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SUMMARY

SUMMARY

In our environment, visual stimuli typically appear within the context of other stimuli, which
are usually not arranged randomly but follow regularities. These regularities can be very useful
for the visual system to overcome the problem of limited encoding capacity by guiding
attention to stimuli which are relevant for behavior. There is growing evidence that observers
use repeated contexts for guiding attention in visual search, and there is evidence that observers
adapt to dynamical changes in their visual environment. However, contexts in our natural
environment often come with features predicting reward, and little is known about the influence
of such reward-predicting contexts on attention guidance. In addition, it is unclear how
observers adapt their behavior to context features that are not relevant for the task, and little is
known about individual differences in the effects of contexts. These research gaps are
addressed in the present dissertation. In five studies, the present dissertation investigates how
different types of contextual regularities are integrated into behavior and how these regularities
guide visual attention.

The main part of this dissertation (Studies I-III) focuses on visual contexts that do not
change over time and are encountered repeatedly (“repeated contexts™). To this end, Studies I-
IIT used the contextual cueing paradigm (Chun & Jiang, 1998), a visual search paradigm in
which participants have to locate a target among a context configuration of distractors. In
Studies I and II, half of these distractor configurations repeated throughout the experiments,
whereas the other half were generated newly for each trial. In both studies, it was observed that
participants responded faster in repeated compared to novel contexts. This effect developed in
the course of each experiment and is known as contextual cueing (CC) effect.

Participants not only responded faster but they also moved their eyes more efficiently
to the target in repeated (compared to novel) contexts. This indicates that attention guidance
was facilitated by the repeated context configurations and that participants used the contexts
for finding the target. Study III showed that participants could not only use contexts that
repeated entirely, but also contexts in which only a very limited amount of contextual
information was repeated. With only three distractors repeating, participants basically showed
similar CC effects as observed for entirely repeated contexts. This surprising result suggests
that even a small amount of repeating contextual information is sufficient for guiding attention
to the target.

As a crucial novelty compared to previous studies, Studies I-III investigated the role of
context features signaling motivational value by associating reward. In Study I, half of the
context items were presented in a task-irrelevant color, which signaled either a low, medium,
or a high reward. Participants showed an increased CC effect for contexts with a color signaling

high reward. The increased CC effect was caused by reduced response times in high reward
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repeated contexts, while response times in novel contexts were unaffected by reward. In
addition, participants were also more efficient in moving their eyes to the target in high
compared to low or medium reward repeated contexts, which indicates that reward boosted
contextual cueing by facilitating attention guidance to the target.

Study II replicated the increased CC effect for contexts predicting a high reward. In
Study II, however, reward was associated with a task-relevant context feature, namely, the
predominant orientation of the distractor items. In addition, Study II examined the emergence
and persistence of the reward effect more closely. The results showed that reward persistently
increased contextual cueing rather than leading to an earlier emerging but asymptotically
similar effect, as was assumed in previous studies (cf. Tseng & Lleras, 2013). Study III
examined whether reward-predicting colors influenced task performance in a similar manner
in contexts that repeated entirely and in contexts that repeated only in part. Surprisingly, reward
had no effect on contextual cueing in Study IIL, neither in partially nor in entirely repeated
contexts. There was evidence that most participants did not learn to associate color with reward
magnitude which could explain why reward had no effect. Hence, the missing reward effect in
Study III does not contradict the results of Studies I and II. Taken together, the first part of this
dissertation demonstrates that contexts are prioritized in context configuration learning when
they predict a high reward. In repeated contexts that predict high reward, attention is guided
more efficiently to the target, a benefit which persists even after many context repetitions.

The second part of this dissertation (Study IV) studies how observers use contexts that
change dynamically in a predictable sequence. Using the adaptive choice visual search
paradigm (ACVS, Irons & Leber, 2016), Study IV demonstrated that observers adapt their
choice between two targets to a predictable color change. The visual contexts contained items
in two color subsets and the ratio of items in these subsets changed with each trial. Participants
could freely choose between two targets, one presented in each of the color subsets.
Importantly, and in contrast to previous work, color was an irrelevant feature dimension in the
task, as the targets were defined by shape. Results showed that participants adapted their target
choice to the trial sequence and preferred the target from the smaller color subset, despite the
irrelevance of color. These results suggest that observers not only adapt to static repetitions of
context configurations, as observed in Studies I-III, but that they also integrate contextual
changes into their behavior in visual search (see also Wang & Theeuwes, 2020).

The third and final part of this dissertation (Study V) investigates individual differences
in contexts of social perception and broadens the examination of visual contexts to the
disciplines of social and personality psychology. Participants were confronted with contexts of
untrustworthy and trustworthy face stimuli, accompanied by words which were either
congruent, incongruent, or neutral with regard to the contexts. Study V examined how the
contexts influenced attention allocation to congruent and incongruent stimuli, and how the

personality of different individuals affected the allocation of attention. To this end, the
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personality trait victim sensitivity (Gollwitzer, Rothmund, & Siissenbach, 2013) was chosen
as a promising moderator. Results revealed that attention allocation, measured by the
participants’ eye movements, differed between the contexts. Participants generally allocated
more attention to trustworthy than to untrustworthy words (longer dwell times, more fixations).
However, this difference tended to be more pronounced for untrustworthy contexts, suggesting
that the incongruent trustworthy words were prioritized in attention allocation. Furthermore,
victim-sensitivity was correlated with increased attention allocation to incongruent stimuli in
untrustworthy contexts. These results show that contexts of social perception influence the
processing of incongruent and congruent visual information, and that an individual’s
personality is crucial for these context effects.

In sum, the five studies of the present dissertation demonstrate that the visual system is
remarkably sensitive to regularities in the visual context. It is quite efficient in extracting
repeated contexts to guide attention to relevant locations when contexts are encountered again
(Studies I and II), and it only needs a very limited amount of repeating contextual information
to take advantage from the contexts (Study III). It also considers rewards that are signaled by
features of the contexts to prioritize processing of high reward contexts. The visual system
further adapts to dynamical changes in the contexts (Study IV) and uses contexts of social
perception for differential processing of incongruent and congruent stimuli, dependent on the
observer’s personality (Study V). The present dissertation thus highlights that the visual context
is crucial for guiding our attention in numerous situations that we encounter every day.
Fortunately, we can take advantage of the visual context, which allows our visual system to

cope with its limited processing capacity.
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1 INTRODUCTION

Efficiently processing relevant visual information in our environment is an important capability
for successfully managing numerous everyday situations. Imagine you are driving in an
unknown city, a context crowded with visual information: stoplights, traffic signs, speed limits,
pedestrians, and bright and colorful billboards. In this situation, there are many visual stimuli
competing for your limited processing resources and navigating through this cluttered visual
scene can require a lot of effort. Because the visual system is not capable of simultaneously
processing all available visual information (e.g., Broadbent, 1958; Driver, 2001; Lavie &
Dalton, 2014), information has to be prioritized, a mechanism known as selective visual
attention.

In the driving example (see also Chun, 2000), you may want to pay attention to signs
showing the correct way, stoplights, signs for speed limits — and you have to be aware of
pedestrians stepping suddenly on the road. In addition, you may be on your way to pick up
your friend at the train station and you also need to look for him (he usually wears a red jacket).
That is, you have certain goals in that situation which you use for actively guiding attention to
relevant information (e.g., red stimuli), a mechanism referred to as fop-down attentional
control. When you are passing a colorful billboard, however, your attention might be drawn
automatically towards this physically salient visual stimulus, although this was not your goal
in that situation. Such an automatic and stimulus-driven orienting of attention is referred to as
bottom-up attentional control.

The situation seems entirely different when driving through your hometown, as
compared to an unknown city. In a familiar environment, you know how to find your way
through the visual environment and which critical spots to attend to, and therefore attending to
relevant information requires far less effort. That is, based on previous encounters with the
visual environment of your hometown, you have learned how to guide your attention efficiently
in this context. In such a context, past experiences influence the guidance of your attention,
which can neither be explained by bottom-up nor top-down processes sufficiently. In the light
of such phenomena, Awh, Belopolsky, and Theeuwes (2012) introduced selection history as
an additional factor determining attentional selection, resulting from (implicit or explicit)
learning mechanisms (Theeuwes, 2018).

The example of driving in a familiar compared to an unfamiliar town shows that the
visual context can be used to guide attention. In our visual environment, stimuli usually appear
embedded in visual scenes, which follow certain regularities (e.g., Biederman, Mezzanotte, &
Rabinowitz, 1982; Le-Hoa Vo & Wolfe, 2015; Palmer, 1975). For instance, when searching
for a laptop in a room containing a desk and a bed, observers tended to fixate areas around the
desk, whereas searching for a teddy led to fixations in the area of the bed (V3, Boettcher, &

Draschkow, 2019). This result suggests that, in this particular context, observers expected a
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laptop to appear on the desk and a teddy to appear on the bed. They had probably learned that
the objects appeared in these locations in former encounters with similar contexts and used
these regularities for guiding their attention.

The main research question of this dissertation is how observers use visual contexts to
guide their attention and how they integrate different contextual regularities into their
attentional behavior. In line with the examples described above, there is evidence that observers
use repeated contexts to guide their attention when they encounter contexts again (Chun
& Jiang, 1998). There is also evidence that observers use contexts that change dynamically for
adapting their attentional behavior, and it was suggested that individuals differ considerably in
how they use visual contexts (Irons & Leber, 2016). While these results stress the importance
of the visual context for attention guidance, many aspects of visual contexts are not yet
explored. It is unclear how contexts that are associated with motivational value (i.e., reward)
are used for guiding attention, and it was not examined whether observers also adapt to changes
in the contexts when they are not relevant to them. Furthermore, it is unclear which factors
might explain the individual differences observed in context effects. These research gaps are

addressed in this dissertation.

1.1 The role of context in visual attention

Former work has demonstrated that regularities in the visual context can have huge impacts on
behavior and visual attention guidance (e.g., Chun, 2000; Chun & Jiang, 1998; Goujon,
Didierjean, & Thorpe, 2015). In five studies, this dissertation investigates how different
contextual regularities affect visual attention. To this end, three different context types are
examined. Studies I-III focus on repeated contexts, which reappear over time. Study IV
examines dynamically changing contexts, which change in a predictable manner over time.
Study V investigates individual differences in context effects using contexts of social
perception. On the following pages, the empirical background of these contexts is reviewed

and the specific research gaps addressed in this dissertation are identified.

1.1.1 Exploiting repeated contexts in visual search
Many visual contexts appear repeatedly and without significant changes over time. Consider
the example of driving in your hometown, introduced in the beginning of this dissertation. It is
very likely that the context of your hometown will look about the same in a week as it does
today. That is, once you have learned where, for instance, critical spots are located, you can
efficiently attend to these critical spots in future encounters with that context. This is because
the context and the location of the critical spots within the context are repeating.

The use of repeated contexts for guiding attention was demonstrated in a seminal study
by Chun and Jiang (1998). The authors conducted a visual search task and observed that

participants responded faster to targets presented in distractor contexts that repeated during the

-5-



1 INTRODUCTION

experiment compared to novel contexts that participants had not seen before. However, their
participants were not able to discriminate between repeated and novel contexts in a recognition
test after the experiment. The authors concluded that observers implicitly learned an association
of the repeated distractor contexts and the location of the target embedded in these contexts.
This regularity could be extracted and used for guiding attention to the target when
encountering repeated contexts again (Chun, 2000; Chun & Jiang, 1998). With that
interpretation in mind, Chun and Jiang (1998) named the effect contextual cueing. Contextual
cueing is considered a statistical learning effect (see section 1.2.2). That is, observers extract
regularities from their visual environment and adjust their behavior accordingly (Goujon et al.,
2015).

Eye movement studies suggest that it is indeed attention guidance that is facilitated by
the repeated distractor contexts. Participants not only responded faster in repeated contexts, but
they also made more efficient eye movements to the target, manifesting as more efficient scan
paths and fewer fixations (Harris & Remington, 2017; Peterson & Kramer, 2001; Tseng & Li,
2004; Zhao et al., 2012). In addition, EEG studies observed an increased N2pc component in
repeated compared to novel contexts, an EEG component suggesting that selective visual
attention was modulated in repeated contexts (Luck & Hillyard, 1994; Schankin & Schubd,
2009, 2010).

Although many contexts in our visual environment are repeating, a context might not
always repeat entirely over time. It is quite frequent that only some parts of a context remain
constant whereas others are changing. When you reencounter your hometown after a week,
nothing may have changed. However, when you spend a decade abroad and return after ten
years, it is likely that the context has changed to some extent. There might be new buildings or
roads, which are unknown to you when you return. Nevertheless, it is still likely that you are
better in navigating in your hometown compared to a novel town even after ten years, as you
might be able to use the remaining repeated information. In that sense, contextual cueing
studies observed that participants could exploit the repeated contexts also when only parts of
the contexts were repeating (Jiang & Leung, 2005; Olson & Chun, 2002; Song & Jiang, 2005).

The extent to which participants exploit repeated contexts for guiding their attention,
however, depends on numerous factors (see Goujon et al., 2015, for a review). For instance,
homogeneity of the distractor contexts was reported to increase the contextual cueing effect
(i.e., the response time advantage of repeated over novel contexts; Feldmann-Wiistefeld &
Schubd, 2014), but, on the other side, conditions of high working memory load were
detrimental to contextual cueing (Manginelli, Geringswald, & Pollmann, 2012). Thus, the
conditions under which observers encounter repeated contexts might heavily determine how
the repeated contextual information is extracted and integrated into behavior. Recent studies
demonstrated that also motivational value, i.e., reward, could boost the exploitation of repeated

contexts. When participants received a reward feedback for responding correctly, the
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contextual cueing effect emerged earlier compared to receiving no reward (Tseng & Lleras,
2013; see also Pollmann, ESto¢inova, Sommer, Chelazzi, & Zinke, 2016; Sharifian, Contier,
Preuschhof, & Pollmann, 2017). Tseng and Lleras (2013) speculated that the reward feedback
facilitated the learning of repeated contexts, presumably because receiving a reward led to a
boost in arousal strengthening memory consolidation of learned contextual information.

In the study of Tseng & Lleras, the participants were informed about the magnitude of
the reward after giving a response. In novel contexts, they were therefore not able to predict
the reward magnitude during their search. In our natural visual environment however, we can
usually predict the availability of a reward by features of the context. That is, we often can
associate a context with a certain motivational value even if we have never encountered this
particular context before. For instance, when heavy-alcohol-users are encountering the context
of a liquor store, they might predict reward (i.e., the effects of alcohol) in this context no matter
whether they had been in this particular store before or not. In this example, it seems likely that
attention guidance would be affected by the prediction of reward, even in a “novel” context
(Albertella, Watson, Yiicel, & Le Pelley, 2019).

It seems plausible that the extraction of repeated context configurations might be
facilitated in contexts predicting high compared to low reward. However, the influence of
reward-predicting context features on the use of repeated contexts is unexplored so far. The
main part of the present dissertation (Studies I, II, and III) focuses on the role of context features
signaling reward in the exploitation of repeated contexts. Study I examines how reward-
predicting but task-irrelevant colors modulate context learning. Study II investigates the effect
of reward-predicting distractor orientations, a context feature which is task-relevant, and
examines whether reward has persistent effects on context learning. Study III investigates the
influence of reward-predicting colors in contexts that repeated entirely and in contexts that

repeated only in part.

1.1.2 Adapting to dynamically changing contexts
While many contexts repeat over time, others are constantly changing. When driving in a city
at different times of the day, the visual context will differ dramatically. Early in the morning,
the environment might still be dark. During the day it gets gradually brighter, but towards the
evening it gets darker again. That is, the visual context is dynamically changing from dark
towards bright and back. This dynamical change might affect your visual attention
fundamentally, as, for instance, it might be easier to detect dark-clothed pedestrians in the
bright context at daylight compared to the dark context at night. To drive safely, you might
have to adapt your attentional control to the changing lighting conditions of the context
(Konstantopoulos, Chapman, & Crundall, 2010).

Irons and Leber (2016) investigated the adaptation of attentional control in a

dynamically changing visual context (see also Hansen, Irons, & Leber, 2019; Irons & Leber,
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2018). Using a novel paradigm, the authors let their participants choose between two available
targets embedded in a context of distractors. The targets were defined by a combination of
color and size (small in size and blue or red in color). One target was always red and one was
blue. Some of the distractors changed their color dynamically from trial to trial. They started
being colored like one of the targets and then changed their color stepwise with each trial
towards the color of the second target. The authors observed that the participants adapted their
target choice to the colors of the distractors in the context. They preferred selecting the target,
whose color was most different to the distractors and switched their preference during the trial
sequence. The authors concluded that participants adapted their target choice in order to
maximize task performance, since it was more efficient to locate a target that differed in color
to the distractor context. However, some participants also barely adapted. The authors
suggested that these individuals refrained from adapting in order minimize effort.

The results of Irons and Leber (2016) suggest that, in an unconstrained environment,
observers integrate a dynamical environmental change into their behavior. The change
appeared on a relevant feature dimension (e.g., Krummenacher & Miiller, 2012) in their task,
since the target was defined by a combination of color and shape. The authors interpreted that
the dynamical color change gave rise to an adaptation of attentional control strategies, that is,
search strategies the observers implemented to perform the task. Alternatively however, one
might think that observers adapt to changes in their environment spontaneously, and that they
even adapt when the change is not relevant for accomplishing the task (see Wang & Theeuwes,
2020). Little is known about such a behavioral adaptation to an irrelevant change in the visual

environment, and this research gap is addressed in this dissertation with Study I'V.

1.1.3 Inter-individual differences in attention allocation: The context of social
perception

Irons and Leber (2016) observed that individuals differed considerably in how they adapted
their behavior in an unconstrained visual context. The last study of this dissertation (Study V)
focusses on the influence of inter-personal differences on visual attention allocation and
broadens the perspective on visual contexts in an interdisciplinary way. In this study, the idea
that participants adapt their attention allocation to contextual regularities is connected to
concepts of social and personality psychology.

When you are driving in a city, it is very likely that you are sharing the road with other
people, making social perception another characteristic of this context. How you expect the
other drivers to behave can be an important factor of how you allocate your visual attention.
For instance, when you are driving behind a car of a driving school and you recognize the face
of an insecure-looking young student behind the steering wheel, you might expect that the
driver is inexperienced. To be able to react to the student driver’s behavior, you might deploy

increased attention to the car in front of you. When you notice that the driving instructor is
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driving rather than the student, this behavior might be entirely different and you might deploy
less attention to the car in front of you, as you trust in the driving abilities of the instructor.
Thus, attention allocation in this context might also be determined by stimuli that are relevant
for social perception.

In this example, inter-personal differences could play a huge role in how attention is
deployed. When individuals generally distrust the driving abilities of the drivers around them,
they might deploy their visual attention completely different compared to an individual that
generally trusts in the abilities of other drivers. In the disciplines of social and personality
psychology, the personality trait victim sensitivity is related to a general tendency to distrust
others (Gollwitzer et al., 2013). It is assumed that victim sensitivity can modulate social
perception by biasing how “contextual cues” signaling untrustworthiness (e.g., untrustworthy
faces in the visual environment) are processed (Gollwitzer et al., 2013; Gollwitzer, Rothmund,
Alt, & Jekel, 2012). Recently, it was observed that victim sensitive individuals showed biases
in remembering trustworthiness-related information (Siissenbach, Gollwitzer, Mieth, Buchner,
& Bell, 2016). Since it is well established that visual selective attention has a strong relation to
memory (e.g., Heuer & Schubd, 2018), this finding might imply that these individuals also
show biases in their attention allocation in contexts of social perception. How individuals with
varying degrees of victim sensitivity deploy their visual attention in contexts of social
perception is a research gap that the last study of this dissertation (Study V) is addressing.
Fig. 1 provides a summarizing overview of research gaps and research questions that were

studied in the present dissertation.
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Main research question:

How do observers use visual contexts to guide their attention?

. Study IV: Study V:
Studies I-llI: . v . v .
Dynamically changing Contexts of social
Repeated contexts .
contexts perception

Observers exploit
repeating contexts to

Observers adapt their
behavior to task-relevant

Personality (victim
sensitivity) was reported

Background . ; ) . .
& guide their attention contextual changes. to bias memory of social
(contextual cueing). information.
It is unexplored how It is unclear whether In contexts of social
Research reward-predicting observers also adapt to a perception, attentional
gaps context features change on an irrelevant biases of victim-sensitive
modulate contextual feature dimension. individuals are unex-
cueing. plored.
How do observers How do observers use Study visual contexts
exploit repeating dynamical changes in the with an interdisciplinary
contexts in their visual context? perspective:
. . 5
Research attention guidance? How do observers adapt How does an observer’s
questions How do observers to irrelevant contextual personality determine

incorporate reward-
predicting context
features in the guidance
of attention?

regularities?

attention allocation in
visual contexts?

Fig. 1. Background, research gaps, and research questions of the three parts of this dissertation. The main part
(Studies I-lll, left column) studies repeated contexts that reappear over time. The second part focuses on
dynamically changing contexts (Study IV, middle column), and the third part investigates individual differences

in contexts of social perception (Study V, right column).

1.2 Background: Selection history

Contextual cueing, which is examined in the first part of this dissertation (Fig. 1, left column),
is considered a statistical learning effect (Goujon et al., 2015). Statistical learning is one of
several known effects of selection history (for reviews on selection history, see Awh et al.,
2012; Failing & Theeuwes, 2018; Theeuwes, 2018, 2019). Awh et al. (2012) introduced
selection history as a factor for determining attentional selection. Based on previous
experiences, like previous encounters with a visual context, an observer’s attention can be
strongly biased towards stimulus features or locations. These biases can be independent from
current goals and the physical saliency of stimuli (e.g., Kadel, Feldmann-Wiistefeld, & Schubo,
2017; Le Pelley, Pearson, Griftiths, & Beesley, 2015). Awh et al. (2012) suggested that biases
of selection history feed into an integrated priority map together with the current goals (top-
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down) and the physical saliency (bottom-up). The largest activation on the integrated priority
map determines the allocation of attention (e.g., Itti & Koch, 2001). Reward, which is added to
contextual cueing in the first part of this dissertation, is also considered an effect of selection
history. For the research questions of the present dissertation, the effects of reward and the
effects of statistical learning are therefore of special relevance. These are briefly outlined in

the following sections.

1.2.1 Reward

The effects of reward, i.e., motivational value, on visual attention have attracted increasing
interest among vision researchers during the past years (Anderson, 2016; Chelazzi, Perlato,
Santandrea, & Della Libera, 2013; Failing & Theeuwes, 2018; Le Pelley, Mitchell, Beesley,
George, & Wills, 2016). Rewarding participants for a good task performance can result in a
general motivational boost, which can increase performance in visual tasks (Failing
& Theeuwes, 2018). For instance, perceptual sensitivity was increased in a spatial cueing task,
when participants received rewards linked to their task performance (Engelmann & Pessoa,
2007).

