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Chapter 1. Introduction

1.1. Contextual-guided visual search

The Nobel peace laureate Albert Schweitzer once said, “Just as the wave cannot exist
for itself, but is ever a part of the heaving surface of the ocean, so must I never live my life for
itself, but always in the experience which is going on around me”. In our everyday activities,
no object appears in isolation, but rather exists within a rich environment that contains both
neighbouring objects and surrounding foreground/background contexts. To efficiently
identify a target in an environment with an overwhelming amount of visual information, we
have to select relevant while ignoring non-relevant information based on contextual analysis.
For example, searching for a pedestrian in a picture would be more efficient if relevant
regions of the picture (e.g., the roads) can be first quickly identified.

The ability to efficiently locate an object in a complex environment has been
extensively studied over the last decades (e.g., Muller, Heller, & Ziegler, 1995b; Miller &
Humphreys, 2003; Treisman, 1985; Treisman & Gormican, 1988; Wolfe, 2003b), and many
factors concerning bottom-up and top-down processing of visual search have been identified:
for instance, the bottom-up processing is driven by basic features and dimensions (e.g., color,
motion, various depths cues, etc.), and the top-down processing is a goal-driven process that
can be affected by various task requirements and prior knowledge (Wolfe, 1994a).

It is worth noting that, although filled with exhaustive visual information our visual
world is often highly structured and stable over time. The learning and usage of these
invariant relationships between different visual information - spatial context- can serve as an
important factor to facilitate visual search (Chun, 2000). By using the spatial context of

unchanged regularities in an environment, human and other animals can easily find an object
1



placed in that environment. Take a basic task of searching for a book as an example, assuming
a librarian knows well about the books in a library, it would be fairly straightforward for
him/her to find a particular book that a user requested. As a regular worker in the library, the
librarian has built a spatial map of the book order in his/her mind, thus helping him/her to
quickly locate the book. But sometimes such helpful guidance may fail when the book is
accidentally misplaced in a new location. In other words, the learned spatial regularities, such
as the spatial relationship among bookshelf and surrounding books which are associated with
the target (here the searched book), can be a useful spatial cue in helping the librarian’s book
search, when the spatial context remains unchanged.

The facilitation of invariant context in visual search, captured in the contextual cueing
paradigm, has been investigated first by Chun and his colleague (Chun & Jiang, 1998) and
then by a number of follow-up studies (e.g., Chun, 2000; Chun & Jiang, 1999; Conci, Miiller,
& von Mihlenen, 2013; Kunar, Watson, Cole, & Cox, 2013; Ogawa & Watanabe, 2010;
Tseng & Lleras, 2013). In a standard contextual cueing paradigm (e.g., Chun & Jiang, 1998;
Chun & Jiang, 1999), participants are asked to search for a target letter “T” and discriminate
its orientation among a number of distractors “L”s ( see Figure 1.1). Unbeknownst to the
participants, half of the trials have the same spatial configurations among the search items that
are repeated once per block during the experiments (hereafter we referred to it as “old”
context), while the other half have randomly reconfigured new spatial configurations among
the search items, and are never repeated during the experiments (hereafter referred to as
“new” context). As participants performed the task, a general learning facilitation is often
observed over trials for both old and new configurations, characterized by a progressive
reduction of search time. More importantly, the target discrimination is usually quicker when
it appeared in the invariant context than in the new context (Figure 1.1). The response

facilitation induced by the repeated context is referred to as the “contextual cueing effect”
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(Chun, 2000; Chun & Jiang, 1998; Chun & Jiang, 1999; Chun & Jiang, 2003; Chun &
Nakayama, 2000). Interestingly, this kind of facilitation is not explicitly known to
participants, in other words, participants learned the spatial regularities of the old contexts
incidentally. But nevertheless, the implicit context can guide participants’ attention efficiently
to the target locations as compared to the new contexts. Note the contextual cueing effect is
not tied to individual identities, but rather to spatial configuration. In a further experiment
(experiment 2), Chun and Jiang (1998) demonstrated that changing the characteristics of the
individual items (e.g., from “2” to “5”) while maintaining spatial configuration among search
items did not affect the learned context facilitation. This suggests that contextual cueing is

established not by learning the features of the stimuli, but by learning the spatial context.
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Figure 1.1 Schematic of spatial contextual cueing. a) A sample search array. The task was to search for
a rotate T target amongst L distractors. b) Search performance as a function of epoch was faster for
targets appearing in old configurations versus targets appearing in new configuration [This figure is

reproduced from (Chun, 2000)].



Following the seminal work of Chun and Jiang (1998), an ample amount of studies
have been conducted to better understand the underlying mechanisms of the contextual cueing
effect. To name just a few, studies have investigated various factors that may influence the
contextual facilitation in visual search, such as object and scene contexts (e.g., Rosenbaum &
Jiang, 2013; Van Asselen, Sampaio, Pina, & Castelo-Branco, 2011), awareness of contextual
learning (e.g., Schlagbauer, Miller, Michael, & Thomas, 2012; Smyth & Shanks, 2008),
neural correlates (e.g., Manginelli, Baumgartner, & Pollmann, 2013; Westerberg, Miller,
Reber, Cohen, & Paller, 2011), and eye movements behaviour during the contextual-guided
visual search (e.g., Geringswald, Baumgartner, & Pollmann, 2012; Tseng & Li, 2004; Zhao et
al., 2012). In particular, the effects of various types of contexts, such as the global structure,
local spatial configuration, and background features, have been widely investigated (Brady &
Chun, 2007; Brockmole, Castelhano, & Henderson, 2006; Brooks, Rasmussen, &
Hollingworth, 2010; Geringswald et al., 2012; Kunar, Flusberg, & Wolfe, 2006; Kunar, John,
& Sweetman, 2013; Olson & Chun, 2002; Song & Jiang, 2005; Van Asselen & Castelo-
Branco, 2009). However, the findings of these studies are inconclusive, and sometimes
contradict each other. For example, a recent study (e.g., Brockmole et al., 2006) found that the
well-established contextual cueing was maintained when global context was kept constant
(local context varied), but not when local context was kept constant (global context varied),
thus suggesting that the learning of global context is more important for contextual cueing .
On the contrary other studies found that local context is more important for the maintenance
of contextual cueing (e.g., Brady & Chun, 2007; Olson & Chun, 2002; Song & Jiang, 2005).
To date, however, the interaction between different contexts, such as global-local interaction,
or background-foreground interaction has been rarely examined (see Section 1.2). Given that

the local, global and background, foreground contexts usually coexist in a visual scene, it is



crucial to explore their interactions for better understanding of the mechanisms supporting
contextual cueing.

On this ground, the present thesis was designed to clarify the roles of different
contexts, namely the local, global, background, and foreground contexts, as well as their
interactions in contextual cueing. Specifically, the present thesis aims to answer the following
questions: 1) Can the contextual learning and retrieval be solely based on the local foveal
context without any aid of peripheral information? Is the peripheral information necessary in
the contextual retrieval? 2) To what degree can the contextual cueing be transferred from the
learned context to the novel display? 3) How do the local, global and foreground/background
contexts interact with each other in the contextual learning?

In the following sections (Sections 1.2-1.5), | will provide a more elaborate summary
of the effect of the global, local, and background contexts observed in the contextual cueing,
summarize the related open issues concerning contextual cueing (Section 1.6), and presented

the research topics of the current thesis (Section 1.7).

1.2. Roles of global versus local context in contextual-guided

visual search

It is generally agreed that global and local visual information is processed differently
(Brockmole et al., 2006; Hochstein & Ahissar, 2002; Murphy, Torralba, Eaton, & Freeman,
2006; Navon, 1977). Global information often accesses our consciousness quicker than the
local information (Hochstein & Ahissar, 2002; Navon, 1977; Schyns & Aude, 1994). Take the
classic Navon figure (Navon, 1977) for example, a large recognizable shape (e.g., a letter
“H”) that is composed of copies of a smaller different shape (e.g., letter “S”), demonstrates
that information processing is prioritized from the global to local manner analogically

expressed by Navon as “forest before trees”. This is also true for scene interpretation
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(Biederman, Mezzanotte, & Rabinowitz, 1982; Schyns & Aude, 1994; Torralba, Oliva, &
Castelhano, 2006), in which scene is first identified by low spatial frequency blobs and multi-
scale orientation filters, and then at high detail edges. Global feature, such as low spatial
frequency blobs, can be efficiently detected in a very short exposure (Schyns & Aude, 1994),
suggesting recognition process relies on coarse scene (blobs) information at the very first
stage, but on fine (edges) information at later stages. One purpose of prioritizing global
processing is to quickly compute a salient map of the scene, which can be used for bottom-up
attentional guidance (lItti, Koch, & Niebur, 1998).

The global-to-local processing for scene recognition poses an interesting question
regarding contextual-guided visual search: Are context learning and retrieval subject to a
global-to-local processing? How does global- and local-context information contribute to the
contextual cueing effect? While a number of studies have shown that the global invariant
context is crucial to develop contextual cueing (e.g., Brockmole et al., 2006; Kunar et al.,
2006), equal number of other studies have pointed out a dominant role of the local invariant
context that plays a key role in contextual learning and retrieval (e.g., Brady & Chun, 2007;
Olson & Chun, 2002; Song & Jiang, 2005). For example, Brockmole et al. (2006)
demonstrated that participants tended to associate the global context to the target’s location
when they were asked to search for a target letter embedded in a computer rendered virtual
scene, such as indoor library room. When the global predictive context (e.g., surrounded
objects) was changed, the learned contextual facilitation disappeared. However, when the
local background (e.g., the table on which the target is located) was altered, the learned
contextual facilitation was not affected. Their findings thus support the global preference in
the contextual learning. Similarly, Kunar et al. (2006) showed that global non-spatial
attributes, such as background colour or line patterns, can be used as a predictive context for

facilitating visual search. Note that the effectiveness of global predictive context in
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developing contextual cueing does not rule out the role of the local context. For example,
Olson and Chun (2002) demonstrated that contextual cueing associated more strongly to the
local context near the target than the context far from the target. Moreover, Brady and Chun
(2007) showed that contextual cueing developed even when the repeated context was only a
part of display, in such a way that the invariant context was limited to the target quadrant.

