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Abstract of Dissertation
The Role of Uncertainty in the Guidance of Attentional Selection
Three series of experiments discussed the impact of uncertainty reduction on
attentional guidance and selection. First, uncertainty was examined in the context of object-
based attention by manipulating the predictive power of a sensory cue. It was shown that
when uncertainty is reduced with a highly predictive spatial cue, object-based effects were
not present. This demonstrates that uncertainty is what determines selection. Second,
uncertainty reduction was applied to a dynamic display to separate spatial locations from
overlapping objects to determine which benefits from uncertainty reduction. It was
demonstrated that with uncertainty, surfaces and spatial locations influence selection but
when uncertainty was reduced, only spatial locations guided attention. Results suggest that
uncertainty plays an important role in attentional selection and the focus of prioritization
changes over time. Third, uncertainty reduction was applied to an internal signal by
introducing reward. A significant reward effect was demonstrated with controls: search was
structured so that the high rewarded targets were selected faster than low rewarded targets.
Effects in neglect patients depended on lesion location: those with the putamen intact
showed a sensitivity to reward (in either bottom-up or top-down orienting), and one showed
a significant reduction of neglect. This series suggests that not only is an internal signal
effective for attentional allocation, but that it can help to overcome an attentional deficit
such as neglect. Overall, results from the three series suggest that uncertainty plays a vital
role in attentional selection, in that it determines the most efficient way to allocate

resources.
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Chapter 1: Introduction

Our ability to separate out and focus on relevant information is crucial, because the
amount of sensory information in the input we receive from the environment is
overwhelming and cannot be processed all at once. The process of filtering out relevant
from irrelevant information and directing focus is accomplished by attentional selection.
Selection determines what will be processed and what will remain unattended, based on
external factors like salience (i.e., brightness, motion) or internal factors like goals (i.e.,
obtaining a reward). The types of information that require the focus of our attention can
change rapidly depending on our goals or the current demands of a task, and because
attention is a limited resource, it is very important that the mechanism behind selection be
flexible, accurate, and efficient. The focus of the three experimental series discussed herein
is on identifying factors that determine selection, and thus affect such efficiency and
flexibility.

Attentional selection can be based on various dimensions of the sensory stimulus
(e.g., shape, color, or texture, context, time, objects, spatial locations). Selection can also
operate within and across modalities and is affected by reward, goals, and motivation
(Driver & Spence, 1998; Duncan, 1984; Egly, Driver, & Rafal, 1994; Kristjansson,
Sigurjénsdottir, & Driver, 2010; Maunsell, 2004; Posner, 1980; Shomstein & Yantis, 2004;
Snow & Mattingley, 2006; Treisman, 1982; Vecera & Farah, 1994). These characteristics
and features that selection is based on can be thought of as the “units” of attention —
different ways of selecting and grouping relevant information.

The fundamental question in the attention literature is which units are selected, why,
and at what time. Here | introduce, and argue for, a simple selection mechanism that is

based on uncertainty reduction. Namely, I will argue that selection is achieved via the



Uncertainty Principle which posits that the amount of uncertainty (spatial, temporal, etc.)
in a sensory stimulus will determine what units of information will be selected for further
processing. Uncertainty can be best described as the mechanism that structures visual
selection. If, for example, you are faced with high uncertainty as to where or when a target
will occur, attention will select various units (e.g., space, objects), and it can be easily
captured by motion or salient features. With high uncertainty, there is no clear structure to
attentional guidance and therefore multiple units influence selection. However, if an
uncertainty reduction signal exists in the stimulus, that information will constrain search.
For example, if a location is biased in that it is highly likely to contain a target, that location
will be selected and other units such as objects or features will be filtered out (Drummond
& Shomstein, 2010; Shomstein & Yantis, 2002, 2004). Or, if a certain type of target (i.e.,
color, shape) is paired with a reward, those types of targets will be selected and other units
like spatial locations will be filtered out (Kristjansson, et al., 2010). In the latter case,
reward serves as the signal reducing uncertainty, such that rewarded features are more
likely to be attended first.

On any task, a priority (or salience) map is created that computes and stores
information given about the display. The priority map can be described in terms of
Bayesian inference: the visual system makes “intelligent guesses” about the best or correct
interpretation of an object or scene. These guesses are biased towards typical or expected
interpretations and are a trade-off between prior probability (i.e., experience) and likelihood
(i.e., current probability without the influence of priors) calculations. Essentially,
attentional orienting is based on prior behavior and results (Kersten, Mamassian, & Yuille,

2004). If over the course of a task the attentional system discovers a bias to a location (i.e.,



higher probability of target occurrence) or a relationship between the cue and target
locations, future orienting will be biased and higher priority will be assigned to the most
likely target location on the map. On the other hand, if target occurrence is equally likely
at all locations, they will be equally prioritized. By calculating probabilities based on
experience, the priority map is constantly being updated and refined to reflect the current
state of attentional uncertainty. From this map, attention selects the most likely or most
rewarded location, object, or feature first.

As uncertainty decreases via learned contingencies, selection becomes more
efficient and is guided by the most useful unit. As uncertainty increases, all units of
attention are taken into account in order to determine if there is a pattern to be learned, and

therefore multiple units influence selection. The focus of this dissertation is to examine

methods of reducing uncertainty in both spatial and non-spatial dimensions. Uncertainty
reduction can be achieved in several ways: cuing, biasing, or providing incentive in the
form of reward, just to name a few. Introducing a predictive cue allows for selection of the
most likely target location (Drummond & Shomstein, 2010; Eriksen & St. James, 1986;
Posner, 1980; Shomstein & Yantis, 2002, 2004; Theeuwes, 1989; Theeuwes, 1993), biasing
a particular location by increasing the likelihood of it containing the target will be learned
implicitly over time and will result in selection of the biased location (Basso & Wurtz,
1998; Geng & Behrmann, 2002; Hoffman & Kunde, 1999), and rewarding a location or
feature will increase the likelihood that it will be selected (Kiss, Driver, & Eimer, 2009;
Kristjansson, et al., 2010; Snow & Mattingley, 2006; Sugrue, Corrado, & Newsome, 2005).

In this dissertation, | ask the following three guestions:




1. Does uncertainty determine attentional selection? By using a static object-based
attention paradigm, | demonstrate that when there is high degree of uncertainty in the
stimulus, space- and object-based units of attention contribute to attentional guidance.
However, when uncertainty is reduced with spatial biasing, objects no longer contribute
to attentional guidance.

2. What frame of reference is being selected — objects or spatial locations? In a static
display, as used to answer the previous question, spatial locations and their overlapping
objects are confounded. Here, by using a dynamic version of the object-based attention
paradigm, | demonstrate that spatial biasing reduces uncertainty within the spatial
representation and not the object representation.

3. Isreducing uncertainty via an internal signal such as reward an effective way to
reallocate attention? Here, the focus is shifted to non-physical manipulations of
uncertainty, to first demonstrate that an internally generated signal such as reward is
capable of guiding attention (i.e., reducing uncertainty). By testing patients with
different lesions, | next go on to examine areas of the cortex that are sensitive to and
capable of generating this internal guidance signal.

The results of these experiments do not necessarily provide evidence for one model
of attention over another. The purpose is to examine general principles of attention,
regardless of whether attention is a separate layer of visual processing (i.e., a “spotlight”
that selects information; see Posner, 1980) or an emergent feature of the visual system (i.e.,
the result of salience of features, locations, or objects) (Fernandez-Dugue & Johnson,
2002). The following chapters: 2) review the object-based attention literature and provide

evidence for the Uncertainty Principle, 3) present an experimental series focused on



reducing uncertainty in the spatial dimension by manipulating target location predictability
in an object-based paradigm, 4) discuss the units of attention (space- and object-based) and
how their separate effects may be differentiated, 5) present an experimental series focused
on dynamic displays over time under varying degrees of spatial uncertainty to separate
spatial locations and objects, 6) examine reward as a method for reducing uncertainty and
its possible use for reorienting attentional selection in the context of visual neglect patients,
7) presents an experimental series focused on reducing uncertainty via an internal signal
such as reward in the context of both normal and disrupted attentional selection, and 8)
summarizes the research and discusses the results in terms of their contribution to our

understanding of attentional selection.



Chapter 2: Uncertainty and Object-based Effects

There has been some debate in the literature about the mechanism that drives
attentional selection, specifically in the object-based paradigm. Object-based attention is
the finding that targets presented in the noncued/different object will elicit significantly
slower reaction times (about 20ms) than targets presented in the cued/same object (Egly, et
al., 1994). Originally, it was thought to be an automatic spreading of attention from the
cued location through the cued object and then to the noncued object that resulted in object-
based differences (Corbetta, Miezin, Dobmeyer, Shulman, & Petersen, 1990; O'Craven,
Downing, & Kanwisher, 1999). Attention would spread automatically from the cue to
encompass other regions within the object’s boundaries, hence the enhancement of all
features and parts of the single object (Chen & Cave, 2006, 2008; Richard, Lee, & Vecera,
2008; Roelfsema, Lamme, & Spekreijse, 1998). Spreading was said to be automatic and
would occur in the same predictable way no matter the circumstances of the task (Alvarez
& Scholl, 2005). This theory is inflexible and impractical, particularly when applied to the
real world, because it suggests that we do not have much control over attentional selection.
If something dangerous were to occur that required attention (for example, a car about to
collide with yours), it would not make sense to have a selection mechanism that spreads
from one location to another at the same rate as in less important circumstances. A much
more effective mechanism would be a way to prioritize the oncoming car and quickly move
attention to it. The visual system selects objects because of various grouping principles that
serve to organize information pre-attentively in order to increase efficiency of processing

(Baylis & Driver, 1995; Kahneman, Treisman, & Gibbs, 1992; Kimchi & Peterson, 2008).