However, reward was not only reported to lead to unspecific boosts in task
performance, but also to affect visual attention more directly. There is evidence that reward
can lead to prioritized processing of both features and locations associated with reward in visual
search. When participants searched for a color singleton target, task performance was increased
when the target’s color signaled a high compared to a low reward (Kiss, Driver, & Eimer,
2009). The authors also observed an enlarged N2pc component on high reward trials,
suggesting that selective visual attention was modulated by reward (Luck & Hillyard, 1994).
When features of (to-be-ignored) distractors signaled high compared to low reward, task
performance was impaired, which also suggests that the reward-signaling stimuli captured
attention in visual search (e.g., Anderson, Laurent, & Yantis, 2013; Feldmann-Wiistefeld,
Brandhofer, & Schubd, 2016; Le Pelley et al., 2015).

Reward can even be strong enough to overrule an observer’s intentions in the task at
hand, as Le Pelley et al. (2015) demonstrated (see also Failing, Nissens, Pearson, Le Pelley, &
Theeuwes, 2015; Failing & Theeuwes, 2017; Koenig, Kadel, Uengoer, Schubd, & Lachnit,
2017). In Le Pelley et al.’s study, participants searched for a shape target, while the color of an
irrelevant distractor signaled reward. Importantly, although the distractor signaled reward,
fixating the distractor was coupled to an omission of reward. Nevertheless, the authors
observed that high-reward distractors biased eye movements and were fixated more frequently
during search. That is, reward-predicting distractors led to attentional capture by merely
signaling the availability of reward, although this was counterproductive for receiving the

reward in the end.

-11 -



1 INTRODUCTION

The studies described so far demonstrate that reward can bias visual attention when it
is coupled to specific features of stimuli. Hickey, Chelazzi, and Theeuwes (2014) showed that
reward can also alter processing of spatial locations in visual search. In their study, participants
received a high or a low reward feedback for responding correctly. After receiving a high
reward, they responded faster when the target reappeared at the same location in the next trial.
The authors concluded that reward facilitated the return of attention to locations that held a
target followed by a high reward feedback. This suggests that attention is guided to rewarded
locations in visual search.

In sum, reward can bias attention towards reward-predicting features and locations, and,
dependent on the current goals of the observer, reward can be beneficial or detrimental to task
performance in visual search. The results described above suggest that the presence of stimuli
signaling reward seems to play an important role in how we process our visual environment,

independent from our current goals and the physical saliency of stimuli.

1.2.2 Statistical learning

Not only reward but also statistical regularities in the visual environment have been
demonstrated to influence attentional processing of features and locations. There is growing
evidence that observers extract regularities from their environment spontaneously and integrate
these regularities in their behavior and the guidance of attention, a process known as statistical
learning (e.g., Goujon et al., 2015; Theeuwes, 2018).

For example, there is evidence that participants were faster in detecting the target at
high-probability compared to low-probability locations in visual search (Geng & Behrmann,
2005; Jiang, Swallow, Won, Cistera, & Rosenbaum, 2015). The use of high-probability target
locations might seem less surprising, since finding the target is the goal of the task and the
target location is therefore highly relevant for the task. However, recent studies demonstrated
that observers also extracted regularities concerning distractor locations, that is, regularities of
irrelevant visual stimuli. When distractors appeared more frequently at specific locations in
visual search, participants learned to avoid these locations during search, which was also
reflected in their oculomotor behavior in some studies (Di Caro, Theeuwes, & Della Libera,
2019; Ferrante et al., 2018; Wang & Theeuwes, 2018a, 2018b, 2018c; see also Gaspelin &
Luck, 2018).

Similar to the effects of reward, there is evidence that statistical learning can not only
influence processing of spatial locations but also processing of specific features. When the
target frequently appeared in a specific color, observers were reported to prioritize this color
during the experiment, leading to increased attentional capture of stimuli presented in the high-
probability color (Cosman & Vecera, 2014). Furthermore, regularities in the colors of
distractors were also reported to bias attentional selection. When the distractors were frequently

presented in a specific color during the experiment, observers showed increased attentional
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suppression of distractors presented in the frequent color compared to less frequent colors
(Stilwell, Bahle, & Vecera, 2019, see also Failing, Feldmann-Wiistefeld, Wang, Olivers, &
Theeuwes, 2019; Won, Kosoyan, & Geng, 2019). These findings suggest that observers adapt
to regularities of both targets and distractors in visual search and that regularities of locations
and features are extracted and integrated into the observers’ behavior.

In sum, the findings described in this section suggest that observers are remarkably
sensitive to regularities in their environment, as there is evidence that observers use several

statistical regularities for adjusting attention guidance accordingly.

1.3 Experimental approaches

The five studies of the present dissertation aim at understanding how observers use different
contextual regularities to deploy their limited attentional resources. To this end, Studies I-IV
used visual search paradigms (e.g., Wolfe, 1994; Wolfe, Cave, & Franzel, 1989). In these
paradigms, observers are instructed to locate predefined targets among displays containing
several distractor items. Visual search paradigms allow quantification of the capacity
limitations of the visual system by measuring task performance using, for instance, response
times and comparing them among differently composed search displays (Wolfe, 2014). In the
visual search paradigms used in this dissertation, the distractor items correspond to the visual
context. That is, these elements compose a visual scene in which targets are embedded. In
Studies I-11I, the distractor contexts were repeating or generated newly during the experiments
(contextual cueing, see section 1.1.1). This was done to investigate of the effects of repeated
visual contexts on behavior in visual search. In Study IV, the distractors were dynamically
changing from trial to trial in a predictable sequence, which allowed to investigate how
observers use dynamically changing contexts (see section 1.1.2).

To draw conclusions about the effects of the distractor contexts on visual attention, two
types of measures were examined in this dissertation: Behavioral performance measures and
eye movements using eye tracking. As measures of behavioral performance, Studies I-11I
primarily examined response times for reporting the target in visual search. The underlying
assumption was that response times for reporting a target are strongly related to the difficulty
of finding a target in a certain context. Studies I-I1I also analyzed co-recorded eye movements
during visual search, which could provide further insights of how attention guidance was
affected by the contexts (see next section). Study IV, in contrast, primarily investigated the
choice between two available targets in visual search. It was assumed that the distractor context
might affect how participants choose between the targets, which allowed conclusions about the
adaptation of search behavior to the contexts (Irons & Leber, 2016).

In contrast to Studies I-1V, Study V did not implement a visual search paradigm. In a
newly developed paradigm, participants were confronted with face stimuli, which composed a

context of social perception and were accompanied by other stimuli. Study V primarily
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investigated eye movements, whereas behavioral responses were not of primary interest. It
examined how the individuals’ eye movement patterns were dependent on the contexts, and
how individuals with different personalities (victim sensitivity, see section 1.1.3) differed in
their eye movements.

In the next section, the rationale of using eye tracking for measuring visual attention is
outlined. In the following sections, the used paradigms and specific aims related to the

paradigms are described, followed by summaries of the individual studies.

1.3.1 Measuring visual attention using eye tracking

In his famous classical studies, Yarbus (1967) examined the eye movements of observers while
they were inspecting visual scenes. The observers’ viewing patterns were visualized by
“drawing” the path the eyes travelled (scan path) onto the visual contexts, revealing that the
scan path of the observers largely depended on the instructions they received for inspecting the
contexts. For instance, when the observers were asked to give the age of people contained in a
drawing, the eyes were mostly moved to the faces of the people, whereas an instruction to
remember the people’s and objects’ locations led to eye movements all over the scene. These
results showed that observers directed their eyes to locations in the scenes that were relevant
for them, suggesting that an observer’s visual attention guidance is tightly coupled to the
executed eye movements towards attended locations (Deubel & Schneider, 1996). Yarbus also
noticed that the participants’ viewing patterns were characterized by two distinct components.
The eyes either shortly rested at relevant locations (known as fixations) or moved quickly
between locations of interest (known as saccades).

Although visual attention seems to be tightly linked to eye movements, observers are
also known to shift their attention without moving their eyes. This was, for instance,
demonstrated in spatial cueing experiments in which participants usually shift their attention
while keeping their gaze stable on a fixation cross at screen center (Posner, 1980, 2016). The
allocation of attention with accompanied eye movements is referred to as overt attention
allocation, whereas attention shifts without eye movements are known as covert attention
allocation. However, although attention can principally be directed without the need for eye
movements, this might rather be the exception than the rule in naturalistic situations, in which
eye movements usually seem quite tightly linked to attention shifts (Beesley, Pearson, & Le
Pelley, 2019). This suggests that inspecting eye movements can be a useful tool for measuring
visual attention guidance of observers when they are inspecting visual contexts.

In the present dissertation, co-recorded eye movements were evaluated in Studies I-11I,
which used visual search paradigms. Inspecting eye movements in visual search tasks can add
important insights in addition to behavioral performance measures, e.g., response times. While
response times do not only include attentional processes but also all other processes happening

before the participants give a response (e.g., selecting a response), eye tracking analyses can
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add insights about the guidance of (overt) attention during the search process (Zhao et al.,
2012). In addition to response times for reporting the target in visual search, Studies I-11I
therefore used eye movements to quantify the efficiency of attention guidance during visual
search. To this end, the number of fixations during search (fixation count) was evaluated,
assuming that an “efficient” search needed fewer fixations than an “inefficient” search did (e.g.,
Tseng & Li, 2004). The fixation count thus quantified the efficiency of the complete search
process. In addition to the fixation count, Study I also investigated the distance of the first
fixation to the target location. The distance of the first fixation to the target is considered an
early component of search efficiency, that is, a measure for search efficiency at the beginning
of the search process (Zhao et al., 2012).

Study V also used eye movements as a measure for attention allocation, but, in contrast
to Studies I-11I, as primary dependent variables. Study V sought to investigate the prioritization
of different available stimuli during attention allocation, depended on the context in which the
stimuli were appearing. To this end, different areas of interest (AOIs) were defined within the
contexts, containing different types of stimuli. By comparing the eye movements between these
AOIs, Study V examined how attention allocation differed between the stimuli. Separately for
each AOI, Study V considered four eye-tracking measures for operationalizing the priority of
stimuli in overt attention allocation. By measuring the fixation count in each AOI, the duration
of the first fixation, and the time the eyes spent fixating an AOI (dwell time), Study V measured
how specific stimuli differed in their priority for being attended. It was assumed that prioritized
processing of stimuli would result in longer dwell times and more fixations for inspecting these
stimuli. In addition, Study V evaluated which AOI was fixated first, assuming that prioritized
visual information would be considered first in the guidance of visual attention.

In sum, the studies of the present dissertation used eye movement recordings to
operationalize the guidance of visual attention and to measure the priority in attention
allocation. However, only Studies I-III and V used eye tracking, whereas Study IV solely relied
on behavioral response measures (target choice between two targets, response times). It should
be noted that, although eye tracking comes with various benefits, it does incorporate costs in
terms of requiring quite expensive equipment and additional time (Beesley et al., 2019). Study
IV implemented a variation of a novel paradigm, which was, as a first step for this paradigm,
implemented without the use of eye tracking. In the following sections, the different paradigms

used in this dissertation are outlined.

1.3.2 Study I-1II: The contextual cueing paradigm

Studies I-II1 focused on how context features predicting motivational value influence the use
of repeated contexts. To this end, these studies implemented variations of the classical
contextual cueing paradigm (cf. section 1.1.1), a visual search paradigm which has been

frequently implemented for investigating the use of repeated contexts in the past 20 years
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(Chun & Jiang, 1998; for reviews, see Chun, 2000; Goujon et al., 2015; Sisk, Remington, &
Jiang, 2019). As in the original paradigm, participants in Studies I-III were instructed to search
for one specific target (“T”-shape) among a context configuration of distractors (“L”-shapes).
Since the target was presented in every trial, participants were not asked to respond to the
presence versus absence of the target. Instead, the target was tilted to the left or right, which
randomly varied in each trial. Participants reported whether the target was tilted to the left or
right by pressing a corresponding button.

Unbeknown to the participants, some of the distractor contexts were repeating during
the experiments (“repeated contexts”). In these distractor contexts, the arrangement of
distractors reappeared exactly as it was shown before, with the target appearing at the exact
same location. Thus, participants could learn an association of the repeated distractor contexts
and the target location and could use this information to guide their attention to the target. The
orientation of the target was however varying randomly from to trial so that participants could
not learn to associate a target orientation, i.e., a response, with the repeated contexts. During
the experiments, the repeated contexts were presented intermixed with contexts that were
generated randomly for each trial and did not repeat (“novel contexts’). By comparing response
times and eye movements between repeated and novel contexts, Studies I-III could examine
how the observers used the repeating contexts in their search behavior.

As a crucial modification to the original paradigm, Studies I-III added a reward
feedback for correct responses in every trial. There is evidence that assigning a reward feedback
to repeated contexts can lead to an earlier contextual cueing effect, probably because the reward
feedback strengthens the memory traces of repeated contexts in learning (e.g., Tseng & Lleras,
2013; see section 1.1.1). Studies I-III built upon these earlier results and introduced reward-
predicting context features, which enabled the prediction of the reward in both, repeated and
novel contexts with display onset. It was assumed that these features might have a considerable
influence on how the repeated contextual information was extracted and integrated into search
behavior.

Studies I-III made another important modification to the original contextual cueing
paradigm. In contrast to many previous studies, the same target locations were used for novel
and repeated contexts and contexts with different reward magnitudes. Thus, a certain target
location was only predictive of holding the target, but neither of context novelty nor of the
reward magnitude. This manipulation ruled out that individual target locations were weighted
differently by reward. When reward feedback is added to a visual task, the visual system has
been demonstrated to be remarkably sensitive at relating reward to repeating spatial locations
in the visual environment (e.g., Hickey, Chelazzi, & Theeuwes, 2010, 2011). That is, when
certain target locations are more frequently followed by a reward feedback than others,

participants might associate reward with the target location. This might lead to increased
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attentional weights at these locations facilitating the return of visual attention to these locations
when they hold a target again (Schlagbauer, Geyer, Miiller, & Zehetleitner, 2014).

Most contextual cueing studies used separate sets of target locations for repeated and
for novel contexts to ensure that repeated contexts were unambiguously associated with
individual target locations. However, when reward feedback follows repeated contexts with
unique target locations in contextual cueing, the reward is not only coupled to the repeated
context configuration but also to the unique target location embedded in the context. Thus,
observers could associate the reward with the repeated contexts, the repeated target locations,
or both (Sharifian et al., 2017). Therefore, using separate target locations for novel and repeated
contexts might complicate the interpretation of reward effects in contextual cueing. By sharing
target locations, Studies I-III could overcome this issue.

Study I investigated the influence of a salient but task-irrelevant context feature (color)
signaling reward on contextual cueing. Half of the context items were homogeneously colored
and color signaled the magnitude of a reward given for correct responses. Color was task-
irrelevant in Study I, because the T-junction defined the target and participants had to judge
the orientation of the T for responding. Thus, color was neither required for finding the target
nor for responding. In addition, the target was colored in 50% of trials which made searching
by color an inefficient strategy in the experiment.

Study II built upon Study I and coupled reward to a less salient but task-relevant context
feature. Reward was associated with the main orientation of the distractors in the display.
Orientation is a task-relevant context feature, since participants have to judge the target’s item
orientation for responding. In addition, the number of context repetitions was doubled in Study
IT compared to Study I. This allowed to investigate whether reward led to an earlier emerging
but asymptotically similar contextual cueing effect, or whether contextual cueing was increased
persistently by reward.

Study III investigated whether observers show contextual cueing not only for contexts
in which the entire global configuration repeats but also when only a limited local context
surrounding the target is repeated. It was examined whether observers use local and global
context repetitions for finding the target in a similar manner, and whether reward affects the
learning of local and global contexts similarly. In Study III, three context types were used. In
addition to the entirely repeated and entirely novel contexts used in Studies I and II, Study III
included “local” repeated contexts in which only a patch surrounding the target was repeated.
The remaining context was varying randomly with each context repetition. As in Study I,
reward magnitude was coupled to task-irrelevant colors. The comparison of local, global, and
novel contexts allowed to investigate whether participants could use local and global contexts
in a similar manner to detect the target. By comparing low and high reward contexts, Study III

could examine whether reward affected context learning in local and global contexts similarly.
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In sum, Studies I-III investigated how reward-predicting context features in the
observers’ visual environment alter the way in which repeated context configurations are
processed. To this end, these studies used contextual cueing paradigms, examining how

repeated contextual information was integrated into the observers’ search behavior.

1.3.3 Study IV: The adaptive choice visual search paradigm

Study IV investigated how observers integrate a dynamical change in the visual context into
their behavior in visual search. To this end, Study IV implemented a modified version of the
adaptive choice visual search paradigm (ACVS; Irons & Leber, 2016; see section 1.1.2).
Compared to contextual cueing, the ACVS paradigm is a rather novel paradigm which was
developed as a fresh approach to study the adaptation of attentional control in a rather
unconstrained visual search paradigm. In classical visual search tasks, observers usually have
to indicate the presence or absence of (mostly) one predefined target, which might not always
represent the search situation in naturalistic environments. In many visual searches we perform
in our daily lives, there is not one but often numerous targets available. In such a situation, we
do not only have to find one target (e.g., search for a banana in the supermarket), but also have
to decide between available targets (e.g., take the rather green or the yellow one).

The ACVS paradigm formalizes the decision between two targets in a controlled visual
search task in the laboratory. In the original paradigm (Irons & Leber, 2016), participants were
instructed to decide between two targets; small squares, one in red color and one in blue (see
section 1.1.2). Participants had to search for a combination of color and size because some of
the distractors were colored in red and blue and there were also some small green distractors
contained in the search context. The authors then gradually changed the colors of some
distractors in the display, varying the difficulty of finding either target.

Study IV made a crucial modification to the original paradigm. Like in the original
paradigm, the targets always differed in their color, and the ratio of distractors that were colored
like each target changed dynamically during the trial sequence. In Study IV, however,
participants were instructed to choose between two shape singleton targets (diamonds among
circles). Therefore, the targets could be recognized with little or no effort by their differing
shape compared to all distractors in the search contexts (Treisman, 1988; Treisman & Gelade,
1980; Wolfe, 2020a, 2020b). In contrast to the original ACVS paradigm, participants did not
need to consider color to find the targets in the modified paradigm in Study IV. That is, color
was irrelevant to the task of finding the target. Nevertheless, participants could use color for
determining their target choice because the targets always differed in their color and the color
of one target was occasionally more unique than the other target’s color. Study IV examined
whether participants also adapted their target choice to color, when color was not a target-

defining feature in the task.
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In sum, Study IV used a modified ACVS paradigm to investigate the impact of an
irrelevant contextual change on the choice between two available targets in visual search. By
investigating the target choice of the observers, the ACVS paradigm of Study IV allowed

conclusions about how observers adapted their search behavior to the changing contexts.

1.3.4 Study V: Attention allocation in the context of social perception
Study V investigated the influence of the visual context on attention allocation in an
interdisciplinary context. To this end, Study V examined how observers prioritized different
stimuli in contexts of social perception, and how individuals with differing personalities (victim
sensitivity, see section 1.1.3) differed in their attention allocation. Study V developed a novel
paradigm in a cooperation project, connecting concepts of personality and social psychology
with classical laboratory paradigms from experimental psychology. In this paradigm,
participants were confronted with faces presented at the center of a computer screen. Faces are
considered very strong contextual cues for signaling untrustworthiness (Said, Dotsch, &
Todorov, 2010) and the faces of Study V were selected for being either “trustworthy” or
“untrustworthy”. After a short time span, the faces were accompanied by four words. Similar
to the faces, also the words were tested for trustworthiness and were either congruent,
incongruent or neutral with regard to the presented face. Thus, the face at screen center
composed a context of social perception in Study V, and the words were stimuli contained in
the context. Study V examined how the eye movement pattern for congruent and incongruent
words differed dependent on the face at screen center and whether individuals with different
degrees of victim sensitivity differed in their eye movements.

In sum, Study V investigated contexts of social perception and developed a novel
paradigm, connected to the fields of social and personality psychology. The last study therefore
concludes this dissertation with a transfer of visual context effects to other psychological

disciplines.
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2 STUDY SUMMARIES

On the following pages, the five studies of the present dissertation are summarized. The

references to the original articles are given before the individual summary of each study starts.
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2.1 Study I: Reward-predicting context features facilitate contextual cueing

Reference

Bergmann, N., Koch, D., & Schubd, A. (2019). Reward expectation facilitates context learning
and attentional guidance in visual search. Journal of Vision, 19(3), 1-18.
https://doi.org/10.1167/19.3.10

Study summary

Former work has demonstrated that contextual cueing (CC; Chun & Jiang, 1998; see sections
1.1.1, 1.3.2) can be modulated by reward. Tseng and Lleras (2013) associated reward feedback
with specific repeated contexts and observed that CC appeared earlier in repeated contexts
followed by reward than in contexts followed by no reward. They concluded that participants
learned an association between the reward and the distractor contexts and assumed that this
association speeded the learning of repeated contexts, presumably because receiving a reward
feedback led to an increase in arousal.

In Study I, we built upon this finding and introduced a new manipulation of reward in
the CC paradigm. When we assume that participants learned an association of a repeated
distractor context and a reward in Tseng and Lleras’ study, they would have been able to predict
the reward from the distractors in repeated contexts before they located the target. In novel
contexts, however, participants could not predict the reward magnitude, since these contexts
were generated randomly. In Study I, we enabled the prediction of reward in both repeated and
novel contexts by associating reward with a salient context feature (color) contained in both
context types. We expected that the prediction of a high reward would lead to an unspecific
boost of task performance, visible as faster responses in novel and repeated contexts, and that
reward increased the contextual cueing effect by facilitating learning of repeated contexts. In
addition to response times, we analyzed co-recorded eye movements (distance of first fixation
to the target, fixation count) as a measure for the efficiency of attention guidance during visual
search (see section 1.3.1).