In summary, a number of studies have shown that both global and local contexts
contribute to the contextual cueing effect. Arguably, however, owing to the fact that these
studies mostly examined the influences of global and local context separately, their results
reveal little about how local and global contexts interact during contextual learning and
retrieval. Furthermore, in the studies that found global context to be a predominant factor for
the contextual learning (Kunar et al., 2006; Rosenbaum & Jiang, 2013), the “global” was
often referred to as the background colours or scenes that are separable from the search array
items. By contrast, in those studies supporting the importance of local context (e.g., Brady &
Chun, 2007; Olson & Chun, 2002; Song & Jiang, 2005), the term “global context” often
meant the global structure of the search array, not separated from the local search items. As a
result, the local and global contexts effects have not been neatly separated on the visual search
stimuli of the current studies. In order to solve this problem, gaze-contingent technique was

employed in one of my studies (see Chapter 2).

1.3. The transfer of contextual cueing after the configuration

changes

As reviewed above, contextual cueing is a facilitation effect that mainly comes from
the implicit learning of the invariant spatial context. And it has been shown that the learned
context can be maintained for at least one week (Chun & Jiang, 2003; Jiang, Song, & Rigas,

2005). By contrast, the learned context is sensitive to changes of the spatial configuration, that
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is, it is relative inflexible to transfer the contextual cueing from an old display to a new
display (with some variation from the old display). For example, convergent evidence has
been gained that the learned contextual cueing diminishes when the target, and only the target,
is re-positioned elsewhere in an old display (Chun & Jiang, 1998; Manginelli & Pollmann,
2009; Zellin, Conci, Von Mihlenen, & Miller, 2013; Zellin, Von Mihlenen, Miller, &
Conci, 2014). Brady and Chun (2007) found that the contextual cueing disappeared when the
old context at the target quadrant was moved to a different quadrant of the display. Similarly,
Endo and Takeda (2005) found the learned contextual cueing could not be transferred when
the context in sub-areas of the display was moved to a new location (e.g., swap the upper and
lower half panel of the display while keeping the configurations in each half panel constant).
The inflexibility of the contextual cueing suggests that the learned context has a
limited power of visual guidance. When some part of spatial context is changed, the cueing
effect can be easily destroyed. Other studies have shown that one must preserve some
predictability to maintain contextual cueing effective when the context is changed, and the
degree of predictability is positively correlated with the magnitude of the transfer effect of
contextual cueing (Chua & Chun, 2003; Conci & Miiller, 2012; Conci, Sun, & Mauller, 2011;
Song & Jiang, 2005; Zellin, 2012). For example, Chua and Chun (2003) have shown that the
magnitudes of the contextual cueing is negatively correlated with the degree of angular
changes of the learned 3D spatial displays. A similar finding was observed by Makovski and
Jiang (2010), in which the transfer of contextual cueing effect decreased as the target
appeared further away from its original learned location. Jiang and Wagner (2004) provided
similar evidence that the contextual cueing effect is not affected by the rescaled- or displaced-
display, as the rescaled or displaced “old” display still preserves the predictive power. Those

studies thus provide convergent evidence that predictability based on the invariant context is a



key factor for maintaining contextual cueing when the learned context is altered to a certain

degree.

1.4. Oculomotor behaviors in contextual-guided visual search

Eye movement is an important signature of visual information processing. For
example, important features of a scene that are relevant to the on-going task are often fixated
longer than others. Land, Mennie, and Rusted (1999) have shown that in a series of
meaningful actions, such as making a cup of tea, almost all fixations that were made were
directed to the object or objects involved in the current action (e.g., participants tend to fixate
at the kettle during the action “find the kettle” or “lift the kettle”). Thus oculomotor data, in
addition to manual responses, would help us to find the important information flow and the
related mechanisms during cognitive search task, such as the development of contextual
cueing during the visual search. Indeed, several studies of contextual cueing have shown a
reduction of number of fixations during search of repeated displays. More interestingly,
Peterson and Kramer (2001) revealed that in some trials, implicit memory was able to
precisely guide saccade to the target location immediately after the onset of the repeated
visual search display. Tseng and Li (2004) took a further look at a number of oculomotor
parameters that might accompany the learned repeated displays. However, the only different
oculomotor behaviour for the old display, compared to the new display, was the number of
saccade and inter saccadic fixation duration. They also found that the visual search involves
two phases: the initial ineffective and the subsequent effective search phases. During the
initial ineffective search phase, the eye movements were not monotonically (or consecutively)
getting closer to the target location, while in the effective search phase, eye movements are
directly driven towards the target location. In another recent study, Manginelli and Pollmann
(2009) examined oculomotor behaviour using a “misleading™ contextual visual search task.

9



Participants were first trained with a standard contextual search display. A significant
contextual cueing paired with a reduction of number of fixations for the repeated displays was
found in the training session. Similar to the findings aforementioned, an effective search
phase (characterized by earlier onset of a monotonic gaze approach phase towards the target
location) was observed for repeated displays (e.g., Peterson & Kramer, 2001; Tseng & Li,
2004). In a subsequent test blocks, the target’s location, but not the locations of distractors,
was changed. With this non-predictable variation, the learned context could not cue the
target’s location anymore; instead, it could mislead participants’ attention to the old target
location, where the target was not there. The change of the target’s location diminishes the
contextual cueing effect. In addition, the reduction of the number of fixations and the
effective search phase were gone during the test session (Manginelli & Pollmann, 2009).
While the reduction of the number of fixations / saccades has been consistently observed in
repeated displays, whether the repeated context affects the fixation duration is still unclear.
For example, Van Asselen and Castelo-Branco (2009) found a reduction of the mean fixation
duration for the old display compared to the new display. However, another recent study
(Zhao et al, 2012) failed to support the reduction of inter-saccadic fixation duration.

In summary, a number of recent studies have provided deeper understanding about the
contextual cueing mechanism by monitoring participants’ eye movement behaviour. In
general, it has been shown that the learning of repeated context leads to a reduction of the
number of saccades, possibly because the repeated context, compared to the new context,
guides participants’ attention towards the target location. However, divergent results on the

fixation duration in contextual cueing cry for further investigations.
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1.5. Awareness in contextual learning - implicit vs. explicit

learning

Implicit learning, although without a precise conceptual definition, usually refers to
the learning of complex information in an incidental manner, without awareness of what has
been learned. On the contrary, learning under hypothesis-driven and with fully conscious is
consider as explicit. The differences between implicit and explicit learning have been
summarized by Dienes and Berry (1997): 1) implicit, rather than explicit knowledge, is often
relatively inflexible in transfer to different domains, 2) implicit, rather than explicit, learning
occurs when attention is focused on specific items and not underlying rules, and 3) implicit
learning and the resulting knowledge are often relatively robust.

To examine the awareness of contextual cueing, a typical recognition task, in which
participants had to discriminate which display they had seen before, is usually adopted at the
end of the contextual cueing search task (e.g., Chun & Jiang, 1998, 2003; Pollmann &
Manginelli, 2009). The results often reveal that the old and new configurations cannot be
distinguished (coded as implicit memory), due to contextual cueing been mainly driven by the
incidental learning of old arrangements. While a great number of studies support implicit
nature of contextual cueing (Jiang & Swallow, 2013; Jiang, Swallow, & Capistrano, 2014;
Jiang, Won, & Swallow, 2014; Manginelli, Baumgartner, et al., 2013; Tseng & Lleras, 2013;
Zellin, von Muhlenen, Miller, & Conci, 2013), other studies have questioned such claim
(Brockmole & Henderson, 2006b; Conci & von Muhlenen, 2009; Geringswald et al., 2012;
Geringswald, Herbik, Hoffmann, & Pollmann, 2013a; Geyer, Shi, & Miuller, 2010;
Rosenbaum & Jiang, 2013). For instance, when search for a target in a nature scene, which
contains rich visual information, the learning of the scene is usually explicit (Brockmole &

Henderson, 2006a, 2006b; Rosenbaum & Jiang, 2013). It’s worth noting that the repeated old
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context can also be learned explicitly when searching for a target among distractors,
characterized by significant (or sometimes marginally significant) higher hit rates compared
to false alarm rates during recognition tasks (Conci & von Muhlenen, 2009; Geringswald et
al., 2012; Geringswald et al., 2013a; Geyer, Shi, et al., 2010; Heeger, 1997; Macmillan, 2002;
Shi, Zang, Jia, Geyer, & Miiller, 2013). Using concurrent access-consciousness paradigm,
Smyth and Shanks (2008) and Schlagbauer et al. (2012) have further suggested that some of
the spatial configurations are accessible to awareness.

In short, contextual cueing learning is largely based on implicit long-term memory, but
also supported in some degree by explicit memory. Explicit or implicit learning depends on
different types of visual stimuli, such as nature scene or non-scene search arrays. When nature
scenes are used as visual stimuli, explicit learning is more likely to be involved (e.g.,
Brockmole et al., 2006; Brockmole & Henderson, 2006a; Rosenbaum & Jiang, 2013). In
contrast, when the display consists of non-scene items (e.g., with an array of letters or

numbers), by and large implicit learning is dominated on contextual cueing.

1.6. Open questions related to contextual-guided visual search

As reviewed above, most of the previous studies investigated the role of either the
local (a number of visual search items near the target location) or the global context (e.g.,
visual search items far away from the target’s location), whereas the interaction between them
was rarely examined. Furthermore, the effect of different associations between background
and foreground contexts in contextual cueing effect is also largely neglected in the literature.
Given that visual context in nature environment often involves different types of contexts
(e.g., local/global context or foreground/background contexts), investigating the roles played
by these contexts in contextual-guided visual search would be crucial for understanding
mechanisms of contextual cueing.

12



1.6.1. Do local and global contexts affect differentially on context learning

and retrieval?

A number of studies have found that preserving the local context near the target
location, rather than the global configuration, is critical for developing a contextual cueing
effect (Brady & Chun, 2007; Olson & Chun, 2002; Song & Jiang, 2005). On the contrary,
using natural scene Brockmole et al. (2006) revealed that the global context (i.e., the whole
view of the scene) plays a more important role than the local context (e.g., a table inside
library with target on top of it) in developing the contextual cueing effect. Several subsequent
studies (e.g., Kunar et al., 2006; Kunar, John, et al., 2013) have found that the global context
(e.g., background colour) is able to boost contextual cueing. It is worth noting that the local
and global contexts haven’t been strictly manipulated independently in those studies. Often,
the local and global contexts are mixed together in the presentation of the whole visual search
display. In such a whole view display, there is no way to keep global context constant while
changing the local context. The natural link between the local and global contexts may lead to
confounding observations in previous studies. This begs a number of intriguing questions: Is a
pure local invariant context, without peripheral global information, sufficient to generate a
contextual cueing? Or is it necessary to include a certain amount of global context for context
learning and retrieval? Do the local and global contexts interact in contextual learning or/and
contextual retrieval? Can the constant context be explicitly learned when only the local

context near the fixation is presented at any given time during visual search?