Two theories that arose in opposition to the attentional spreading account: the
attentional shifting hypothesis (Lamy & Egeth, 2002) and the attentional prioritization
hypothesis (Shomstein & Yantis, 2002, 2004). Lamy and Egeth (2002) proposed that a
critical factor in determining whether objects will guide attentional selection is whether the
task at hand requires shifts of spatial attention. Rather than attention automatically
spreading through a cued object, object-based effects are predicted only when attentional
shifts are executed. In other words, attentional shifts are faster (and more accurate) when
executed within a single object as compared to when the same spatial shift requires
spanning multiple objects. An alternative explanation was proposed by Shomstein and
Yantis (2002, 2004): the attentional prioritization hypothesis explains object-based
differences with uncertainty reduction. Prioritization attributes object-based effects to a
simple mechanism that determines attentional priority, or the order in which the visual
scene will be investigated. When faced with uncertainty (i.e., no advance knowledge of the
target location), everything in the display in selected. Attention focuses on the cued
location because the cue is the only information available in the display. Subjects learn to
assign highest priority there (if the cue is highly valid), and then to the noncued end of the
same object, and finally to the noncued object. Attention has already been directed to the
same object via the cue, and therefore higher priority is assigned and object-based effects
are present. However, when there is advance knowledge available about the upcoming
target location (i.e., reduction of uncertainty), all other information becomes irrelevant. The
target location is selected in advance, thus enhancing only one location, which leads to

equal reaction times in all objects across trials and no object-based effects. Thus,



attentional selection is flexible, not automatic. Selection adapts depending on how much
information is available about the task or scene.

The following chapter presents evidence that object-based effects are most
parsimoniously explained by spatial uncertainty and the attentional prioritization
hypothesis. It is predicted that object representations will guide attentional selection only in
the absence of an alternative strategy (i.e., no information, either explicit or implicit,
regarding the upcoming target location, display configuration, or target identity) which will
result in object-based differences. However, once an alternative strategy presents itself and
uncertainty is reduced, be it based on location certainty of the upcoming target, perceptual
organization of the display, etc., object representations should be abandoned in lieu of a
more efficient attentional guidance strategy, which will eliminate object-based differences.
These results will provide convincing evidence that uncertainty is the factor that determines

object-based effects.



Chapter 3: Experimental Series 1

Object-based Attention: Shifting or Uncertainty?
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Abstract
The contribution of object-based attentional guidance to visual processing is widely
accepted, and recent models of attentional selection now include both space- and object-
based representations. Nevertheless, although the mechanism of space-based attentional
selection has been well characterized, the mechanism underlying object-based attentional
selection remains poorly understood. Recent attempts at identifying the mechanism giving
rise to object-based attentional selection have put forth two conflicting alternatives. The
first suggests that object-based effects are driven by attentional uncertainty (i.e., the
attentional prioritization hypothesis), whereas the second suggests that objects guide
attentional selection only when an attentional shift is necessitated (i.e., the attentional-
shifting hypothesis). Here, we directly investigated which of the two suggested accounts
drives object-based effects, by pitting attentional certainty against attentional shifting. In a
series of four experiments, we manipulated the certainty of target location, shifting of
attention, and the stimulus onset asynchrony. It was observed that object-based effects
depended solely on certainty of the forthcoming target location. These results suggest that
attentional prioritization, and not a mere shift of attention, gives rise to object-based
guidance of attentional selection. In addition, these results lend further support to the
attentional prioritization account of object-based attention and provide further constraints

on the mechanisms of object-based selection.
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Early studies of object-based attentional selection focused almost entirely on
demonstrating that object-based representations contribute to attentional guidance (Brawn
& Snowden, 2000; Duncan, 1984; Rock & Guttman, 1981) and that object-based
contributions to selection coexist with space-based orienting (Egly, et al., 1994; Goldsmith,
1998; Moore, Yantis, & Vaughan, 1998; Muller & Kleinschmidt, 2003). A large body of
evidence in support of object-based attentional selection has been a product of a two-
rectangle paradigm, originally developed by Egly et al. In this paradigm, subjects are
presented with two rectangles oriented either horizontally or vertically. The geometry of
this display is such that the rectangles, as a group, form a perfect square with each end
positioned equidistantly from the opposite end. After a brief delay, one end of one of the
rectangles is cued by a local thickening of the object outline. Following the cue, a target is
presented at the location previously occupied by the cue (validly cued location), at the
location opposite the cue within the cued rectangle (same-object invalid location), or at the
equidistant location in the uncued rectangle (different-object invalid location).

Two major findings have emerged from this paradigm: (1) Targets that appear in
the same spatial location as the cue (i.e., valid cue) are detected more quickly than those
that appear elsewhere (i.e., invalid cue), a finding taken as evidence for space-based
attentional orienting, and (2) targets appearing the same distance away from the cue at the
same-object location are detected more quickly than those appearing at the different-object
location, a finding taken as evidence for object-based attentional orienting. The latter result
cannot be explained by spatial selection alone, since the distance between the cued location
and both invalid locations is exactly the same, nor is it merely an effect of crossing the

boundaries of the rectangles, since the effect has been demonstrated with occlusion and

11



under various grouping scenarios (Behrmann, Zemel, & Mozer, 1998; Shomstein &
Behrmann, 2008; Watson & Kramer, 1999; Zemel, Behrmann, Mozer, & Bavelier, 2002).
This paradigm has been an instrumental tool in demonstrating the contributions of space-
based and object-based representations to attentional guidance.

Recent studies, however, have shifted their focus away from demonstrating the
coexistence of space- and object-based attentional guidance, to elucidating mechanisms
that give rise to object-based attentional guidance (Avrahami, 1999; Cepeda & Kramer,
1999; Chen & Cave, 2006, 2008; Lamy & Egeth, 2002; Shomstein & Behrmann, 2006,
2008; Shomstein & Yantis, 2002, 2004). Currently, there are three general accounts that are
proposed as possible mechanisms subserving object-based attentional orienting. The first
hypothesis maintains that object-based attention arises from the spread of attention (object-
guided spatial selection) and is termed sensory enhancement. According to this account,
when spatial attention is directed to one part of an object, what follows is facilitation of
sensory processing for all spatial locations within that object. Attention spreads
automatically from the cue to encompass other regions within the object’s boundaries —
hence, the enhancement of all features and parts of the single object (Chen & Cave, 2006,
2008; Richard, et al., 2008; Roelfsema, et al., 1998). It follows from this account that
attending to a part of an object will involuntarily and mandatorily result in the “spread of
attention” throughout an entire object (Corbetta, et al., 1990; O'Craven, et al., 1999).

Two alternative hypotheses to the sensory enhancement account have recently
emerged: one proposed by Lamy and Egeth (2002) and labeled here as the attentional
shifting hypothesis, and the other proposed by Shomstein and Yantis (2002, 2004) and

labeled here as the attentional prioritization hypothesis. We consider each one in turn.
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Lamy and Egeth (2002) sought to investigate the mechanism of object-based
attentional guidance by examining specific circumstances that tend to give rise to object-
based effects. It was proposed that a critical factor in determining whether objects will
guide attentional selection is whether the perceptual task at hand requires shifts of spatial
attention. Rather than attention necessarily spreading through a cued object, object-based
effects are predicted only when attentional shifts are executed. In a set of four experiments,
the authors first replicated the standard object-based effect, using a variant of the Egly et al.
(1994) two-rectangle paradigm that replaced target detection with a same/different
judgment task. In this version of the paradigm, the presentation of two rectangles was
followed by the appearance of two target shapes (squares) that either matched or differed in
size (i.e., large or small). The first manipulation involved removing the cue and presenting
target shapes simultaneously, 1,000 msec after the presentation of two rectangles. Under
such conditions, the authors failed to observe object based effects, such that reaction time
(RT) to judge the two squares as same or different did not depend on whether they
appeared within the same or different rectangles (for a similar result, see Watson &
Kramer, 1999). In a subsequent experiment, the authors slightly altered the paradigm by
presenting the two targets in rapid succession, rather than simultaneously, while again
asking subjects to perform the size matching task. With targets presented in quick
succession, object-based effects were observed, such that RTs were shorter for matching
judgments when both squares appeared within the same object than when the two squares
appeared in different objects. Lamy and Egeth interpreted the observed findings within the
context of attentional shifting, concluding that the reason for observing object-based effects

in a successive target presentation paradigm, and not in the simultaneous presentation
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paradigm, was the fact that successive target matching required subjects to shift their
attention from one target to the other, whereas the simultaneous target presentation task did
not require attentional shifts. It was concluded that object-based effects are elicited solely
by a shifting mechanism. In other words, attentional shifts are faster (and more precise)
when executed within a single object than when the same spatial shift requires spanning
multiple objects. Note that according to the sensory enhancement account, object-based
effects would have been present in all of the manipulations varied by Lamy and Egeth.
However, object-based effects were present only when attentional shifts were necessitated,
and as such, these results offered strong evidence in support of the attentional-shifting
hypothesis and against the sensory enhancement account.

Shomstein and Yantis (2002) offered an alternative explanation that challenges both
the sensory enhancement and the attentional shifting hypotheses. In what has been termed
the attentional prioritization hypothesis, the authors argued that object-based effects can be
attributed to a simple attentional prioritization mechanism. Following complex inputs to the
visual system, and all things being equal (i.e., uncertainty regarding the location of the
future target), the organism learns to assign higher attentional priority to locations within an
already attended object than to locations elsewhere (resulting in object-based effects).
Given that attentional priority determines the order in which the visual scene will be
investigated, unattended parts of an attended object will enjoy an attentional advantage
(enhancement) over other objects and locations in a scene, thus giving rise to object-based
effects. It is useful to view this account in the context of Wolfe’s (1994) Guided Search,
suggesting that the order of search is governed by attentional priorities that are affected not

only by local feature contrast and by similarity to a target template (Cave & Wolfe, 1990;

14



Wolfe, 1994), but also by object structure. It should be noted that although here, and
elsewhere (Shomstein & Yantis, 2002), we discuss attentional prioritization as an ordering
of the search, a strictly serial search need not be warranted, and an equally plausible
implementation would be display-wide parallel processing with different rates of
information extraction according to attentional priority.

