that they should try to remember them for a later memory test. 
Calibration and validation of their eye position was performed. Each trial 
began with a drift-correction screen in which participants were required to 
press the spacebar while fixating on a centrally presented cross before the trial 
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could begin. The image was then shown for 10 seconds. Prior to the beginning 
of the experiment a 6 trial practice session was completed. After the practice 
session, participants were given an opportunity to ask any questions of the 
experimenter. The 108 experimental trials were divided into 3 trial types in 
which the critical object was either increased in luminance from left to right 
(leftward increase), increased in luminance from right to left (rightward 
increase), or not adjusted in luminance at all (no gradient). Trial type was 
manipulated within-participant and counterbalanced across participants such 
that a given critical object was seen in each of the three luminance conditions 
across three participants. After the experimental trials, a short 6-trial memory 
test was given, with half of the images previously seen by the participant, and 
half new images. Participants were required to press the ‘z’ key if they had 
seen the image before and the ‘/’ key if they had not seen the image before.  

5.3.1.5. Data Processing 
Fixations with durations shorter than 80 ms and longer than 1400 ms were 
removed from the analysis. In addition, the first fixation was excluded from the 
analysis, as this was always at the location of the center of the screen 
(following the eye tracker drift correction). Within-object landing positions 
were normalized with respect to the bounding box surrounding the object in a 
manner similar to Nuthmann and Henderson (2010) and ‘t Hart and colleagues 
(2013). The x and y pixel locations within the critical object were recalculated 
relative to a within-object coordinate system where the center of the bounding 
box surrounding the object was at the coordinates (0, 0), with the upper right 
corner at (0.5, 0.5) and the bottom left corner at (-0.5, -0.5). For the purposes 
of this analysis, it is worth noting that the within-object landing positions when 
the object was unmanipulated are taken as a baseline, such that within-object 
landing positions in unmanipulated objects are compared to within-object 
landing positions in luminance manipulated objects.  

5.3.2. Results 

5.3.2.1. Fixations on the critical object 
The critical object was looked at in 67.4% (SE = 2.29%) of trials. The percentage 
of trials in which the critical object was looked at did not differ when the 
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object was increased in luminance on the left (M = 68.7%), t(17) = 1.61, p = 
.126, or increased in luminance on the right (M = 69.1%), t(17) = 1.49, p = .154, 
compared to when it was not manipulated (M = 64.5%). On average, the object 
was fixated after 11 fixations and this did not significantly differ when the 
object was increased in luminance on the left (M = 10.9), t(17) = 0.406, p = 
.690, or increased in luminance on the right (M = 10.8), t(17) = 0.328, p = .747, 
compared to when it was not manipulated (M = 10.8).  

5.3.2.2. Object targeting 
Figure 5.2A shows the normalized within-object landing position of the first 
fixation that landed in the imaginary bounding box surrounding the target 
object. A repeated measures analysis of variance was conducted on the mean 
normalized horizontal x position of the first fixations that landed within the 
target object bounding box with the variable trial type (increased luminance on 
the left, no gradient, increased luminance on the right). The effect of trial type 
was set with a planned contrast where increased luminance on the left and 
right was compared directly to no gradient. There was a marginal main effect 
of trial type F(2, 34) = 3.128, p = .057,      = 0.155, with planned contrasts 
revealing a significant difference in horizontal landing position between 
increased contrast on the left compared to no gradient, F(1, 17) = 4.660, p = 
.045,      = 0.215 but no significant difference between increased contrast on 
the right compared to no gradient, F < 1. In summary, the luminance 
manipulation did have an effect on within-object landing positions, at least 
when the increased luminance was on the left. 
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Figure 5.2: Normalized within-object landing positions for the first fixation 
within the object (A) and a within-object refixation (B). Dashed red lines 
represent the vertical and horizontal center of the object, while the solid black 
line represents the mean horizontal landing position for each of the target 
types. Circles in blue represent individual data points. 