1.6.2. To what degree can contextual cueing be transferred from the learned

to novel displays?

The transferability is an important measure of the flexibility of contextual cueing,

which can provide guidelines for developing user-friendly applications. For example, suppose
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we get familiar with the arrangement of icons, including the weather-app icon, on a particular
display mode (e.g., landscape) in an iPad. As a result we can find the weather app without any
effort; however, when the display mode is changed from the landscape to the portrait mode,
spatial configuration among icons will be changed accordingly. Can we still efficiently locate
the weather app? This is a typical example of the transfer effect of contextual cueing.

As reviewed in section 1.3, a number of studies have provided insightful evidence of
the transfer effect of contextual cueing (Chun & Jiang, 1998; Makovski & Jiang, 2010;
Manginelli & Pollmann, 2009; Zellin, 2012; Zellin, Conci, et al., 2013; Zellin et al., 2014).
For instance, the transfer effect from the learned to novel displays is robust for geometric
transformation that preserves the predictability of the target, but it can easily vanishes when
the predictability is destroyed. However, none of the previous studies have investigated the
transferability of contextual cueing when the display mode changes. Applying contextual
cueing to the mobile application, we ask the following questions: is it possible to preserve the
well-established contextual cueing when the display mode switching between landscape and
portrait display mode? Are there any optimal remapping methods of icons rearrangements that
can maximize the transferability of contextual cueing when shift the display modes? These

open questions are examined in the second study of the present dissertation.

1.6.3. Does the foreground/background information of the search display

affect contextual representation?

When the external visual world projects onto the retina, it forms a 2-dimensional
retinotopic representation. In spite of this, we perceived a coherent world of meaningful
objects that are effortlessly segregated from the background. This phenomenal experience
arises from foreground-background segmentation processes (Caputo, 1996; Caputo & Casco,
1999). It has been shown that the segmentation processes substantially constrain attentional

14



processes, as well as the reverse influence — the segmentation itself can be modulated by
attention (Driver, Davis, Russell, Turatto, & Freeman, 2001b). For example, selective
attention can push part of information to the background, thus it boosts relevant visual
information processing, and facilitate search performance (Cave & Bichot, 1999; Wolfe,
2003b). Similarly, selective attention and foreground-background segmentation greatly
influence the contextual representation. For example, it has been revealed that when the
search display consisted of a white target “T” among black and white distractors (“L”s) in a
contextual cueing task, only those distractors with the same colour as the target were
constructed into contextual memory (Jiang & Leung, 2005). The distractors with target-
unrelated colour were simply pushed to the background, and ignored. It should be noted
however, the feature of foreground/background is not fixed, but rather depends on the tasks.
For example, when you search trees on Google earth map, roads may consider as irrelevant
background. However, when you search cars on the same map, roads could be a useful
background, as the background (roads) and foreground (cars) are strongly coupled.
Considering selective attention as an argument, several questions related to the role of
foreground/background context in contextual cueing are still open: Would different item-
independent visual information (e.g., foreground vs. background information) be encoded
together with the foreground item configuration during spatial context learning and retrieval?
Does contextual representation depends on the properties (i.e., foreground vs. background) of
the visual information on the display? Does image segmentation interact to contextual cueing?

These questions are examined in the third study of the present thesis.

1.7. Cumulative research work

To address those open issues stated above, the present Ph.D work mainly focus on the
following research topics:
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1.7.1. Learning locally, retrieving globally - Evidence of contextual cueing

with gaze-contingent visual search task

The first study of the thesis (Experiments 1-3) was proposed to answer the question
concerning interactions between the local and global contexts. In order to examine whether
pure local information, in the absence of any global-structure information, is sufficient for
contextual guidance in visual search during the training session of the present experiments, a
gaze-contingent technique (e.g., Loschky & McConkie, 2000) was employed in the standard
contextual cueing paradigm (e.g., Chun & Jiang, 1998), such that the local foveal information
can be presented separately from the global peripheral information. In the following transfer
sessions, the gaze-contingent was removed to examine if the availability of the peripheral
global information helps contextual-guided visual search.

In the first experiment, the size of gaze-contingent view area (i.e., the visible region
near the fixation) was set to 8°. On average, 2.09 items out of the total 12 items are visible.
The results showed no contextual cueing effect in the training session, but significant
facilitation with faster RT for repeated display compared to novel display in the transfer
session, in which the whole display was visible. Moreover, the context facilitation was
already visible during the first block of the free-view transfer session. The finding of
Experiment 1 suggests that the repeated context can be learned with limited local information,
but cannot be effectively retrieved in the absence of the peripheral information. One question
remains, whether the local information is too scarce, such that the contextual cues are hard to
retrieve. Thus, in a second experiment we extended the local visual area from 8° to 12°, on
average, 4.69 items were visible inside view area (the number of items was doubled). This
time we found a significant contextual facilitation in both training and transfer sessions,
suggesting that information within the 12° view angle provides sufficient spatial configuration

for both contextual learning and retrieval. Experiment 3 was designed to further investigated
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whether a brief preview (150 ms) of the global context prior to the gaze-contingent search
display (8°) can aid contextual cueing retrieval. Again, Experiment 3 revealed significant
contextual cueing effect in both sessions, in line with Experiment 2. Further eye movements
analyse revealed that the contextual cueing facilitation was associated with reduced number of
saccades and extended fixation duration for old display compared to new display.

In summary, the Study 1 investigated the interaction of local/global context in
contextual guided search by employing gaze-contingent techniques. We found that repeated
spatial context can be implicitly learned but not retrieved, based on scarce local information
with only 2~3 visual items available under gaze-contingent limited view. In order to
effectively retrieve the learned contextual cueing, some global peripheral information (e.g.,

the global brief preview or larger size of gaze-contingent view) must be available.

1.7.2. Transferability of contextual cueing in full-icon display remapping

The second study was designed to investigate whether learned contextual cueing can
be transferred when display orientation (or display mode) was changed. Changes of the
display modes (e.g., from the landscape to the portrait) happen regularly when you use a
mobile device, such as an iPad. After a change of display mode, the icons on the display are
shuffled: the positions of icons in one mode are remapped to the other mode by keeping the
positional order (left to right and up to down) constant across all icons. Although this
remapping method preserves the positional order and most of the horizontal inter-icon
relationships, it destroys almost all local icon relationships (or local context), when the
display is arranged as a rectangle (see more details in chapter 3). As we reviewed above, the
transferability of the learned contextual facilitation will also be destroyed. To develop better
icon-remapping methods for future mobile interaction, four experiments with “full-icon”

displays were designed in the second study to investigate the transferability of the contextual
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cueing between two different display modes. Thus, besides the available “position-order”
remapping method, three other remapping methods, namely, “global rotation”, “local
invariant” and “central invariant” remapping methods were examined in four separate
experiments. For the “global rotation” remapping method, the whole display rotated 90°
clockwise when the display mode varied from landscape to portrait by keeping icon-icon
spatial configuration constant. For the “local invariant” method, 5 local regions were kept
constant after the change of the display mode, while the “central invariant” remapping
methods kept the icons in the central maximal square region unchanged (see details in chapter
3). Each experiment includes three sessions: training, transfer and recognition sessions. The
landscape displays were used in the training session, and in the subsequent transfer session,
the same displays were remapped to portrait display mode according to the four different
remapping methods. Last but not the least is the recognition session that is aimed to test
whether participants had learned the context explicitly or not.

All experiments resulted in robust contextual cueing effects after the training.
Interestingly, the learned context was only successfully transferred to the novel portrait mode
for the “local invariant” or “central invariant” remapping methods, but not for the “position-
order” and the “global rotation” remapping methods. The results suggest the traditional
“position-order” remapping used in current mobiles is not optimal in helping user's search
performance for display mode changes. Moreover, the “global rotation” remapping method,
although it happens frequently during everyday life, does not facilitate users’ performance,
partly due to requiring additional mental resource for mental rotation (Bdckler, Knoblich, &
Sebanz, 2011; Borst, Kievit, Thompson, & Kosslyn, 2011; lonta & Blanke, 2009; Shepard &
Metzler, 1971). Most importantly, the learned contextual cueing was preserved by keeping
invariant local context at maximum across display modes using the “local invariant” or

“central invariant” remapping methods. A further interesting finding of the second study is
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that more than 80% of participants reported that they have noticed the repetition of displays
during the visual search task, suggesting that observers were able to explicitly recognize the

displays, and remapping did not hamper explicit recognition.

1.7.3. Interaction between foreground/background item-independent

information and configural context in contextual cueing

Our first study found that contextual cueing can be learned based on scarce local
information; however, to effectively retrieve the learned context, a certain amount of visual
information or global context must be available. In the second study, we found that the
learned context can be transferred to a novel display mode that most of the local
configurations were preserved. In the third study of three experiments (Experiment 8, 9 & 10),
we focus on whether item-independent information can be encoded together with the spatial
configural context, and whether the learning and expression of contextual cueing depends on
the characteristics of the item-independent features (i.e., foreground or background
information) on the visual search display. The visual search stimuli used in the present
experiments was made up of a item-independent geometric shape (i.e., a drawing pseudo
cuboid shape which is presented on 2D plane) and a standard foreground visual search array
(i.e., a target “T” among a number of distractors “L’s) that were used as in the standard
contextual cueing paradigm (Chun & Jiang, 1998). During the training session, the feature of
the item-independent cuboid was manipulated as foreground in Experiment 8 but as
background in Experiments 9 and 10. In a subsequent transfer session, the item-independent
cuboid was either titled 90° or removed, to examine whether the learned contextual cueing
can be transferred or not. The results showed a significant contextual cueing effect during
training session in all the three experiments; however, the established cueing was transferred
from the old to the novel display only when the cuboid was presented as background
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information (Experiment 9 and 10), but not when it was controlled as foreground information
(Experiment 8). The findings suggest that the contextual cueing effect developed with the
reference to both foreground item-independent shape and visual search items, whereas the
cueing was not preserved when the foreground shape was varied or removed. By contrast,
when the cuboid was presented as background, the contextual cueing developed solely based
on the foreground configural information, rendering itself less vulnerable when the cuboid is
changed. In conclusion, the involvement of item-independent shape during contextual cueing
learning and retrieval depends on its foreground/background features on the visual search

display.