The term enhancement in attentional prioritization and sensory enhancement
theories refers to an increased efficiency in processing an object, a spatial location, or a part
of an object. In this way, defining sensory enhancement as a mechanism is a misnomer, and
perhaps the more appropriate description would be attentional spreading. The dividing
factor is the mechanism via which the objects or location representations are enhanced.
Sensory enhancement necessitates an automatic spread of attention along object
boundaries. Attentional prioritization, on the other hand, explains the enhancement by way
of priority assignments, such that the same object location is enhanced by way of the cue,
but only when there is no alternative strategy in place to determine the most likely target
location (e.g., “target always appears one location clockwise”). When the target location is
certain, the highest priority is assigned to object that single location, and enhancement
takes place at only that location. Prioritization does assume that sensory representations of
the display (or the target location, in terms of certainty) are enhanced. However, the
sensory enhancement theory presumes that the process of enhancement is automatic from
the cued location to all other same-object locations, whereas prioritization suggests an
intentional, voluntary (although not explicit) application of enhancement to the priority

map of the display, on the basis of knowledge given about the contingencies of the scene.
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In most variants of the two-rectangle paradigm, both the sensory enhancement and
the attentional prioritization hypotheses lead to similar results—namely, the emergence
of an object-based effect. However, the two accounts make different predictions under
some circumstances. One such circumstance was investigated by Shomstein and Yantis
(2002), where subjects were asked to identify a central target while attempting to ignore
flanking distractors that were mapped to either a compatible or an incompatible response
(following the classic flanker paradigm of Eriksen and colleagues, see, e.g., (Eriksen &
Eriksen, 1974)). The flanking letters appeared either within the object that the target
occupied or at an equidistant location in a different object. An important element of this
design was that the spatial location of the target was known with 100% certainty.
According to the sensory enhancement account, attention “spreads” within the attended
object, so that the flanking letters located in that object should benefit perceptually, thus
causing more interference, as compared with objects elsewhere. This account predicts,
therefore, that the time to identify the target letter will depend on the identity (or more
precisely, on the response compatibility) of the flanking letters to a greater degree when
they appear in the attended object than when they appear in the unattended object. In
contrast, the attentional prioritization account predicts that because the target location is
known with 100% certainty, only one location should be examined in order to perform the
task, so the priority of other locations in the scene should remain near zero. This account
consequently predicts that flanker interference will not depend on whether the flankers
occupy the same or a different object as the target (although the absolute spatial separation
between the target and flankers may well affect performance, due to spatial “leakage” of

attention). The predictions of the prioritization account, and not of the sensory
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enhancement, were satisfied (see also Shomstein & Behrmann, 2008; Shomstein & Yantis,
2004), that is, there was no modulation of flanker effect size by whether flankers appeared
on the same or a different object. To summarize, sensory enhancement suggests that
attention simply spreads from the cued location within an object, whereas prioritization
describes this process as being purposely strategic (i.e., attentional priority is actively
assigned on the basis of knowledge about the relationship between the cue and target
locations, such that an object is enhanced only if no alternative strategy is available).
Although both the attentional-shifting and the attentional prioritization accounts
challenged the enhancement mechanism,” neither could dismiss the validity of the other. In
prior investigations, attentional shifting and target location certainty were confounded. In
other words, either the paradigm required shifting while target location was uncertain, or
target locations were certain but shifts were unnecessary. In Lamy and Egeth (2002), for
example, subjects were asked to shift their attention between two successively presented
targets that appeared in random locations within the display. In other words, attentional
shifts were required to perform the task, and target locations were unknown. In Shomstein
and Yantis’s (2002) flanker paradigm, on the other hand, subjects were not required to shift
their attention, and the target location was known in advance (i.e., the target was always
presented in the center). In order to directly compare these two alternative accounts of
object-based attentional guidance and to determine which one is responsible for driving the

object-based effect, attentional shifting and attentional certainty have to be juxtaposed.

! Although both alternative hypotheses challenge the sensory enhancement account, the debate is still
ongoing, particularly since there are several inconsistent findings that need to be integrated. For example,
both attentional prioritization and attentional shifting seem to be inconsistent with some findings reported in
the literature (Chen & Cave, 2006; Harms & Bundesen, 1983; Kim & Cave, 2001; Kramer & Jacobson,
1991). Further investigations are warranted in order to resolve the remaining inconsistencies.
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The purpose of the present study, then, was to dissociate attentional shifts from
target position certainty, in order to examine which of the two mechanisms, attentional

shifting or attentional prioritization, gives rise to object-based attentional guidance.

Experiment 1

Experiment 1 provides an initial investigation into whether attentional shifts or
attentional certainty give rise to object-based guidance of attentional selection. This
experiment adopted the two-rectangle cuing paradigm of Egly et al. (1994), while
dissociating attentional shifting from attentional certainty. Attentional certainty was
induced via a tight correlation between the spatial location of the cue and the location of the
upcoming target. Although the target location varied from trial to trial, certainty of the
upcoming target location was 100%, because the target location was always tied to the
location of the preceding cue, that is, the target appeared one location clockwise from the
cue. Since the target location was never at the same position as the cue, subjects had to
execute an attentional shift to the target location in order to perform the imposed target
discrimination task. Therefore, in this manipulation, subjects executed attentional shifts
while having full certainty as to the location of the upcoming target. In addition, the
stimulus onset asynchrony (SOA) was manipulated in order to determine the time course of
object-based and prioritization effects. Since the position of the target was directly linked to
the cued location, we hypothesized that a finite amount of time had to pass in order for the
subject to interpret the location of the cue and to then apply the target position certainty
rule (e.g., applying the knowledge that if the top right location was cued, the target would

appear in the bottom right location).
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It is important to note that this experiment successfully disentangles attentional
shifting from attentional certainty and is designed in such a way as to ensure that both
hypotheses make different predictions. According to the attentional-shifting hypothesis,
object-based effects should emerge at all SOAs simply as a result of the shift of attention,
whereas the attentional prioritization hypothesis predicts different results across time.
Namely, object-based effects should modulate target processing at early SOAs (i.e., with
insufficient time to create the priority map) and should not modulate target processing at
longer SOAs, because once a location is prioritized, attention is focused on the target

location and the object-based representation is no longer needed to guide attention.

Method

Subjects

Forty-six undergraduate students (22 male) at George Washington University
participated for extra credit in psychology courses. Fourteen subjects took part in the SOA
200-msec condition, 15 took part in the SOA 400-msec condition, and 17 took part in the
SOA 600-msec condition. All reported normal or corrected to-normal visual acuity and
were naive as to the purpose of the experiment.
Apparatus and Stimuli

The stimulus set was displayed on a 15-in. monitor at a resolution of 1,024 x 768
pixels, using a Dell Optiplex 745. Subjects were seated approximately 60 cm away from
the monitor. The two-rectangle display, targets, and distractors were rendered in white and

were presented on a black background. A 0.4° x 0.4° white fixation cross was presented

19



between the two rectangles, which subtended 4.2° x 4.2° of visual angle with a 1.8°
rectangle-to-rectangle separation between.

The cue was a red line (0.2° thick) that abutted the white outline at one end of one
of the rectangles. One target (T or L) and three distractors (T/L hybrid created by
superimposing the two target letters) appeared on each trial, each subtending 0.47° x 0.33°
of visual angle. The targets and distractors were centered in the ends of the rectangles and

were presented at one of four possible orientations: upright (0°), 90°, 180°, or 270° (see

Figure 1).
L T
+ + + +
T e
Fixation Cue ISI Target
1000ms 100ms 100, 300 or 500ms

Figure 1. Stimuli and sequence of events in Experiment 1. Fixation was presented for 1,000
msec, followed by a red cue for 100 msec and then an interstimulus interval (I1SI) of 100,
300, or 500 msec. According to the imposed cue-to-target relationship, the target could
appear only in the location one position clockwise from the cue. Depending on the location
of the cue, the target was presented in either the same or a different object (only the

different-object trial is presented here).

Design and Procedure
A 2 (object type: same object, different object) x 3 (SOA: 200, 400, or 600 msec)

factorial design was used. Object type was a within-subjects factor, whereas SOA was a
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between-subjects factor. Display orientation order (horizontal or vertical rectangles first)
was counterbalanced across subjects, which was designed to eliminate order effects in the
data. The location of the cue was determined randomly on each trial, whereas the target
letter was positioned one location clockwise from the cued position. Distractors were
assigned to the other three non-target locations and were selected with replacement.

Subjects completed a total of 896 trials, with 14 blocks of 32 trials for each of the
two display orientations. Self-timed breaks were inserted between each block. Subjects
were explicitly informed that the target letter would always appear one location clockwise
from the cued location (e.g., if the cue appeared in the upper left location, the target would
appear in the upper right location). One half of the trials in each block were same-object
(SO) trials (target appeared in the same rectangle as the cue), and the other half were
different object (DO) trials (target appeared in the noncued rectangle), with each trial
appearing in random order. Whether the target was an SO trial or a DO trial depended on
the cued location and the orientation of the rectangles (e.g., in the vertically oriented
rectangles, a bottom left location cue resulted in a target appearing one location clockwise
away from the cue in the top left location, making this a same-object target). What is
important to note is that this version of the two-rectangle paradigm does not include trials
on which targets appear within the cued location (valid trials).

Each trial began with a display that consisted of the two rectangles and a fixation
cross (see Figure 1). After 1,000 msec, the red cue appeared, indicating the location of the
upcoming target (one location clockwise). The cue was displayed for 100 msec and was
followed by one of the three interstimulus intervals (I1SIs). The target display contained a T

or an L in a corresponding target location (as determined by the cue) and distractors in the
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nontarget locations. This display was presented until a response was made. The intertrial
interval (ITI) was 1,500 msec following each correct response. Each error was followed by

visual feedback and an ITI of 3,000 msec.

Results

Only RTs for correct responses were included in the analysis. RTs were subjected to
a trimming procedure (since unlimited target exposure was used), so that those longer than
1,500 msec and shorter than 200 msec were removed, resulting in a total of 3.7% of the
trials being discarded across the three SOAs (200 msec - 1%, 400 msec - 1.2%, 600 msec -
1.5%). A one-way repeated measures ANOVA on error rates revealed no significant effects
in any of the SOAs (F < 1), therefore, only RT data are described below. A preliminary RT
analysis revealed that there were neither significant main effects nor interactions involving
target identity, rectangle orientation, or cue location (all Fs < 1), thus, the data were

collapsed across these variables. Figure 2 summarizes the findings separately for each

SOA.
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Figure 2. Median correct reaction times for the invalidly cued trials from Experiment 1 for
the three SOA manipulations (SOA 200, 400, and 600) for the different-object (DO) and

same-object (SO) target locations.
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A one-way repeated measures ANOVA was conducted for each SOA
independently. For an SOA of 200 msec, an ANOVA revealed a significant main effect of
object type [F(1,14) = 37.83, p <.01]: SO trials (M = 643 msec) were faster than DO trials
(M =658 msec), yielding a 15-msec object-based effect. For an SOA of 400 msec, an
ANOVA revealed no significant main effect of object type (F < 2.5): SO trials (M = 562
msec) were not significantly different from DO trials (M = 568 msec). For an SOA of 600
msec, an ANOVA revealed no significant main effect of object type (F < 2), with SO trials
(M =551 msec) not differing significantly from DO trials (M = 556 msec) (see Figure 2).