Figure 5.2B shows the normalized within-object landing positions for the first 
refixations within the object (i.e., an immediate refixation on the object 
following the first fixation shown in Figure 5.2A) and Figure 5.3 shows the 
mean horizontal landing positions relative to the mean landing positions within 
unmanipulated objects collapsed across these first two fixations into the 
object. To investigate whether the bias toward the higher luminance side of 
the object held upon any immediate subsequent refixations within the object, 
a 3 (trial type: increased luminance on left; no gradient; increased luminance 
on right) by 2 (within-object fixation index: first fixation vs. refixation) was 
performed on the average normalized within-object landing position of the 
first two fixations within the object. Contrasts were again planned on target 
type to compare increased luminance on the left and right to no gradient. 
There was a main effect of target type, F(2, 34) = 7.931, p = .001,     = .318, 
with follow-up contrasts revealing a significant difference in within-object 
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normalized landing position between increased luminance on the left 
compared to no gradient, F(1, 17) = 7.628, p = .013,     = .310 and only a 
marginal difference between increased luminance on the right compared to no 
gradient, F(1, 17) = 3.167, p = .093,     = .157. There was a significant main 
effect of within-object fixation index, F(1, 17) = 16.218, p = .001,     = .488, 
with first fixations (M = -0.02) landing closer to the center than subsequent 
fixations which tended to land slightly to the left of center (M = -0.05). There 
was no interaction between within-object fixation index and target type, F(2, 
34) = 1.000, p = .378,     = .056. Taken together, this suggests that there is no 
evidence to suggest that immediate refixations on the target object differed in 
their bias toward the higher luminance side than initial fixations into the object 
(aside from their tendency to move slightly to the left of the object center – 
see Figure 5.2B). 
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Figure 5.3: Mean normalized horizontal landing position relative to the 
unmanipulated object across trial type for the first two consecutive eye 
movements that landed on the critical object.  

5.3.3. Discussion 
In Experiment 1, we manipulated the luminance gradient across an object in a 
natural scene and investigated whether, compared to no object manipulation, 
this affected within-object landing positions in a task where participants had to 
remember the scenes for a later memory test. Overall, the object manipulation 
had no apparent effect on whether and when the object was looked at. 
Critically, there was an effect of the luminance manipulation on the PVL. When 
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the object was increased in luminance on the left, the first fixation into the 
object was shifted significantly toward the left compared to when the object 
was unmanipulated. Increases in luminance on the right of the object seemed 
to have marginal effect on the PVL. This same pattern was also present in the 
second within-object fixation (i.e. refixation), with the second fixation showing 
a slightly more extreme bias than the first.   
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5.4 Experiment 2 

Experiment 2 was similar to Experiment 1, except that participants were asked 
to search for the critical object. Experiment 1 demonstrated that a within-
object luminance manipulation indeed had an influence on the PVL; however, 
the effect was most pronounced when the object was higher in luminance on 
the left. The purpose of Experiment 2 was two-fold. First, we wanted to 
increase the number of times the critical object was fixated by making it a 
search target. Second, we aimed to investigate whether a within-object 
luminance manipulation could also have an effect on the PVL even when 
participants had a strong top-down search goal.  

5.4.1. Methods 

5.4.1.1. Participants 
Fifteen new participants (ages 19-34, M = 24 years, 8 female) were recruited 
from the Vrije Universiteit Amsterdam and participated in this experiment for 
course credit or 4 Euros. All reported normal or corrected to normal vision and 
were naive to the purpose of the experiment. The study was approved by the 
ethics board of the Faculty of Psychology and Education and conducted 
according to the principles of the Declaration of Helsinki.  