1.8. Conclusion

In summary, the present thesis comprises of three studies that investigated the
differential roles played by global-local, and foreground-background contexts, as well as the
interactions among different contexts in contextual-guided visual search. By combining gaze-
contingent technique with a standard contextual cueing paradigm in Study 1, we found that
contextual cueing can be learned based on pure local information, but peripheral global
information is needed in order to retrieve the learned contextual cueing. In the second study,
we found that keeping the local context invariant is crucial to maintain the contextual cueing
after the display mode varied (e.g., from landscape to portrait). In the third study, the feature
(i.e., foreground vs. background) of the context was found to be an important factor in
contextual learning and its retrieval: the foreground context is likely to be encoded while the

background context is most likely to be ignored during the contextual learning.
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Chapter 2. Invariant spatial context is learned
but not retrieved in gaze-contingent limited-

viewing search

2.1. Abstract

Our visual brain is remarkable in extracting invariant properties from the noisy
environment, guiding selection of where to look and what to identify. However, how the brain
achieves this is still poorly understood. Here we explore interactions of local context and
global structure in the long-term learning and retrieval of invariant display properties.
Participants searched for a target among distractors, without knowing that some, “old”
configurations were presented repeatedly (randomly inserted amongst “new” configurations).
Crucially, we simulated tunnel vision, limiting the visible region around fixation. Robust
facilitation of performance for “old-" vs. “new” contexts was observed when the visible
region was large, but not when it was small. However, once the display was made fully
visible during the subsequent transfer phase, facilitation did become manifest. Furthermore,
when participants were given a brief preview of the total display layout prior to tunnel view
search with only two items visible, facilitation was obtained already during the learning
phase. The eye movement results revealed contextual facilitation to be coupled with changes
of saccadic planning, characterized by slightly extended gaze durations but a reduced number
of fixations and shortened scanpaths for “old” displays. Taken together, our findings show

that invariant spatial display properties can be acquired based on scarce, para-/foveal
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information, while their effective retrieval for search-guidance requires the availability (even

if brief) of a certain extent of peripheral information.

Keywords contextual cueing, learning, memory retrieval, eye movements
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2.2. Introduction

The ability to learn spatial context is vitally important for humans and other animals,
as spatial context can improve the efficiency of foraging and other search tasks. In our
everyday lives, we frequently use contextual cues to find a specific target object, for example,
when looking for the stapler first in its “usual” place on the desk, when looking for the
neuroscience book straight on the left side of the lower bookcase shelf as it is normally placed
there, or when tapping immediately the weather icon at the center of the iPad display without
much search effort as the task has been repeated many times. However, when such target
objects are accidently misplaced to a “new” location, for instance, when the weather icon is
shuffled to another position due to a change of the display mode (Shi et al., 2013), we often
need additional time and effort to find them. The fact that spatial contextual information
facilitates visual search, referred as to “contextual cueing”, has attracted much attention in
recent years (for a review, see Chun, 2000; Oliva & Torralba, 2007).

Concerning spatial information, researchers generally agree that two types of
information, namely: global and local spatial configuration, contribute to object localization
and identification processes (Hochstein & Ahissar, 2002; Navon, 1977; Schyns & Aude,
1994). One still open question with regard to contextual cueing is how global and local
context information interact during contextual learning and retrieval (Brady & Chun, 2007;
Brockmole et al., 2006; Brooks et al., 2010; Kunar et al., 2006; Olson & Chun, 2002;
Rosenbaum & Jiang, 2013; Song & Jiang, 2005). Global context has been shown to be an
important factor in contextual learning and transfer (Brockmole et al., 2006; Brooks et al.,
2010; Kunar et al., 2006; Rosenbaum & Jiang, 2013). For example, Brockmole et al. (2006)
demonstrated that in search of naturalistic scenes, contextual cueing is biased to global-
context associations. In their experiments, participants were asked to search and identify an

arbitrarily located target letter within a computer-rendered realistic scene, where the “local”
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context was defined as a set of objects near the target, while the remainder of the scene was
referred to as “global” context. Brockmole et al. (2006) found contextual cueing to manifest
after repeated exposure to certain displays. However, the acquired cueing effects transferred
from the learning to the test session only for search displays that maintained the global
information, but not for displays that only maintained the local set of objects near the target.
Similarly, Kunar et al. (2006) found predictive global background context (e.g., background
scene colors or line patterns) to facilitate visual search. More recently, Rosenbaum and Jiang
(2013) initially trained participants on displays in which the target locations were predicted by
both background scene context and array-based context (i.e., the arrangement of the display
items), and then tested participants either with displays that included the same background
context but varied the array context, or displays that included the same array context but
varied the background context. Rosenbaum and Jiang (2013) found that contextual facilitation
was transferred from the training to the test phase when the background scene was the sole
predictive search cue, but not with the array of search items as the sole cue — suggesting that
global background scene contextual cueing precluded item-based cueing when both were
predictive of the target location. However, in other studies without any manipulation of
background context, local invariant array-based context appeared to be sufficient for
generating contextual cueing - that is, cueing manifested even if (some of the) items beyond
the local region underwent positional changes (Brady & Chun, 2007; Olson & Chun, 2002;
Song & Jiang, 2005). For instance, Olson and Chun (2002) examined contextual cueing
effects under partly invariant display configurations - in which the items in one half of the
display were kept constant while the items in the other half varied in their positions. They
observed a significant contextual cueing effect when the target appeared in the invariant, but
not when it appeared in the other, half of the display. The importance of local context has also

been confirmed by several other studies (Brady & Chun, 2007; Song & Jiang, 2005), all
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suggesting that partial local predictive information provided by repeated items near the target
is sufficient to induce contextual cueing.

The studies reviewed above make valuable contributions to understanding the
fundamental roles of global and local information in contextual learning and retrieval, by
showing that both global and local context information can contribute to the cueing effects.
However, global and local context are not explicitly defined in these studies. Local context
often implicitly refers to the local spatial configuration near the search target (e.g., Brady &
Chun, 2007; Olson & Chun, 2002; Song & Jiang, 2005), while the global context generally
refers to background colors or scene properties, separable from the search items (e.g., Kunar
et al., 2006; Rosenbaum & Jiang, 2013). This kind of global and local context information
differs from eye-centered para-/foveal local and peripheral global information. In a typical
search task, the eyes move from one location to another, continuously bringing display
regions of interest into the fovea, guided by a map of overall-saliency or “priority” signals
(the latter combining both bottom-up and top-down information) (lItti & Koch, 2001; Miiller,
Heller, & Ziegler, 1995a; Wolfe, 1994b). Recently, it has been shown that loss or degradation
of foveal vision can eliminate the contextual advantage conferred by repeated displays in
visual search (Geringswald et al., 2012; Geringswald et al., 2013a), suggesting that foveal
local information plays a critical role in contextual learning and retrieval. On the other hand,
degenerative eye diseases, such as retinitis pigmentosa (RP), often cause the loss of peripheral
vision, resulting in a constricted, “tunnel” vision (Hartong, Berson, & Dryja, 2006). Yet, it
remains unclear whether pure eye-centered local information, in the absence of any peripheral
global-structure information, would be sufficient for contextual guidance in visual search.

The present study, of three experiments, was designed to fill this gap in our
knowledge. If contextual cueing were solely based on para-/foveal local learning, the

availability of local context should suffice for a contextual-cueing effect to manifest using
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simulated tunnel vision, in which only the items in the vicinity of each fixation position are
visible. This hypothesis derives partially from several previous studies (Brady & Chun, 2007;
Olson & Chun, 2002) suggesting that two to three local items near the target can provide
enough information for contextual cueing to develop. By contrast, if the presence of global
peripheral structure is necessary for learned contexts to be retrieved and guide visual search,
then the lack of peripheral information should impede contextual cueing. To examine these
alternative predictions, we simulated tunnel vision using a gaze-contingent viewing technique
in a classic contextual-cueing visual search paradigm. Based on real-time tracking of the eye
position, gaze-contingent tunnel viewing of the search display provides detailed local
information within the central para-/foveal area, and only coarse information in the periphery
(Loschky & McConkie, 2002; Loschky & McConkie, 2000; Parkhurst, Culurciello, & Niebur,
2000). Accordingly, in Experiments 1 and 2, we manipulated the size of the viewing tunnel to
ascertain whether pure eye-centered local information is sufficient to generate a contextual
cueing effect, as well as examining for differential oculomotor scanning behavior between old
(repeated) and new display configurations. In Experiment 3, we further examined for potential
cueing benefits deriving from brief previews of the global item layout for the subsequently

performed gaze-contingent search of the target display.

2.3. Experiment 1

Experiment 1 examined whether para-/foveal local spatial context, in the absence of
peripheral global structure, would suffice to engender a classic contextual-cueing effect, and
whether the learned context could be transferred to the search display with the global
configuration (i.e., whole display) presented without limitation. To this end, a standard
contextual-cueing search paradigm (Annac et al., 2013; Chun & Jiang, 1998; Schlagbauer et
al., 2012) was adopted in Experiment 1: participants were presented with a sequence of trials
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on which they searched for a target letter “T” among distractor letters “L”, and responded to
the target T’s orientation. The experiment consisted of three sessions: a “training”, a
“transfer”, and a “recognition” session. During training, the search display was visible only
within a region around the gaze location at any given time (i.e., tunnel view). To examine
whether the context acquired during the training session, if any, could be transferred to a free-
view search condition, the whole display was visible in the transfer session. The final
recognition session examined whether or not participants were able to explicitly tell apart
repeatedly encountered (i.e., “old-context”) from ad-hoc generated (i.e., “new-context”)

displays.

2.3.1. Materials and Methods

Participants. 13 participants (7 females, mean age: 23.8 years) with normal or
corrected-to-normal visual acuity took part in Experiment 1. They gave written informed
consent in accordance with the declaration of Helsinki 2008, and were paid for their
participation. None of them were aware of the purpose of the study.

Apparatus. The experiment was conducted in a dark cabin (0.35 cd/m?). The search
display was presented on a 19-inch CRT monitor, with a refresh rate of 100 Hz, at a viewing
distance fixed to 54 cm with the support of a chin rest. Movements of participants’ dominant
eye were monitored using an Eyelink 1000 desktop-mounted system (SR Research Ltd.,
Canada), set at a sampling rate of 1 kHz. Stimulus presentation, response recording, and eye
movement sampling were controlled via a Matlab program using the Psychtoolbox and the
Eyelink Toolbox (Brainard, 1997; Cornelissen, Peters, & Palmer, 2002).