Finally, an ANOVA was conducted to investigate the interaction between SOA and
object-based attentional effects across the three SOAs. There was a marginally significant
interaction of SOA and same- versus different-object RT [F(1,47) = 2.786, p = .072].
Planned comparisons between SOAs 200 and 400, SOAs 400 and 600, and SOAs 200 and
600 msec revealed that the size of the object-based effect was clearly modulated by the
length of the SOA, such that as SOA increased, the object-based effect size decreased. An

ANOVA for 200- versus 400-msec SOAs revealed a significant SOA 3 object type

interaction [F(1,28) = 6.39, p <.02]: The object-based effect was significant only for SOA
200 (15 msec), but not for SOA 400 (6 msec). Similarly, an ANOVA on 200- versus
600-msec SOAs revealed a significant SOA 3 object type interaction [F(1,33) = 4.184, p <
.05]: The object-based effect was significant only for SOA 200 (15 msec) but not at SOA
600 (5 msec). Finally, an ANOVA for 400- versus 600-msec SOAs revealed no significant

interaction (F < 1).

Discussion
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The results of Experiment 1 demonstrate that object-based effects are modulated by
certainty (i.e., knowing a target’s location in advance), rather than by attentional shifts. We
hypothesized that if object-based effects are, in fact, driven by attentional prioritization
(i.e., certainty of the target’s location), object-based effects should be observed at a short
SOA (200 msec), because the 100-msec delay between the cue and the target would be
insufficient to apply the derivation of the cue-to-target-location relationship, preventing the
prioritization map from being established. At longer SOAs, however, since there is more
time available to derive the location of the upcoming target based on the location of the
Cue, target certainty, and not object representations, will guide attention, resulting in the
absence of the object-based effect.

In line with our predictions, we observed that at a short SOA (200 msec), a 15-msec
object-based effect was present. This is due to the fact that, even under conditions of
certainty, a 100-msec delay between the cue offset and the target onset is not enough time
either to derive the relationship between the target and the cue or to effectively prepare for
the target at the derived target location (see Shomstein & Yantis, 2004, for a similar result).
In other words, subjects were still in the process of applying the rules of the cue-to-target
relationship (“one location clockwise™) and were unable to prioritize the location of the
upcoming target before the target display appeared. Therefore, at short SOA, objects guide
attentional selection, as is evidenced by the presence of a strong object-based effect.

The 400-msec and 600-msec SOA conditions, however, demonstrated the effect of

certainty on object-based attention. When the target location was 100% certain and there
was enough time to apply knowledge of the target’s location (unlike in the SOA 200

manipulation), the result was no difference between same- and different-object RTs. With a
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longer SOA, there was enough time afforded for the certainty process to apply the cue-to-
target relationship, thereby allowing attention to prioritize the target location. Therefore,
given enough time, and in the presence of an alternative strategy (attentional certainty),
attentional selection is not guided by object-based representations and is guided by
certainty alone. Knowing where the target will appear with 100% certainty allows
attentional selection to prioritize a specific spatial location and to filter out the
corresponding object-based representations. It is important to note that according to the
attentional-shifting hypothesis, subjects shifted attention from the cued location to the
target location for each of the three SOAs, yet only the short SOA manipulation yielded
object-based effects, providing a first piece of evidence against the attentional-shifting

hypothesis.

Experiment 2

In Experiment 1, we demonstrated that target location certainty, and not attentional
shifting, predicted whether object representations modulate attentional selection. However,
it might be argued that the absence of an object-based attentional modulation effect in
Experiment 1 (SOA 400-msec and SOA 600-msec conditions) can be attributed to a lack of
statistical power. For instance, the SOA 400-msec condition still shows a small, although
not significant, 6-msec difference between the same-object and different-object trials.

The purpose of Experiment 2, then, was to rule out the possibility that our original
paradigm lacks sufficient statistical power to detect significant effects. Therefore, in this
experiment, although focusing only on SOA 400, we added a valid cue condition to exploit

the fact that targets presented at the validly cued spatial location are detected more
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efficiently than those positioned at the invalidly cued locations (see Figure 3). This
manipulation allowed for contrasting and comparing object-based effects with space-based
effects and to ensure that enough power exists to detect the difference between the two
types of attentional orienting. If a space-based effect is revealed in the absence of the
object-based effect, it will be possible to set aside the criticism of insufficient power and
will also allow for a replication of the findings observed in Experiment 1, lending further
supporting evidence to the initial finding that attentional prioritization, and not attentional
shifting, drives object-based effects.

Valid (blue cue)

1l L
+
T [E
+ + +
L T
Fixation Cue 1SI +
1000ms 100ms 300ms
T e

Invalid (red cue)

Figure 3. Stimuli and sequence of events in Experiments 2 and 3. In Experiment 2, there
were two possible cue-to-target relationships: valid (blue cue), in which the target appeared
in the same location as the cue (upper panel), and the invalid (red cue), in which the target
appeared one location clockwise from the cue (bottom panel). In Experiment 3, same valid
condition was employed, however the invalid red cue no longer had any predictive value

(target could appear either in the location clockwise or counter clockwise from the cue).

Method

Subjects
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Eighteen undergraduate students (4 male) from George Washington University
participated in return for extra credit. All reported normal or corrected-to-normal visual
acuity and were naive as to the purpose of the experiment.

Apparatus and Stimuli

The stimulus set was displayed on a 19-in. monitor at a resolution of 1,280 x 1,024
pixels. All display measurements were the same as those in Experiment 1. In addition to the
red cue, a blue cue of the same dimensions was added to indicate that the target would
appear in the same location, that is, a validly cued trial. The red cue was termed invalid,
and the blue cue valid, in accordance with their predicted relationship with the upcoming
target. Subjects were informed that the blue cue indicated that an upcoming target would
appear in the same spatial location as the cue, whereas the red cue indicated that an
upcoming target would appear one location clockwise away from the cued location. For
example, for valid (blue) cues, if the cue appeared in the upper left location, the target
always appeared in that same location, for invalid (red) cues, if the cue appeared in the
upper left location, the upcoming target appeared in the upper right location. Note that the
cue-to-target relationship for the red cue conditions (invalidly cued targets) was exactly the
same as that in Experiment 1. All other parameters were kept identical to those in
Experiment 1.

Design and Procedure

A 3 (validity: valid, invalid same object, invalid different object) x 2 (display
orientation: horizontal, vertical) factorial design was used. Validity was a within-subjects
factor, and display orientation was a between-subjects factor. SOA was held constant at

400 msec.
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Subjects completed a total of 800 trials with either a horizontal or a vertical display.
Trials consisted of 60% validly cued trials and 40% invalidly cued trials (evenly split
between the DO and SO trials). As in Experiment 1, each trial was initiated with the
presentation of two rectangles and the fixation cross. After 1,000 msec, a blue or red cue
was presented at the end of one rectangle for 100 msec. If the cue was blue, subjects were
informed that the target would appear in the same location. If the cue was red, subjects
were informed that the target would appear one location clockwise away from the cue.
After a 300-msec ISI, target and distractors were presented and remained on the screen
until a response was made. In the case of a correct response, a blank screen (ITI) was
presented for 1,500 msec before the next trial began. Incorrect responses resulted in a

feedback screen that appeared for an additional 1,500 msec.

Results and Discussion

Only correct responses were included in the analysis. RTs longer than 1,500 msec
and shorter than 200 msec were removed according to the trimming procedure, resulting in
fewer than 3% of the trials being discarded. A one-way repeated measures ANOVA on
error rates revealed a significant effect of validity [F(1,17) 5 6.541, p < .05], in that invalid
trials were 1.4% less accurate than valid trials, but there was no effect of object (F < 1). A
preliminary analysis of RTs showed neither main effects nor interactions with any other
factors of display orientation, cue location, target location, or target rotation, therefore, all
the data were collapsed across these variables.

An ANOVA conducted on cue validity (invalid vs. valid) revealed a significant

effect [F(1,17) 5 97.18, p < .01], with valid RTs (M = 584 msec) being shorter than the
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invalid RTs (M = 696 msec), resulting in a 112-msec validity effect (Figure 4). Responses
were much faster to targets presented in a cued location than to those presented in the
noncued location, demonstrating the contribution of space-based representation to
attentional guidance. Furthermore, an additional ANOVA conducted on object type (SO vs.
DO) for invalidly cued targets, failed to reveal a significant difference (F = 1) between SO

trials (M = 693 msec) and DO trials (M = 699 msec).
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Figure 4. Median correct reaction times from Experiment 2.

The observed results indicate that object-based representations do not contribute to
attentional guidance when target location is known in advance. Moreover, it is important to
note that we replicated our initial finding of Experiment 1 (SOA 400): No object-based
effect was present when subjects knew the location of the target with 100% certainty.

The present experiment, once again, demonstrated that under conditions of 100%
certainty, no object-based effect is observed, suggesting that uncertainty, and not
attentional shifting, gives rise to object-based effects. Certainty effectively eliminates the
need for the use of object-based representations in attentional guidance and, therefore,
eliminates object-based effects. Once subjects have prioritized a spatial location, the object

in which the target appears becomes irrelevant. In addition, we demonstrated a large space-
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based effect, suggesting, not surprisingly, that subjects use space-based representations to

guide attention.

Experiment 3

It could be argued that the 400-msec SOA employed in Experiment 2 provided

ample time for subjects to break fixation and to move eye position to the location of the
upcoming target. In order to control for this possibility, an additional experiment was
conducted in which eye position was monitored. The goal was to demonstrate that the
results of Experiment 2 are replicable when a subject’s eye gaze is indeed fixated. The eye
movement control ensures that the absence of object-based effects in the previous
experiment was not driven by the simple fact that when eye movements were not
monitored, the subject simply moved his or her eyes to the cued location. If subjects are
able to maintain fixation and still show no sign of an object-based effect, this will provide
further support for the attentional prioritization account and will suggest that a priority map

is created and attention is allocated in advance only to the target location.