5.4.1.2. Apparatus 
The apparatus was the same as in Experiment 1. 

5.4.1.3. Stimuli 
Search display images were the same as those used in Experiment 1. In 
addition, a target template display was created with the unmanipulated critical 
object extracted from the image and placed in the center of a grey 
background. The critical object in the search display (i.e., the search target) 
was adjusted in one of three ways. As in Experiment 1, it was unmanipulated, 
with no luminance adjustments (identical to the target template) or it was 
adjusted in luminance smoothly from left to right or from right to left.  
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5.4.1.4. Procedure 
The procedure was similar to that of Experiment 1; however, participants were 
asked to search for a target object instead of memorizing the image for a later. 
Each trial began with a drift-correction screen in which participants were 
required to press the spacebar while fixating on a centrally presented cross 
before the trial could begin. Participants were then shown the target template 
(a single, unmanipulated object in the center of a gray screen) for 2 seconds, 
after which the full image appeared. Upon the appearance of image, 
participants were asked to look around the picture and find the target. The 
trial ended once participants fixated within the object bounding box (and 
stayed within that box for 300 ms). After the target was found the image 
remained on screen for 1 second, followed by a green fixation dot on a gray 
background indicating a correct response. If the target was not found, the trial 
ended after 8 seconds, followed by a white fixation dot on a gray background. 
Trials were divided into three conditions in which there were three different 
target types: increased in luminance from left to right (leftward increase), 
increased in luminance from right to left (rightward increase), or not adjusted 
in luminance at all (no gradient). The target type condition was manipulated 
within-participants, and counterbalanced across images such that each target 
type occurred in one of these three conditions across three participants. There 
were 6 practice trials, after which participants were able to ask any questions 
of the experimenter, and 108 experimental trials. The entire experiment took 
approximately 30 minutes. Figure 5.1 shows an example of the target object 
manipulations and trial sequence.  

5.4.1.5. Data Processing 
Data processing was performed in the same way as in Experiment 1.  

5.4.2. Results 

5.4.2.1. Search performance 
The target was found on 88% (SE = 1.45%) of trials. The percentage of trials 
where the target was found did not reliably differ for targets that were 
increased in luminance on the left (M = 87.9%), t(14) = 0.205, p = .841, or 
increased in luminance on the right (M = 89.4%), t(14) = 0.615, p = .549, 
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compared to when the target was unmanipulated (M = 87.4%). On average, 
the target object was found after 4 fixations and this did not significantly differ 
when the object was increased in luminance on the left (M = 4.16), t(14) = 
0.696, p = .498, or increased in luminance on the right (M = 4.40), t(14) = 
0.313, p = .759, compared to when it was not manipulated (M = 4.32).  

5.4.2.2. Object targeting 
Figure 5.4A shows the normalized within-object landing position of the first 
fixation that landed in the imaginary bounding box surrounding the target 

object.  

Figure 5.4: Normalized within-object landing positions for the first fixation 
within the object (A) and a within-object refixation (B). Dashed red lines 
represent the vertical and horizontal center of the object, while the solid black 
line represents the mean horizontal landing position for each of the target 
types. Circles in blue represent individual data points. 

A repeated measures analysis of variance was conducted on the mean 
normalized horizontal x position of the first fixations that landed within the 
target object bounding box with the variable trial type (increased luminance on 
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the left, no gradient, increased luminance on the right). The effect of target 
type was set with a planned contrast where increased luminance on the left 
and right was compared directly to no gradient. There was a main effect of 
target type F(2, 28) = 8.722, p = .001,      = 0.384, with planned contrasts 
revealing a significant difference between increased contrast on the left 
compared to no gradient, F(1, 14) = 6.477 p = .023,      = 0.316 and only a 
marginal difference between increased contrast on the right compared to no 
gradient, F(1, 14) = 3.348, p= .089,      = 0.193.  

Figure 5.4B shows the within-object landing positions of the refixations within 
the object (i.e., an immediate refixation on the object following the first 
fixation shown in Figure 5.4A) for each target type and Figure 5.5 shows the 
mean normalized difference in within-object horizontal landing position of the 
first fixation and, if it occurred, refixation into the manipulated object for each 
target type relative to the landing position within an unmanipulated object. 
After initially fixating the target, on a large proportion of trials, the next 
fixation was also within the critical object. While initial within-object fixations 
are biased toward the higher-luminance side of the object (compared to when 
no luminance gradient was introduced), we wished to investigate whether this 
bias held upon any immediate refixations within the object. This type of 
analysis was possible given that the trial did not end until a full second after 
the target was found. A 3 (target type: increased luminance on left; no 
gradient; increased luminance on right) by 2 (within-object fixation index: first 
vs. refixation) was performed on the normalized within-object landing position 
of the first two fixations within the object. Contrasts were again planned on 
target type to compare increased luminance on the left and right to no 
gradient. Again, there was a main effect of target type, F(2, 28) = 14.684, p < 
.001,     = .512, with follow-up contrasts revealing a significant difference in 
within-object normalized landing position between increased luminance on the 
left compared to no gradient, F(1, 14) = 8.978, p = .010,     = .391 and between 
increased luminance on the right compared to no gradient, F(1, 14) = 5.174, p = 
.039,     = 270. There was no main effect of within-object fixation index, F(1, 
14) = 1.001, p = .334,     = .067 and no interaction between within-object 
fixation index and target type, F < 1. Taken together, this suggests our 
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luminance manipulation affected the PVL and that subsequent refixations on 
the target object did not differ in their bias toward the higher luminance side 
than initial fixations into the object.  