Fig. 2A depicts the experimental design of Study I. We conducted a standard CC task
with half of the contexts repeating in each block. Half of the items in each context were
presented in a color reliably signaling the reward magnitude (low, medium or high) that was
given for correct responses. Thus, participants could predict the reward from the color in both
novel and repeated contexts with display onset. The target was colored in half of the contexts
to prevent participants from attending to colored or gray items only (cf. Beesley, Hanafi,
Vadillo, Shanks, & Livesey, 2018; Jiang & Leung, 2005).
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A) Experimental design
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Fig. 2. (A) Experimental design of Study | with exemplary search contexts. Participants searched the T-target
among the contexts of L-distractors and reported the T’s orientation, which varied randomly in every trial. Half
of the contexts repeated, half were novel (contextual cueing paradigm). Half of the items were presented in a
color which signaled either low, medium or high reward magnitude given for correct responses (color-reward
association balanced across participants). The blue circles were not visible in the experiment and indicate
potential target locations. The same locations were used in novel and repeated contexts and in contexts of all
reward magnitudes. (B) Observed response times (RTs) in Study |, separately for low (left panel), medium
(middle), and high reward magnitude (right). Dashed lines depict RTs for novel, solid lines for repeated contexts.
The experiment was divided into two sessions of equal length on separate days (max. one day in between; gap
indicated by the gray bar). Error bars show the standard error of the mean. (Figures reproduced from Bergmann,
Koch, & Schubo, 2019.)

We observed contextual cueing, measured by faster responses in repeated compared to
novel contexts (see the gaps between the dashed and solid lines in Fig. 2B). The CC effect was

most pronounced in contexts that contained the color signaling high reward (Fig. 2B, right
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panel). This was due to faster responses in repeated high reward contexts. Responses in novel
contexts were not affected by reward. Interestingly, CC was largely reduced in low reward and
virtually absent in medium reward contexts. We could observe a similar pattern of results in
the participants’ eye movements. In repeated contexts that contained the color predicting high
reward, participants made fewer fixations than in contexts predicting low or medium reward,
and also their first fixation landed closer to the target in these contexts.

Based on these results, we concluded that the expectation of reward boosted the CC
effect, probably because of an increase in arousal (cf. Tseng & Lleras, 2013). We suggested
that participants allocated their limited learning resources to the high reward contexts, which
could explain why CC was absent or largely reduced in medium and low reward contexts (see
also Pollmann et al., 2016). Because reward did not affect response times or eye movements in
novel contexts, we concluded that reward rather strengthened learning of the repeated contexts
than resulting in an unspecific performance benefit. The finding that faster responses went
along with more efficient eye movements to the target led us to the conclusion that the enlarged
contextual cueing effect in high reward contexts was due to more efficient attention guidance
to the target.

In sum, Study I introduced a reward-predicting context feature (color) to the contextual
cueing paradigm and demonstrated that a context feature predicting high reward facilitated the
learning of repeated contexts. The results suggest that expecting a reward sensitizes observers

to the detection of regularities in their visual environment.
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2.2 Study II: Contextual cueing is persistently boosted by task-relevant

context features signaling reward

Reference

Bergmann, N., Tiinnermann, J., & Schubd, A. (2020). Reward-predicting distractor
orientations support contextual cueing: Persistent effects in homogeneous distractor contexts.
Vision Research, 171, 53—63. https://doi.org/10.1016/j.visres.2020.03.010

Study summary

Study I demonstrated that a reward-predicting context feature, i.e., color, led to an increased
contextual cueing effect. Color was a task-irrelevant context feature in Study I, since the target
was defined by shape (T among Ls) and color was not required to differentiate the target from
the distractors. The correct response was also independent from color because participants
responded by reporting the item orientation of the target, which varied randomly in each trial.
Study II extended the results of Study I by examining whether task-relevant context features
led to similar facilitating effects. In addition, Study II investigated the time course of the reward
effects more closely. The results of Study I visually suggested that reward led to a persistent
advantage in contextual cueing that manifested towards the end of the experiment (see Fig.
2B). Tseng and Lleras (2013), in contrast, had concluded that reward led to an earlier emerging
but asymptotically similar CC effect, rather than to a persistent boost of the effect. Study II
aimed at clarifying whether reward persistently decreased the response time curves on an
asymptotical level, or whether learning was only speeded but asymptotical performance was
unaffected.

Fig. 3A depicts the experimental design of Study II. As in Study I, participants
performed a contextual cueing task, searching for a T among context configurations of Ls. In
contrast to Study I, however, all items were presented in gray. In Study II, the distractor
contexts were comparably homogeneous, because 80 % of the Ls were presented in the same
orientation (cf. Feldmann-Wiistefeld & Schubd, 2014). The predominant distractor orientation
signaled the reward magnitude participants could receive in each trial (low, medium or high),
allowing observers to predict the reward magnitude with display onset. Orientation is a task-
relevant context feature: Although distractor orientation does not help to find the target (defined
by the T-junction), participants have to judge the randomly varying orientation of the target
when responding. In Study II, the number of context repetitions was doubled compared to
Study I (48 vs. 24). This allowed for a precise analysis of the persistence of the reward effects.
As in Study I, participants performed two sessions on separate days (max. one day in between,

24 context repetitions per session).
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Fig. 3. (A) Experimental design of Study Il and exemplary search contexts. As in Study |, participants performed
a contextual cueing task with half of the distractor contexts repeating during the experiment. In each context,
the predominant distractor orientation signaled either low, medium or high reward magnitude given for correct
responses (association balanced across participants). The dotted boxes indicate potential target locations (not
visible in the experiment). (B) Results of the modelling analysis. B1 shows the response time curves predicted by
the model (lines), plotted with the means of the observed data in each in block (points). B2 depicts the estimated
contextual cueing effect in block 48, separately for low, medium, and high reward contexts. B3 shows the
influence of medium and high reward on the asymptotes of the repeated RT curves with low reward as a baseline
(red line). Whiskers of the box-plots show the 95 % HPD interval, the thicker lines the 50 % HPD interval. The
modes are marked with small white dots (values are plotted next to the distributions). (Figures reproduced from

Bergmann, Tlinnermann, & Schubo, 2020.)
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To quantify behavioral performance and efficiency of attention guidance in novel and
repeated contexts, we again examined response times and co-recorded eye movements (fixation
count) in visual search. We observed faster responses and fewer fixations in repeated compared
to novel contexts in contexts of all reward magnitudes, indicating that contextual cueing
emerged in low, medium, and high reward contexts. In order to investigate whether a high
reward persistently increased the CC effect, we applied a modelling analysis. This analysis
quantified the shape of the RT curves by fitting a power function to the data, which was defined
with a learning rate and an asymptotic performance parameter. We assumed that a persistent
increase of CC would become visible in a decreased asymptote of the RT curves for repeated
high reward contexts. Alternatively, an increased speed of learning with asymptotically similar
performance, as Tseng and Lleras (2013) had reported, would be visible in a larger learning
rate parameter.

The results of the parameter estimation of the model are shown in Fig. 3B. For novel
contexts, reward affected neither the asymptotes nor the learning rate parameters of the curves.
For repeated contexts, the model estimated that a high reward decreased the asymptotes of the
curves (Fig. 3B, panel B3), whereas the learning rates were not affected. These results
suggested that reward led to a persistent boost of contextual cueing rather than to earlier but
asymptotically similar context configuration learning.

In sum, Study II extended the results of Study I by two important aspects. First, it
demonstrated that associating reward with task-relevant context features could lead to boosts
of the contextual cueing effect, as Study I had demonstrated for task-irrelevant features. It also
replicated the finding that reward had no effects in novel contexts. Second, Study II confirmed
that reward led to persistent boosts of contextual cueing, which manifested in decreased
asymptotes of RTs in repeated contexts containing the reward-predicting context feature. The
results of Study II thus suggest that reward-predicting features in the visual environment can
have strong influences on how observers deal with repeating contextual information, even after

many encounters.
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2.3 Study III: Local and global context repetitions in contextual cueing

Reference
Bergmann, N., & Schubd, A. (in preparation). Local and global context repetitions in

contextual cueing: The influence of reward.

Study summary

Studies I and II showed that task-relevant as well as irrelevant context features facilitated the
learning of repeated contexts when they predicted reward. In both studies, the contexts either
repeated entirely or were generated newly. In our natural environment, however, contexts can
also repeat only in part, while other parts of the contexts are novel (cf. section 1.1.1). In
contextual cueing, there is evidence for both, learning of global properties of the contexts, as
well as learning of a restricted local context surrounding the target location (see Goujon et al.,
2015, for a review).

Study III investigated whether observers could use global repeated and local repeated
contexts for finding the target in a similar manner and whether reward-predicting context
features facilitate the use of local and global contexts similarly. Since Studies I and II
demonstrated that reward facilitates learning of global contexts, it seems likely that reward
similarly facilitates learning of local contexts. On the other hand, it might also be possible that
reward influences learning of global contexts more than local contexts because repeating only
a restricted context might be not sufficient to focus attention near the target.

To investigate these alternatives, Study III used a modified version of the design of
Study 1. Participants performed a contextual cueing task with three context types (see Fig. 4A).
In addition to the global repeated and novel contexts, which were also used in Study I, Study
IIT included local contexts, in which only a patch surrounding the target repeated, while the
remaining context configuration was generated randomly. The target patch contained three
distractors and the target. Half of the context items in every context (local, global, and novel)
were presented in color, the other half was gray. Color signaled either low or high reward,
which participants could achieve when responding correctly. The target was colored in half of
the contexts and the target patch always contained two colored and two gray items.

As in Studies I and II, we examined response times (see Fig. 4B) and fixation count to
investigate how participants used local and global contexts for their search. In both local and
global contexts, participants responded faster and made fewer fixations compared to novel
contexts. Local contexts typically led to comparable benefits in response times and fixation
count as global contexts did. Regarding reward, however, no differences where observed when
comparing low and high reward contexts. Surprisingly, response times and fixation count were

similar for low and high reward in novel, local, and global contexts.
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A) Experimental design
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Fig. 4. (A) Experimental design and exemplary search contexts of Study Ill. Participants performed a contextual
cueing task with three context types: Either the entire context repeated (global context), only a limited context
surrounding the target repeated and the remaining context was novel (local context; indicated by the dotted
lines, not visible in the experiment), or the entire context was novel (novel context). Half of the items in each
context were colored, half were gray, and color predicted either low or high reward (association balanced across
participants). The dotted boxes indicate potential target locations (not visible in the experiment). (B) Response
times during the experiment, separately for low (left panel) and high reward (right panel). Novel contexts are
shown as yellow, local as orange, global as blue lines. The gray bar depicts the gap (max. 1 day) between session

1 and 2. (Figures reproduced from Bergmann & Schubd, in preparation.)
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When we examined response time differences between local and global contexts more
closely, we observed a small local-global difference that seemed to depend on reward and target
color. For low reward, local contexts had disadvantages compared to global contexts in the
second session (see Fig. 4B, left panel), whereas there were no disadvantages for high reward.
A comparison of response times for gray and colored targets revealed that this local-global
difference was only visible for colored but not for gray targets. In addition, participants
responded faster to gray than to colored targets in session 2, whereas response times did not
differ in session 1.

We concluded that participants could use local and global contexts in a similar manner
for detecting the target, manifesting in faster responses and fewer fixations to the target in local
and global compared to novel contexts. At first glance, it seemed surprising that contextual
cueing in local contexts was basically of similar size as in global contexts. In local contexts,
only three distractors repeated, whereas in global contexts the entire search context repeated
(15 distractors, see Fig. 4A). We concluded that the local contexts were searched as efficient
as the global contexts because the target patch was large enough, covering approximately one
quadrant of the screen (see Fig. 4A, cf. Brady & Chun, 2007), and because the random items
always appeared outside the patch, which enabled to form reliable target-distractor associations
within the patch (cf. Olson & Chun, 2002). In addition, we assumed that the ratio of local,
global, and novel context trials facilitated context learning in the experiment. Two third of trials
contained (at least a few) repeated items, which presumably contributed to contextual cueing
in local and global contexts similarly (cf. Zinchenko, Conci, Miiller, & Geyer, 2018).

In contrast to Study I, a high compared to low reward had no effect on contextual cueing
in Study III, since we observed no differences when comparing novel, local, and global
contexts with low and high reward. We concluded that the enclosure of the local contexts not
only increased the proportion of trials with repeated items in the experiment, but also the
absolute number of repeated contexts. Taken together, the number of local and global contexts
was considerably larger than the number of repeated contexts in Studies I and II (Study I: 24
global contexts, Study II: 12 global contexts, Study III: 16 local and 16 global contexts). As a
result, participants presumably had not enough learning resources left for learning the color-
reward association in Study III, which could explain the lack of the reward effect. In line with
this interpretation, only about one quarter of the participants reported that they recognized the
color-reward association after the experiment. Thus, the lack of a reward effect in Study III
does not necessarily contradict the findings of Studies I and II.

We also observed another difference compared to Study I. For session 2, we found that
observers responded faster to contexts with gray compared to colored targets. In Study I, there
were no differences between gray and colored targets. We concluded that resources for learning
experimental regularities became available in session 2 and that observers tried to figure out

the regularities of color, which might explain why they responded faster to gray than to colored
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targets in that session. This was especially crucial when processing the local contexts, since the
display configuration of the local context patch contained only a very limited number of
repeating context items (see Fig. 4A). Although speculative at this point, this could explain the
small local-global difference observed for contexts with colored targets in session 2.

In sum, Study III adds to Studies I and II by demonstrating that observers are able to
learn a very limited amount of repeated contextual information for guiding their search. Study
IIT also found that participants adapted their search behavior to the target colors in the contexts,
although this was neither helpful for finding the target on average, nor was such a behavior
instructed. Study IV, which follows on the next page, directly adds to this finding by
demonstrating how observers adapt their behavior to changing colors in the context.
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2.4 Study IV: Observers dynamically adapt to changes in the visual context

Reference

Bergmann, N., Tiinnermann, J., & Schubd, A. (2019). Which search are you on?: Adapting to
color while searching for shape. Attention, perception & psychophysics, 16(3).
https://doi.org/10.3758/s13414-019-01858-6

Study summary

Study IV examined the effects of a dynamically changing context on behavior in visual search
(cf. section 1.1.2). To this end, it used a variant of the quite novel ACVS paradigm (Irons
& Leber, 2016; see section 1.3.3) and examined another type of search behavior: the choice
between two available targets.

Recent studies have shown that observers adapt their target choice to contextual
changes in the target-defining feature dimension when they are free to choose between two
available targets in visual search (Irons & Leber, 2016, 2018). In Study IV, we examined
whether observers also adapt when the change occurs in a non-defining target dimension.
Participants searched for a shape singleton target (diamond among circles) and were free to
choose between two available targets in every trial (“free-choice task™). They responded by
reporting a number shown inside the targets, and, as the numbers always differed between both
targets, we could evaluate which target was chosen. In contrast to the contextual cueing
experiments summarized above, the objects were (pseudo-)randomly placed on the screen in
every trial. However, also in Study IV there was a regularity in the search contexts. The two
targets always differed in color (gray vs. heterogeneous hues of blue in Exp. 1; blue vs. red in
Exp. 2) and the ratio of distractors which were colored like each target changed in a predictable
sequence in each experimental block. Fig. SA depicts the trial sequence, exemplary for Exp. 2.

We hypothesized that participants would adapt their target preference to the color
change by preferring the target from the smaller color subset. For evaluating the tendency to
choose either target, we applied a modelling analysis. In this analysis, the tendency to select
one of the two targets was modeled with a psychometric function. The slope of the function
quantified the amount of adaptive choice (AC) behavior. The trial in the sequence where
observers were equally likely to select both targets equaled the point of subjective equality
(PSE). PSE estimates thus indicated where participants switched their target preference from

one target to the other.
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A) Experimental design
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Fig. 5. (A) Exemplary search displays and trial sequence in a block of Study IV, Exp. 2. Participants reported the

number inside one of the two diamond shape targets and were free to choose either target (“free-choice task”).
One target was always blue, the other always red. The number of blue (row “B” in the table) and red distractors
(“R”) changed between red plateaus (all distractors in red) and blue plateaus (all distractors in blue). (B) Average
target choices in Study IV (Exp. 2, “free-choice task”) during the trial sequence. Dashed lines depict choices for
blue, solid lines for red targets. The left panel depicts the red plateau and the red-to-blue transition, the right
panel the blue plateau and the blue-to-red transition. Error bars show the standard error of the mean. (Figures

reproduced from Bergmann, Tinnermann, & Schubo, 2019.)

-32-



2 STUDY SUMMARIES

Results confirmed that participants adapted their target choice to the trial sequence.
They showed a tendency to choose the target whose color was less frequent in the context and
they adapted their target choice towards preferring the other target when the ratio of the
distractor colors changed during the trial sequence (Fig. 5B). Target choice adaptation (AC
tendency) was more pronounced in Exp. 2, where participants could choose between subsets
of homogeneous colors, compared to Exp. 1, where the items were gray and heterogeneously
colored. The PSE estimates suggested that participants were slightly sluggish in adapting their
target preference to the trial sequence. For both Experiments, the PSEs were estimated later
than the objective point at which both color subsets were equally large (i.e., “T7”, cf. Fig. 5A).

As a control, we conducted two additional variants of the task, one in which participants
were instructed about the trial sequence and advised to adapt their target choice (“informed-
choice task”), and one in which the participants had to search for only one of the targets during
the trial sequence (“forced-choice task™). These control conditions revealed that participants
were able to show even more adaptation when explicitly instructed to adapt and that the
difficulty to find one of the two targets increased with the number of distractors presented in
similar colors.

We concluded that participants used color to search for targets although color was not
a target-defining feature in the task, presumably because color was salient and therefore
difficult to “ignore” during search. In addition, we concluded that target choice adaptation was
more pronounced in Exp. 2 than in Exp. 1, because color homogeneity allowed for efficient
element grouping without attentional resources (Duncan & Humphreys, 1989), fostering
adaptation to the changing color ratio.

In sum, Study IV revealed that another type of search behavior, the choice between two
targets, is influenced by the visual context. In addition to the results of Studies I-I1I, Study IV
shows that dynamical changes of context features are registered and spontaneously integrated
into behavior. Observers integrate dynamically changing contexts into their search behavior,
even when they are irrelevant for the goal of the task. Such an adaptation is especially likely

when changes can be processed easily and without attentional resources.
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2.5 Study V: Individual differences in the context of social perception

Reference
Buchholz, M., Bergmann, N., Schubd, A., & Gollwitzer, M. (submitted). Victim Sensitivity

Predicts Attention Allocation Towards Violations of Untrustworthiness Expectancies.

Study summary

In contrast to Studies I-IV, Study V takes a different perspective on visual contexts by
broadening the investigation of visual contexts to the disciplines of social and personality
psychology. Study V primarily had two goals: First, it sought to examine how contexts of social
perception influence the processing of congruent and incongruent visual stimuli. Second, it
examined how the effects of the contexts were modulated by the observers’ personality traits.
To this end, the personality trait “victim sensitivity” was chosen as a promising candidate.
There is evidence that, in contexts of social perception, victim sensitivity can bias memory of
trustworthiness-related information (Siissenbach et al., 2016). Because of the well-established
connection of visual attention to memory (e.g., Heuer & Schubd, 2018), we therefore
hypothesized that victim sensitivity might also bias the allocation of visual attention towards
trustworthiness-related visual information.

To investigate this possibility, a novel experimental paradigm was developed (Fig. 6A).
Participants were confronted with the context of a face stimulus, which had either a trustworthy
or an untrustworthy facial expression. After 2000 ms, the faces were accompanied by four
words, which were either trustworthy, untrustworthy, or neutral (with regard to
trustworthiness), visible for 3000 ms. Two main conditions were implemented. In the
“trustworthy word condition”, one word was trustworthy, while the remaining three words
were neutral. In the “untrustworthy word condition”, an untrustworthy word was shown
together with three neutral words. For exploratory purposes, we also implemented a third
condition in which one trustworthy and one untrustworthy word were presented in the same
trial, accompanied by two neutral words (competition condition). In each experimental block,
participants encountered trials of the three conditions in a randomized order. The face was
constantly untrustworthy or trustworthy throughout a block but the facial expression varied

across blocks.
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A) Experimental design
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Fig. 6. (A) Experimental design of Study V. Participants were confronted with the context of a face stimulus
presented at screen center. The face had either a trustworthy (upper row) or an untrustworthy facial expression
(lower row). After 2000 ms, the faces were accompanied by four words, each presented in one quadrant of the
screen for 3000 ms. The words were either trustworthy (indicated by the solid box), untrustworthy (dashed box),
or neutral (no box). (B) Mean fixation count (left panel) and dwell times (right panel) for trustworthy contexts
(left pairs of bars) and untrustworthy contexts (right pairs). Trustworthy words are shown in blue, untrustworthy
words in orange. *** indicates that the difference is statistically significant (p < .001, two-tailed), n.s. that the
difference is not significant. Error bars show the standard error of the mean. (Fig. A is reproduced from Buchholz,
Bergmann, Schubd, & Gollwitzer, submitted. Fig. B depicts data that is shown in Table 1 of this manuscript. The
faces were selected from two databases freely available to researchers conducting non-profit academic

research; Original Computer Generated Faces, see Oosterhof & Todorov, 2008.)
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We hypothesized that the contexts of the face stimuli would trigger expectations of
(un)trustworthiness, which might bias subsequent visual processing of trustworthiness-related
information. We suggested that incongruent stimuli, which violate the triggered expectation,
might receive priority in the allocation of attention, since these stimuli might be most relevant
for the observers. That is, when the face is untrustworthy, a trustworthy word might capture
more attention than an untrustworthy word, and vice versa. Moreover, information that violates
their negative expectations might be especially relevant to victim-sensitive individuals
(Siissenbach et al., 2016). We therefore hypothesized that victim sensitivity might modulate
the attention bias in the context of untrustworthy faces, with more victim-sensitive individuals
showing more biases in their visual attention.

As a measure for visual attention allocation, we inspected the eye movement patterns
of the participants. Separately for trustworthy and untrustworthy words, we examined the dwell
time, fixation count, and the duration of the first fixation (see section 1.3.1). These measures
were analyzed separately for trustworthy and untrustworthy contexts (i.e., faces; cf. Fig. 6A).
In addition, we evaluated which of the words was fixated first in each trial. We assumed that a
prioritization of attention allocation would manifest in longer dwell times, longer first fixation
durations, more fixations, and an increased probability of the words being fixated first. To be
able to compare these measures between the different words, we had to ensure that participants
moved their eyes to all of the words in most of the trials. To this end, we used a cover story,
instructing participants that they had to memorize the words of the last 5 trials, which
successfully made them fixate most of the words in the experiment.

First, we analyzed the data of the “untrustworthy word” and the “trustworthy word”
condition (cf. Fig. 6A). Results showed that in untrustworthy contexts, incongruent trustworthy
words yielded increased dwell times and fixation count compared to congruent untrustworthy
words (Fig. 6B, right pairs of bars). In trustworthy contexts, there was no significant difference
in the dwell times. However, the (here congruent) trustworthy words were fixated more often
than the incongruent untrustworthy words, although the difference was smaller than in
untrustworthy contexts on a descriptive level'. There were no effects in the first fixation
duration and in the words being fixated first. The competition condition (Fig. 6A, right column)
was analyzed separately but could not replicate the results observed with the two main
conditions. Presumably, this might be due to the fact that the words were assigned randomly to
the quadrants. In some trials, the untrustworthy and the trustworthy word were presented on
the same side of the screen, which might have caused interferences in the allocation of
attention. Thus, the results of the competition condition might be difficult to interpret.