Method
Subjects
Fourteen subjects (6 male) from George Washington University participated in
return for monetary compensation of $7. All reported normal or corrected-to-normal visual
acuity and were naive as to the purpose of the experiment.

Apparatus and Stimuli
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The task and stimuli were exactly the same as those in Experiment 2. This
experiment, however, utilized an I-SCAN ETL-500 head-mounted eyetracker, allowing for
the tracking of subjects’ eye movements.

Design and Procedure

The design and procedure were the same as those in Experiment 2, with the addition
of an experimenter response after the subject’s response, to indicate whether or not an eye
movement was made. The experimenter monitored eye movements on the second

computer, and trials on which the eyes deviated from fixation were marked as incorrect.

Results and Discussion

Only correct responses and trials on which fixation was maintained were included
in the analysis. Trials on which the subjects’ fixations deviated more than 0.5° from the
central fixation cross were removed (6.8% of the trials). RTs longer than 1,500 msec and
shorter than 200 msec were removed according to the trimming procedure, resulting in
fewer than 2% of the trials being discarded. A oneway repeated measures ANOVA on error
rates revealed no significant effect of either validity or object (F < 2). An ANOVA
conducted on RTs with cue validity as a factor revealed a significant cuing effect [F(1,13) =
37.420, p < .01]: Valid trials (M = 580 msec) were significantly faster than invalid trials (M
= 645 msec) (Figure 5). It should be noted that the validity effect in this experiment
(difference of 65 msec) was smaller than that in the previous experiment (112 msec),
suggesting that by maintaining fixation, subjects did not make anticipatory eye movements
toward the cued locations. This, in turn, reduced the overall RT difference between the

validly and invalidly cued trials.
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Figure 5. Median correct reaction times from Experiment 3.

An additional ANOVA conducted with object type as a factor revealed no effect of
object (F < 1), corroborating the results obtained in Experiment 2, in which eye movements
were not monitored directly. This control experiment effectively ruled out the possibility
that the absence of object-based effects was attributable to eye movements, since subjects
did not move their eyes either to the validly cued or to the invalidly cued target locations.
Moreover, by using the eyetracker, we ruled out the possibility that the absence of object-
based effects could have been attributed to an initiation of an eye movement executed to

the certain target location before the target onset.

Experiment 4
Several conclusions regarding the effect of attentional certainty and attentional
shifting on the object-based attentional modulation can be made at this juncture. Shifting of
attention is not the necessary component in eliciting object-based effects, rather, what
predicts whether object representations guide attentional selection is uncertainty about the
upcoming spatial location of the target. Moreover, it was observed that the application of
the rules of attentional certainty and the creation of the priority map takes anywhere from

200 to 400 msec. So far, the results from all three preceding experiments provide strong
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evidence for the hypothesis that attentional certainty, and not attentional shifting, elicits
object-based effects. However, it should be noted that all three experiments contained
attentional shifting and certainty, as in Lamy and Egeth (2002) and Shomstein and Yantis
(2002), and it could be argued that in order to successfully dissociate these two
mechanisms, either shifting or certainty has to be eliminated.

Therefore, in Experiment 4, attentional shifting was preserved, whereas the
knowledge of the spatial location of the upcoming target was eliminated. The prediction
was as follows: If attentional certainty is responsible for erasing the contribution of object-
based representations to attentional guidance even in the presence of attentional shifts, then,

in the absence of attentional certainty, object-based effects should be recovered.

Method

Subjects

Seventeen undergraduate students (3 male) from George Washington University
participated for extra credit. All reported normal or corrected-to-normal visual acuity.
Apparatus and Stimuli

The apparatus and stimuli were the same as those used as in Experiment 2.
Design and Procedure

The design was the same as that in Experiment 2. Valid trials were exactly the same
and made up 60% of the total trials. The only difference between Experiment 2 and the
present experiment was that the invalid cue no longer predicted the upcoming target
location (i.e., half of the targets were presented in the clockwise location, and half in the

counterclockwise location), resulting in 20% each for DO and SO trials. The target had an
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equal chance of being presented one location clockwise or one location counterclockwise
from the cue, and therefore, attention could not be focused on either location until the target

appeared.

Results and Discussion

Only correct responses were included in the analysis. RTs longer than 1,500 msec
and shorter than 200 msec were removed, resulting in fewer than 4% of the trials being
discarded. An ANOVA on error rates revealed a significant effect of validity [F(1,16) =
25.482, p < .01], such that invalid trials were 3.7% less accurate than valid trials, but there
was no effect of object (F < 1). A preliminary RT analysis indicated neither significant
main effects nor interactions of display orientation, cue location, target location, target
rotation, or target letter, therefore, the data were collapsed over these variables.

An ANOVA was conducted on cue validity (invalid vs. valid), revealing a
significant effect [F(1,16) = 124.082, p < .01] with valid RTs (M = 569 msec) being 140
msec shorter than invalid RTs (M = 709 msec). Responses were much faster to a cued
location than to a noncued location, indicating the contribution of spatial representations to
attentional guidance (Figure 6). A one-way ANOVA was conducted on object type (SO vs.
DO), which revealed a significant effect [F(1,16) = 17.877, p < .01], resulting in a 23-msec
object-based effect with SO trials (M = 699 msec) yielding shorter RTs than did DO trials

(M =722 msec).
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Figure 6. Median correct reaction times from Experiment 4.

The aim of this experiment was to examine whether attentional certainty was
responsible for the absence of object-based attentional effects in Experiments 1-3. Thus,
attentional certainty was removed from this experiment, such that an invalid cue (i.e., the
red cue) no longer had any predictive value. If, in fact, the certainty of the target location,
and not attentional shifting, gives rise to object-based attentional effects, reintroducing
uncertainty to the paradigm should bring about object-based effects. The results of this
experiment demonstrated that when the target location was not known in advance, a strong
object-based effect emerged. When the target location was certain, as in the previous
experiments, locations were selected before the target appeared. The object-based
representation was therefore unnecessary, since subjects depended on spatial
representations to guide attentional selection. When target location was uncertain, subjects
could not prioritize any particular spatial location prior to target onset and were, thereby,

forced to rely, once again, on object-based representations for attentional guidance.

General Discussion
In the present study, we set out to investigate the factors influencing attentional

guidance by examining the contribution of two alternative mechanisms to object-based
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selection. In particular, the two examined hypotheses about the use of object-based
guidance of attentional selection are the attentional prioritization hypothesis (Muller &
Kleinschmidt, 2003; Shomstein & Behrmann, 2008; Shomstein & Yantis, 2002, 2004) and
the attentional shifting hypothesis (Brown & Denney, 2007; Lamy & Egeth, 2002; Watson
& Kramer, 1999). The attentional prioritization hypothesis, in its simplest form, suggests
that object-based effects can be attributed to an attentional prioritization mechanism, such
that in the absence of an alternative strategy (driven by contingencies, certainty, grouping,
etc.), object representations guide attentional selection, and, thus, object-based effects are
observed. However, if an alternative strategy presents itself (e.g., the participant knows the
target will always appear in a certain location, relative to the cue), object representations
are abandoned, and object-based effects are not observed. According to the attentional
prioritization hypothesis, when target location is certain, object-based effects will be
absent, and this result has indeed been observed and replicated in several investigations
(Chan & Hayward, 2008; Chen & Cave, 2006 [Experiment 1, but see the rest of the
experiments]; Richard et al., 2008; Shomstein & Behrmann, 2008; Shomstein & Yantis,
2002, 2004). The attentional-shifting hypothesis, on the other hand, suggests that objects
guide attentional selection only when shifts of attention are executed. In other words, if the
task itself does not necessitate attentional shifting, object-based effects will not be
observed, whereas if attentional shifting is required, object-based effects will manifest
(Lamy & Egeth, 2002).

The present experiments tested the contribution of these two attentional
mechanisms by creating circumstances in which the two mechanisms made alternative

predictions. The results from the four experiments presented here suggest that the object-
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based effect is not simply a by-product of attentional shifting. Although attentional shifts
are a part of attentional orienting, they do not drive object-based effects on their own.
Rather, the determining factor in whether object representations are used to guide
attentional orienting is the presence of an alternative strategy— that is, in this particular
case, attentional certainty (i.e., knowing the position of the upcoming target in advance). In
effect, certainty allows an attentional priority to be assigned to the spatial target location.
When attention is focused (i.e., spatial location is prioritized), it is effectively narrowed
beyond the object frame of reference, rendering objects unnecessary to the visual search.
This interpretation is consistent with Goldsmith and Yeari’s (2003)suggestion that the
contribution of objects to attentional guidance is related to the type of attention, focused or
spread, that is induced by different types of attentional cues (i.e., endogenous or
exogenous). Nonpredictive cues result in object-based effects because, following such cues,
attention is spread across the display (i.e., diffuse focus of attention), so that when the
target appears, objects influence attention. Partially valid cues require attention to be
focused on a particular spatial location occupied by the cue, effectively ignoring objects,
which eliminates object-based effects. This diffuse versus narrow attentional focus
distinction is consistent with attentional prioritization, such that certainty regarding the
position of the upcoming target allows attention to be narrowly focused, thus overriding the
influence of objects. Similar results demonstrating that object-based effects are eliminated
with certainty have been reported elsewhere in the literature (Goldsmith & Yeari, 2003,;
Lavie & Driver, 1996).

A brief summary of the observed findings clearly provides strong support for the

attentional prioritization hypothesis. The results of Experiment 1 demonstrate that when
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subjects have to shift attention in preparation for a target at a known location, no object-
based effects are observed. At a short SOA, however, an object-based effect was observed
even in the presence of target certainty. We suggest that even when the target location is
known in advance, provided there is not enough time to apply the certainty rule, attention
cannot prioritize any specific target location and, therefore, object representations will
guide attentional selection (see Shomstein & Yantis, 2004, for a similar result).