 

Figure 5.5: Mean normalized horizontal landing position relative to the 
unmanipulated object across target type for the first two consecutive eye 
movements that landed on the critical object. 

5.4.3. Discussion 
In Experiment 2, we examined whether a within-object luminance 
manipulation would influence the PVL for objects in scenes in an object search 
task. The visual search task increased the proportion of trials where the object 
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was fixated compared to Experiment 1; however, the basic pattern of results 
remained the same. Critically, and in line with Experiment 1, the first fixation 
that landed on the critical object was biased toward the higher luminance side 
of the object, particularly when the luminance was higher on the left, 
compared to landing positions within unmanipulated targets. In addition, this 
bias appeared to persist for a subsequent within-object fixation. Interestingly, 
in Experiment 2 there appeared to be a slight leftward bias to the PVL. This 
may reflect a bias dependent on the direction of the preceding saccade (see 
Pajak & Nuthmann, 2013), an artifact of the search task or participants’ 
strategy. However, given the relatively small number of trials (and analysed 
objects) compared to previous work, an analysis of this bias is beyond the 
scope of the present work. 

5.5 General Discussion 

In the present work, we investigated whether low-level within-object 
luminance manipulations would influence the tendency for observers to fixate 
the center of an object (the PVL). More specifically, we compared within-
object landing positions when the object was either increased in luminance on 
the left or increased in luminance on the right to landing positions in 
unmanipulated objects. In Experiment 1, participants viewed scenes with the 
critical object (either manipulated or not) for a later memory test, while in 
Experiment 2, participants were required to search for the critical object. 
Taken together, the results of Experiment 1 and 2 converge on the idea that a 
within-object luminance (i.e., low-level salience) manipulation can influence 
within-object landing positions. Low-level salience information biased the PVL 
even when the object manipulation showed no evidence of impacting how 
often, and when in the trial, the object was fixated.  

Within-object landing positions were more strongly influenced when the 
luminance was higher on the left side of the object, compared to when it was 
on the right side of the object. This effect be additive on the general leftward 
bias observed particularly in Experiment 2. When the luminance was increased 
on the right side of the object, the PVL was marginally influenced by the 
luminance manipulation, and only when participants searched for the object in 
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Experiment 2. Interestingly, the finding that the influence of the luminance 
manipulation on the PVL appeared to be stronger in Experiment 2 compared to 
Experiment 1 is particularly surprising given that in the search template in 
Experiment 2 was unmanipulated. 

Generally, the influence of the luminance distribution was also present when 
participants made a subsequent fixation within the critical object. Previous 
research suggests that the function of such a within-object refixation may be 
to compensate for an initial, non-optimal landing position (Foulsham & 
Kingstone, 2013). In that work, when the object was displayed to the left or 
right of center relative to fixation, participants were more likely to re-fixate 
toward the center of the object in order to identify it (Foulsham & Kingstone, 
2013). If this holds in the present work, then the luminance manipulation may 
impact the optimal viewing position with the object itself. Perhaps in the 
present experiments the object was easier to process from a position closer to 
the higher luminance side, or conversely, that it was harder to process the 
object from a position of lower luminance.  