In a subsequent step, we examined whether victim sensitivity correlated with the

differences between trustworthy and untrustworthy words, separately for trustworthy and

! Figure 6B visually suggests an interaction of word type and context type. However, the interaction effect missed
statistical significance in the analysis.
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untrustworthy contexts. Results showed that victim-sensitive individuals allocated more
attention to words incongruent with untrustworthy contexts: Here, victim sensitivity was
associated with longer first fixation durations for incongruent trustworthy words. In
trustworthy contexts, victim-sensitive participants fixated incongruent untrustworthy words
about equally long and often as congruent trustworthy words.

The results of Study V suggest that participants showed a bias for positive visual
information, since they allocated more attention to trustworthy words compared to
untrustworthy words in general (cf. Fig. 6B). Study V however also suggests that attention
allocation was dependent on the contexts (i.e. the face stimuli). On a descriptive level, the
attention bias towards trustworthy relative to untrustworthy words was increased for
untrustworthy contexts. This might suggest that participants allocated increased attention to
words that were incongruent with an untrustworthy context (cf. Fig. 6B). In addition, the
influence of victim sensitivity also speaks in favor of context differences. Victim sensitivity
was only associated with increased biases of visual attention allocation in untrustworthy but
not in trustworthy contexts. This result also suggests that an individual’s personality can
modulate the effects of visual contexts on attention allocation.

In sum, Study V demonstrated that contexts of social perception bias the processing of
congruent and incongruent visual information. Connecting visual contexts to the disciplines of
social and personality psychology, Study V further shows that individual differences play an
important role in how the contexts affect attention.
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3 GENERAL DISCUSSION

This dissertation project studied how observers use visual contexts to guide their visual
attention. In five studies, this dissertation examined three types of visual contexts: Repeated
contexts which reappeared in part or in total, dynamically changing contexts which changed in
a predictable sequence, and contexts of social perception which were used for studying
individual differences in attention guidance.

The first and largest part of this dissertation investigated the effects of repeated contexts
on attention guidance in visual search (Studies I-I1I), implementing variations of the contextual
cueing paradigm (Chun & Jiang, 1998; see section 1.3.2). The results of Studies I-III
demonstrated that observers exploit repeating context configurations to improve attention
guidance in visual search. In all three studies, observers responded faster when the visual
context repeated and, in all studies, this improvement went along with a reduced number of
fixations during search. An increased search efficiency was not only observed when context
configurations repeated entirely (Studies I and II), but also when only small parts of the
contexts repeated (Study III). This dissertation contributes to a large number of studies in the
contextual cueing literature (see Goujon et al., 2015; Sisk et al., 2019, for reviews) by
investigating a new aspect of context learning: The influence of reward-predicting context
features on the contextual cueing effect. The results show that reward-predicting colors (Study
I) and distractor orientations (Study II) lead to persistent boosts of contextual cueing by
facilitating the learning of repeated contexts. From a broad perspective, the first part of this
dissertation therefore shows that stimuli signaling motivational value strengthen the use of
repeated context configurations for guiding attention.

The second part of this dissertation examined how observers adapt their behavior to
dynamically changing contexts in visual search (Study IV). To this end, a variation of the
ACVS paradigm was used (Irons & Leber, 2016; see section 1.3.3), demonstrating that
observers adapt their search behavior to changes in the contexts dynamically. The central
novelty of Study IV was that observers adapted their behavior also when the change was
implemented on an irrelevant feature dimension. That is, this dimension was per definition
irrelevant when differentiating targets from distractors. By investigating the choice between
two targets as dependent variable, Study IV could conclude that observers favored one target
over another, dependent on the change in the visual contexts. The observed target choice
adaptation suggests that observers adjusted their attention guidance to the change and that they
adapted more strongly to homogeneous (Exp. 2) than to heterogeneous contexts (Exp. 1). Thus,
the second part of this dissertation shows that observers not only integrate static repetitions of
context configurations into their attention guidance but also adapt to predictable changes in the

visual environment.

-38 -



3 GENERAL DISCUSSION

The third part of this dissertation was a cooperation project that broadened the view on

visual contexts to the fields of social and personality psychology. To this end, a novel paradigm

was developed, investigating contexts of social perception. In this paradigm, participants

attended different words while being confronted with either trustworthy or untrustworthy

contexts (face stimuli). The results showed that an observer’s personality (i.e., victim

sensitivity) modulated the influence of the contexts on attention allocation, and revealed that

victim sensitivity strengthened the attentional bias towards incongruent words in untrustworthy

contexts. The last part of this dissertation therefore shows that observers differ in how the

contexts affect the allocation of their attention. Fig. 7 summarizes the main conclusions of the

five studies of this dissertation.

Research
questions

Main
conclusions

Fig. 7. Research questions of this dissertation (introduced in Fig. 1), together with the main conclusions of the

five studies. Three context types were examined: Repeated contexts (left column), dynamically changing
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contexts (middle column), and contexts of social perception (right column).
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Taken together, the five studies of this dissertation demonstrate that observers are
remarkably sensitive to regularities in their visual environment and use these regularities for
allocating their visual attention. In what follows, the results of the five studies are discussed
with regard to the theoretical concepts introduced in the introduction and connected to the
existing literature. The first sections (sections 3.1 to 3.4) discuss the results of Studies I-1V, as
they were the main focus of this dissertation and methodologically connected by applying
visual search paradigms. Sections 3.5 and 3.6 then connect the results and conclusions of
Studies I-1V to Study V.

3.1 Statistical learning

In Studies I-III, learning of repeated context configurations, i.e., contextual cueing, was
observed. Contextual cueing is considered a statistical learning effect (Goujon et al., 2015):
Observers learn that the target repeatedly appears at a certain location in a certain context and
use this association when guiding attention to the target. The visual system exploits the
repeating context configurations although observers are not instructed to use the contexts for
finding the target, and although they are often not aware of the contexts repeating (but see
Smyth & Shanks, 2008; Vadillo, Konstantinidis, & Shanks, 2016).

One might think that also the adaptation to the changing contexts observed in Study IV
might be explainable by statistical learning (see Wang & Theeuwes, 2020). In the original
ACVS paradigm, Irons and Leber (2016) instructed their participants about the color change
in the contexts and implemented the change on a dimension that was target-defining (color was
relevant for distinguishing targets from distractors). Based on the participants’ reports after the
experiment, the authors concluded that participants actively chose different strategies for using
the change in their search behavior. In other words, participants selected different (top-down)
attentional control settings. Study IV of the present dissertation made crucial changes to the
original ACVS paradigm: Participants were not instructed to adapt (in the “free-choice task™),
nor was the change implemented on a dimension relevant for distinguishing targets from
distractors. However, participants still adapted their target choice to the contexts in Study IV.
When they were asked to report their strategies after the experiment, only few participants
reported to have actively used the color change for performing the task. In fact, the change
actually went unnoticed by many participants. Thus, it appears that participants adapted
spontaneously and presumably without explicit awareness to the change, suggesting that also

the results of Study I'V might be explainable by mechanisms of statistical learning.

3.1.1 Learning of locations
There is growing evidence that statistical learning can lead to biased processing of /ocations:
Observers learn to prioritize locations associated with high probabilities of containing the target

and avoid locations that are likely to contain distractors (e.g., Di Caro et al., 2019; Ferrante et
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al., 2018; Wang & Theeuwes, 2018a, 2018b, 2018c; see section 1.2.2). The contextual cueing
experiments of this dissertation (Studies I-I1T) suggest that also repeated distractor contexts can
lead to prioritized processing of locations in visual search. In Studies I-111, four target locations
were used equally often during the experiments and the same locations were used in novel and
repeated contexts. Therefore, all target locations were equally likely of containing a target
during the experiments. Despite this fact, observers made fewer fixations to targets in repeated
than in novel contexts, suggesting that guiding attention to the target location was facilitated
by the contexts.

Geyer, Zehetleitner, and Miiller (2010) suggested that in contextual cueing, observers
use retrieved contextual information which they have acquired during the experiment to
increase attentional weights at the target location on an overall salience-map. The highest
activation on this map determines the allocation of attention and the selection of the target. The
authors suggested that observers match the visual input in an upcoming trial with some form
of context representation that they have stored in memory. After a bottom-up computation of
salience signals, the pattern of position signals of the input is compared with stored position
representations in memory. If the signals match a representation stored in memory, the
attentional weights at the target location are increased. According to this notion, contextual
cueing can thus be considered a statistical learning effect in which attentional weights on spatial
locations are modulated.

At this point, one might argue that the increased efficiency of attention guidance to the
target in repeated contexts might not necessarily be due to increased attentional weights at the
target location. Alternatively, one might think that participants are generally better at rejecting
a repeated context during search, as they have learned to reject the repeating distractors as
“non-targets” more efficiently. Thus, one might argue that contextual cueing is actually due to
a better rejection of known contexts than to a use of these contexts for guiding attention to the
target location?>. However, in their original paper, Chun and Jiang (1998) had observed that
participants could not benefit from contexts in which the distractors repeated but the target
changed its location (see also Beesley, Vadillo, Pearson, & Shanks, 2015). This suggests that
participants use the contexts for guiding attention to relevant locations rather than learning to

reject repeated contexts more efficiently.

3.1.2 Learning of features

In the contextual cueing experiment in Study III, we not only observed differences between
novel and repeated contexts. Participants also responded faster to contexts with gray than with
colored targets in the second session, an effect that was visible in repeated and in novel
contexts. This result was surprising, because focusing on items in gray or color would be an

inefficient strategy on average. One might speculate that participants perceived the target colors

21 would like to thank Leonardo Chelazzi for the fruitful discussions on this point.
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as three different color categories (gray, orange, and green; cf. Fig. 4A). If so, the gray targets
would be more frequent than green or orange targets in that experiment. Thus, one might think
that participants adapted their search behavior to statistical regularities of features in the
contexts of Study III, a behavior which might also be explainable by mechanisms of statistical
learning (Cosman & Vecera, 2014; Failing et al., 2019). The results of Study IV directly add
to this finding by showing that predictable changes of features can be integrated into an
observer’s search behavior. In Study IV, the participants dynamically changed their preference
for either target dependent on the color ratio in the distractor contexts, which changed with
each trial. Studies III and IV therefore suggests that statistical learning not only alters the
processing of locations but also the prioritization of features in visual search.

In sum, Studies I-IV demonstrate that the visual context can bias processing of locations
as well as features during visual search. They show that static regularities, like repeating
distractor configurations, as well as dynamical changes are registered and integrated into

behavior, processes presumably based on statistical learning.

3.2 The role of context homogeneity

Another point connecting Studies I-1V is the effect of context homogeneity. While Studies I
and I examined contextual cueing using heterogeneous contexts in which the distractors were
presented in various orientations, Study II used homogeneous contexts in which most
distractors shared a common orientation. In the ACVS paradigm of Study IV, the contexts had
homogeneous colors in Experiment 2 and heterogeneous colors in Experiment 1.

The role of context homogeneity for attention guidance in visual search was formulated
in the attentional engagement theory by Duncan and Humphreys (1989). The authors assumed
that distractor homogeneity was crucial for grouping processes at an early stage of visual
processing. They proposed that a high distractor homogeneity led to efficient perceptual
grouping, which allowed the visual system to process similar items as a single unit. As a result,
the amount of visual information that had to be processed during visual search was reduced,
which was beneficial for search efficiency. During the last centuries, many studies
demonstrated that context homogeneity is indeed beneficial for search efficiency, as it fosters
the deployment of attention by both, a facilitated detection of targets as well as rejection of
distractors (Feldmann-Wiistefeld & Schubo, 2013; Schubd, Akyiirek, Lin, & Vallines, 2011;
Schubo, Wykowska, & Miiller, 2007).

Context homogeneity is however not only reported to increase search efficiency in
general. There is also evidence that context homogeneity increases the learning of repeated
contexts observed with contextual cueing. Feldmann-Wiistefeld and Schubé (2014) conducted
several contextual cueing experiments and varied context homogeneity on a task-relevant and
a task-irrelevant dimension. The irrelevant dimension was color; contexts items were either

presented in one, two, or four different colors. Color homogeneity affected neither search

-4 -



3 GENERAL DISCUSSION

efficiency in general nor the size of contextual cueing. The task-relevant dimension was
distractor orientation, which was relevant because participants had to determine the target
orientation when responding (cf. the rationale of Study II in this dissertation, study summary
in section 2.2). The authors used contexts with either one, two, or four distractor orientations.
For the task-relevant orientation dimension, they found that visual search was facilitated in
general by more homogeneous distractor orientations, observable as reduced response times in
homogeneous compared to heterogeneous contexts. In addition, contextual cueing, measured
as response time differences between repeated and novel contexts, was increased for
homogeneous contexts. The authors concluded that context homogeneity helped perceptual
grouping of the context items, which boosted not only search efficiency but also context

learning.

3.2.1 Context homogeneity in Studies I-I1T
In the present dissertation, the contextual cueing experiments in Studies I and III used contexts
with heterogeneous distractor orientations, whereas Study II used homogeneous orientations
(80% of the distractors were presented in one orientation). In all studies, the contexts contained
a similar number of context items (i.e., 16). When the response times of Studies II and III° are
compared on a descriptive level, it is striking that the response times are generally faster in
Study II compared to Study III (see Fig. 3B and 4B). It is very likely that this difference reflects
the general homogeneity effect observed by Feldmann-Wiistefeld and Schubd (2014).
Presumably, the homogeneous contexts in Study II were processed faster than the
heterogeneous contexts in Study III because distractor homogeneity facilitated perceptual
grouping of the context items (Duncan & Humphreys, 1989). However, it should be noted that
context homogeneity also differed on the irrelevant “color” dimension across Studies II and
III. Items were presented in two sets of colors in Study III (gray or colored) and were
homogeneously gray in Study II. In addition, the target locations were placed at a slightly
greater eccentricity in Study III compared to Study II, which complicates direct comparisons
further. Nevertheless, it is very likely that the response time difference reflects an effect of
distractor homogeneity.

Comparing the size of contextual cueing between Studies II and III is more difficult.
The amount of context repetitions was larger in Study II than in Study III which would enable
a larger contextual cueing effect in Study II compared to IIl. On the other side, Study III
included not only global contexts repeating entirely but also local contexts, which repeated
only in part. As a result, the ratio of repeated and novel context trials differed in that

experiment: two third of trials contained repeating context items in Study III, only half of trials

3 Study I used a smaller monitor than Studies I and III, making it difficult to compare response times of Studies
I and II/III directly. The comparisons at this point are therefore limited to Studies II and III, which used the same
monitor.
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in Study II. This could have facilitated contextual cueing in Study III (see Zinchenko et al.,
2018). However, it is likely that context homogeneity not only reduced response times in Study

II but also facilitated contextual cueing.

3.2.2 Context homogeneity in Study IV

In Study IV, context homogeneity differed on a task-irrelevant feature dimension (i.e., color,
see Krummenacher & Miiller, 2012) across Experiments 1 and 2. In both experiments,
participants were instructed to decide between one of two targets, which were defined as shape
singletons (diamonds among circles). They indicated their chosen target by reporting a number,
which was presented inside the targets. Thus, color was neither defining the target nor the
correct response in Study IV. In Experiment 1, the context items were either gray or presented
in different hues of blue. In Experiment 2, they were shown in homogeneous red or blue.
Participants showed a much stronger tendency to adapt their target preference to the changing
color ratio when the contexts were homogeneous (Experiment 2) compared to heterogeneous
(Experiment 1). We concluded that homogeneity of the distractors allowed for spontaneous
and effortless grouping of context items presented in similar colors. Presumably, using the
changing color ratio for adapting target choice was therefore considerably less effortful in
Experiment 2 compared to Experiment 1. As a result, context homogeneity fostered target
choice adaptation.

The finding that homogeneity of the irrelevant color dimension affected search behavior
in Study I'V might imply that participants used color to search for targets, although color per se
was “irrelevant”. The plateau trials of Study IV included trials, in which one of the targets was
a salient color singleton (cf. Fig. 5A). Thus, participants might have been sensitized to using
color for target search in Study IV. When participants used color to search for targets, color
homogeneity may have also affected their search efficiency, with homogeneous contexts being
searched more efficiently than heterogeneous contexts. This might also explain why Feldmann-
Wiistefeld and Schubd (2014) observed no effect of color homogeneity in their contextual
cueing study. Presumably, participants did not search using color in their experiment but
searched for the target-defining T-junction. Therefore, color homogeneity had no effects in
their study.

In sum, context homogeneity facilitated the exploitation of contextual regularities in
the present dissertation. An increased context homogeneity enabled observers to adapt
efficiently to the contexts, presumably because early perceptual grouping processes were
facilitated. In Study II, these processes facilitated task performance in general. In Study IV,

target choice adaptation was fostered.
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3.3 Sleep facilitates context learning

Context homogeneity might not be the only factor that has fostered the effects of contexts in
the present dissertation. A common feature of the contextual cueing studies (Studies I-1II) is
that all of these studies consisted of two separate sessions performed on separate days (with a
maximum of one day in between). We divided the experiments into two sessions to keep each
session short, so that participants would show less signs of fatigue during the experiments.
However, one or two nights of sleep were between both sessions in these studies. Our
participants usually reported to have slept about 7 hours on average in the night before session
2. Although investigating the effects of sleep was not the primary goal of these experiments, it
is worth discussing how sleep influenced contextual cueing and the effects of reward in Studies
I-111.

In a previous version of Study II, we originally included an additional analysis
examining how contextual cueing changed between session 1 and 2*. We observed that the
general level of response times and the contextual cueing effect were comparable at the end of
session 1 (last 5 blocks) and the beginning of session 2 (first 5 blocks). However, we could also
observe that that the fixation count was increased at the beginning of session 2 compared to the
end of session 1. To answer how participants could maintain their performance level in
responding in spite of making additional fixations, we analyzed the latency of the first saccade,
that is, the time interval from stimulus onset until participants started the initiation of their first
saccade. Results showed that the first saccade latencies were generally shorter at the beginning
of session 2 compared to the end of session 1. We concluded that the faster initiation of the
first saccade allowed for making more fixations, while maintaining a similar level of response
times.

The shorter latencies observed at the beginning of the second session might be
explainable by the role of sleep. There is evidence that sleep can enhance performance in
texture discrimination tasks, which has been interpreted as facilitation of early visual
discrimination abilities (Gais, Plihal, Wagner, & Born, 2000). According to this consideration,
sleep might have facilitated early perceptual processes also in the contextual cueing studies of
this dissertation. Since the task remained the same in both sessions, sleep might have enhanced
discrimination and recognition of context configurations. This might explain the shorter first
saccade latencies at the beginning of session 2. First saccade latency has been related to the
speed of perceptual recognition in contextual cueing paradigms before (e.g., Zhao et al., 2012),
and is considered to reflect initial perceptual processing of the contexts before the first saccade

1s initiated.

4 Due to page limitations of the journal, this analysis was removed in the finally published revision of the article
(Bergmann et al., 2020). Some of the following paragraphs were included in the General Discussion of the
previous version of the manuscript. These parts were removed in the published article and are therefore published
in this dissertation for the first time.
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Moreover, sleep has also been considered to increase the size of contextual cueing,
probably because it fosters consolidation of contextual information into long-term memory
(Geyer, Miiller, Assumpcao, & Gais, 2013). The authors conducted an experiment with two
contextual cueing sessions on a single day, separated by either a short period of sleep (about 1
hour) or a controlled resting period. They found that sleep increased task performance in
general and reduced response times in both repeated and novel contexts. Interestingly, the
authors also observed an increased contextual cueing effect, that is, larger differences between
repeated and novel contexts in the sleep group compared to the resting group. The authors
concluded that sleep supported the consolidation of implicitly acquired contextual information,
which increased the contextual cueing effect in session 2 (see also Born, Rasch, & Gais, 2006;
Diekelmann & Born, 2010; Rasch & Born, 2013, for the role of sleep in memory
consolidation). In the contextual cueing studies of the present dissertation, sleep might have
been beneficial for contextual cueing, because it fostered consolidation of context learning
from session 1.

One might speculate that sleep not only fostered contextual cueing in Studies I-III but
also strengthened the effects of reward. Study II revealed that reward decreased the asymptotes
of the repeated contexts’ response time curve, that is, reward decreased response times towards
the end of the experiment (session 2). One might therefore assume that sleep strengthens the
association of the reward-predicting context features (color in Studies I and III, orientation in
Study II) and the reward magnitude. Thus, sleep might have contributed to the contextual
cueing advantages of high reward contexts observed in the present dissertation.

In sum, the sleep between both experimental sessions might have strengthened
contextual cueing and the effects of reward in Studies I-III. However, it should be noted that
the role of sleep was not the original scope of these experiments. Although the results suggest
that sleep plays a role for contextual cueing and the effects of reward, it would need a control

group without sleep to draw more certain conclusions (see Geyer et al., 2013).

3.4 Context and motivational value

The central novelty of the contextual cueing studies in this dissertation is that they introduced
reward-predicting context features to the contextual cueing paradigm. In Studies I-III,
participants received a reward for every correct response they gave within the response interval.
The reward magnitude was low, medium, or high (low or high in Study III) and equaled a
monetary bonus, granted after the experiment. Importantly, reward magnitude was not
dependent on the participants’ response speed. Fast and slow responses were followed by the
same reward magnitude, as long as they were given within the response interval. However,
reward magnitude was coupled to features of the search contexts, which were present in every

trial; in particular, color in Studies I and III and distractor orientation in Study II. As soon as
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participants learned that a certain context feature was associated with a high or low reward,
they could predict the reward magnitude with display onset.

We initially hypothesized that the prediction of a high reward would lead to a general
increase in task performance (i.e., faster response times, fewer fixations), since participants
might be especially motivated to perform the task when expecting to receive a high reward
(e.g., Failing & Theeuwes, 2018). However, such an unspecific boost of task performance was
observed in none of the three studies. Although this result was surprising for us at first, it might
be easily explained by the fact that reward was not contingent on participants’ response speed.
Presumably, participants noticed that the reward magnitude was independent of their response
times and only dependent on the context features. Therefore, they might have had no incentive
to respond faster in high reward trials in general. However, we generally observed low error
rates in Studies I-III, similarly for low and high reward. This might reflect that every correct
response was rewarded with at least a low reward, whereas incorrect responses were not
rewarded. Presumably, participants therefore had an incentive to answer correctly in every trial,

which might have contributed to the low error rates.