It should be noted that although, initially, it might seem that 200 msec is plenty of
time to derive and apply any given certainty rule, the wealth of eye movement literature
provides strong evidence that applying a rule relative to a varying sensory event (e.g., a cue
that can appear in any one of four locations) is rather time consuming. For example,
antisaccades (in which attention is first captured by a cue and then must be redirected away
from it) take about 350 msec, about 100 msec longer than prosaccades (Butler, Zacks, &
Henderson, 1999; Fischer, Biscaldi, & Gezeck, 1997; Meriam, Genovese, & & Colby,
2003). We draw a comparison between this time difference and our own certainty rule
process, because just as antisaccades require that subjects take information from the cue
(e.g., “if the cue appears at location A, direct your attention to location B”), our certainty
condition requires subjects to first encode a sensory cue that appears in one of four
locations and then to redirect attention to a location in space that is consistent with the
imposed certainty rule. This is very similar to the way that invalid trials were designed in
the present paradigm, that is, a red cue indicates that attention must be directed away from
that location. Further evidence that additional time is required in order to apply a certainty
rule comes from van Zoest, Donk, and Theeuwes (2004), who found that goal-driven

control influences visual selection at longer SOAs. In other words, being given more time
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to process cues and rules before the target appears allows those rules to affect visual search
patterns more effectively. Therefore, if the certainty rule had already been processed in the
200msec SOA condition, objects would not have influenced attentional selection (as seen
for 400 and 600 msec). The intent of our inclusion of the RT difference between saccades
and antisaccades is not to suggest an exact RT value for this application but, rather, to
illustrate the relative increase in timing to accommodate the extra time necessary to apply
the certainty rule. With the short time frame of the SOA 200 condition, the priority map is
not established before the target appears, thus resulting in an object-based effect (or the
inability to filter out the unnecessary object representations).

The results of Experiment 1 were then replicated in Experiment 2, lending further
support for the role of attentional certainty, and not attentional shifting, in attentional
guidance. In addition, Experiment 3 eliminated a possible criticism, that the results of
previous experiments could have been attributable to subjects’ breaking fixation and
moving their eyes to the location of the upcoming target. Finally, in Experiment 4,
attentional shifting was kept the same as in Experiments 1, 2, and 3 but this time,
attentional certainty regarding the spatial location of the upcoming target was removed. As
a result of this manipulation, invalidly cued targets could appear one location clockwise or
counterclockwise. Due to the uncertain nature of the target location, subjects could not
prioritize any spatial location in advance of the target, ultimately being left to rely on object
representations for attentional guidance.

A potential alternative interpretation of our data could possibly be put forward. One
might argue that the reason object-based effects were absent when subjects had 100%

certainty as to the location of the invalidly cued target (Experiment 2) and were present
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when subjects were uncertain about the upcoming invalidly cued target (Experiment 4) is
because, in the certainty experiment, subjects could initiate an attentional shift (or initiate
an eye movement) to the target location before the onset of the target (or right after the
cue). In the uncertainty experiment (Experiment 4), such anticipatory shifts of attention (or
of eye position) were, of course, impossible, because subjects were uninformed as to the
location of the upcoming target. Although this alternative interpretation seems reasonable
at a first glance, a more careful examination of the results presents strong evidence against
such interpretation.

We first address the alternative interpretation involving possible eye movements
that are initiated following the onset of the cue in preparation to the target onset. Of course,
this explanation is plausible, since an SOA of 400 msec allows plenty of time for planning
and executing a saccade. In order to rule out this alternative explanation, we conducted
Experiment 3, in which eye position was monitored while subjects performed the same
certainty experiment as in Experiment 2. In the absence of any eye movements, we
observed that certainty led to an absence of object-based effects. This control experiment
effectively ruled the possibility that the absence of object-based effects was attributable to
eye movements, thus providing support for the attentional-shifting hypothesis, since
subjects did not move their eyes to the target location but, rather, assigned highest priority
to the target location on the basis of the formed priority map. This map made shifts
unnecessary and resulted in the elimination of the object-based effect.

We now turn our attention to the possibility that when the target location was
known with certainty (as in Experiment 2), subjects were able to initiate and complete an

attentional shift after the onset of the cue and before the onset of the target. Such
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anticipatory shifts would be impossible to initiate when the target location is unknown in
advance (i.e., uncertainty in Experiment 4). Two lines of evidence, drawn from our data,
provide strong support against this alternative explanation.

The first piece of evidence is gathered from examining the magnitude of the
attentional-cuing effect when the location of the invalidly cued target was certain
(Experiments 2 and 3) and when it was uncertain (Experiment 4). The logic is as follows: If
attention was shifted to the location of the invalid target before the target appeared on the
screen, we would observe a decrease in the magnitude of the cuing effect (as compared
with Experiment 4, in which invalid target location was uncertain and attentional shift
could be initiated only after the target onset). Our data clearly do not show this pattern and,
therefore, support our original hypothesis. First, there was a significant spatial cuing effect
in both experiments, suggesting that attentional shifts, in both experiments (Experiments 2
and 4), took place only after the targets and distractors were presented, rather than between
the cue and the target onsets. Second, the magnitude of this cuing effect was absolutely
identical in Experiments 2, 3, and 4. This was verified by conducting an ANOVA with
validity as a within-subjects factor and experiment as a between-subjects factor. The
ANOVA vyielded no significant interaction between validity and certainty, thus indicating
that the magnitude of the validity effect was similar in both experiments (F < 1).

It could be argued, however, that it is not surprising that the cuing effect turned out
not to be significant in the above-mentioned ANOVA, since it could be that there was
simply insufficient power to detect a 28-msec effect. To ensure that the null effect was not
due to lack of power, we conducted a secondary ANOVA on object-based effects. Since

object-based effects were absent in Experiments 2 and 3 and were present in Experiment 4,
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finding a significant interaction between experiment and object would demonstrate
sufficient statistical power. An ANOVA was conducted with object as a within-subjects
factor and experiment as a between-subjects factor, first for Experiments 2 and 4, yielding a
significant interaction [F(1,33) = 4.833, p <.05]. The same ANOVA was conducted on
Experiments 3 and 4, also yielding a significant interaction [F(1,31) = 10.147, p < .01].
This is important because it provides further evidence that (1) the results of the previously
mentioned ANOVA for validity were not due to a lack of statistical power, (2) the presence
of the object-based effect was modulated by the experiment and, therefore, by the inclusion
of target location certainty (since all other aspects of the experiment were identical), and
(3) the results obtained were similar across the experiments in which eye movement
position was monitored and that in which subjects were simply asked to fixate, providing
further evidence that the observed findings cannot be attributable to anticipatory attentional
shifts toward the target location.

The second piece of evidence that can be used to argue against the aforementioned
anticipatory attentional-shifting hypothesis is drawn from the fact that the overall RTs in
invalid conditions when target location was known in advance (Experiment 2, see Figure 4)
were not shorter than the invalid condition RTs for the experiment in which target location
was unknown (Experiment 4, see Figure 6). The logic is as follows: If 400 msec is enough
to fully execute a shift to the location of the upcoming target when that location is known
in advance, RTs to identify the target letter should be shorter than when the shift is initiated
only after the target appears (when target location is not known in advance). However, this
pattern of results was not observed. In fact, RTs for the invalidly cued targets in both

experiments (2 and 3) are comparable, and the most convincing piece of evidence comes
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from the fact that not only are the RTs from invalid conditions comparable, but both valid
conditions show very similar RTs (584 msec in Experiment 2 and 569 msec in Experiment
4). The latter RT comparison demonstrates that the two samples of subjects were roughly
equivalent in terms of the efficiency of their overall manual responses. These statements
were supported by the results of an auxiliary ANOVA in which overall RTs for invalid and
valid conditions were compared between the two experiments (interaction, F < 1, but with
significant main effects in both Experiment 2 and Experiment 4). It is important to note that
the only change from Experiment 2 to Experiment 4 was the predictive value of the red
cue. In Experiment 2, the red cue indicated that a target would appear one location
clockwise from the cue, and in Experiment 4, it indicated that any one of the two noncued
locations could contain a target. Therefore, in both cases, subjects had to determine whether
they should focus on the cued location (blue) or direct attention away (red). The same
amount of cue processing and search was necessary in both experiments, which would
further explain and support the similar RTs. Therefore, given that the alternative
interpretation (based on eye movements or on anticipatory attentional shifts) is not
supported by the observed results, we conclude that attentional prioritization, and not
attentional shifting, gives rise to object-based effects.?

Recently, however, the attentional prioritization hypothesis and the role of
attentional certainty, in particular, have come under scrutiny in several investigations.
Studies by Chen and Cave (2006, 2008), for example, have suggested that the reason that
object-based effects do not manifest themselves under conditions of 100% attentional

certainty is not due to the successful narrowing of attention on the target location, as was

2 |t should be noted that it is not argued here that anticipatory shifts cannot occur in a 400-msec time window
between the cue and the target. Although such shifts are possible, it is demonstrated with empirical evidence
that such shifts do not occur.
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initially argued by Shomstein and Yantis (2002), but, rather, is due to the type of
representational display that was employed. In particular, Chen and Cave (2006, 2008)
suggested that the three rectangles arranged into a crosslike configuration, used by
Shomstein and Yantis (2002), were interpreted not as three independent objects, but rather
as a single multipart object (i.e., a cross). To demonstrate that such alternative
interpretation of the display could result in the absence of object-based effects, the authors
first replicated the original finding observed by Shomstein and Yantis (2002) and then went
on to ensure that subjects did, in fact, perceive the three rectangles as three independent
objects by decomposing the three-rectangle display into the component pieces: On some
trials, subjects were presented with the full display (three rectangles), with two smaller
rectangles alone, or with one long rectangle alone. It was observed that by manipulating
how much of the display was shown, even when target location was known in advance with
100% certainty, object-based effects were present. Chen and Cave (2006, 2008) concluded
that object representations guide attentional selection even when the location of the
upcoming target is known in advance, if the display is interpreted as consisting of different
objects.

Several important factors need to be considered when interpreting the findings
observed by Chen and Cave (2006, 2008), and although the observed findings seem
inconsistent with attentional prioritization at first glance, they can nevertheless be
integrated with the attentional prioritization hypothesis rather seamlessly. Attentional
prioritization argues that target location certainty eliminates object-based effects, because it
allows for attention to narrowly focus and prioritize a spatial location, which effectively

filters out irrelevant object representations. In Chen and Cave’s (2006) manipulation, some
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trials contained the full cross (three objects), whereas some trials contained only pieces of
the display (either two short rectangles or one long rectangle). They suggested that the
trials with a partial display affected attentional selection on trials with a complete display,
so that when the full cross appeared, subjects interpreted the three-rectangle display as
consisting of three different objects (rather than as interpreting it as a single cross-like
display). However, it should be noted that even though, in that paradigm, subjects were
100% certain about the location of the upcoming target, a different type of uncertainty was
introduced into the display—that of configural uncertainty. In other words, from trial to
trial, subjects were presented with three different configural displays. Therefore, even when
the target’s location was known in advance, the lack of certainty about the completeness of
the display was enough to alter attentional allocation. Namely, this uncertainty placed an
emphasis back onto the objects and, therefore, resulted in an inability to successfully filter
out object representations, thus leading to an object-based effect.