Stimuli. The search display consisted of one “T”-shaped target and eleven “L”-shaped
distractors (43.2 £1.9 cd/m2). The stimuli were positioned randomly at 12 of the 44 possible

locations within a circular display matrix, with a diameter of 16° of visual angle (see Figure
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2.1A). Both “T” and “L” shapes were composed of two equal-length lines (1°), one horizontal
and one vertical. In “T” stimuli, the lines’ contact point was at the tip of the vertical line and,
respectively, the center point of the horizontal line; in “L”-shaped stimuli, the contact point
was at the tip of the vertical line and the left side of the horizontal line with a 0.2° offset to the
tip; the offset construction of the “L” stimuli was meant to increase the difficulty of the search
task. In the search display, the L shapes could appear in one of the four orthogonal rotations,
while the T shapes were rotated either 90° to the left or 90° to the right, requiring a “left” or,
respectively, “right” response (see below).

Two types of the search configuration were constructed and presented in Experiment 1
(as well as the subsequent experiments): “old” and “new” configurations. “Old” configuration
consisted of 8 randomly generated displays, which were kept unchanged during the whole
experiment, and were presented on randomly selected trials within each block and repeated
throughout the experiment. “New” configurations, by contrast, consisted of 8 newly generated
displays for each block. To balance the target locations between “old” and “new” displays,
target locations were distributed equally across the display’s 4 quadrants for both types of
display; that is, for both “new” and “old” configurations, there were two randomly selected
target locations in each quadrant (the only constraint being that the center four locations never
contained a target). In addition, target orientation was randomized across the generated
displays.

Participants viewed the (visible parts of) search display through a gaze-contingent,
tunnel window. The location of the window depended on the participant’s current gaze
coordinates, which were on-line updated through the Eyelink toolbox (Cornelissen et al.,
2002). The default psychophysical sample configuration of the Eyelink 1000 (i.e., saccade
velocity threshold set as 22°/s, saccade acceleration threshold set as 4000°/s%) was adopted for

the eye data samples. Average delays from eye movement to position data availability were
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less than 10 ms, that is, the display was updated either immediately in the next refresh cycle
or within a maximum delay of 20 ms (for eye movements that were detected only towards the
end of a given screen refresh cycle). The visible tunnel was 8° in diameter and consisted of a
fully visible central para-/foveal area of 5°, and an outer ring (from 5°- 8°) with a gradual
transition, realized using a Gaussian blob filter, from fully visible to nonvisible information.
The remainder of display was completely blank, providing no global information as to the
layout of the search display (see Figure 2.1 B). On average, 2.09 out of the 12 display items
were visible inside the gaze-contingent viewing area. When the gaze coordinates were

unavailable due to eye blinks or signal losses, the display was kept completely blank.
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Figure 2.1 A) A spatial matrix with 44 possible locations was used in the experiments. Search items
were randomly distributed across these locations. The grid, numbers, and the circle were invisible
during the actual experiments. B) Example of a gaze-contingent search display with 8° in diameter.
The items in the inner, central area around the current fixation position (5° in diameter) was fully
transparent, while the items in the outer ring (between 5° and 8°) underwent a gradual transition from
fully transparent to fully opaque using a Gaussian filter. The circles and arrows are drawn only for

illustration.
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Design and Procedure. The experiment consisted of three sessions: training (25
blocks), transfer (5 blocks), and recognition (1 block). Each block consisted of 16 trials, with
8 “old” and 8 “new” configurations. All visual search displays were presented under
conditions of dynamic tunnel viewing in the training session, while the whole displays were
visible during the transfer and the recognition session.

In the training and transfer sessions, participants were asked to discriminate the
orientation of a target letter “T” (randomly oriented either 90° or 270°) among distractor “L”s
(randomly oriented 0°, 90°, 180° or 270°) as fast and accurately as possible by pressing a key,
either the left or the right arrow key on the keyboard, using their index fingers. A trial started
with the appearance of a central fixation point which participants were instructed to fixate.
The fixation marker disappeared after 500 ms of continuous gaze, immediately followed by a
search display. Participants were allowed to search the display freely without any restriction
on making eye movements. The search display disappeared when a response was made or
when the presentation exceeded 15 seconds. After a random interval of 1.0-1.2 seconds, the
next trial started (see Figure 2.2).

The last, recognition session included the original 12 repeated and another 12 newly
generated displays, with both types of display presented in free view and in randomized order.
Participants were asked to indicate whether or not they had previously seen a given display
during the course of the experiment. The display was presented on the screen until the
response was made. Participants were expressly told that about half of the displays were
repeated and the other half new. No feedback about the correctness of the answer was given.

To increase the power of statistical analyses, every 5 consecutive blocks were grouped
into epochs, forming the epochs 1-5 for the training session and epoch 6 for the transfer

session.
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Figure 2.2 Schematic illustration of the search paradigm. The upper path (marked by the dash-dot
lines) indicates the procedure of gaze-contingent limited-viewing search implemented in the training
phases of Experiments 1 and 2. The middle path (marked by the dashed lines) indicates the procedure
of (brief, 150ms) preview display followed by gaze-contingent limited-viewing search implemented in
the training phase of Experiment 3, and the lower path (marked by the solid lines) illustrates the

procedure in the transfer phase of all three experiments. ITI = inter-trial interval.

Data analysis. Invalid gaze samples due to eye blinks or signal losses were discarded.
Furthermore, nearby short fixations (< 50 ms) separated by small movement distances (<
0.5°) were classified as gaze “dwells” and merged into a single gaze episode, using a custom-
made Matlab script. Following these refinements, the average fixation duration was 273 ms.

Three different measures of oculomotor behavior were calculated for each trial: (i) the
number of fixations during the search, (ii) the mean fixation duration, and (iii) the efficiency

of the scanpath towards the target. For measures (i) and (ii), the first fixation was not included
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to avoid possible contamination by the initial mandatory fixation. Measure (iii) was
operationalized by calculating the “scanpath deviation”, that is, the difference between the
total saccadic distance of the fixations during the actual scanpath (i.e., the total length of the
actual scanpath) and shortest distance from initial fixation to the target (i.e., the length of the
shortest possible scanpath). This measure is similar to the “scan pattern ratio” (i.e., the ratio
between the total distance covered by the eye during the search and the shortest scanpath)
used in previous studies (Brockmole & Henderson, 2006a; Geringswald et al., 2012;
Geringswald et al., 2013a). Arguably, the “scanpath deviation” measure is preferable because
it avoids distortions introduced by extreme denominators in the “scan pattern ratios”, thus
ensuring normally distributed data for further statistical analysis.

Repeated-measures analyses of variance (ANOVAS) were carried out on reaction times
(RTs), number of fixations, fixation durations, and scanpath deviations, with degrees of
freedom Greenhouse-Geisser corrected if the sphericity assumption was violated. Further
LSD contrast tests were carried out as necessary. In addition, JZS Bayes factors
(null/alternative) (Rouder, Speckman, Sun, Morey, & Iverson, 2009) were calculated for those
results that favoured the null hypothesis. According to Jeffries (1961), a value greater than 3

provides “substantial” evidence for choosing the null hypothesis.

2.3.2. Results

Trials with erroneous responses or reaction times (RTs) outside the range 0.2 s and 10
s were excluded from analysis. Both the overall mean error and outlier rates were low (errors:
1.15%; outliers: 3.93%). The error rates were comparable across all conditions: context, F(1,
12) = 3.25, p = 0.10, nj = 0.21; epoch, F(2.43, 29.14) = 2.2, p = 0.12, n5 = 0.16; and
interaction, F(5,60) = 0.66, p = 0.66, n; = 0.05, revealing no evidence of performance
accuracy improving as a result of training.
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Training session. Two-way repeated-measures ANOVAs, with context (old vs. new)
and epoch (1-5) as factors, were applied to the (individual-condition) mean RTSs, the mean
number of fixations, the mean scanpath deviation, and the mean fixation duration. Note that
the major part of the RT is the time required for the search (as compared to the time taken for
discerning the target orientation and selecting and executing the appropriate response), and
the search time can be “reconstructed” from the number of fixations and the respective
fixation durations. Accordingly, some similar result patterns were expected among these

analyses (see Figure 2.3).
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Figure 2.3. Results of Experiment 1. Mean reaction times (A), mean number of fixations (B), mean
fixation duration (C), and scanpath deviation (D), all with associated standard errors, are shown as a
function of experimental epoch and display context (“old”, indicated by solid-diamond lines, vs.
“new”, indicated by dash-dot lines). Epochs 1-5 represent the training session with the tunnel view

display, and Epoch 6 (in the dashed box) represent the transfer session with the free-view display.

33



A significant effect of procedural learning (over epochs) was observed in both the RTs
and the number of fixations, with an average reduction of 406 ms in RT, F(4,48) = 5.03, p <
0.01, n; = 0.30, and 1.44 fewer fixations, F(4,48) = 5.84, p < 0.001, n; = 0.33, in the epoch 5
compared to epoch 1. However, there were no significant changes over epochs in the scanpath
deviation, F(4,48) = 0.61, p = 0.66, n;; = 0.05, and the mean fixation duration, F(4,48) = 0.93,
p = 0.46, n2 = 0.07.

Of major importance, in the training session, we failed to observe any contextual-
cueing effect, that is, any difference between “old” and “new” configurations, in any of the
four measures: mean RTs, F(1,12) = 0.35, p = 0.57, n; = 0.03, JZS Bayes factor
(null/alternative) = 2.60; mean number of fixations, F(1,12) = 0.16, p = 0.70, n; = 0.01, JZS
Bayes factor = 3.16; scanpath deviation, F(1,12) = 0.001, p = 0.98, n; = 0.001, JZS Bayes
factor = 4.22; and mean fixation duration, F(1,12) = 0.04, p = 0.85, nj =0.003, JZS Bayes
factor =4.72. The Bayes factors were close to or greater than 3, indicative of “some” to
“substantial” evidence in favor of the absence of a contextual-cueing effect in the training
session. In addition, the two-way (epoch x context) interactions were non-significant in all
four measures: RT, F(4,48) = 1.72, p = 0.16, n, = 0.13; mean number of fixations, F(4,48) =
1.75, p = 0.15, n; = 0.13; scanpath deviation, F(4,48) = 1.13, p = 0.35, n; = 0.09; mean
fixation duration, F(4,48) = 0.82, p = 0.52, n; = 0.06. These results indicate that gaze-
contingent tunnel viewing - providing only limited, local information during search - prevents
either contextual learning altogether or the retrieval of learned context.