3.4.1 Reward-predicting contexts are prioritized in context learning

While we observed no general boost of task performance in high reward contexts, high reward
was beneficial to performance when the contexts repeated. We observed faster response times
in repeated high compared to low reward contexts in Studies I and II. In both studies, reward
did not affect response times in novel contexts. That is, reward facilitated learning of the
repeated context configurations rather than leading to a general boost in task performance.

One might explain this result by assuming that the prediction of a high reward caused
an increase in arousal, which presumably strengthened memory consolidation of the learned
repeated contexts (cf. Eysenck, 1976; Tseng & Lleras, 2013). As a result, participants had
stronger memory traces for high compared to low reward contexts, which facilitated using high
reward repeated contexts for specifying the target location. This interpretation is supported by
the more efficient eye movements to the target in high compared to low reward repeated
contexts, which accompanied the faster responses in Studies I and II.

In addition, the results of Studies I and II suggest that high reward contexts received
priority in context learning. There is evidence that observers have a limited capacity for context
learning in contextual cueing (Schlagbauer, Miiller, Zehetleitner, & Geyer, 2012), suggesting
that participants are often not capable of learning all repeated contexts in contextual cueing
experiments (but see Jiang, Song, & Rigas, 2005). The results of Study I speak in favor of such
an interpretation: While we observed contextual cueing in high reward contexts, it was largely
reduced or virtually absent in low and medium reward contexts. This finding suggests that
observers allocated their limited learning resources to the high reward contexts (see also
Pollmann et al., 2016).
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Although contextual cueing was increased for high reward in Study II, we however
observed contextual cueing for contexts of all reward magnitudes in that study. Moreover, the
size of contextual cueing was comparable at the beginning of the experiment, as advantages of
high reward contexts manifested on the asymptotes of the RT curves, i.e., towards the end of
the experiment. Thus, it seems that participants had a stronger need to prioritize their learning
resources in Study I compared to Study II. This can be explained by two important differences
between the study designs of Study I and II. First, the number of repeated contexts in Study II
was half as high as in Study I (12 vs. 24). Therefore, participants needed less capacity for the
contexts of Study II compared to Study I. Second, the contexts of Study II were homogeneous
in the used distractor orientations, whereas Study I used heterogeneous contexts (as outlined in
section 3.2 in detail). One might think that context homogeneity further reduced the needed
capacity for learning, presumably because grouping of the context items reduced the amount
of information which had to be stored in memory (Duncan & Humphreys, 1989; Feldmann-
Wiistefeld & Schubd, 2014). Thus, participants showed contextual cueing in contexts of all
reward magnitudes in Study II because the contexts required less capacity.

In Study 111, similar contextual cueing was observed for low and high reward contexts.
Study III contained global repeated and local repeated contexts, in which only a patch around
the target repeated. Thus, Study III included more individual repeated context configurations
than Studies I and II, which would suggest that a prioritization of learning resources could be
especially required in this study. However, since we observed no effect of reward, we
concluded that participants did not learn to associate reward with features of the contexts,
presumably because there were not enough learning resources left. It therefore seems that the
enclosure of the local contexts was responsible for the absence of the reward effect in Study

111, and that capacity limitations for learning experimental regularities might explain this result.

3.4.2 Reward speeds context processing

In the contextual cueing studies of the present dissertation, a high reward speeded response
times in repeated contexts. The results discussed so far demonstrate that one reason for this
advantage is an increased efficiency of attention guidance towards the target location (e.g.,
measured by fixation count). However, it seems that reward not only decreased response times
by facilitating attention guidance to the target. As already mentioned in the previous section
(3.3), we additionally analyzed saccadic latencies in a previous version of Study II°. In this
analysis, we could also observe that participants initiated their first saccade fastest when the
context feature (orientation) signaled a high reward, visible in both novel and repeated

configurations.

> Some of the following paragraphs were included in the General Discussion of the previous version of the
manuscript. These parts were removed in the published article and are therefore published in this dissertation for
the first time.
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To explain this result, we considered the assumptions of Geyer et al. (2010), outlined
in section 3.1.1. The authors assumed that in contextual cueing, attentional weights are
modulated after a comparison of visual input signals with some context representation in
memory. We suggested that these comparison and weighting processes occur before
participants initiate the first saccade to guide the eye toward the likely target location. This
consideration receives support from studies reporting that first saccades land more frequently
on the target in repeated than in novel contexts (e.g., Peterson & Kramer, 2001). We suggested
that the expectation of high reward might facilitate this comparison process, for instance,
because weights are higher than in low reward contexts, or because of a speeded weighting in
general. Alternatively, reward expectation might speed the retrieval of contextual information.
In either case, it seems that a high reward not only decreased response times because the eyes
were guided more efficiently to the target location, but also because processing of the contexts
was already speeded before the first saccade was initiated.

It should be noted that the influence of reward-predicting stimuli on saccadic latencies
in visual search is not fully understood, i.e., not all studies find modulating effects of reward
(Failing & Theeuwes, 2018). Nevertheless, the idea that reward facilitates matching
encountered contextual information with representations in memory fits well to results from
working memory studies. For instance, it was demonstrated that associating high reward with
an object feature could increase the weight an object is assigned in a working memory task. In
a change detection task (e.g., Heuer & Schubd, 2018), reward boosted memory performance
by increasing an object’s priority in encoding and in matching it to stored memory
representations. In the light of these results it seems likely that also in the present dissertation,
reward facilitated the matching of context representations stored in memory.

In sum, the present dissertation shows that repeated contexts signaling motivational
value receive an increased priority in context learning and that memory for contextual

information is especially acquired when context features signal a high reward.

3.5 Expectations and the visual context

In the previous sections, this discussion focused on the results of Studies I-IV. Study V differed
to these studies, since it did not use a visual search task but implemented a newly developed
experimental paradigm for studying visual contexts with an interdisciplinary perspective. It
was assumed that presenting contexts of untrustworthy and trustworthy faces would trigger
expectations of (un)trustworthiness, which might bias subsequent processing of
trustworthiness-related visual information. This assumption was supported by the results,
which showed that in untrustworthy contexts, incongruent trustworthy words (i.e., expectation
violations) received an increased allocation of attention. In untrustworthy contexts, dwell times
were larger for incongruent compared to congruent words, whereas dwell times did not differ

significantly for trustworthy contexts (Fig. 6B). These results suggest that participants
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generated trustworthiness expectations based on the contexts, which biased processing of
congruent and incongruent visual information during the upcoming trials of Study V.

Summerfield and de Lange (2014) suggested that observers use contextual information
to generate expectations about future visual input which allows for a differential processing of
expected compared to unexpected stimuli (see also Rief et al., 2015). The results of Study V
might reflect such a differential processing, since in untrustworthy contexts, unexpected (i.e.,
incongruent) stimuli received priority compared to expected (i.e., congruent) stimuli in the
allocation of visual attention. The theory of predictive coding (e.g., Friston, 2005; Rao &
Ballard, 1999) suggests that an internal model of the world is used to generate predictions about
expected outcomes. These predictions result from higher-order brain processes and are
compared with lower sensory inputs (de Lange, Heilbron, & Kok, 2018; Rief et al., 2015). The
theory assumes that the brain strives to minimize discrepancies between the internal model and
the encountered sensory inputs. A prediction error, that is, a mismatch of the predictions of the
internal model and the encountered sensory inputs, is crucial for updating the internal model
and for the emergence of learning. In the light of this theory, it therefore makes sense for the
brain to focus especially on information that is evaluated as prediction errors and it is assumed
that attention plays a major role for this process by strengthening the error signal (Jiang,
Summerfield, & Egner, 2013; Rief et al., 2015). This mechanism might explain why
unexpected stimuli received priority in the allocation of attention in Study V: Unexpected
stimuli represent a prediction error, and it is likely that these stimuli were therefore prioritized
in the allocation of attention.

In Study V, we however observed differences not only between trustworthy and
untrustworthy contexts but also found a “positivity bias”, that is, increased attention allocation
towards trustworthy compared to untrustworthy words independent of the context. Gottlieb
(2012) suggested that an organism uses attention to select information that is most relevant in
the current situation. She described three distinct attentional mechanisms, which are each
relevant for different aspects of behavior. The first mechanism “attention for action” describes
that organisms pay attention to stimuli that are most relevant for an upcoming action. The
second mechanism “attention for learning” posits that the visual system focuses especially on
uncertain information in learning environments, as these stimuli are most relevant for reducing
uncertainty. Gottlieb’s third mechanism “attention for liking” assumes that the organism
attends to stimuli which are positive and signal a high reward. The mechanism “attention for
liking” might explain the positivity bias observed in Study V. One might think that trustworthy
information signals higher rewards (e.g., pleasant social interactions) compared to
untrustworthy information, which could explain why participants prioritized trustworthy words
in Study V — independent of expectations generated from the contexts.

Not only in Study V but also in Studies I-IV, participants could generate expectations

about future visual input based on the visual contexts. In the contextual cueing experiments of
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Studies I-III, participants could exploit the repeating contexts by learning an association of a
repeated context and the embedded target location. This would allow observers to generate
expectations about potential target locations when processing repeated contexts. However,
such expectations were only possible in repeated contexts where the contexts predicted the
target location, but could not be generated in novel contexts, which were unpredictive of the
target location. The results of Study I speak in favor of this notion, since the first fixation landed
closer to the target in repeated compared to novel contexts. Presumably, participants learned
where to expect the target in repeated contexts, which allowed for a more precise direction of
the first saccade. In line with this interpretation, there is recent evidence that contextual cueing
has already begun to facilitate attention guidance at an early stage of the search process
(Kobayashi & Ogawa, 2020). This suggests that the visual contexts in Studies I-IIT allowed to
predict the target location early after stimulus onset.

With onset of the stimuli in Studies I-1II, participants could also generate expectations
about the reward magnitude they could achieve when responding correctly. This was possible
because the reward-predicting context features allowed the prediction of a reward magnitude
before the target was located. Previous studies demonstrated that the expectation of reward can
increase oculomotor capture of single reward-predicting stimuli (e.g., Le Pelley, Pearson,
Porter, Yee, & Luque, 2017). The present dissertation adds to these results by demonstrating
how expectations of reward influence attention guidance when they are associated with features
of an encountered context configuration rather than single stimuli. The results suggest that
contexts predicting high reward are neither searched faster nor slower in general than context
predicting low reward (cf. section 3.4). Instead, the expectation of reward was only beneficial
to performance when the contexts repeated. This suggests that expectations of reward lead to
facilitated processing of repeated contextual information.

While observers were able to generate expectations about target location and reward
magnitude in Studies I-III, they could generate expectations about context features in Study
IV. These expectations possibly affected participants’ search, since there is evidence that
expectations about features can bias subsequent behavior in visual tasks (Summerfield & de
Lange, 2014; Summerfield & Egner, 2016). In Study IV, the contexts gradually changed their
colors in a predictable sequence. Thus, participants could learn to expect how the color ratio
changed during the upcoming trials and could anticipate how the colors would be composed in
an upcoming context. One might speculate that these expectations allowed for a precise
adaptation of target choice behavior to the trial sequence. Color homogeneity increased
adaptive choice behavior in Experiment 2, which suggests that stimulus homogeneity fostered
grouping of the context elements (see section 3.2.2). One might assume that grouping also
allowed for a more precise detection of the change, which might in turn allow for generating
more precise expectations about how the color ratio changed during the upcoming trials.

Presumably, this allowed for a better planning of switching from one target to the other.
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However, it would require a control experiment to make more certain conclusions about the
role of expectations in Study IV. It would be interesting to evaluate whether presenting the
contexts of Study IV in a randomized compared to a sequential order would impact the strength
of adaptive choice behavior. If a random sequence of contexts weakened target choice
adaptation compared to a fixed sequence, one might conclude that the generation of
expectations is crucial for the adaptation of behavior.

In sum, the findings of the present dissertation suggest that the visual contexts allowed
for the generation of expectations about future visual stimuli which biased the processing of
upcoming visual information (de Lange et al., 2018; Summerfield & de Lange, 2014). The five
studies of this dissertation focused on observers’ behavior during the trial, measured by eye
tracking and response times. These measures suggest that participants generated expectations
during the experiments which biased their subsequent behavior. These findings would be a
good starting point for future works, which could measure expectations more directly by
investigating not only behavior during the trial but also the preparation for an upcoming trial,
for instance, by using methods like EEG or fMRI (de Lange et al., 2018).

3.6 Inter-individual differences in context effects

Study V not only focused on examining the effects of trustworthiness expectations on visual
processing in general, but also aimed at investigating individual differences in the effects of
the visual context. The results show that an individual’s personality can be an important factor
for determining the influence of visual contexts. Observers scoring high on the personality trait
“victim sensitivity” showed increased allocation of attention towards stimuli incongruent with
untrustworthy contexts. This suggests that, in the contexts of social perception in Study V,
victim sensitivity is modulating how strong the contexts bias attention, with people high on
victim sensitivity showing more pronounced biases than people low on victim sensitivity.

The adaptive choice visual search paradigm, which was used in Study IV, was
originally implemented to explore individual differences in an unconstrained visual context
(Irons & Leber, 2016). Irons and Leber’s paper concentrated on examining how observers
differed in their adaptive choice behavior. By explicitly asking participants for their behavior
after the experiment, the authors classified three groups of individuals: People who maximized
performance by adapting, people who minimized effort by refraining from adapting, and people
who randomly changed their behavior. When we asked participants for their behavior in Study
IV, however, we could not observe the groups reported by Irons and Leber. Instead, many
participants did not even notice that the colors were changing dynamically, which was
especially pronounced for Experiment 1, where the color change was harder to recognize due
to color heterogeneity.

While the self-reports did not reveal any distinct groups of participants, we however

observed that individuals strongly differed in their adaptive choice behavior in Study IV.

-52.-



3 GENERAL DISCUSSION

Trying to determine potential factors which might explain this variation was difficult. We
found a correlation of adaptive choice behavior and working memory capacity (measured as
Corsi block span, Mueller & Piper, 2014), suggesting that observers with a larger capacity
showed more adaptation than observers with a lower capacity. However, this correlation was
only visible in one of the change directions and only in Experiment 1, while it was absent in
Experiment 2. This could limit the informative value of this correlation. Thus, it remains
unclear which individual dispositions might explain the variation of the context effects in Study
IV.

Contextual cueing, which was used for examining repeated contexts in Studies I-I1II, is
also an effect which was reported to show variability across individuals. For instance, there is
evidence that some participants fail to show a contextual cueing effect during the experiment
while others constantly show the effect, a difference which was suggested to be due to the
implementation of differing search strategies (Lleras & Miihlenen, 2004). While individual
differences were not of primary interest in Studies I-11I, we however observed that only about
one quarter of the participants recognized the color-reward association in Study III, while the
association went unnoticed for the rest of the participants. In an exploratory analysis, which
was not added to the final manuscript, we compared the group of “recognizers” with the rest
of the participants. Interestingly, it seemed that the recognizers were primarily responsible for
the small difference between low and high reward observed with the complete dataset in the
second session. This might suggest that individual differences may also be important for the
effects of reward and that the ability to (at least implicitly) recognize a reward-related
association might be crucial.

In sum, the results of the present dissertation suggest that individuals vary in how the
context affects their visual attention. While some individuals strongly use the contexts to guide
their attention, others seem to implement differing strategies. This dissertation suggests that

personality traits can be one factor for explaining these individual differences.

3.7 Perspectives for future research

While the five studies of the present dissertation showed that the visual context plays an
important role for visual processing, they also raised new research questions which might be
worth addressing in future research.

As was just discussed in the previous section, it might be interesting to investigate
individual difference in the effects of contexts more closely. Study V demonstrated that
personality could be one factor for explaining individual differences in contexts effects and
Study IV suggested that individual abilities like working memory capacity may also play a
role. It might be interesting to investigate more closely, which specific traits of the observers

determine and modulate context effects.
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3 GENERAL DISCUSSION

Study II implemented a modelling approach for quantifying the response time curve of
novel and repeated contexts in the contextual cueing paradigm. Future research might use this
method and apply it to other research questions concerning contextual cueing. For instance, it
would be interesting to compare the shape of the response time curves between the local and
global contexts used in Study III. Although Study III suggests that learning of local and global
contexts was mostly comparable, a future study could increase the number of context
repetitions and examine whether this effect persists even after many context repetitions.

The persistence of the context effects observed in this dissertation could also be a
research question for future work. Study II suggested that reward-predicting context features
lead to a persistent increase of the contextual cueing effect. It would be worth testing how long
this increase persists. One might think that high reward contexts show advantages even after a
one-week break, since contextual cueing was reported to persist for such a time span (Chun &
Jiang, 2003). However, it is also possible that the effects of reward are less persistent.

As was discussed in section 3.3, the results of the present dissertation suggest that sleep
may have had beneficial influences on the effects of contexts. Future studies might work on
the effects of sleep more profoundly. For instance, it could be interesting to evaluate whether
sleep not only strengthens contextual cueing, as was reported previously (Geyer et al., 2013),
but also strengthens the effects of reward. One might speculate that sleep strengthens the
association of reward-predicting context features and a reward, which could increase the

response time advantage of high reward repeated contexts.
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4  CONCLUSION

4 CONCLUSION

In five studies, this dissertation expands our knowledge of how observers use visual contexts
for guiding their attention. It shows that observers use repeated contexts that reappear entirely
or in part for guiding attention to relevant locations, and that context features signaling
motivational value strengthen this guidance effect. It further demonstrates that observers use
not only static repetitions of context configurations in their search but also adapt to dynamical
changes in the features of the context. In addition, this dissertation highlights that individuals
differ considerably in how they use the contexts for allocating their attention and suggests
personality as one factor for explaining these differences.

In sum, the present dissertation demonstrates that observers are remarkably sensitive to
regularities in the visual context, and that they use the context for attention guidance when it
helps them to structure their visual environment. In the light of the limited processing capacity
of the visual system, the context therefore is an important source of information which helps
us to quickly assess situations with an overload of visual information. Thus, the visual context

is crucial for successfully managing numerous every-day situations.
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Modulations of visual attention due to expectation of
reward were frequently reported in recent years. Recent
studies revealed that reward can modulate the implicit
learning of repeated context configurations (e.g., Tseng
& Lleras, 2013). We investigated the influence of reward
expectations on context learning by associating colors to
different reward magnitudes. Participants searched
through contexts consisting of spatially distributed L-
shaped distractors and a T-shaped target, with half of
these objects appearing in a color associated with low,
medium, or high reward. Half of these context
configurations were repeatedly presented in every
experimental block, whereas the other half was
generated newly for every trial. Results showed an
earlier and more pronounced contextual cueing effect in
contexts associated with high reward compared with low
reward contexts. This was visible as faster decline of
response times to targets in repeated contexts
associated with high reward compared with repeated
low reward and novel contexts, and was reflected in the
eye movement pattern as shorter distance of the first
fixation to the target location. These results suggest that
expectation of high reward magnitude facilitates
subsequent learning of repeated context configurations.
High reward also increases the efficiency of attention
guidance toward the target location.

Humans are consistently confronted with changing
environments containing new and possibly unknown
information. To ensure successful adaption of subse-

Marburg, Germany D<A

quent behavior, humans have to select relevant
information relying on information sampling from
their visual environment. Due to the limited processing
capacity, relevant situational features might be missed
if priority is given to nonrelevant features (Simons &
Levin, 1997). Therefore, visual information has to be
prioritized for attentional selection (Driver, 2001; Lavie
& Dalton, 2014).

Reward influencing attention guidance

Associated rewards have been proven powerful in
prioritizing visual information processing, as formerly
experienced extrinsic (e.g., monetary) rewards were
reported to have a huge influence on human selective
attention (Della Libera & Chelazzi, 2006, 2009; for
reviews, see Anderson, 2016; Chelazzi, Perlato, San-
tandrea, & Della Libera, 2013; Failing & Theeuwes,
2018). Reward-induced selection biases were even
observed to overrule an observer’s intention (Feld-
mann-Wiistefeld, Brandhofer, & Schubo, 2016; Hickey
& van Zoest, 2013; Le Pelley, Pearson, Griffiths, &
Beesley, 2015; Le Pelley, Seabrooke, Kennedy, Pear-
son, & Most, 2017) as well as a stimulus’ salience
(Anderson, 2016; Chelazzi et al., 2013; Hickey,
Chelazzi, & Theeuwes, 2010). As Awh and colleagues
pointed out, these findings cannot be explained by
referring to the classical dichotomy between top-down
and bottom-up processes in attention guidance (Awh,
Belopolsky, & Theeuwes, 2012).

Several studies have demonstrated that formerly
rewarded target locations and locations that were
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associated with higher probabilities of reward are
prioritized in attentional selection in visual search
tasks (Anderson, 2013; Hickey et al., 2010; Hickey,
Chelazzi, & Theeuwes, 2011). Hickey et al. (2010), for
instance, asked participants to search for a singleton
shape target in a visual search task and to ignore an
additional singleton distractor presented in a deviating
color. A high or low reward was randomly given after
each correct trial. In any given pair of successive trials,
the target and distractor colors could either be
maintained or swapped, yet color was entirely
irrelevant for the task. Results showed that reward
magnitude in trial n—1 affected search performance in
trial n: High reward in trial n—1 led to shorter
response times in trial n when colors were repeated
compared with color change trials. Conversely, low
reward in trial n—1 resulted in longer response times in
trial n when colors were repeated compared with color
change trials. These results indicate that associating a
specific feature with reward can result in immediate
prioritization of that feature in subsequent trials.
Subsequent experiments showed that also specific
locations in visual search tasks can be prioritized by
reward outcome (Hickey, Chelazzi, & Theeuwes,
2014): A high reward in trial n—1 not only facilitated
the return of attention to the same target location in
trial n but also inhibited the deployment of attention
to a location that held a salient irrelevant distractor in
trial n—1. Thus reward seems to guide attentional
selection by priming particular locations of visual
stimuli (Hickey et al., 2014). Important to note, this
“location priming” is not based on the observers’
voluntary or strategic decision, but rather results from
the association of a location with a previous reward
outcome (Awh et al., 2012).