In their 2008 experiments, Chen and Cave again found object-based effects with
positional certainty. However, attention was split between two targets, so that even when
the target locations were certain, attention was focused on multiple locations at once.
Prioritizing multiple locations is what occurs under conditions of target location
uncertainty. In addition, Chen and Cave’s (2008) results can be reconciled with the
attentional prioritization hypothesis by framing their findings within Goldsmith and Yeari’s
(2003) attentional focus hypothesis. Goldsmith and Yeari suggested that when attention is
spread across the display (i.e., diffuse attentional focus), objects contribute to attentional
guidance, whereas focused attention (i.e., narrow attentional focus) allows the objects to

become irrelevant and, therefore, they are successfully filtered out and do not guide
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attention. Perhaps, as Goldsmith and Yeari suggested, the changing of the display
configuration on a trial-by-trial basis led to a diffuse state of attention, which would lend
itself to object-based effects. Further investigation is necessary to determine what accounts
for the discrepancy between our results and those of Chen and Cave (2006, 2008), whether
it is certainty (configural or positional) or whether the cue creates a diffuse spread of
attention that is not conducive to attentional prioritization. Regardless of the outcome of
future investigations, however, it should be noted that the results of Shomstein and Yantis
(2002) were successfully corroborated in the experiments described in this article,
experiments that employed the robust and widely adopted two-rectangle paradigm (Egly et
al., 1994). Few would argue that the two-rectangle display is interpreted as anything other
than two independent rectangles. As such, the present results showing that object-based
effects are not present when target location is known in advance with 100% certainty serve
as strong evidence for the support of the attentional prioritization hypothesis.

Another recent study, conducted by Richard et al. (2008), argued that although
object-based effects are indeed observed under conditions of 100% certainty, this outcome
is due to the perception that the targets are a part of (i.e., belong) to the object shape. The
authors contended that Shomstein and Yantis (2002) did not observe object-based effects in
their 100% target certainty paradigm because the target letters (Ts and Ls) were interpreted
as being “placed” on top of the object, rather than perceived as being parts of the object
(Richard et al., 2008). Although this alternative interpretation is interesting and is
supported by several experiments (Richard et al., 2008), it does not explain why Shomstein
and Yantis (2002) did observe object-based effects in their original study when the factor

being manipulated was the predictive value of the cue (i.e., the target location was no
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longer certain), and not aspects of the physical display. In addition, Richard et al.’s account
does not explain why, in our present experiment, with the same type of targets (letters Ts
and Ls), we did not observe object-based effects when target location was known in
advance and did observe object-based effects when target location was determined
randomly. Again, further experiments will have to be conducted in order to reconcile these
apparently opposing interpretations.

There are multiple factors involved in object-based attention. Our results suggest
that the effect is not simply a result of attentional shifting: there is another factor driving
the implementation of shifts. Certainty of target location allows the participant to prioritize
the target location, and shifting occurs with the same efficiency within or between the
objects. When, on the other hand, target location is uncertain (as in Experiment 3), an
object-based effect is present, because objects are a necessary component of the search for
the target. Without advance knowledge, attention must use all available representations in
its search (space and object based), and therefore, which object the target appears within
plays a role in orienting. However, when target location is 100% certain (as in Experiments
1 and 2), that knowledge can be applied, and attention is allowed to focus narrowly on the
target location while filtering out the objects. Under those conditions, objects are not a
necessary resource for the target search, resulting in no object-based effect.

In summary, on the basis of the experiments reported here, as well as others that
have investigated the mechanism of object-based attentional selection, we suggest that
object-based effects are most parsimoniously explained by the attentional prioritization
mechanism of attentional guidance. Object representations will guide attentional selection

only in the absence of an alternative strategy—that is, ceteris paribus. However, once an
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alternative strategy presents itself, be it based on location certainty of the upcoming target,
perceptual organization of the display, or something else, object representations are

abandoned in lieu of a more efficient attentional guidance strategy.
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Chapter 4: Uncertainty in Multiple Attentional Reference Frames

The previous chapter provided evidence for uncertainty as the mechanism behind
attentional selection. However, it is still unknown which unit of attention is actually being
selected (or in which unit uncertainty reduction is operating): spatial locations or objects. In
a static two-rectangle paradigm, the space and object-based representations overlap: spatial
coordinates are underneath objects. Thus, a difference between cued and non-cued
locations cannot be classified as purely a space- or object-based benefit. It is also
impossible to determine whether spatial locations or objects are being prioritized and
selected. However, in a dynamic display in which the objects move after the cue, it is
possible to separate the relative contributions of space- and object-based reference frames
to attentional guidance.

Separation of surfaces from their underlying spatial locations is possible, and has
been demonstrated extensively in the literature (Becker & Egeth, 2000; Behrmann &
Tipper, 1999; List & Robertson, 2007; McAuliffe, Pratt, & O'Donnell, 2001; Muller & von
Muhlenen, 1996; Tipper & Behrmann, 1996; Tipper, Driver, & Weaver, 1991; Tipper,
Jordan, & Weaver, 1999; Tipper et al., 1997; Tipper, Weaver, Jerreat, & Burak, 1994;
Tipper, Grison, & Kessler, 2003). Becker and Egeth (2000) set a display of four colored
squares in motion and defined them by their location at the end of the trial as follows:
environment (the square that ended in the cued spatial location), object (the square that was
cued), across (the square directly opposite the cued spatial location), and adjacent (the
square next to the cued spatial location). Targets could appear in each of the four locations
equally often. Becker & Egeth (2000) found significant IOR effects for the Environment

and Object conditions, which replicated an earlier study by Tipper, et al.(1994). The IOR

49



effect is a cost associated with a previously cued location, where enough time without the
appearance of a target will “repel attention toward other locations” (Posner, Rafal, Choate,
& Vaughan, 1985). It is affected by task demands and depends on the type of cuing used as
well as how much interference is present in the display (Lupianez, Milliken, Solano,
Weaver, & Tipper, 2001; Muller & Rabbitt, 1989). Importantly, this result suggests that
two reference frames were being used at the same time and provided varying contributions
to attentional guidance, not simply an additive effect as previously assumed (Becker &
Egeth, 2000). These results were extended to objects with sub-regions, not unlike the two-
rectangle paradigm of Egly, Driver, & Rafal (1994), by using boomerang-shaped objects to
determine if and how the IOR would spread. The same four conditions were used and
results demonstrate that IOR spread down a cued object to the non-cued portion. These
results suggest not only that the two reference frames can be successfully separated, but
that there are individual and distinct contributions of each to attentional guidance.

The remaining question is: which reference frame is being selected under varying
degrees of certainty? It is hypothesized that both will be selected under conditions of
uncertainty, when it is expected that all available information will be used, while only the
most useful (in terms of locating the target) will be selected when uncertainty is reduced.
The following chapter provides further evidence for the Uncertainty Principle by
manipulating the amount of spatial uncertainty in the display, and demonstrates the unique
contributions of spatial locations, objects, and surfaces to attentional guidance under high

uncertainty and low uncertainty conditions.
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Abstract

The relative contributions of surfaces (i.e., object-based) and underlying spatial
representations (i.e., space-based) to attentional prioritization and selection remain unclear.
In most experimental circumstances, the two representations overlap thus their respective
contributions cannot be evaluated. Here, a dynamic version of the two-rectangle paradigm
allowed for a successful de-coupling of spatial and object representations. Space-based,
cued surface, and object-based effects were sampled at six SOAs (200-1500ms) with high
or low certainty as to target location. In the high uncertainty condition, the space-based
representation guided attention through 700ms SOA, as evidenced by facilitatory and
inhibitory effects. After 200ms SOA, the cued surface, rather than a whole object, received
the attentional benefit. In the low uncertainty manipulation, only probabilities guided
selection (i.e., biased location received the benefit). These results suggest that with high
uncertainty as to the location of the upcoming target, all available information present
within the stimulus display is used for the purposes of attentional selection (e.g., spatial
locations, surfaces) albeit to varying degrees and at different time points. However, as
certainty increases, only spatial certainty guides selection (i.e., objects are filtered out).
Taken together, these results further elucidate the contributing role of space- and object-
representations to attentional guidance.
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Attentional selection determines what subset of the sensory stimuli will be
processed from the large amount of information available in the environment. Selection is
based on at least two non-mutually exclusive representations: space- and object-based. The
space-based representation is defined as the spatial coordinates of a target relative to the
observer (or another reference point), while the object-based representation is defined by
the surfaces that occupy those spatial coordinates. The individual contributions of these two
representations to attentional guidance have been investigated extensively, but because
objects occupy spatial locations, true separation is difficult to achieve and thus the
individual contribution of each representation to selection remains elusive.

Much of the previous research on object-based attention has been conducted with
the two-rectangle paradigm originally introduced by Egly, Driver, & Rafal (1994). In this
paradigm, two rectangles are aligned to create a perfect square. One end of one of the
rectangles is cued, either by a luminance change, an overlapping color, or a shape. A target
then appears either at the cued location (valid), the non-cued location at the opposite end of
the cued object (same object, SO), or in the part of non-cued object directly across from the
cued location (different object, DO). There are two effects that arise as a result: 1) space-
based or validity: targets that appear at the cued location are detected faster than those that
appear in any other location (effect size of about100ms), and 2) object-based: the SO
location targets are detected faster than the DO location targets (effect size of about 20ms).
The object-based difference is not a result of: a) simple distance differences because the
spatial separation from the cued location to possible locations on the same and different

objects is identical, or b) the object boundaries (Moore, et al., 1998).
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While the existence of the object-based effect is well established, conflicting
accounts of the precise factors required to observe the effect arose in the literature, and
therefore the mechanism that gives rise to these effects remains under investigation.
Originally, object-based effects were attributed to attentional spreading (Avrahami, 1999;
Shomstein, 2012; Vecera & Farah, 1994). According to this view, attention is initially
drawn to the cue, and then automatically spreads at a predictable rate down the cued object,
resulting in a benefit for same-object over different-object targets. However, this
hypothesis fails to explain circumstances under which object-based effects are not present.
If spreading occurs automatically, then object-based effects should be ubiquitous. At a
theoretical level, allocating a limited resource such as attention should be a maximally
efficient process, and there are many circumstances in which a predictable spread from the
cued to the non-cued end of an object is not the optimal strategy (e.g., when the target
seldom appears in the cued object). Attentional spreading places many constraints on
selection and suggests attentional allocation is limited and inflexible. Two recent, more
flexible, mechanistic accounts have been put forth as alternatives to attentional spreading
in an effort to explain the conflicting results.