Transfer session. Interestingly, when comparing “old” to “new” contexts in the
transfer session (epoch 6), the contextual-cueing effect turned out significant and manifest in
all four measures: there was a reduction of 466 ms in mean RT, F(1,12) = 23.89, p < 0.001,
r),z, = 0.67; a reduction of 2.01 in the mean number of fixations, F(1,12) = 23.93, p < 0.001, n,%
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= 0.67; a reduction of 6.76° in scanpath deviation, F(1,12) = 35.60, p < 0.001, ;, = 0.75; and
an increase of 24.41 ms in the mean fixation duration, F(1,12) = 8.38, p < 0.05, ; = 0.41. A
further one-way repeated-measures ANOVA of the mean RTs in the very first block (of the 5-
block epoch) of the transfer session revealed significantly faster responses — a very substantial
reduction of 719 ms — for “old” compared to “new” contexts, F(1,12) = 35.36, p<0.01, n; =
0.75, strongly suggesting that the contextual-cueing effect, rather than being due to fast
learning in the transfer session, was transferred from the training session.

To examine more closely whether dynamic tunnel viewing causes a change of
oculomotor and search behavior, epoch 5 (last epoch of tunnel viewing) and epoch 6 (free
viewing) were compared using two-way ANOVAs. The results revealed a substantial drop of
mean RT in epoch 6 compared to epoch 5 (698 ms), F(1,12) = 152.21, p < 0.001, n; = 0.93,
along with a significant main effect of context (306 ms), F(1,12) = 12.35, p < 0.01, n; = 0.51.
The epoch x context interaction was significant, F(1, 12) = 4.84, p < 0.05, n; = 0.29. One-
way repeated-measures ANOVASs revealed no significant cueing effect in epoch 5 (147 ms),
F(1,12) = 1.29, p = 0.28, n;; = 0.10, but a significant effect in epoch 6 (466 ms; see previous
paragraph). Similarly, the mean number of fixations was significantly reduced (by 1.88
fixations) in epoch 6 compared to epoch 5, F(1,12) = 52.36, p < 0.001, n; = 0.81, as well as
(by 1.22 fixations) for “old” compared to “new” contexts , F(1,12) = 10.79, p < 0.01, 77?) =
0.47. The epoch x context interaction was also significant for fixation number, F(1,12) = 7.28,
p < 0.05, n; = 0.38, reflecting absence of (reliable) contextual cueing in epoch 5, F(1,12) =
0.67, p = 0.43, 77;27 = 0.05, but a significant effect in epoch 6 (2.01 fixations, see previous
paragraph). The scanpath deviation ANOVA revealed a significant effect of context, F(1,12)
= 13.80, p < 0.05, n;, = 0.54, but not of epoch, F(1,12) = 0.04, p = 0.84, n; = 0.004, and the

epoch x context interaction was significant, F(1,12) = 11.44, p < 0.01, n; =0.49. The
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interaction effect was mainly attributable to the absence of a (reliable) context effect in epoch
5, F(1,12) = 0.14, p = 0.72, n; = 0.01, but a significant effect in epoch 6 (see previous
paragraph). Importantly, the scanpath deviation for old configurations was significantly
reduced, by 3.27°, in epoch 6 relative to epoch 5, F(1,12) = 4.98, p < 0.05, n; = 0.29, which
compares with an increase, by 2.92°, from epoch 5 to epoch 6 for new configurations, F(1,12)
=8.37, p < 0.05, n; = 0.41. The reduction of the number of fixations and the shortening of the
scanpaths in epoch 6 (free-view display) relative to epoch 5 (tunnel view display) for “old”
configurations suggests that viewing the search display under 8° tunnel vision conditions
limits (optimal) scanpath planning during search performance. The significant lengthening of
the scanpaths in epoch 6 relative to epoch 5 for “new” configurations is likely attributable to
the increased number of available scanning choices with free-view compared to tunnel view
displays. As this would equally have been the case with “old” displays, the more remarkable
is the fact that the scanpaths were actually shortened (rather than lengthened) with “old”
configurations. Finally, the mean fixation duration was significantly shorter in epoch 6 than in
epoch 5 (29.47 ms), F(1,12) = 10.54, p < 0.01, n; = 0.47, while not being significantly
influenced by context: main effect, F(1,12) = 2.89, p = 0.12, n; = 0.19; epoch x context
interaction, F(1,12) = 3.84, p = 0.07, n; = 0.24. Overall, this pattern of results replicates the
contrasts between the training session (with gaze-contingent viewing) and the transfer session
(free viewing) for the two epochs that were most comparable in terms of time on the task and
had, thus, the greatest potential for dissociating contextual learning and contextual retrieval.
Recognition session. In the recognition test, the mean hit rate (i.e., correctly identified
old configurations) was 59.6%, which was only marginally higher than the false alarm rate
(44.2%), F(1, 12) = 4.20, p = 0.06, n,; = 0.26; JZS Bayes factor = 0.87 (indicating that this

effect cannot be regarded as “robust™). This marginal effect was largely due to two (out of a
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total of 13) participants; when those two participants were excluded, the difference between
the hit rates and false alarm rates effectively vanished, F(1,10) = 1.44, p = 0.26, nf, = 0.12,
JZS Bayes factor = 2.52. Thus, the results revealed no clear evidence of explicit learning of
the repeated configurations. In addition, subject-wise analysis also revealed that the
recognition sensitivity (d’) was not correlated with the magnitude of contextual cueing from
the transfer session, r = -0.13, p = 0.67. This was consistent with previous study (Geyer, Shi,
et al., 2010), which reported no correlation between explicitly recognizing a specific old

display and the contextual cueing generated by that given display.

2.3.3. Discussion

Taking the results of both, the transfer and training, sessions together, we obtained a
striking finding: although no contextual cueing was evident in the training session (not even
in epoch 5), in which the viewing area was limited to a visible tunnel of 8° at any time during
the search, a cueing effect manifested in the transfer session in which the search displays were
always fully visible. This pattern suggests that search-guiding context is learned, but cannot
be expressed with a gaze-contingent, limited-view display in which the global display layout
is not available. Restated, being able to see only a limited, gaze-contingent tunnel area (of 8°)
containing a local configuration of just 2-3 items can support contextual learning. However,
effective retrieval of the acquired contextual associations requires additional information from
the periphery (outside the 8° area), which likely contributes to optimizing (on-line) saccadic
path planning and thus context-based search guidance. Experiment 2 was designed to examine
whether such additional peripheral information would enhance contextual retrieval, by

extending the gaze-contingent display from 8° (Experiment 1) to 12° (Experiment 2).
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2.4. Experiment 2

2.4.1. Methods

The method was essentially the same as in Experiment 1, except that the size of the
tunnel area was increased to 12° (thus including parts of the peripheral visual field), with a
central, fully visible area of 7.5° and an outer transition ring covering 7.5°-12°. On average,
4.69 out of the total 12 items were visible at any given time. 13 participants (8 females, mean
age: 24.08 years) with normal or corrected-to-normal visual acuity took part in the second
experiment, after obtaining their informed consent. None of the participants were aware of the

purpose of the experiment.

2.4.2. Results

The overall results are shown in Figure 2.4. Similar data analyses as in Experiment 1
were applied to both the RT and eye movement measures.

The overall mean error and outlier rates were low (errors: 0.90%; outliers: 3.03%). A
two-way repeated-measures ANOVA of the error rates with context (old/new) and epoch (1-
6) as factors revealed the main effect of epoch to be significant, F(5, 60) = 3.66, p < 0.01, n;
= 0.23, but not that of the context, F(1, 12) = 0.19, p = 0.67, n;; = 0.02, and the epoch x
context interaction, F(5, 60) = 1.28, p = 0.29, 7712, = 0.10. The error rate decreased as the
experiment progressed, indicative of reliable training and general (procedural) learning

effects.
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Figure 2.4 Results of Experiment 2. Mean reaction times (A), mean number of fixations (B), mean
fixation duration (C), and scanpath deviation (D), all with associated standard errors, are shown as a
function of experimental epoch and display context (“old”, indicated by solid-diamond lines, vs.
“new”, indicated by dash-dot lines). Epochs 1-5 represent the training session with the tunnel view

display, and Epoch 6 (in the dashed box) represent the transfer session with the free-view display.

Training session. Two-way repeated measures ANOVAs, with the factors context and
epoch, were applied to the mean RTs, mean number of fixations, mean scanpath deviation,
and mean fixation durations (the latter averaging 263 ms after refinement of the gaze
samples). Mean RTs (Figure 2.4 A) changed across the training epochs, F(4, 48) = 12.00, p <
0.001, n; = 0.5, RTs were, on average, 589 ms faster in epoch 5 than in epoch 1, illustrating a
typical effect of procedural learning. Importantly, in contrast to Experiment 1, RTs were
significantly shorter for “old” compared to “new” configurations, F(1,12) = 6.54, p < 0.05, nf,
= 0.35, manifesting a typical contextual-cueing effect already in the training session (see
comparison in Figure 2.5). The interaction between epoch and context was not significant,

F(4, 48) = 1.92, p = 0.12, n; = 0.14, partly owing to variability (including non-reliable) of the
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cueing effects across epochs. The mean number of the fixations showed a similar pattern, as is
illustrated in Figure 2.4 B. The mean fixation number decreased across the five training
epochs, F(4,48) = 14.34, p < 0.001, n; = 0.54 , with 2.22 fewer fixations in epoch 5 compared
to epoch 1, and was reduced for “old” relative to “new” contexts (by 0.99 fixations), F(1,12)
=8.08, p < 0.05, 7, = 0.40, without any interaction between the two factors, F(4,48) = 2.03, p
= 0.11, n; = 0.15. These results indicate that both the general (procedural) learning and
contextual-cueing effects, which are typically seen in classic contextual-cueing studies
(without viewing restrictions), were also observable under conditions of gaze-contingent
viewing when the tunnel size was extended from 8° to 12°. The mean scanpath deviation was
also significantly influenced by epoch, F(1.32, 15.87) = 5.53, p < 0.05, n;; = 0.32, being 8.88°
shorter in epoch 5 than in epoch 1, and by context, F(1,12) = 7.70, p < 0.05, n; = 0.40, being
3.25° shorter for “old” compared to “new” displays; the epoch x context interaction was not
significant, F(1,12) = 1.46, p = 0.22, n; = 0.11, indicative of a consistent advantage in
saccadic scanning efficiency for “old” configurations in general. The mean fixations
durations, depicted in Figure 2.4 C, exhibited no significant effects of epoch (main effect:
F(4, 48) = 1.16, p = 0.34, n; = 0.09; interaction with context, F(4,48) = 2.22, p = 0.08, n;
=0.16); but the main effect of context was significant, characterized by an increase, of some
20 ms, for “old” compared to “new” configurations, F(1,12) = 5.69, p < 0.05, 7, = 0.32. This
effect, which appears to run counter to the other measures, suggests that slightly extending the

fixation duration may actually yield benefits in terms of improved saccade path planning.
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Figure 2.5. Comparison of contextual-cueing effects across experiments. The cueing effects in the

training sessions were calculated by averaging across epochs 1-5.