Eye movement studies have also shown that the
presence of reward-signaling stimuli can bias attention
and result in oculomotor capture (e.g., Hickey & van
Zoest, 2013), even when the stimulus is not relevant but
even counterproductive for the actual task (Failing,
Nissens, Pearson, Le Pelley, & Theeuwes, 2015; Le
Pelley et al., 2015). The presence of a distractor
signaling reward was also found to lead to saccades
landing closer to high reward distractors (Bucker,
Belopolsky, & Theeuwes, 2014) and to increased
saccade latencies to the target (Le Pelley et al., 2015).
These results provide further evidence that reward can
bias attentional selection to those locations and object
features that signal subsequent reward. Such prioriti-
zations in attention guidance can work automatically
and against an observer’s intention. Depending on the
actual goal of the task, these reward influences on
attention guidance can have beneficial or counterpro-
ductive effects on task performance (cf. Le Pelley et al.,
2015).
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Attention guidance in contextual cueing

Not only formerly experienced rewards but also
recurrent contextual regularities can result in facilitated
processing of visual information (Summerfield & de
Lange, 2014). Statistical learning mechanisms can help
the observer to detect contextual regularities in visual
search and to localize the target (Goujon, Didierjean, &
Thorpe, 2015). Studies investigating the influence of
spatial contextual regularities often used contextual
cueing tasks (Chun & Jiang, 1998) in which participants
performed a visual search task searching for one target
among a spatial configuration of distractors (Chun,
2000; Chun & Turk-Browne, 2007; Goujon et al., 2015;
Le-Hoa Vo & Wolfe, 2015). In each experimental
block, half of these configurations were repeatedly
presented (“repeated contexts”) and presented ran-
domly intermixed with configurations newly generated
for each trial (“novel contexts”). During the experi-
ment, participants became faster in responding to the
target when searching through repeated relative to
novel contexts, an advantage that was also reflected in
accuracy measures in some studies (Feldmann-
Wiistefeld & Schubo, 2014; Pollmann, EStocinova,
Sommer, Chelazzi, & Zinke, 2016; Sharifian, Contier,
Preuschhof, & Pollmann, 2017). Better search perfor-
mance for repeated compared with novel contexts
typically became apparent after six repetitions and
reached an asymptote after 10 to 30 exposures to
repeated contexts (Chun & Jiang, 1998, 1999, 2003;
Feldmann-Wiistefeld & Schubo, 2014; Olson & Chun,
2001; van Asselen & Castelo-Branco, 2009). The effect
seems to be relatively stable in time, as differences
between context types were still observed after one
week (Jiang, Song, & Rigas, 2005; Zellin, Miihlenen,
Miiller, & Conci, 2014).

One prominent explanation of the contextual cueing
effect claims that context knowledge that is acquired
during context repetition facilitates attention guidance
(Goujon et al., 2015; Harris & Remington, 2017).
Accordingly, repeated context configurations were
considered to function as cues that guide attention
toward the expected target location (Chun & Jiang,
1998). In line with this, repeated contexts were
observed to be associated with an increased N2pc
component in electroencephalography studies (Schan-
kin, Hagemann, & Schubo, 2011; Schankin & Schubd,
2009) suggesting a more pronounced deployment of
visual selective attention (Eimer, 2014; Luck & Hill-
yard, 1994; see also Tan & Wyble, 2015). This is also
supported by empirical work applying eye tracking,
which has demonstrated that the number of fixations
decreases and scan paths become more direct in
repeated contexts (Manginelli & Pollmann, 2009;
Peterson & Kramer, 2001; Tseng & Li, 2004; Zhao et
al., 2012). All these findings support the notion that
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attention is guided more efficiently to the target in
repeated than in novel contexts.

Reward modulating contextual cueing

There is evidence for an interaction of reward and
contextual cueing, i.e., reward accelerating context
learning in contextual cueing paradigms. Tseng and
Lleras (2013) examined whether reward had a direct
impact on configuration learning in contextual cueing.
They associated three outcome conditions (reward,
loss, or no outcome) to a subset of repeated and novel
contexts. Participants had to collect points that were
awarded for correct responses and were told that a
particular amount of points had to be reached to
complete the experiments. Results showed faster
development of the search time advantage for rewarded
versus nonrewarded repeated displays, while the size of
the contextual cueing effect was not affected. More-
over, consistent reward associations led to faster
learning compared to variable associations, indicating
that the valence of context-outcome associations had
an impact on the consolidation of context information
into memory.

Also relative reward magnitudes were reported to
influence context learning. In a functional magnetic
resonance imaging study, Pollmann et al. (2016)
consistently associated individual contexts with either
high or low monetary reward feedback. Participants
worked through two separate contextual cueing ses-
sions with reward being absent in the second session.
Their results replicated Tseng and Lleras’ finding of
accelerated learning of repeated contexts when these
were associated with reward. Interestingly, however,
while repeated high-reward distractor configurations
elicited a strong search advantage and were searched
more efficiently also in the absence of reward, no such
advantage was observed for low reward configurations.
The authors suggested that the presence of two
different reward magnitudes hindered learning in low
reward trials and instead resulted in preferential
allocation of limited resources to context learning in
high reward contexts.

Although these studies have demonstrated the
influence of reward on contextual cueing, it is still
unclear to what extent attentional mechanisms are
involved. Tseng and Lleras (2013) suggested that
observers learned both, an association between a
context and the position of the target, and an
association between context and reward magnitude.
They argued that reward feedback resulted in an
increase in arousal which subsequently strengthened
the consolidation process of context learning into
memory. As contexts encoded at higher arousal were
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easier to retrieve, target detection was faster in future
encounters of the same context.

Schlagbauer, Geyer, Miiller, and Zehetleitner (2014),
however, suggested that attentional weighting of
individual target locations accounted for the observed
acceleration of context learning. In their replication of
the study of Tseng and Lleras (2013), they disentangled
the effect of reward on context configuration learning
and on target location learning. The authors presented
repeated and newly generated distractor configurations
associated with either a low or high reward magnitude.
Importantly, they used separate target locations for
repeated and novel contexts, and for high and low
reward trials to assess whether reward influenced
context learning and target location learning separate-
ly. With this design, high and low reward magnitude
was associated with different target locations in novel
contexts, and with both different target locations and
context configurations in repeated contexts. As a result,
they found reward effects also in novel contexts. These
were actually larger than those observed in repeated
context configurations. The authors concluded that
observers, rather than learning an association of the
repeated context and the reward magnitude, learned an
association of the target location and the reward
magnitude. They suggested that this association was
learned in novel contexts, where the target location
repeated, but also in repeated contexts, where both
target location and context configuration repeated. The
authors concluded that reward facilitated target loca-
tion learning due to attentional weighting of those
individual target locations that were associated with
high reward. Accordingly, target locations which were
followed by high reward feedback were preferably
selected in the following trials (cf. Hickey et al., 2014),
because increased attentional weights facilitated atten-
tion guidance toward these locations in future en-
counters—irrespective of repeated contextual
regularities.

Also Sharifian et al. (2017) suggested that reward is
associated with the target location in novel contexts. In
contrast to Schlagbauer et al. (2014), they argued that
in repeated contexts, when target location and context
configuration repeated, the context configuration
rather than the target location was associated with
reward, resulting in the facilitation of context learning.
The authors hypothesized that initially, both target
location and repeated context configuration compete
for an association in repeated contexts but that after a
few repetitions, the context “wins” the competition
against the target location. To test their hypothesis, the
authors consistently associated novel and repeated
contexts with either a low or a high reward. In contrast
to Schlagbauer et al. (2014) they used the same target
locations for novel and repeated contexts, but reward
magnitude was consistently associated with a target
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location in only 50% of the trials. In the other trials,
reward magnitude varied dependent on context type: In
trials with variable reward magnitude, a target location
was consistently tied to, e.g., high reward in novel
contexts and low reward in repeated contexts. With this
design, the authors found that reward facilitated
context learning when the target location was consis-
tently associated with reward. However, when the same
target location was paired with high reward in novel
and low reward in repeated contexts, they observed
that context learning was reduced in the first blocks of
the experiment. The authors concluded that this was
resulting from the competition between context learn-
ing and target location learning. They interpreted that a
high reward was associated with the target location in
novel contexts and that this association interfered with
the association of a repeated context and the same
location. They suggested that this interference sup-
ported their hypothesis that the target location was
associated with reward in novel contexts whereas in
repeated contexts target location and context configu-
ration initially competed for an association.

From the aforementioned it seems obvious that
reward facilitates task performance in contextual
cueing tasks either by leading to prioritized processing
of associated repeated context configurations or by
increasing the weight at associated target locations, or
by both. In all aforementioned studies, however,
reward feedback was associated with different context
configurations that were generated by a combination of
distractor orientations and distractor locations. In the
present experiment, we used a different approach.
Rather than associating reward magnitude with par-
ticular context configurations (i.e., a combination of
distractor orientations and distractor locations), we
used an additional response-irrelevant context feature,
namely color, to signal reward magnitude. This reward-
signaling color was available in both novel and
repeated contexts with display onset. As outlined
already, studies examining reward-driven attention
capture often used particular stimulus features to signal
subsequent reward magnitude (e.g., Anderson, Lau-
rent, & Yantis, 2011; Hickey & van Zoest, 2013).

Rationale of the present study

In the present study, we used a salient yet response-
irrelevant context feature (color) to signal the reward
magnitude that could be received in each trial.
Although the context configuration per se is not
response-relevant in contextual cueing because partic-
ipants have to respond to the orientation of the target
letter T that varies randomly in each trial, the context
configuration shares some features with the target, as
all context elements (the letters L) are composed of
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horizontal and vertical lines, as is the target letter T.
Since participants are instructed to report the orienta-
tion of the target, one might argue that line orientation
as a feature is response-relevant. Color, as an
additional context feature, is response irrelevant in this
task. We associated reward to color rather than
different context feature configurations, and we asso-
ciated reward magnitude with the same color in both
repeated and novel context configurations. We assumed
that once the color-reward association had been
established, participants could predict the expected
reward magnitude directly with display onset without
having to process the context configuration.

Former studies have coupled reward to particular
context configurations or target locations; hence, partic-
ipants had to process the context configurations to some
extent to predict reward magnitude. Contrary to
Schlagbauer et al. (2014), we used the same target
locations for novel and repeated contexts and for all
reward magnitudes. Target location therefore neither
predicted the reward magnitude nor context novelty.
This also differed from the study of Sharifian et al.
(2017), as they shared target locations across novel and
repeated contexts but associated locations with particular
reward magnitudes in half of the trials. Since we
associated reward to colored context items, we could use
the same target locations in all experimental conditions.

Participants performed a standard contextual cueing
task with reward feedback given after every trial. Half
of the search display items were presented in one of
three colors. Colors were associated with different
reward magnitudes (low, medium, and high) in both
repeated and novel contexts. As color was fully
predictive of reward magnitude, we hypothesized that
participants will learn to associate the color with the
expected reward magnitude.

In contrast to previous work reward magnitude
could be predicted from the search display directly in
novel and repeated contexts, but it could not lead to
differences in target location cueing. This approach
allowed investigating to what extent reward contributes
to contextual cueing, independent of location proba-
bility cueing and in addition to context configuration
learning.

Reward learning might affect search performance in
at least three ways in our task. First, reward learning
might have a general boosting effect on search
performance, resulting in a performance increase
(faster response times) in high reward compared with
medium and low reward trials that should be observed
in both novel and repeated context configurations.
Second, reward learning might lead to prioritized
encoding of contextual configuration information of
displays containing the reward-signaling color. This
should manifest in faster response times for repeated
compared with novel contexts that should be more
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pronounced in high reward compared with medium or
low reward contexts. Finally, reward learning might
boost contextual cueing by leading to more efficient
attention guidance to the location of the target. More
efficient attention guidance to the target should be
observed when comparing the eye movement pattern in
repeated and novel contexts associated with high,
medium, and low reward: Initial saccades should land
closer to the target location in repeated compared with
novel contexts (e.g., Tseng & Li, 2004; Zhao et al.,
2012) and this difference should be most pronounced in
contexts associated with high reward.

Participants

Twenty volunteers (14 female, six male) naive to
paradigm and objective took part in the experiment.
Participants were aged 19-34 years (M =23.7, SD =
3.92), had normal visual acuity, and showed no signs of
visual achromatopsia (both tested with an Oculus
Binoptometer 3; OCULUS Optikgerite, Wetzlar,
Germany). Participation was remunerated with pay-
ment or course credit. The experiment was conducted
with the written understanding and consent of each
participant in accordance with the ethical standards of
the Declaration of Helsinki and was approved by the
local Ethic Committee (Faculty of Psychology, Phil-
ipps-University Marburg).

Apparatus

Participants were seated in a comfortable chair in a
dimly lit and sound attenuated room responding with
buttons of a gamepad (Microsoft Sidewinder USB;
Microsoft, Redmond, WA) in their hands. Participants
placed their heads on a chinrest facing the center of the
screen. Stimuli were presented on a LCD-TN screen
(Samsung SyncMaster 2233RZ 22-in., 1680 X 1050
pixels; Samsung, Seoul, ROK) set to a refresh rate of 100
Hz. The screen was placed 100 cm in front of the
participants. Eye movements were recorded with an
EyeLink 1000 Plus desktop mounted eye tracker (SR
Research Ltd., Ottawa, Canada) with a spatial resolution
of 0.01° at a sampling rate of 1000 Hz. The device was
calibrated using the EyeLink 13-point calibration pro-
cedure. A Windows 7 PC (iTMediaConsult, Ziisch,
Germany) running E-Prime Professional (Version
2.0.10.356; Psychology Software Tools, Sharpsburg, PA)
controlled response collection and stimulus presentation.
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Stimuli

Search context displays always consisted of 16 items,
15 L-shaped distractors, and 1 T-shaped target item,
distributed on an imaginary 10 X 7 matrix (24.4° X
15.5°). Each L-shaped item was rotated either 0°, 90°,
180°, or 270°. T-shaped items were tilted left- or
rightward. The size of both items was 1.10° X 1.10° with
a minimum distance of 0.68° between two objects.
Targets were presented at four locations, one placed in
each quadrant of the search display at an eccentricity of
6.18° from screen center and with two-cell distance to
the grid’s outer edges. Distractors were placed at eight
cells per hemifield (seven if the target was presented on
the same side), which were chosen randomly within the
matrix. Every context contained eight gray (RGB 102,
102, 102; 37.07 cd/m?) and eight unitarily colored items
presented on a dark gray background (RGB 60, 60, 60;
12.15 cd/m?). The target was colored in 50% of all
trials; in the other half it was presented in gray. Colored
items could be green (RGB 0, 128, 21; 36.48 cd/mz),
orange (RGB 143, 95, 0; 36.90 cd/m?), or purple (RGB
170, 0, 217; 36.81 cd/mz). All colors were isoluminant
to the gray items.

Procedure
Contextual cueing task

Trials started with a central fixation dot (Thaler,
Schiitz, Goodale, & Gegenfurtner, 2013) surrounded by
a thin line. As soon as participants fixated an area of
1.4° around this dot for at least 350 ms, the thin line
disappeared and the screen was replaced by the search
display after 400 ms. Participants were instructed to
search for the T-shaped target and correctly report its
orientation by pressing a left or right button on the
gamepad. The search display was presented until
participants manually responded or replaced after
1,000 ms by a blank screen presented for 600 ms. As
soon as a response was given, a feedback screen was
showing point feedback at screen center for 600 ms.
Correct responses were rewarded by “+1,” “45,” or
“+10” points, dependent on the color presented in the
search context. Color and reward magnitude associa-
tions were constant for individuals during the experi-
ment but were balanced across participants. Incorrect
responses and responses slower than 1,600 ms were not
rewarded but followed by “+0” feedback. Participants
were not explicitly informed about the color and
reward magnitude association but were told that they
would be rewarded for correct responses in every trial.
Points were translated into monetary reward (1 EUR
for 1,000 points, max. 6.14 EUR) at the end of the
experiment. Participants received the monetary reward
in addition to the reimbursement for participation.
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until fixation

600 ms

500 ms

ey

Figure 1. Trial procedure and exemplary search display. Participants were instructed to fixate the fixation dot to avoid eye movements
before the search display was presented. The search display was shown until response or replaced after 1,000 ms by a blank screen.
Participants searched for a T-shaped target among L-shaped distractors and reported the target’s orientation by button press. After a
response was given, a feedback screen presented point feedback. The amount of points depended on the color presented in the
search display. Color-reward associations were balanced across participants. Correct answers were rewarded, only incorrect responses
were followed by no reward (“+0”).

Trial procedure and search display are depicted in tions generated randomly for each trial. Both configu-

Figure 1. rations were generated separately for contexts
containing a colored or a gray target. Contexts were
created for all combinations of the four target locations

Experimental procedure and three reward magnitudes. The same target locations
The experiment consisted of two sessions. Each were used in novel and repeated contexts and contexts

session contained 12 blocks with 48 trials resulting in associated with different reward magnitudes (cf. Figure
1152 trials. For each participant, 24 repeated search 2). Assignment of reward magnitudes to colors was

contexts were generated individually. These contexts randomized and balanced across participants. Orienta-
appeared repeatedly in each block of each session, tion of the T-shaped target was determined randomly in
randomly intermixed with 24 novel context configura- each trail, ensuring that repeated context configurations

Low reward magnitude Medium reward magnitude High reward magnitude

repeated novel repeated novel

repeated novel

Figure 2. Target locations and exemplary search displays in novel and repeated contexts associated with different reward magnitudes.
The same target locations (indicated by blue cycles) were used in repeated and novel contexts and in contexts associated with low,
medium, and high reward. Color-reward associations were balanced across participants.
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predicted the target location but not the target
orientation, i.e., the correct manual response.

At the beginning of the first session, participants
performed 48 practice trials consisting of only novel
contexts without implementation of reward. When
participants reached a response accuracy of at least
65%, they continued with the experimental task.
Performance feedback consisting of mean response
accuracy, response times, and total amount of points
achieved was provided after each block, followed by an
obligatory pause of at least 10 seconds between blocks.
After session 1, participants returned within 3 days for
session 2. No additional practice trials were performed
in this session. A recognition task was performed at the
end of session 2, followed by a follow-up survey
investigating individual search strategies and recog-
nized experimental regularities.

Recognition task

In the recognition task conducted at the end of the
second session, 48 trials consisting of 24 repeated
contexts were randomly intermingled with 24 novel
contexts. Participants were informed that some con-
texts were repeated over time and asked to decide for
each context whether it had been shown before. The
recognition task had no time restriction and partici-
pants were asked to decide intuitively.

Data analysis
Response times and error rates

Reaction times (RT) and error rates were analyzed
separately. Trials with incorrect responses and trials with
exceedingly short or long RT (£2 SD from mean RT,
calculated separately for each participant and block)
were removed from RT analysis (M =17.4 %, SD=4.22).
Hierarchical linear mixed models (HLMs; e.g., Hox,
2002; Raudenbush & Bryk, 2002; Snijders & Bosker,
1999) were applied to investigate the influence of reward
magnitude on the reduction of response times in repeated
relative to novel contexts. In contrast to usually
implemented analyses of variance (ANOVA), HLMs
allow to analyze context learning as developing differ-
ential reduction in RTs without reducing data by
aggregating blocks into epochs. Using HLMs allows
ability to include data based on the experimental factors
in every single trial and to control for the dependent data
structure. As participants took part on two days, sessions
were modeled on the second, participants on the first
level of data analysis. As we expected participants to
show inter-individually varying levels of RTs, we
included random intercepts and slopes for each partic-
ipant and session. Fixed effects, which might be
compared with within-subject factors of ANOVA
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analyses, included the effects of blocks (0-23, block
coded as block—1 for better interpretation), context type
(novel vs. repeated contexts), medium reward magnitude
(low vs. medium), high reward magnitude (low vs. high),
and experimental session (1 vs. 2). Blocks were included
as time variable, as the HLM was analyzing the decline of
response times in the course of the experiment. The two-
way interaction of blocks and context type described the
emerging differences in RTs between novel and repeated
contexts. The three-way interactions: blocks X context
type X medium reward, blocks X context type X high
reward, and blocks X context type X session, were
included in the HLM. These interactions represented
differences in context learning between the different
reward magnitudes during the experiment, and differ-
ences in context learning between the first and second
session. Model parameters were estimated by applying
maximum likelihood method. Data was evaluated using
IBM SPSS Statistics 24 (IBM, Armonk, NY).

Additionally, the influence of received reward
magnitudes in trial n—1 on task performance in trial n
was analyzed using similar HLMs. Within these
models, reward magnitude in trial n—1 was applied for
predicting performance measures in trial n.

The analysis was averaged across contexts in which
the target was colored or gray. Since both types were
presented equally likely, participants could neither
benefit from searching only the gray nor only the
colored items. One may, however, assume that partic-
ipants prioritized colored compared with gray targets,
since the color was associated to reward magnitude. This
would lead to reward influencing task performance
stronger in contexts with colored compared with gray
targets. To examine whether reward had a differential
influence on contextual cueing in displays with colored
and displays with gray targets, we divided the data into
two sets (displays with colored and displays with gray
targets) and computed the HLM described previously
separately for both context types. In addition, we
directly compared task performance in contexts with
gray and colored targets. We ran a repeated-measure
ANOVA with the three factors target color (gray vs.
colored), context novelty (novel vs. repeated), and
reward (low. vs. medium vs. high reward).

Recognition task

Accuracy in the recognition task was examined by a 2
X 3 repeated-measure ANOVA with the within-subject
factors context type (novel vs. repeated contexts) and
reward magnitude (low vs. medium vs. high reward).

Eye movements

Saccades, fixations, and blinks were detected applying
the SR Research parser. Saccades were defined by the
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Figure 3. Observed response times (upper row) for novel (dotted lines) and repeated (solid lines) contexts associated with low (left
panel), medium (middle panel), and high (right panel) reward. The predicted values based on the calculated HLM are depicted in the
row below the observed values (lower row). Low, medium, and high reward magnitudes are also indicated by different colors. The
gray bar depicts the time gap (1-2 days) between the two experimental sessions. Error bars denote the standard error of the mean.

combination of minimum velocity of 30°/s and acceler-
ation of 8,000°/52. For further analyses, eye position data
was transformed into degrees of visual angle. Trials with
incorrect responses, first saccade latencies smaller than
100 ms, and trials in which participants blinked were
removed, resulting in 22.0% (SD = 6.91) of trials being
discarded from following analyses. The remaining data
was evaluated applying the same HLMs as used for
response times. An additional fixation accuracy measure
was implemented, depicting whether participants stayed
within 2° around the target location before a manual
response was given. Due to technical issues, eye
movements could only be recorded for 19 out of 20
participants. The eye movement results were based on
the data of these 19 participants.