Interestingly, a pattern can be observed when comparing the landing position 
distributions across Experiments 1 and 2 (Figures 5.2 and 5.4). In Experiment 2, 
the distribution seems tighter and much more focussed in the center 
compared to Experiment 1. This suggests that the viewing pattern in 
Experiment 2, where participants were searching for an object, may be more 
object-based than in Experiment 1, where participants were trying to 
remember the scene. We do not formally address this hypothesis, as it is 
merely speculative; however, it raises the interesting possibility that there are 
some tasks in which attention may be more object-based than others.  

Our results replicate the finding of a PVL for objects in natural scenes 
(Foulsham & Kingstone, 2013; Nuthmann & Henderson, 2010; Pajak & 
Nuthmann, 2013; Stoll et al., 2015) and extend them to show that the PVL can 
be influenced by a low-level within-object luminance manipulation. This 
influence persisted even when participants were given a strong top-down 
search goal for a target template that was not manipulated. Additionally, it 
was not specific to the early moments of scene viewing, a finding in stark 
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contrast to theories and evidence suggesting that salience only influences eye 
movement control early on in scene viewing (e.g., Anderson et al., 2015; Donk 
& Soesman, 2011b; Foulsham & Underwood, 2008; Parkhurst et al., 2002; Stoll 
et al., 2015; Tatler et al., 2005; van Zoest et al., 2004).  

While the present results converge with the idea that attention is object-
based, they present a strong caveat to the idea that this implies little or no role 
for low-level visual features in attentional selection. The PVL for objects may 
reflect an averaging of low-level visual cues from the object itself, such as the 
presence of surrounding edges, or as in the present work, a within-object 
weighting of luminance cues. This aligns with the vast body of work on the 
saccadic averaging or the global effect, that occurs most strongly when two 
objects are in close proximity (e.g., Findlay, 1982; Findlay & Walker, 1999; 
Godijn & Theeuwes, 2002; Van der Stigchel & Nijboer, 2013). Here, we show 
that the visual system targets objects on the basis of their underlying visual 
statistics within the surrounding scene, and not solely on the basis of scene-
object semantics. This process that can be influenced by changing the salience 
of the object itself (Anderson & Donk, 2017) or by manipulating the within-
object distribution of salience. Taken together, this suggests that such low-
level feature information should be taken into account in models of eye 
movement control that include a role for object-based attention.  

5.6 Conclusion 

In the present work, we investigated how a within-object luminance 
manipulation influenced within-object landing positions (or the PVL) in natural 
scene viewing. We manipulated objects such that they gradual increased in 
luminance from left to right or right to left and compared the PVL in these 
objects to unmanipulated objects. In both a memorization task and a visual 
search task we found that the luminance manipulation biased landing positions 
toward the brighter side of the object. The influence of this low-level 
luminance manipulation suggests that the distribution of salience within an 
object partly determines the PVL, reflecting a saccadic averaging process 
similar to that found in work on the global effect for simple shapes. 
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Chapter 6  

 

Summary and Conclusion 
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6.1 Summary and Conclusion 

We make approximately 3 eye movements per second in order to sample the 
world around us. Eye movements are necessary for vision because visual acuity 
drops off sharply away from the fovea. The focus of this thesis is why we move 
our eyes where we do. Specifically, the work presented here examines eye 
movement control in natural scenes. 

There are two main answers to the question of why we look where we do in a 
picture. The first is that eye movement control is a product of our cognitive 
knowledge structures and we look where we do in service of our ongoing task 
or goals. The second is that eye movement control is a product of the 
environment and we look where we do in order to react to sudden events or 
because we are attracted to particularly salient regions. In terms of natural 
scene viewing, these two answers form the basis of a debate that has been 
going on for years.  

Many researchers believe that eye movement control is largely under cognitive 
control (i.e., top-down control) because there is overwhelming evidence to 
suggest that things such as our expertise, knowledge and task goals can 
account for most of the eye movements we make in a scene. However, this 
perspective tends to overshadow a very critical part of the equation – the 
scene itself. Salient regions of the environment can also influence eye 
movements (i.e., bottom-up control) in natural scenes. One of the challenges 
of studying eye movement control in natural scenes is that it is difficult to be 
sure why a certain region was fixated. For example, did you look at a particular 
region on the table by your door because that’s where you keep your keys, or 
did you look there because your keychain has a very bright Lego pirate that 
stands out relative to the otherwise nondescript background of your table?  