Transfer session. As shown in Figure 2.4, significant contextual facilitation was
evident for “old” compared to “new” configurations in the transfer session: RTs were
shortened by, on average, 333 ms, F(1, 12) = 11.67, p < 0.01, n; = 0.49; fixation numbers
were reduced by 1.42 fixations, F(1, 12) = 14.63, p < 0.01, n; = 0.55; scanpath deviation was
decreased by 4.92°, F(1, 12) = 14.59, p < 0.05, n; = 0.55; and fixation durations were
prolonged by 30.84 ms, F(1, 12) = 10.04, p < 0.01, n; = 0.46. These results suggest that
“old” configurations enabled more efficient saccade path planning compared to “new”
configurations.

To more closely examine whether a larger gaze-contingent tunnel area gives rise to a
change of oculomotor and search behavior, epochs 5 and 6 (i.e., the last epoch of the training
session and, respectively, the only epoch in the transfer session) were compared by means of
two-way ANOVAs. The results revealed a significant drop of the mean RTs (231 ms) from
epoch 5 to epoch 6, F(1, 12) = 10.08, p < 0.01, n; = 0.46, and a significant main effect of
context (270 ms), F(1, 12) = 10.66, p < 0.01, n; = 0.47; but the interaction was non-

significant, F(1, 12) = 0.87, p = 0.37, n; = 0.07. The ANOVA of the mean number of
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fixations revealed a significant main effect of context, F(1, 12) = 10.95, p < 0.05, n;; = 0.48,
with, on average, 1.01 fewer fixations for “old” than for “new” configurations; but neither the
main effect of epoch (despite a slight drop in the number of fixations from epoch 5 to 6, by
0.31 fixations), F(1, 12) = 0.93, p = 0.35, n; = 0.07, nor the epoch x context interaction, F(1,
12) = 1.66, p = 0.22, n; = 0.12, were significant. Similarly, mean scanpath deviation was
significantly smaller for “old” compared to “new” configurations (3.53°), F(1, 12) =8.57, p <
0.05, ;; = 0.42, while the effects of epoch, F(1, 12) = 3.59, p = 0.08, n;; = 0.23, and the epoch
x context interaction, F(1, 12) = 2.40, p = 0.15, n; = 0.17, were non-significant. Finally, the
mean fixation duration was marginally longer, by 17.78 ms, for “old” than for “new”
contexts, F(1, 12) = 4.52, p = 0.055, n; = 0.27, while the main effects of epoch, F(1, 12) =
1.21, p = 0.29, n; = 0.09, and the epoch x context interaction, F(1, 12) = 3.39, p = 0.09, n;; =
0.22, were non-significant. Taken together, these results suggest that the faster responses in
epoch 6 are likely attributable to continued procedural learning, rather than changes of
oculomotor scanning engendered by the removal of the gaze-contingent viewing restrictions.
Recognition session. As in Experiment 1, participants’ mean hit rate (59.62%) was
numerically higher than their mean false-alarm rate (51.92%), but this trend was non-
significant, F(1, 12) = 2.36, p = 0.15, n; = 0.16, JZS Bayes factor = 1.73. In other words,
there was no reliable evidence of explicit learning of spatial context, with the Bayes factor
indicating that the null hypothesis (of implicit learning) was 1.73 times more likely to be true

than the alternative hypothesis (of explicit learning).

2.4.3. Discussion

In contrast to Experiment 1, a contextual-cueing effect manifested in both the training
and transfer sessions of Experiment 2, characterized by faster RTs, fewer fixations, longer

fixation durations, and a smaller scanpath deviations for “old-” compared to the “new-
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context” configurations. These results indicate that a viewing window sized 12°, which makes
4-5 items visible at any given time, provides sufficient spatial information for both contextual
learning and retrieval. Our results thus are consistent with previous findings that maintaining
3-4 local items invariant is sufficient for engendering robust contextual cueing (Brady &
Chun, 2007). Considering the findings of Experiments 1 and 2 together suggests that
contextual learning can be based on local configurations of only 2-3 visible items; however,
being able to retrieve learned contexts for guiding search behavior requires additional, more
peripheral (global) information, which likely helps optimize saccadic path planning.

If it is true that global information is necessary for contextual retrieval, then a brief
preview of the global display prior to search under gaze-contingent, limited-viewing
conditions might help engender contextual cueing. This prediction was examined in

Experiment 3.

2.5. Experiment 3

2.5.1. Method

The settings of Experiment 3 were the same as in Experiment 1 (i.e., the gaze-
contingent viewing area subtended only 8° of visual angle), except that a brief preview (150
ms) of the global display configuration was presented prior to the gaze-contingent search
display (Figure 2.2). The preview display contained crosses (white crosses composed of two
intersecting lines, each 1° in length) which marked the locations of all (forthcoming) search
display items. That is, while being uninformative as to the identity of the (subsequently
presented) search stimuli, the preview display provided information about the global context

(structure) of the search display.
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13 participants (11 females, mean age: 22.46 years) with normal or corrected-to-
normal visual acuity took part in the experiment, after they had given informed consent. All

participants were naive with respect to the purpose of the experiment.

2.5.2. Results

Similar data analyses as in Experiment 1 were applied to both the RT and eye
movement measures. The mean error and outlier rates were low (overall error rates of 0.82%
and outlier rates of 2.61%, respectively). The error rates were comparable across epochs, F(5,
60)=1.63, p = 0.17, n; = 0.12, and contexts, F(1, 12)=0.01, p = 0.91, ;; = 0.01, without any
interaction between the two factors, F(5,60) = 1.58, p = 0.18, n; = 0.12.

Training session. Two-way repeated-measures ANOVAs, with epoch and context as
factors, revealed the mean RTs to decrease significantly across the experimental epochs,
F(2.54, 30.51) = 5.62, p < 0.01, n; = 0.32, reaching a reduction of 458 ms in the epoch 5
versus epoch 1 (Figure 2.6). The main effect of context was marginally significant (132ms),
F(1, 12) = 4.47, p = 0.056, n; = 0.27, JZS Bayes factor = 0.952, without an interaction
between epoch and context, F(3, 36) = 0.95, p = 0.43, n; = 0.07. This pattern of context
effects is important as it suggests that a brief preview of the global display layout can bring
back the contextual-cueing effect (see Figure 2.5), although contextual learning was slower

and weaker compared to that in Experiment 2.
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Figure 2.6. Results of Experiment 3. Mean reaction times (A), mean number of fixations (B), mean
fixation duration (C), and scanpath deviation (D), all with associated standard errors, are shown as a
function of experimental epoch and display context (“old”, indicated by solid-diamond lines, vs.
“new”, indicated by dash-dot lines). Epochs 1-5 represent the training session with the tunnel view

display, and Epoch 6 (in the dashed box) represent the transfer session with the free-view display.

In addition, the ANOVA of the mean number of fixations revealed both main effects to
be significant: epoch, F(2.86, 34.32) = 6.74, p < 0.001, n; = 0.36, and context, F(1,12) =
5.00, p < 0.05, n;; = 0.29. There were, on average, 1.66 fewer fixations in epoch 5 than in
epoch 1, and 0.54 fewer fixations for “old” than for “new” configurations. The interaction
between the epoch and context was non-significant, F(4, 48) = 0.71, p = 0.59, n; = 0.06.
Interestingly, mean scanpath deviation was also significantly influenced by context, F(1, 12)
= 7.17, p < 0.05, n5 = 0.37, and epoch, F(4, 48) = 3.14, p < 0.05, n; = 0.21, without
interaction between the two factors, F(4,48) = 0.69, p = 0.61, nj = 0.05: scanpaths were
shorter for “old” than for “new” contexts (reduction by, on average, 1.75°), and in epoch 5

than in epoch 1 (reduction by, on average, 2.87°). Regarding the mean fixation durations,
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while there was no main effect of epoch, F(4, 48) = 0.57, p = 0.68, n; = 0.05, the context
effect turned out significant: fixations were somewhat (12.71 ms) longer for “old” than for
“new” contexts, F(1, 12) = 7.08, p < 0.05, n; = 0.37; the interaction between epoch and
context as not significant F(4, 48) = 0.79, p = 0.54, n;, = 0.06. Taken together, non-significant
interactions in the oculomotor results suggest that contextual cueing may become effective

early during the training, albeit being somewhat unstable.

Transfer session. Similar to Experiments 1 and 2, one-way repeated-measures
ANOVAs analyses for mean RT, mean number of fixations, mean scanpath deviation, and
mean fixation duration in epoch 6 (transfer epoch) revealed significant contextual effects for
all measures examined: compared to the “new” configurations, the “old” contexts yielded
significantly faster RTs (227 ms), F(1, 12) = 6.33, p < 0.05, n;; = 0.35, while requiring fewer
fixations (1.03), F(1, 12) = 8.00, p < 0.05, n; = 0.4, of slightly longer durations (18.30 ms),
F(1,12) =5.5, p < 0.05, n, = 0.31, reaching the target via a shorter scanpath (4.07°), F(1, 12)
=10.27, p < 0.01, nZ = 0.46.

Recognition session. The mean hit rate was 54.81% for repeated displays in the
recognition session, which compares to a mean false-alarm rate of 46.15%; the difference
between them was non-significant, F(1, 12) = 3.02, p = 0.11, n; = 0.20, JZS Bayes factor =
1.34. The associated Bayes factor suggests that the null hypothesis (of implicit learning) was

1.34 times more likely to be true than the alternative hypothesis (of explicit learning).