Response times

At the beginning of the experiment, response times in
novel (Mgjock1 = 694.64 ms, SD = 67.26) and repeated
contexts (Mpjock1 = 693.41 ms, SD =70.91) did not
differ significantly, as the main effect of context type
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did not reach statistical significance, F(1, 13513)=0.58,
p = 0.448, cf. Figure 3, upper row. As the experiment
proceeded, participants became faster responding to
targets in repeated compared to novel contexts, which
was indicated by a significant interaction of blocks and
context type, F(1, 6878) = 5.18, p =0.023. This effect
developed during the experimental course (AMpjocx) =
1.23 ms, SD=48.53; AMpjocko4 =24.34 ms, SD =25.71)
and was reflected in the predicted values based on the
HLM’s regression coefficients, cf. Figure 3, lower row.
The RT difference between novel and repeated contexts
predicted by the HLM increased by an average of 1.47
ms with each subsequent block, b =—1.47, SE, = 0.64,
1(6878) =—2.28, p = 0.023, starting with the second
block in session 1. Importantly, participants responded
faster to targets presented in repeated high reward (M =
614.41 ms, SD = 52.20) compared with repeated low
reward contexts (M = 627.46 ms, SD = 56.63), an effect
that developed during the experimental course and
became visible as a significant three-way interaction of
high reward magnitude, blocks and context type, F(1,
18950) = 8.66, p = 0.003. This was visible in contexts
with a gray target, F(1,9273)=5.29, p=0.021, and with
a colored target, F(1, 9589) =3.95, p =0.047. RT
decreases of repeated contexts associated with medium
and low reward magnitude did not differ significantly,
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as the relating interaction (blocks X context type X
medium reward) did not reach statistical significance,
F(1, 18951) = 0.09, p = 0.762. The general level of
response times did not differ between high and low as
well as medium and low reward contexts, as neither the
main effect of medium (vs. low) reward magnitude, F(1,
18951) = 1.01, p = 0.315, nor of high (vs. low) reward
magnitude, F(1, 18951) =0.02, p = 0.896, reached
statistical significance (M oy = 630.59 ms, SD = 52.19;
MMcdium =634.03 ms, SD = 51 53, MHigh =625.57 ms,
SD = 63.61). In session 2, differences between repeated
and novel contexts’ RTs were maintained but less
pronounced: The HLM predicted that the RT differ-
ence between novel and repeated contexts only
increased by an average of 0.45 ms with each
subsequent block in session 2, which was indicated by
an interaction of block, context type, and session, F(1,
5124) =4.66, p =0.031. The positive predictor value of
this interaction indicates a shallower predicted RT
decrease in repeated contexts in session 2 compared to
session 1, b=1.02, SE;,=0.47, t(5124)=2.16, p=0.031.

Response times gradually decreased during the
experiment with increasing block number (Mpjock; =
693.29 ms, SD = 64.10; Myjock24 = 604.70 ms, SD =
51.33) indicated by a main effect of blocks, F(1, 25.6) =
41.31, p < 0.001. The HLM predicted a response time
decrease by an average of 4.0 ms with each subsequent
block, b=—4.00, SE,=0.62, 1(25.6)=—6.43, p < 0.001.
Response times were slower at the beginning of the
second (Mpiock13 = 639.60 ms, SD = 75.84) compared
with the end of the first (Mpjoci1o = 615.06 ms, SD =
51.50) session of the experiment, F(1, 25.7) = 6.02, p =
0.021. This response time increase might have been due
to the missing practice trials in session 2, as participants
might have needed some trials to get used to the task
again. Since this increase was similar in repeated and
novel contexts and in different reward magnitudes, the
missing practice might have led to a general, nonspe-
cific performance loss, which became visible in longer
response times in the first block of session 2. In line
with this conclusion, studies using practice trials also in
session 2 (e.g., Chun & Jiang, 2003) found no general
increase in the first block of the second session (see also
Jiang et al., 2005).

The three-way interaction of block, context type, and
reward magnitude was further investigated by HLMs
calculated separately for each reward magnitude. The
models specified were the same as the main model, but
excluded the main and interaction effects of reward
magnitude. Although a significant interaction of blocks
and context type was observed for low, F(1, 1426) =
5.44, p =0.020, and high reward contexts, F(1, 6941) =
6.23, p = 0.013, this interaction missed statistical
significance for medium reward contexts, F(1, 1149) =
0.86, p =0.355.
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If reward learning had a general boosting effect on
search performance, a performance increase in high
reward contexts should be observable in both novel and
repeated context configurations. To examine this
notion, we additionally examined search performance
separately for novel and repeated contexts associated
with different reward magnitudes. The HLM was
specified as the main model, with the main and
interaction effects of context type excluded, as we now
analyzed performance separately for each context type.
In repeated contexts, high (vs. low) reward led to
shorter response times (Myjgn = 614.4 ms, SD = 52.20;
M o =627.5 ms, SD = 56.63), F(1,9674) =22.01, p <
0.001, while no difference was observed for medium (vs.
low) reward (Mpedium = 630.3 ms, SD = 56.67), F(1,
9676) = 0.85, p = 0.358. In novel contexts, neither high
(vs. low) reward, F(1, 9205) =1.30, p = 0.254, nor
medium (vs. low) reward magnitude influenced re-
sponse times, F(1, 9204) = 1.52, p = 0.218, (My;gn =
638.3 ms, SD =59.25; Mytedium = 638.7 ms, SD = 50.03;
My ow = 634.5 ms, SD = 51.01).

Reward magnitudes received in trial n—1 did not
influence response times in trial n. When the reward
magnitude received in trial n—1 was applied for
predicting response times in trial n, neither did the
interaction of block, context type, and received medium
reward magnitude reach statistical significance, F(1,
18942) = 0.42, p =0.517; nor did the interaction of
block, context type, and received high reward magni-
tude, F(1, 18935) =1.34, p =0.247.

To compare whether response times differed across
contexts with gray and colored targets, we additionally
ran a repeated-measure ANOVA with the three factors
target color (gray vs. colored), context novelty (novel
vs. repeated), and reward magnitude (low vs. medium
vs. high reward). Response time results showed no
significant differences between contexts with gray (M =
634.33 ms, SD=60.75) and colored targets (M =628.71
ms, SD=154.22), as the main effect and any interactions
including the target color failed to reach significance
(all ps > 0.173).

In sum, the results show that participants responded
faster to targets in repeated compared with novel
contexts, an effect which developed during the exper-
iment. The differences between repeated and novel
contexts’ RTs appeared fastest and were most pro-
nounced in the high reward condition.

Error rates

Participants’ search accuracy was comparatively
high, reflected in low error rates (M = 14.0%, SD =
34.70). Error rates significantly decreased during the
experiment, F(1, 122247) = 53.44, p < 0.001. The
predicted error rates by the HLM decreased by an
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mean.

average of 0.9% with each subsequent block, b =—0.94,
SE, =0.13, £(22981) =—7.31, p < 0.001. Participants
made more errors in novel contexts (M = 15.59%, SD =
5.65) compared with repeated contexts (M = 12.41%,
SD =5.06), F(1, 23962) = 5.36, p = 0.021. The
interactions of blocks and context type, F(1, 25148) =
2.17, p = 0.642, as well as blocks, context type and
session, F(1,25721)=0.23, p =0.631, missed statistical
significance. All other main and interaction effects
showed no significant influences (all ps > 0.197). These
results show that participants made fewer errors during
the experimental course. They also made fewer errors in
repeated compared with novel contexts, while no
differences between contexts associated with different
reward magnitudes could be observed.

Eye movements

Analogous to the analysis of response times, the
predicted distance between first fixation and target
location gradually decreased during the experimental
course with increasing block number, F(1, 222)=19.57,
p < 0.001, cf. Figure 4, upper row. The predicted
distance of 5.09° in block 1, b =5.09, SE, = 0.16,
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1(31.51) =31.02, p < 0.001, decreased on average by
0.05° with each subsequent block, b =—0.05, SE;, =
0.01, #(222) =—4.42, p < 0.001. Comparable with
response time results, this distance was larger at the
beginning of the second compared with the end of the
first session, yielded by a significant main effect of
session, F(1, 272) = 17.86, p < 0.001. In repeated
contexts associated with high reward magnitude,
estimated distances decreased on average by 0.03°
faster per block than distances in low reward repeated
contexts, b =—0.03, SE, =0.01, #(16890) =—-3.43, p =
0.001. This was yielded by a significant interaction of
blocks, context type, and high reward magnitude, F(1,
16890)=11.75, p=0.001. Analogous to response times,
this effect was visible in contexts with a gray, F(1, 8395)
=591, p=0.015, and a colored target, F(1, 9594) =
5.65, p=0.018. However, faster distance decrease could
only be observed in the high reward condition, as the
interaction of block and context type did not reach
statistical significance, F(1, 11001)=0.23, p=0.633. No
other main effects or interactions were significant (all ps
> 0.202). Congruent to the evaluation of response
times, reward magnitudes in trial n—1 did not influence
eye movements in trial n. The observed interaction of
blocks, context type, and high reward magnitude
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missed statistical significance when the reward magni-
tude in trial n—1 predicted the distance of the first
fixation to the target location in trial n, F(1, 16995) =
1.86, p = 0.173. Distances of the first fixation to the
target location predicted by the HLM are shown in
Figure 4, lower row.

Analogous to response times, we examined whether
the distance of the first fixation differed across contexts
with gray and colored targets. We ran the same
repeated-measure ANOVA with the three factors target
color (gray vs. colored), context novelty (novel vs.
repeated), and reward (low. vs. medium vs. high
reward). Again, we observed no differences between
contexts with gray (M =4.77°, SD = 0.93) and colored
targets (M = 4.74°, SD = 0.87), as the main effect and
any interactions including the target color failed to
reach significance (all ps > 0.323).

To examine whether reward influenced attention
guidance also beyond the first fixation, we additionally
analyzed the fixation count. This measure is known to
be related to efficiency in visual search, as there is
evidence that faster response times in repeated com-
pared with novel contexts are accompanied by fewer
total fixations (e.g., Harris & Remington, 2017;
Peterson & Kramer, 2001; Zhao et al., 2012). Accord-
ingly, participants not only respond faster in repeated
contexts but also needed fewer fixations to find the
target. Fewer total fixations in high reward repeated
contexts therefore also suggest that attention guidance
was facilitated by reward. Results were similar to those
observed with first fixation results: Only in high reward
trials, the fixation count was significantly lower in
repeated (M =2.12; SD = 0.32) compared with novel
contexts (M =2.24; SD =0.35), F(1, 16983)=9.58, p=
0.002. This effect also developed during the experiment
and could only be observed in the high reward
condition, as the interaction of block and context type
did not reach statistical significance, F(1, 2804)=2.08, p
=0.150. Participants made two to three fixations on
average in a trial (M = 2.20; SD =0.33).

To investigate whether reward had an effect on
postselective processes in our task, we also analyzed
mean fixation durations. Fixation durations are related
to the speed of object processing and to the selection of
the next fixation, as studies suggested that during the
fixation of an object the next fixation is planed
simultaneously to object processing (e.g., Herwig &
Schneider, 2014; Ludwig, Davies, & Eckstein, 2014).
Results showed neither an effect of reward nor context
novelty on mean fixation durations (all ps > 0.121).

Participants started to move their eyes 196 ms (SD =
68.6) after stimulus onset on average. They fixated the
target location before giving a correct manual response
in 95.5% of trials. When participants fixated the target
before responding, fewer response errors were made, r

Downloaded from jov.arvojournals.org on 03/27/2019

Bergmann, Koch, & Schubd 1

=—0.29, p < 0.001 (correlation reported as two-tailed
Pearson coefficient).

In sum, these results show that only in high reward
contexts the distance between first fixation and target
location was shorter in repeated compared with novel
contexts and that this difference evolved during the
course of the experiment.

Recognition task

Participants did not reliably differentiate between
novel (47.3% correctly identified contexts, SD = 9.68)
and repeated contexts (M = 55.6 %, SD = 13.47), as the
statistical comparison failed to reach significance, F(1,
19) =4.20, p =0.055, ng =0.181. Neither reward
magnitude nor the interaction of context type and
reward magnitude showed an effect on recognition
accuracy, F(2, 38)=0.92, p=0.406, nf’ =0.046; F(2, 38)
=0.45, p=0.956, nf, =0.002.

When asked for recognized experimental regularities
in the follow-up survey, three out of 20 participants
stated that they had recognized the (correct) associa-
tion between color and reward magnitude.

This study investigated the influence of expected
reward outcomes on contextual cueing by using context
configurations that contained colored context items
that were associated with different reward magnitudes.
We expected reward magnitude to modulate contextual
cueing, with high reward leading to larger (cf. Pollmann
et al., 2016), and faster emerging (cf. Tseng & Lleras,
2013) differences between repeated and novel context
configurations. The implemented HLMs used to
analyze the results provided several advantages. The
model was specified with to comply with the hierar-
chical data structure and according to specific hypoth-
eses about the impact of reward on contextual cueing.
Reward learning was decoupled from both, context
configuration and target location, as reward magnitude
was associated with a salient, response-irrelevant
context feature (color). Thus, the same target locations
could be used in novel and repeated contexts, and both
context types could be combined with all three reward
magnitudes. Participants could predict the reward
magnitude from the color with display onset in both
novel and repeated contexts.

Our findings showed a faster decline of response
times in repeated compared with novel contexts, an
effect that was more pronounced and emerged earlier in
contexts associated with high reward. Contextual
cueing became also visible in the analysis of eye
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movement patterns: The distance of the first fixation to
the target location decreased in repeated compared
with novel contexts, an effect that was observed only in
contexts associated with high reward. These results
suggest that reward learning not only resulted in
contextual cueing in repeated contexts associated with
high reward, but was also accompanied by faster and
more efficient detection of the target in repeated
context configurations.

Taken together, these findings demonstrate that high
reward facilitates learning of context configurations
containing the reward-signaling color. Moreover,
reward learning also leads to more efficient attention
guidance toward the target location in the course of the
experiment.

Reward facilitates context configuration
learning

In line with Tseng and Lleras (2013), we observed no
main effect of reward but an accelerated response time
decrease in repeated high reward contexts (but see
Schlagbauer et al., 2014). Associating high reward with
context color thus led to a more pronounced contextual
cueing effect and not to a general boost of search
performance. A possible theoretical explanation of
these results was suggested by Tseng and Lleras (2013).
In their study, the authors explained the accelerated
contextual cueing effect in rewarded contexts by
referring to an increase in arousal. They assumed that
receiving a reward enhanced the observer’s arousal,
which in turn altered the memory consolidation process
of the rewarded context. A state of high arousal thus
strengthened the consolidation of the rewarded context
into memory, resulting in faster retrieval on future
encounters of the same context. Faster retrieval in turn
resulted in faster target detection in rewarded contexts.

Evidence for this arousal hypothesis comes from a
result of their second experiment (Tseng & Lleras,
2013: experiment 2) in which participants experienced
an unexpected point penalty when they had expected to
obtain a reward. Results showed that experiencing an
unexpected point penalty when expecting a reward
immediately accelerated learning of the associated
context, an effect that was observed in the subsequent
block. The authors assumed that the unexpected
outcome gave rise to “surprise,” which triggered more
arousal than any expected outcome might have and
eventually resulted in an immediate enhanced consol-
idation of the context into memory and in large
contextual cueing effects.

The present study extended the results of Tseng and
Lleras (2013) by showing that high reward and arousal
actually facilitated context configuration learning and
did not result in an unspecific reward benefit. Contrary
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to Tseng and Lleras (2013), reward was associated with
a salient color rather than with a particular context
configuration (i.e., a combination of distractor orien-
tations and distractor locations), and the same color
was used in both repeated and novel contexts. This
allowed disentangling context configuration learning
from a more general arousal effect. As the decrease in
response time shows, participants quickly learned the
association between color and subsequent reward
magnitude. Thus after several trials, they were able to
predict the expected reward outcome already with onset
of the search display. If we assume that expecting a
high reward outcome triggers more arousal than
expecting a low reward outcome, an impact of arousal
on context configuration learning should become
manifest as response time benefits only in those
contexts that were repeated in the course of the
experiment. A general arousal effect, on the other hand,
should have boosted response times in both context
types.

Our results showed a response time benefit for
repeated contexts associated with high reward, that is,
only when context configurations were repeated in the
course of the experiment. Following the notion of
Tseng and Lleras (2013), we conclude that memory
consolidation was strengthened with each repetition of
a context configuration, and that this effect was
enhanced when contexts were associated with high
reward. High arousal levels during encoding also
allowed faster retrieval of repeated contexts, resulting
in faster target detection than in contexts associated
with low reward and in novel contexts. As novel
contexts were generated randomly in each trial,
performance could not benefit from higher arousal in
high reward trials. Thus, high reward was efficient in
repeated contexts, because it facilitated learning of
context configuration regularities. Target detection
benefited indirectly, as attention could be guided faster
to the target location in repeated contexts.

Interestingly, a pronounced contextual cueing effect
was mainly observed in contexts associated with high
reward while the effect was much smaller or virtually
absent in contexts associated with low and medium
reward. Evidence showing that contextual cueing is not
very pronounced in contexts associated with a low
(relative to high) reward magnitude has been reported
already elsewhere (Pollmann et al., 2016; Sharifian et
al., 2017). These findings might seem puzzling at first,
since a large number of contextual cueing studies have
reported contextual cueing without assigning any
reward. A possible explanation might lie in the limited
processing resources available for context learning
(Pollmann et al., 2016; Schlagbauer, Miiller, Zehetleit-
ner, & Geyer, 2012; Smyth & Shanks, 2008). Some
studies used quite larger numbers of repeated contexts
that were divided across different experimental condi-
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tions. As a result, each context received only little
capacity for encoding, storage and retrieval. If these
contexts are associated with different reward magni-
tudes, participants might allocate most of their
resources to high reward contexts leaving little or no
capacity for contexts associated with medium or low
reward (Pollmann et al., 2016). In the present study, 24
repeated context configurations were divided into three
reward magnitudes, making it rather likely that
participants had to allocate their resources. Thus,
processing limits might have contributed to the results.
At first glance, our interpretation that little or no
capacity was left for low and medium reward context
learning seems contradictory to the results of Jiang et
al. (2005), who had hypothesized that observers were
able to learn far more than 12 repeated contexts, the
amount used in most contextual cueing studies. To
examine this notion, they conducted five training
sessions of different contextual cueing tasks on five
consecutive days. In each session, participants learned
12 unique repeated contexts that differed from the
other sessions. In a sixth session 1 week after the last
training session, the authors presented all 60 learned
contexts, now randomly intermixed with 60 novel
contexts. Jiang et al. (2005) observed contextual cueing
for all contexts of the five training sessions and
concluded that observers have a high capacity for
context learning in contextual cueing. The present
study used only 24 repeated contexts, less than half as
many as Jiang et al. (2005). Contrary to the study of
Jiang et al. (2005), however, participants had to learn
twice as many contexts in one experimental session.
Schlagbauer et al. (2012) suggested that only about
four repeated contexts out of 12 can actually be learned
in an experimental session (Schlagbauer et al., 2012).
When we assume that participants learn only a subset
of repeated contexts due to a limitation of resources for
context learning, it might be rather likely that reward
increases the probability that limited resources are
allocated to high reward and not to medium or low
reward contexts (see also Pollmann et al., 2016). This
might be especially the case in our study, since reward
magnitude could be predicted directly from the color.

Reward learning and attention guidance

In addition to response times, eye movement
measures were used to analyze search performance.
Prior studies have reported that context learning
manifested in more precise first fixations with respect to
the target location (Manginelli & Pollmann, 2009;
Peterson & Kramer, 2001; Tseng & Li, 2004; Zhao et
al., 2012). Although participants were not explicitly
instructed to move their eyes in our task, we
hypothesized more efficient attention guidance might
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manifest when comparing eye movement patterns in
repeated and novel contexts associated with different
reward magnitude.

Indeed, eye movements showed similar contextual
cueing effects as observed for response times. Eye
movements to the target location preceded correct
responses, as indicated by the reported correlation
between target fixations and response accuracy. The
first fixation landed closer to the target location when
the target was presented in a repeated context
associated with high reward compared with targets that
were presented in novel contexts or targets in contexts
associated with low reward. Participants made fewer
fixations in repeated contexts associated with high
reward compared to novel contexts or contexts
associated with low reward. Both, more effective first
fixations and the reduced fixation count in repeated
contexts indicate that participants could use retrieved
contextual information for more efficient target local-
ization. Mean fixation durations, however, were neither
influenced by reward nor by context novelty, indicating
that neither reward nor context novelty affected post-
selective processes (e.g., Herwig & Schneider, 2014;
Ludwig et al., 2014). These findings support the
assumption that context learning manifests in more
efficient attention guidance, and that this effect is
supported by high reward.

Interestingly, more efficient attention guidance was
again only visible with high reward and virtually absent
in medium or low reward repeated contexts. As
described already, this difference might have resulted
from differential allocation of processing resources:
Participants might have allocated most of their
resources to high reward contexts, leaving little or no
capacity for contexts associated with medium or low
reward. This might also hold for the allocation of
attention, especially as for each participant, reward
magnitude was consistently associated with the same
color feature, that is, color reliably predicted the
reward outcome. As color was salient, preferential
allocation of processing resources to high reward
contexts seems even more likely.

We assume that the salient reward-signaling colors
and the limits in context configuration learning might
have contributed to the missing first fixation effect in
medium and low reward contexts. We suggest that
participants allocated most of their resources to
contexts signaling high reward (cf. Pollmann et al.,
2016), but also perceived these contexts as more salient
than low or medium reward contexts, as there is
evidence that reward can add to the salience of stimuli
(e.g., Hickey et al., 2010). The preferential allocation of
resources and the increased salience of high reward
contexts might have led to a prioritization of context
learning in high compared with medium and low
reward contexts. If participants have learned high
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reward repeated contexts faster than medium or low
reward contexts, also recognition of such contexts
might have been faster. With faster recognition,
information about the target location might have
already been available in repeated contexts at the time
the first saccade was planned, resulting in first fixations
that landed closer to the target. This might explain why
we observed first fixation effects in high, but not in low
and medium reward repeated contexts.

In sum, expecting a high reward not only facilitated
context configuration learning, but also led to more
efficient attention guidance to the target when context
configuration repeated. As in the response time results,
we found no evidence for reward effects in novel
contexts when they were associated with high reward.
In contrast, Schlagbauer et al. (2014) reported faster
response times also for targets presented in novel
contexts when these were associated with different
reward magnitudes. Importantly, however, in their
experiment individual target locations were directly
associated with high and low reward, and separate
target locations were used for targets in novel and
repeated contexts. Results showed that participants
learned these particular location-reward associations
for both context types, as high reward magnitude
facilitated target detection also in novel contexts. The
authors concluded that participants had learned to
assign different attentional weights to target locations
irrespective of the context configuration repetition
(Schlagbauer et al., 2014).