There is a long established tradition for studying eye movement control that 
utilizes basic displays (such as lines and dots) with simple manipulations. In 
situations like this it is absolutely transparent whether eye movements are 
under top-down or bottom-up control. The work presented in this thesis 
applies knowledge and techniques from these more basic displays to natural 
scenes by imposing more control on the scenes themselves. This allows for the 
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extent to which eye movements are under top-down or bottom-up control to 
be more precisely measured. 

In Chapter 2, we manipulated the contrast gradient across a natural scene such 
that one side of the image was increased in contrast relative to the other. We 
showed that early and short-latency eye movements are biased toward the 
higher contrast side of the image both when observers view the scene for a 
later memory test and when they are searching for a target within the scene. 
This confirms that eye movements early on in scene viewing are under bottom-
up control (Foulsham & Underwood, 2008; Parkhurst et al., 2002) and aligns 
with research that utilizes more basic displays (e.g., van Zoest et al., 2004). This 
finding also supports the idea that salience influences eye movements early in 
time, while top-down control influences eye movements later in time – an idea 
that has been gaining traction in work utilizing more basic displays (Siebold et 
al., 2011; van Zoest & Donk, 2008). 

Chapter 3 investigated whether scene gist (the finding that a scene can almost 
instantly be recognized; e.g., Oliva, 2005) could override the early effects of 
salience reported in Chapter 2. We showed participants a brief scene preview 
followed by a contrast manipulated image. Even though the scene preview led 
to an increase in the first fixation latency into the scene and the size of the first 
saccade, it was not enough to override the early effects of salience. Initial, 
short-latency eye movements were biased to land on the higher contrast side 
of the image. This suggests that even though scene gist can guide eye 
movements, it is not enough to completely override the early influence of 
salience.  

The research in Chapter 4 looks beyond the initial moments of scene 
perception to investigate the role of salience in the presence of sudden object 
changes within the scene. An individual object in the scene was increased or 
reduced in salience. Critically this change occurred either during a fixation 
(which has long been known to capture attention) or during a saccade (which 
is essentially invisible to an observer as the change is masked by saccadic 
suppression). When the change occurred during a fixation it indeed captured 
the eyes, regardless of whether it was an increase or a reduction in salience. 
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When it occurred during a saccade, it only captured the eyes when it was 
increase in salience. This latter finding suggests that low-level salience can 
influence change detection, a phenomenon that is largely attributed to top-
down control (Brockmole & Henderson, 2005a).  

It has recently been discovered that when looking at natural scenes, eye 
movements tend to land in the center of objects (Nuthmann & Henderson, 
2010). This is largely attributed to top-down factors (i.e., that eye movement 
control is object, rather than feature-based). Additional analyses in Chapter 4 
and the experiments in Chapter 5 demonstrated a new role for salience that 
had yet to be discovered: it can influence within-object landing positions in 
natural scenes. In Chapter 4, when the object changed during a fixation (which 
meant that it occurred along with a very salient transient signal), within object 
landing positions were more central than when no change occurred or when 
the change occurred during a saccade. In Chapter 5, observers were shown 
scenes where an object had been manipulated such that it increased in 
luminance from left to right, or from right to left. In both a memorization and 
visual search task, fixation landing positions within these objects were biased 
toward the brighter side of the object, compared to landing positions within 
objects that were unmanipulated. The findings in Chapter 4 and 5 suggest that 
object-based targeting might work in a similar way to saccadic averaging in 
more basic displays (where eye movements tend to land in between two 
objects; see Van der Stigchel & Nijboer, 2011 for a comprehensive review). 

Taken together, the findings of the experiments presented in this thesis make 
the role of salience in natural scene viewing explicit. By manipulating the 
salience of natural scenes and the objects within them, the constraints of top-
down and bottom-up control in natural scenes can be more clearly defined. 
Eye movements in natural scenes are not just under top-down control (despite 
the enormity of evidence to suggest this) but can also be controlled by 
stimulus salience. Salience influences eye movements early on in scene 
viewing and affects within-object landing positions.  
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