2.6. General discussion

Three experiments were conducted that combined gaze-contingent tunnel viewing of
the search displays with a, in all other respects, standard contextual-cueing paradigm, in order

to examine for differential roles of eye-centered local and peripheral-global spatial
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information in contextual learning and the retrieval of (learned) contexts. To assess whether
the para-/foveal local information would be sufficient for contextual learning, the visible area
of the gaze-contingent display (i.e., the tunnel area) in the training sessions (of 5 epochs)
varied between 8° (including a 3° outer transitional belt) in Experiments 1 and 3 and 12°
(including a 4.5° outer transitional belt) in Experiment 2, while a fully visible display was
presented in the transfer sessions (epoch 6). In addition, a brief preview display was presented
in the training session of Experiment 3 to examine whether brief exposure to the global
display structure would aid contextual retrieval. When the tunnel area was limited to 8°, with
on average only 2-3 items visible during any given fixation, no contextual facilitation was
observed in the training session. Interestingly, however, contextual cueing was evident
immediately (in the very first block of the subsequent test session) when the display was
made fully visible - indicating that the repeated context was actually learned during the
training session (Figure 2.5). When the tunnel area was extended to 12°, with on average 4-5
items visible during any given fixation, a robust contextual-cueing effect was obtained in both
the training and transfer sessions, pointing to the need for (the availability of) peripheral
global information for the cueing effect to become manifest. Experiment 3 further confirmed
that global context information: even if made available only briefly (150ms) in a preview
display that did not convey any fine-grained information as to item identity (i.e., whether a
given item in the subsequent search display was a “T” or an “L”), it plays an important role
for contextual retrieval.

It has been suggested that our perceptually coherent representation of the external
environment is constructed based on the remapping of successive samples of local
information onto their correspondent locations in a global spatial map (De Graef, 2007;
Deubel, Koch, & Bridgeman, 2010; Intraub, 2002; Jonikaitis, Deubel, & de'Sperati, 2009;

Melcher & Morrone, 2007; Schwarzkopf & Rees, 2010). Our findings suggest that humans
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are able to construct and learn repeatedly encountered spatial contexts based on scarce para-
[foveal-local information (e.g., when just 2-3 items can be seen in each fixation), highlighting
the role of local invariant inter-element spatial relations in contextual learning. Lack of para-
/foveal-local information has been shown to impede contextual learning. For example,
contextual cueing never developed for repeated displays with simulated foveal scotoma or
fovea degeneration (Geringswald et al., 2012; Geringswald et al., 2013a). Peripheral global
information, by contrast, affords fast processing of coarse, global-scale spatial information
(e.g.,Hochstein & Ahissar, 2002; Navon, 1977; Schyns & Aude, 1994), which is important for
saliency-based guidance and saccadic planning (Itti & Koch, 2001; Mdller et al., 1995a;
Wolfe, 1994b). The scanpath deviation results obtained in the present study also support the
role of peripheral information in contextual retrieval and search guidance. Availability of
some peripheral information when scanning the display under “wide” (12°) tunnel view
conditions or brief (150 ms) availability of the display layout prior to the search led to a
significant reduction of the deviation of the actual from the shortest (i.e., optimal) scanpath.
The reduction of the scanpath deviation for the wide, but not the narrow, tunnel view suggests
that peripheral information aids retrieving the learned spatial inter-element relations from
contextual memory.

It should be noted that the roles of para-/foveal-local and peripheral-global information
that we investigated here is different from the local/global manipulation in previous studies
(e.g., Brady & Chun, 2007; Song & Jiang, 2005), in which “local information” often refers to
the near-target local configuration, and “global information” to background features (e.g.,
color) or surrounding objects (Brockmole et al., 2006; Brooks et al., 2010; Kunar et al., 2006;
Rosenbaum & Jiang, 2013). Both local and global spatial configurations were continuously
available during search performance in previous studies. Using conditions of full display

presentation, Brady and Chun (2007) found that when the repeated distractors (e.g., 2 “L”s)
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were locally positioned near the target, participants were able to acquire the context in the
learning phase, suggesting that near-target invariant inter-element relations are important for
contextual learning. Song and Jiang (2005), on the other hand, found that partial repetition — 1
“T” and 2 “Ls” randomly selected from the total 12 search items (not limited to the local area
near the target, i.e., there could also be “long-distance” invariant relations) — was not
sufficient to engender a contextual-cueing effect in the learning phase. But such partial
repetition was important for contextual retrieval. Once a fully visible repeated display was
learned, keeping only a part of the repeated display unchanged (e.g., 2 “L”s and 1 “T” out of
the 12 items) was sufficient for maintaining contextual facilitation. The differential effects of
near-target invariant (Brady & Chun, 2007) and “long-distant” invariant relations (Song &
Jiang, 2005) can be well explained by the roles of para-/foveal-local and peripheral-global
invariances in contextual cueing that were established in the present study. As para-/foveal-
local information is the basic building block for constructing the whole spatial map, local
invariances are important for successful contextual learning. Faster processing of peripheral
spatial information (e.g., Hochstein & Ahissar, 2002; Navon, 1977; Schyns & Aude, 1994),
on the other hand, does not require full matching of the global configuration (Song & Jiang,
2005); rather, some peripheral invariant features, such as “long-distance” invariances, are
necessary for efficient search guidance and oculomotor planning. Such peripheral invariances
can aid contextual learning and retrieval even if, during the actual search process, the global
information is available only from working memory (WM), as shown in the present
Experiment 3. Unlike the constant availability of peripheral information with free-view
displays, though, just having a preview of the whole display (as in Experiment 3) would
require additional processing to maintain the spatial configuration (in WM), which may be the
reason for the relatively weak contextual-cueing effect that we obtained in Experiment 3.

This, however, would require further investigation. Also, further work is required to establish
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whether the brief exposure of the global context strengthens the encoding of associations
and/or facilitates the retrieval process. A recent study of contextual cueing in “pop-out” visual
search suggests that the latter may be the case (Geyer, Zehetleitner, & Miuller, 2010), while of
course not ruling out the former. Geyer, Zehetleitner, et al. (2010) found that even supposedly
automatic detection of salient pop-out stimuli may be facilitated by learning (i.e., long-term
memory) contextual associations given that the global display configuration is exposed prior
to the presentation of the search display proper. Geyer et al. argued that the preview permits
contextual memory to be activated, to top-down influence the speed with which odd-one-out
target is singled out by bottom-up feature contrast operations.

Considering oculomotor behavior, we observed that both procedural and contextual
learning improve saccadic efficiency, in terms of a reduction of the number of fixations.
Similar results have been reported in previous studies (Peterson & Kramer, 2001; Tseng & Li,
2004; Zhao et al., 2012), in which contextual facilitation was associated with a decrease in the
number of fixations and saccades. While there is thus convergent evidence for RTs and the
number of fixations to be reduced when searching through repeated (vs. newly encountered)
configurations, it is still unclear, however, whether repeated contexts reduce or increase the
mean fixation duration. For instance, Tseng and Li (2004) and Zhao et al. (2012) found no
contextual facilitation of inter-saccadic fixation duration for repeated configurations. Van
Asselen et al. (2011), by contrast, observed contextual cueing to be associated with shortened
fixation durations, which they took to argue that repeated objects could be recognized faster
than novel objects, thereby facilitating visual search. In our experiments, by contrast, we
consistently observed prolonged fixation durations in conditions in which the contextual-
cueing effect was observed. The strong coupling of extended fixation durations and contextual
cueing suggests that the retrieved context alters oculomotor scanning so as to increase search

efficiency. The finding of longer fixation durations is in line with several other visual search
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studies (Hooge & Erkelens, 1998, 1999; Zou, Mller, & Shi, 2012). For example, Zou et al.
(2012) found that irrelevant tones that occurred during a hard visual search task led to an
extension of the current fixation duration (during which the tone event occurred), increasing
the likelihood of the subsequent saccade being directed to a display region that had not yet
been inspected and thus potentially contained the target. Going beyond these visual search
tasks, our finding confirms that extended fixation durations are coupled with reduced
deviations of the actual scanpath (from the optimal, shortest path) for “old” configurations in
contextual-cueing paradigms, reflecting improved planning of the saccade path (i.e.,
“contextual guidance”) to the target location.

The gaze-contingent tunnel view conditions we realized here resemble the predicament
of clinical patients with tunnel vision, whose sight is lost progressively from the visual
periphery to the central fovea. One implication of our findings for such patients would be that
they might be impaired with regard to contextual retrieval during the exploration of repeated
scenes, but not necessarily with regard to contextual learning. In contrast to patients with
tunnel vision, patients with age-related macular degeneration (AMD), who suffer from
impaired foveal vision, have been shown to have difficulties in contextual learning
(Geringswald et al., 2013a). A question that remains to be investigated in the future is whether
the two patient groups do show differential deficits in contextual learning and retrieval. Such
a comparison study would also be interesting with regard to patients with central versus
peripheral vision loss developing differential search strategies to compensate for their deficits
- as would be suggested by a recent study (Kwon, Nandy, & Tjan, 2013) which revealed the
oculomotor system to be capable of adjusting saccadic behavior to compensate for a loss of
foveal vision.

In conclusion, we demonstrated that repeated contexts can be learned based on limited

local context (2-3 items) under gaze-contingent viewing of the search display, but cannot be
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effectively retrieved to aid search guidance. However, once (some) peripheral global
information was provided or the whole display configuration was previewed, the contextual-
cueing effect immediately manifested - suggesting that global information is necessary for
contextual retrieval. The learned retrievable context was strongly coupled with changes of the
oculomotor scanning patterns, indicative of better saccadic planning for learned and

retrievable contexts.
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Chapter 3. Transfer of contextual cueing in full-

icon display remapping

3.1. Abstract

Invariant spatial context can expedite visual search, an effect that is known as
contextual cueing (e.g., Chun & Jiang, 1998). However, disrupting learned display
configurations abolishes the effect. In current touch-based mobile devices, such as the iPad,
icons are shuffled and remapped when the display mode is changed. However, such
remapping also disrupts the spatial relationships between icons. This may hamper usability. In
the present study, we examined the transfer of contextual cueing in four different methods of
display remapping: “position-order invariant”, “global rotation”, “local invariant”, and
“central invariant”. We used full-icon landscape mode for training and both landscape and
portrait modes for testing, to check whether the cueing transfers to portrait mode. The result