The present data showed a response time benefit with
high reward only for context configurations that were
repeated in the course of the experiment. Search
performance in novel contexts was not affected by
reward because the same target locations were used in
both context types, and they were associated with all
three reward conditions. Thus, neither reward magni-
tude nor context novelty was predictive for particular
target locations (and vice versa). In fact, our results
showed that reward affected behavioral search perfor-
mance (i.e., target responses, Figure 3) and eye
movements (first fixations, Figure 4) in a rather similar
way, as both underwent a similar development in the
course of the experiment. It seems as if participants had
to learn that particular context configurations come
with particular target locations for reward to become
effective. Such learning was possible only when context
configurations repeated.

As outlined already, we assume that memory
consolidation was strengthened with each repetition of
a context configuration, and that this effect was
enhanced when contexts were associated with high
reward. Similarly, one might assume that target
locations linked with a particular context configuration
receive strengthening with every context repetition,
which is enhanced in high reward contexts. Such
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strengthening might be part of context configuration
learning, as with context configuration learning, the
link between a particular context configuration and the
respective target location is strengthened as well.
Alternatively, target locations might be strengthened
directly, for instance, because they receive a form of
special weighting because the target location informa-
tion is needed for search performance responses (see
Schlagbauer et al., 2012, for a similar notion).
Although our results are not decisive with respect to
this point, weighting of target locations is a well-known
factor in attention guidance and weighting of locations,
which are associated with a high reward (and inhibition
of locations associated with low reward) has been
reported before (cf. Heuer, Wolf, Schiitz, & Schubg,
2017; Hickey et al., 2014; Wolf, Heuer, Schubo, &
Schiitz, 2017).

In sum, our results provide evidence that once the
link between a particular context configuration and the
respective target location has been learned, attention
guidance is facilitated toward this location with each
context repetition. Facilitated attention guidance
manifested in more precise eye movements, as the first
fixations landed closer to the target with each repetition
of a context associated with high reward.

Prediction and attention guidance

In our design, a color feature was consistently
associated with the same reward magnitude; hence,
each color feature reliably predicted the reward
outcome. The differences observed in context learning
can therefore not be attributed to different predict-
ability of the reward signaling stimuli (cf. Tseng &
Lleras, 2013).

Gottlieb (2012) suggested three different mecha-
nisms according to which organisms allocate their
attention. In natural behavior, these mechanisms serve
different functions in guiding behavior. First, an
organism allocates attention to the stimulus that has
the highest probability of delivering the most valuable
information for an upcoming action. This mechanism
is labeled “attention for action.” In learning environ-
ments, organisms attend to stimuli that are likely to
reduce uncertainty. This mechanism (“attention for
learning”) ensures attending to novel and unknown
stimuli, which have an uncertain predictability but can
result in a large information gain. The third mecha-
nism, “attention for liking,” takes the expected value
of signaled rewards into account. According to this
mechanism, stimuli associated with high reward
magnitude receive higher weights in attention guid-
ance and are thus prioritized.

“Attention for liking” fits well with the finding of
more efficient attention guidance in high reward
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repeated contexts. Participants neither were instructed
to perform eye movements in our task, nor were eye
movements associated with any response outcome such
as reward. In natural behavior, the role of vision is to
provide the relevant information needed for decision-
making, and gaze is used to acquire this kind of
information (Hayhoe, 2017, 2018; Hayhoe & Ballard,
2014; Tatler, Hayhoe, Land, & Ballard, 2011). Fol-
lowing these considerations, the finding that eye
movements were more efficiently guided to the target
location in repeated contexts seems to reflect a behavior
that was more and more refined as the observer has
learned to attend to the location, which contains the
most relevant information (the target). The fact that
this effect was more pronounced in contexts associated
with high reward emphasizes the role of motivational
value in learning.

The present findings indicate that context configu-
ration learning is magnified and accelerated by the
anticipation of high reward magnitude. When a salient
context feature signaled high reward, an increased
contextual cueing effect manifested in shorter re-
sponse times in repeated relative to novel contexts.
Reward expectation did not lead to a general boost of
search performance, as performance in novel contexts
was unaffected. At the same time, eye movements
landed closer to targets in repeated contexts, which
were associated with high reward. Taken together, the
results show that high reward facilitates context
learning and guides attention more efficiently to the
target.

Keywords: reward, attention guidance, contextual
cueing
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ARTICLE INFO ABSTRACT

Keywords: Recent work on contextual cueing has shown that reward can facilitate context learning, e.g., when salient but
Contextual cueing task-irrelevant context features signal reward magnitude. Whether task-relevant context features yield a similar
Reward

facilitating effect is unclear. Also, emergence and persistence of context learning for contexts associated with
different reward magnitudes remains unclear. The present study investigated whether reward increases the
speed with which context learning emerges, resulting in an earlier but asymptotically similar contextual cueing
effect, or whether reward persistently increases context learning, visible as a larger contextual cueing effect on
an asymptotical level. Reward was associated to the predominant orientation of the L-distractors, and the
number of context repetitions was increased considerably. Results showed contextual cueing, i.e., faster re-
sponses and fewer fixations in repeated compared to novel contexts for all reward magnitudes. Moreover, a high
reward led to a more pronounced contextual cueing effect. We developed a model-based approach to explicitly
assess the non-linear decline and asymptotic level of the response time curves and to quantify how they were
altered by reward. A hierarchical Bayesian parameter estimation revealed that reward decreased the asymptotic
level of the repeated contexts’ response times. Our results therefore show that reward leads to a persistent

Attention guidance
Eye movements

advantage in contextual cueing rather than to earlier but asymptotically similar context learning.

1. Introduction

The visual system is characterized by limited processing capacity,
and humans have to determine which visual information they want to
select for attending; a mechanism referred to as selective visual atten-
tion. Although we face a massive amount of visual information every
day in our daily routines, visual information fortunately comes in a
highly structured way arranged in visual scenes (e.g., V0, Boettcher, &
Draschkow, 2019). As we encounter many similar scenes every day, we
can form expectations about future visual input (Summerfield & de
Lange, 2014). For example, based on previous encounters with similar
visual scenes, we have learned that certain stimuli are more likely to
appear at specific locations within this scene. This statistical learning
(e.g., Goujon, Didierjean, & Thorpe, 2015; Theeuwes, 2018) provides
knowledge that can be used to guide attention to relevant locations
when we encounter similar visual contexts again.

Evidence for the use of repeated contextual regularities for guiding
visual attention comes from studies using visual search paradigms. In a
seminal study, Chun and Jiang (1998) conducted a visual search task in
which participants searched for a T-shaped target among a spatial

context configuration of L-shaped distractors. This context configura-
tion either repeated throughout the experiment (“repeated context”) or
was generated randomly in each trial (“novel context”). Participants
were able to exploit the repeated context information to increase task
performance, although they were not able to distinguish explicitly be-
tween repeated and novel contexts after the experiment. Observers
responded faster in repeated compared to novel contexts, a statistical
learning effect which developed during the experiment. The authors
concluded that participants used the context as a spatial cue for finding
the target, as a particular repeated context configuration was con-
sistently associated with the location of the contained target, and de-
scribed the effect as contextual cueing (Chun, 2000; Chun & Jiang,
1998).

Eye movement studies suggest that the contextual cueing effect is
due to more efficient attention guidance in repeated compared to novel
contexts (e.g., Harris & Remington, 2017). Participants move their eyes
more efficiently to the target in repeated contexts, as the number of
fixations was reported to be smaller and scan paths were shorter in
these configurations (Bergmann, Koch, & Schubd, 2019; Manginelli &
Pollmann, 2009; Peterson & Kramer, 2001; Tseng & Li, 2004; Zhao
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et al., 2012). Faster responses were reported to correlate with fewer
fixations, which indicate more efficient attention guidance to the target
in repeated contexts (Harris & Remington, 2017).

In the past 20 years, much research has focused on factors mod-
ulating the contextual cueing effect (for a review, see Goujon et al.,
2015), for instance, particular stimulus characteristics were reported to
be detrimental or beneficial to contextual cueing. While distractor
homogeneity increases context learning, presumably because it facil-
itates similarity-based distractor grouping (Duncan & Humphreys,
1989; Feldmann-Wiistefeld & Schubd, 2014), arranging distractors such
that they form meaningful geometrical patterns can be detrimental to
learning (Conci & von Miihlenen, 2009; Conci & von Miihlenen, 2011;
Conci, Miiller, & von Miihlenen, 2013).

1.1. Reward and contextual cueing

Also motivational value, i.e., reward, has been demonstrated to play
an essential role for contextual cueing. Tseng and Lleras (2013) ob-
served that repeated contexts to which a reward feedback was tied were
learned faster than contexts not followed by reward feedback. They
concluded that participants learned an association of reward and the
particular repeated contexts and that this association facilitated the
learning of repeated contextual regularities (see also Pollmann,
Esto¢inovd, Sommer, Chelazzi, & Zinke, 2016; Schlagbauer, Geyer,
Miiller, & Zehetleitner, 2014; Sharifian, Contier, Preuschhof, &
Pollmann, 2017).

A recent study from our lab used a new approach in which reward
could be predicted from the context configurations in both repeated and
novel contexts (Bergmann et al., 2019). Reward was associated with a
task-irrelevant color signaling either low, medium or high reward
magnitude. Half of the L-distractors were presented in this color, the
other half was presented in gray, and the target was colored in half of
the trials. Color was thus task-irrelevant, as it defined neither the target
nor the correct response. However, the color enabled the prediction of
the subsequent reward magnitude in both novel and repeated contexts.
We observed that a color predicting high reward magnitude increased
the response time benefit observed with repeated contexts. However, no
effect of reward magnitude was observed in novel contexts. We con-
cluded that the expectation of reward facilitated the learning of re-
peated contextual regularities but did not result in a general perfor-
mance increase in visual search. Interestingly, while reward boosted
contextual cueing for high reward contexts, contextual cueing was re-
duced or virtually absent in low and medium reward contexts. We
concluded that observers had not enough capacity for learning all re-
peated contexts used in that experiment and that reward expectation
led to a preferential allocation of learning resources to high reward
contexts (see also Pollmann et al., 2016).

Although initially expected, we did not observe a response time
benefit in novel contexts in that study. This might be because color was
a task-irrelevant dimension in the task. Color did predict reward mag-
nitude, but color did not help to find the target. The correct response
was also independent of the color, as observers had to judge the or-
ientation of the target for responding. Thus, neither focusing on the set
of colored items (cf. Beesley, Hanafi, Vadillo, Shanks, & Livesey, 2018;
Jiang & Leung, 2005) nor a general attentional weighting of the color
dimension (cf. Krummenacher & Miiller, 2012) would have been
helpful for increasing task performance in novel contexts. However,
associating reward to a task-relevant rather than irrelevant context
feature might affect task performance also in novel contexts. This
possibility is examined in the present study.

1.2. Persistence of reward effects in contextual cueing
When Tseng and Lleras (2013) first combined the contextual cueing

paradigm with reward, they originally hypothesized that reward might
affect contextual cueing in one of two ways. They suggested that either
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a high reward leads to a larger contextual cueing effect on an asymp-
totical level or, alternatively, high and low reward lead to comparable
contextual cueing effects in the end of the experiment but contextual
cueing emerges earlier in high reward than in low reward contexts. The
authors reported evidence for the latter, that is, faster emerging con-
textual cueing in high reward contexts rather than an enlarged effect on
an asymptotical level.

Subsequent studies generally replicated that reward can be bene-
ficial for contextual cueing (Bergmann et al., 2019; Pollmann et al.,
2016; Sharifian et al., 2017; only Schlagbauer et al., 2014 reported
conflicting results). However, it appears that the results are incon-
clusive concerning Tseng and Lleras’ initial hypotheses. On the one
hand, the results of one study rather fit with Tseng and Lleras’ inter-
pretation, as high reward mainly increased contextual cueing at the
beginning of the experiment (in “epoch 1”, blocks 1-4) and a com-
parable contextual cueing effect was observed in low reward contexts
towards the end (in “epoch 4”, blocks 13-16; Sharifian et al., 2017). On
the other hand, two studies reported that contextual cueing was gen-
erally increased in high reward contexts and could even be absent or
largely reduced in low reward contexts throughout the entire experi-
ment (Bergmann et al., 2019; Pollmann et al., 2016). These results ra-
ther suggest that contextual cueing is generally larger in contexts as-
sociated with high reward than in contexts associated with no or low
reward. The previous results are inconclusive and, as in the study of
Tseng and Lleras, the amount of context repetitions (with reward
feedback) was also a little larger than in other studies, future work is
needed that enlarges the amount of context repetitions. This research
gap is addressed in the present study.

1.3. Rationale of the present study

The present study had two goals: First, associating reward with a
task-relevant context feature in every trial, and second, investigating
the persistence of reward effects in contextual cueing.

Previous results showed that reward did not affect task performance
in novel contexts when it was associated with a task-irrelevant context
feature (Bergmann et al., 2019). However, associating reward with a
task-relevant context feature, i.e., item orientation, might affect per-
formance also in novel contexts, as participants process task-relevant
features in these contexts as well. We therefore associated reward
magnitude with the predominant distractor orientation in both re-
peated and novel contexts, enabling participants to predict the reward
magnitude from the distractors in every trial. Item orientation is task-
relevant because the task requires participants to search for the target
(that is, the only item possessing the target-defining T-junction), and to
identify the target item’s orientation for responding. Thus, although
item orientation cannot be used to search for targets, participants had
to process item orientation for responding. Participants might therefore
prioritize processing distractor orientations that are associated with a
high reward both in repeated but also in novel contexts. We expected to
observe a performance increase, i.e., shorter response times and more
efficient eye movements to the target, in both repeated and novel
contexts associated with high reward.

Former studies on reward in contextual cueing observed that con-
textual cueing can be absent or largely reduced in contexts associated
with a low reward magnitude, probably because resources for context
learning are limited and preferably allocated to high reward contexts
(Bergmann et al., 2019; Pollmann et al., 2016). Up to now, however, it
was not examined whether the contextual cueing advantage in high
reward contexts persists over an extended amount of context repeti-
tions. It might be possible that, after a larger amount of context re-
petitions, low reward contexts “catch up” and lead to contextual cueing
effects of similar size (cf. Tseng & Lleras, 2013). Alternatively, high
reward might persistently strengthen contextual cueing, visible in a
larger contextual cueing effect in high reward contexts that persists also
after many context repetitions.
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To investigate these alternatives we conducted a contextual cueing
experiment that comprised 48 repetitions for each repeated context
over a two-day session. In addition, we used contexts known to require
less capacity in learning. In contrast to previous studies on reward and
contextual cueing, our contexts were comparably homogeneous, be-
cause most of the distractors were presented in the same orientation.
Since homogeneous distractor orientations are reported to increase
contextual cueing probably due to spontaneous grouping and less re-
quired capacity in memory (Feldmann-Wiistefeld & Schubo, 2014), we
expected that participants had enough capacity to learn repeated con-
texts of all reward magnitudes (see also Jiang, Song, & Rigas, 2005).

We implemented a two-step approach for analyzing the persistence
of reward effects in contextual cueing. First, we ran a linear mixed
model analysis, which estimated linear slopes. This analysis allowed
examining the effects of reward on the decline of RTs with minimalistic
assumptions about the shape of the RT curves. In a second step, we
applied a learning curve model with a learning rate parameter and an
asymptotic performance parameter. This analysis aimed on teasing out
further details about how both, learning rate and asymptote of the RT
curves were modulated by reward. If reward modulates the slope
mainly at the beginning of the curve, this should be reflected in the
learning rate parameter. If reward persistently strengthens contextual
cueing even after many context repetitions, this should be visible in the
asymptotic performance parameter.

2. Method
2.1. Participants

We recruited 30 participants (14 female) taking part for payment or
course credit. The participants were 19-29years old (M = 23.6,
SD = 3.05) and were neither familiar with the paradigm nor with the
objective of the study. Everyone had normal visual acuity, tested with
an Oculus Binoptometer 3. Each participant provided written consent in
line with the ethical standards of the Declaration of Helsinki. The local
Ethics Committee (Faculty of Psychology, Philipps-University Marburg)
approved the experiment.

2.2. Apparatus

The participants took a seat in a sound attenuated and dimly lit
room and placed their heads on a chinrest facing screen center. They
responded with a gamepad (Microsoft Xbox 360 Gamepad). Stimuli
were presented on an LCD-IPS screen (Cambridge Research Systems,
Display+ + LCD Monitor 32”7, 1920 x 1080 pixels, 120 Hz) placed
100 cm in front of the participants. We recorded eye movements of the
participants’ right eye using an Eylink 1000 Plus desktop mounted eye
tracker (SR Research Ltd., spatial resolution 0.01°, sampling rate
1000 Hz, calibrated with 13-point calibration procedure). A Windows 7
PC running E-Prime Professional (2.0.10.356) routines was used for
response collection and stimulus presentation.

2.3. Stimuli

The search display was always composed of 16 items, 15 L-shaped
distractors and 1 T-shaped target. All items were gray (RGB 128, 128,
128; 56.75 cd/m?) presented on a dark gray background (RGB 64, 64,
64; 28.23 cd/m?) and distributed on an imaginary 12 x 7 grid (35.5° x
20.7°). The L-shapes were either rotated 0°, 90°, 180°, or 270° and the T-
shape was left-tilted or right-tilted. The L-shapes and T-shapes were
equal in size (1.4° x 1.4°) and presented with a minimum distance of
1.7° between two items. The target appeared in one of four possible
locations. One target location was placed in each quadrant of the screen
with a two-cell distance to the grid’s edges (11.3° eccentricity from
screen center, Fig. 1B). Seven distractors were placed randomly on the
target’s side of the display, eight on the other side. Twelve distractors
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(80%) were rotated in the same orientation, the remaining three dis-
tractors in one of the other three orientations. All contexts were gen-
erated individually for each participant.

2.4. Procedure

Participants searched for the T-shaped target among context con-
figurations of L-shaped distractors and reported whether the target was
tilted to the left or right, which randomly varied in each trial. Half of
the configurations repeated in each block (“repeated contexts”), the
other half was generated newly for each trial (“novel contexts”).
Participants received reward feedback (low, medium or high) for cor-
rect responses in both repeated and novel contexts. Crucially, the pre-
dominant distractor orientation was fully predictive of the reward
magnitude they could achieve in each trial (Fig. 1B). Thus, as soon as
participants learned the orientation-reward association, they were able
to predict the reward from the distractors in both repeated and novel
contexts. Participants were neither told that some contexts repeated nor
that distractor orientation predicted reward.

2.4.1. Trial procedure (Fig. 1A)

A trial started with a fixation dot (Thaler, Schiitz, Goodale, &
Gegenfurtner, 2013) which was surrounded by a thin line and appeared
at screen center. The participants had to fixate the fixation dot to start
the trial. Then, the thin line around the dot disappeared and the search
display was presented after 400 ms. Participants were asked to indicate
the target orientation with one of two buttons on the gamepad’s back
and to respond as quickly but also as accurately as possible. The search
display was shown until response or, after 1000 ms, replaced by a blank
screen (shown for 600 ms). Next, point feedback was shown at screen
center for 600 ms. Correct responses given within 1600 ms were re-
warded (see Fig. 1B).

Incorrect and too slow responses (>1600ms) were followed by
“+0” feedback. The collected points were converted into a monetary
bonus; 1000 points equaled 1 EUR, a maximum of 6.14 EUR could be
achieved.

2.4.2. Experimental procedure

The experiment consisted of two sessions on separate days with a
maximum of one day in between. Each session contained 24 blocks with
24 trials consisting of 12 repeated and 12 novel contexts presented in
random order. Participants thus saw 48 repetitions of each context
during the experiment. The number of context repetitions was thus
doubled compared to our previous work (48 vs. 24; Bergmann et al.,
2019) and the number of repeated contexts was halved (12 vs. 24).
After each block, participants received feedback with mean response
accuracy, mean response times, and the number of points they had
already collected, followed by a pause of at least 10 s. At the beginning
of session 1, participants performed two practice blocks containing only
novel contexts and no reward to get familiar with the task. Participants
directly started with the task in session 2 without additional practice. At
the end of session 2, participants performed a recognition task. They
were informed that some of the contexts had repeated during the ex-
periment, and were confronted with the 12 repeated and another 12
novel contexts, presented in random order. Participants had to decide
whether they had seen a context before. There were no time restric-
tions, we asked participants to decide intuitively. After the recognition
task, participants filled a follow-up survey about individual search
strategies and recognized experimental regularities. No participant re-
ported having noticed that the predominant distractor orientation
predicted reward magnitude.

3. Data analysis

To shed as much light as possible on the influence of reward on
contextual cueing, we used a two-fold approach to analyze the
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Fig. 1. Trial procedure of the contextual cueing task
(A) and experimental design of the study (B).
Participants searched the T-shaped target among L-
shaped distractors and reported the target’s orienta-
tion. Correct answers within 1600 ms after stimulus
onset were rewarded. Reward magnitude depended
on the predominant orientation of the distractors (B).
The orientation-reward assignment was balanced
across participants. The dotted squares (not visible in
the experiment) indicate potential target locations.
The same target locations were used for novel and
repeated contexts and each reward magnitude.

500 ms

high reward

main distractor

-

orientation: orientation: orientation:
+10

experimental data. First, we applied a linear mixed model with a
Frequentist evaluation. This part of the analysis aims to answer—with a
minimum of assumptions—whether different levels of reward have an
impact on how observers’ performance improves with repeated contexts
(modeled as differences in the slope of a linear decline in response
times, error rates, and fixation count). The second part of the analysis is
a Bayesian model comparison and parameter estimation approach. Here
the goal is to incorporate prior knowledge about the shape of learning
curves on the participant level and typical parameter ranges to tease out
further details about how contextual cueing is altered by reward.

3.1. Mixed model analysis

3.1.1. Response times and error rates

Trials with response errors (5.6% of trials) and response times
(RT) + 2 SD from the mean RT of each participant in each block were
excluded from the analysis (another 4.4% of trials). As contextual
cueing is an effect that develops with each context repetition in the
experiment, we applied a linear mixed model analysis for comparing
the RT pattern in novel and repeated contexts across experimental
blocks. As fixed effects, the model estimates a constant in block 1,
which is identical in novel and repeated contexts because in block 1, all
contexts are in fact “novel” to the participants. Starting from this con-
stant, the model describes the decrease of RTs with each subsequent
block by estimating slopes. The slopes of low reward contexts are
considered the baseline (cf. Fig. 2, left), and the model compares the
slopes of medium and high reward contexts with this baseline (cf.
Fig. 2, middle and right panels). The model includes random intercepts
and slopes. We report the estimated values of the model with the 95%
confidence interval in square brackets. The mixed model calculates the
estimates from the data based on single trials and was applied using
IBM SPSS Statistics 25.

First, we applied the model to our complete data set, including both
experimental sessions. In addition, we calculated the model separately
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