Lamy & Egeth (2002) proposed the attentional shifting hypothesis, which argues
that a mere shift of attention is sufficient to give rise to object-based effects. In a series of
several experiments, Lamy & Egeth (2002) demonstrated that whenever the task required
shifts of attention, object-based effects were in fact observed. However, there is another
variable that could potentially predict the presence of the object-based effect: positional
uncertainty of the upcoming target. Shomstein & Yantis (2002) proposed the attentional

prioritization hypothesis, which argues that in the face of uncertainty, and all things being
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equal, highest attentional priority is assigned to the cued location and the same-object
location, due to the consequence of lower level figure-ground segmentation processes
(Baylis & Driver, 1995; Kimchi & Peterson, 2008; Kramer & Jacobson, 1991; Shomstein,
2012; Watson & Kramer, 1999). However, if uncertainty is reduced (e.g., information is
given about the location of the upcoming target), attentional allocation will be influenced
by positional priority, such that highest priority will be allocated to the most likely target
location. Under these circumstances, attention will no longer be guided by object
representations.

A series of papers contributed evidence for attentional prioritization (Chan &
Hayward, 2008; Drummond & Shomstein, 2010; Feria, 2008, 2010; Molenberghs,
Mesulam, Peeters, & Vandenberghe, 2007; Serences & Yantis, 2007; Shomstein &
Behrmann, 2008; Shomstein & Yantis, 2002, 2004) by creating a set of circumstances in
which the cue is either uninformative (i.e., uncertainty) or informative (i.e., certainty) of the
location of the upcoming target. When the cue is uninformative, all possible target
locations are equally likely to contain the target. Under these circumstances, all available
information in the display is used to prioritize and constrain attentional guidance, including
object representations. Highest priority is assigned to the valid (cued) location because the
only information available is the sensory event (i.e., the cue) at that location. Next highest
priority is given to the non-cued portion of the same object via figure-ground segmentation,
followed by locations on the different (non-cued) object.

The attentional prioritization hypothesis, then, rests on results obtained under
conditions of certainty. If information about the cue to target relationship is available (such

as probabilities, or as in the case of Drummond & Shomstein (2010), an explicit rule
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describing the target’s upcoming location), attentional priority is biased toward the location
that is most likely to contain the target. Certainty allows for a more efficient selection of
the target either via the mechanism of an attentional saliency map or through a narrowing
of attentional focus (Goldsmith & Yeari, 2003; Gottlieb, Balan, Oristaglio, & Suzuki, 2009;
Gottlieb, Balan, Oristaglio, & Schneider, 2009; Ipata, Gee, Bisley, & Goldberg, 2009),
thereby eliminating object-based effects. Object representations do not contribute to
attentional guidance presumably because they are effectively filtered out. Selection is
instead determined based on prior knowledge of the cue-to-target relationship and the
fastest responses occur to the target location (second only to the cued location).

Framing space-based and object-based effects within the context of a priority map is
supported by a growing body of research that has implicated several regions within the
frontal and parietal cortex as the areas where such priority maps are established. In
particular, single-unit physiology experiments with awake behaving monkeys have found
evidence that the frontal eye fields (FEFs) and the lateral intraparietal area (LIP) contain
representations compatible with priority maps (Gottlieb, Balan, Oristaglio, & Suzuki, 2009;
Gottlieb, Balan, Oristaglio, & Schneider, 2009; Ipata, et al., 2009; Platt & Glimcher, 1999;
Thompson, Bichot, & Sato, 2005). Concordantly, functional imaging studies in humans
have found that corresponding frontal and parietal areas contain topographic
representations related to saccade planning and attention (Molenberghs, et al., 2007;
Serences & Yantis, 2007; Silver & Kastner, 2009), suggesting that these areas in humans
may also contain priority maps.

Several guestions remain about the specifics of prioritization, most notably

regarding the extent to which the space and object representations are prioritized. It is
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possible that spatial locations are prioritized exclusively or are prioritized to a greater
extent than the object surfaces, or vice versa. It could also be the case that both
representations are prioritized (and thus contribute to attentional guidance) to the same
extent. In the original two-rectangle paradigm, or in any static paradigm, space and object-
based representations overlap, as spatial coordinates are occupied by the object surface.
Thus, a difference between cued and non-cued locations cannot be classified as purely a
space- or object-based benefit. Generally, it is assumed that these effects are simply
additive (Tipper, et al., 1999), but it could also be the case that the overlap creates over-
additive effects. However, in a dynamic display in which the objects move after the cue, it
is possible to separate the space- and object-based representations to determine individual
contributions to selection and the relationship between the two representations.

Previous research has examined such contributions by measuring inhibition of
return (IOR) in dynamic displays (Becker & Egeth, 2000; Tipper, et al., 1999; Tipper, et
al., 1994). The I0OR effect is a cost (longer RTs) associated with a target appearing in the
previously cued location, where enough time without the appearance of a target will repel
attention toward other locations (Posner, et al., 1985). Rather than constraining attention to
the cued location, as the effect of the sensory cue dissipates (around 700-900ms),
participants mark the cued location as “searched” and begin searching the rest of the
display for the target. IOR is affected by task demands, depends on the type of cuing used
as well as how much interference is present in the display, and only occurs under
conditions in which the cue is uninformative (List & Robertson, 2007; Lupianez, et al.,

2001; Muller & Rabbitt, 1989; Wright & Richard, 2000). Observing IOR effects for a
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location or an object, then, indicates that this particular location or object has been
successfully selected by attention.

Previous studies have successfully separated space- and object-based
representations in order to examine the extent to which surfaces contribute to attentional
guidance. In a study by Becker and Egeth (2000), objects rotated out of their original
locations after the cue, and thus were defined by their location at the end of the trial as
follows: environment (cued spatial location), object (originally cued), across (directly
opposite the cued spatial location), and adjacent (next to the cued spatial location). Targets
appeared in each of the four locations equally often. Becker & Egeth (2000) found
significant IOR effects for the environment and object conditions, which replicated an
earlier study by Tipper, et al. (1994). Importantly, this result suggested that two
representations are used concurrently and that they can be nested within one another
(Becker & Egeth, 2000; List & Robertson, 2007; Tipper, et al., 1999). These results were
extended to objects with sub-regions, not unlike the two-rectangle paradigm of Egly,
Driver, & Rafal (1994), by using boomerang-shaped objects to determine if and how the
IOR would spread. The same four conditions were used and results demonstrate that IOR
was also present on the non-cued portion. Several other studies, including those using
neuronal recording, suggest that activity in one representation (space or object) will initiate
activity in the other and that multiple depths (or representations) can be selected at the
same time (Fallah, Stoner, & Reynolds, 2007; Moore & Fallah, 2001). These results
suggest not only that the two representations can be successfully separated, but that there

are individual and distinct contributions of each to attentional guidance.
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Thus far, we know that there are at least two representations within which attention
is allocated (space and objects). The representations can be used concurrently and appear to
be nested within each other, a finding that is supported by neurophysiological evidence
(Fallah, et al., 2007; Moore & Fallah, 2001; Muller & von Muhlenen, 1996; Tipper, et al.,
1999; Tipper, et al., 1994). The timecourse of attention has been researched previously, but
only with target location uncertainty (List & Robertson, 2007). All other previously
mentioned studies maintained a constant inter-stimulus interval (ISI) and Stimulus Onset
Asynchrony (SOA), while all possible locations were equally likely to contain the target
(Becker & Egeth, 2000; Tipper, et al., 1994). Therefore, the purpose of the experiments
reported here is to directly investigate the role that underlying representations play in
guiding attentional selection. Specifically we ask three questions: (a) which representation
IS being prioritized (spatial locations or object surfaces) and to what extent; and (b) does
the focus of attentional prioritization change over time; and most importantly, ¢) how does

the relative contribution of each representation change with various degrees of certainty?

Experiment 1
Experiment 1 uses a dynamic two-rectangle paradigm in order to determine
individual contributions of object- and space-based representations to attentional guidance.
Cuing a location and rotating the objects will successfully separate the two attentional

representations, space or object (see Figure 7).
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Figure 7. Static and dynamic displays showing the overlap and separation of spatial and
object representations.

In a static display (Figure 7a), spatial locations are overlapped completely by the
objects. Therefore, if a perceptual benefit for any particular location is observed it cannot
be determined whether such benefit arose from a prioritized space- or object-based
representation, or from a prioritization of both. In a dynamic display (Figure 7b), spatial
locations and objects initially overlap, but once set in motion (180° rotation in the current
study), the object surfaces separate from the underlying spatial coordinates (e.g., cued
surface ends the rotation diagonally from its starting point), and the two representations are
no longer confounded. In this way, we can determine separate contributions for space and
object representations.

The purpose of this experiment is to determine to what extent space- and object-

based representations are prioritized by attentional selection under conditions of
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uncertainty, as well as to examine the temporal evolution of this selection. Participants had
no knowledge of the upcoming target location: the target could appear in any of the three
non-cued locations almost as often (with a small difference in the number of trials) to
appear in any of the three non-cued locations. To examine how attentional selection of
multiple representations evolves over time, SOA between the cue and the upcoming target
was manipulated. If only one representation is receiving the benefit of prioritization, we
would expect only space-based or only object cuing effects across the time course.
However, as previous studies indicate, representations could be used in tandem and their
relative contributions could change as SOA increases (Becker & Egeth, 2000; Kahneman &
Treisman, 1992). In this case, we would expect effects to co-occur and for their strength to
be modulated by the SOA. In either case, this experiment will clearly demonstrate the

relationship between time, uncertainty, and the two representations.

Method

Participants

A total of one hundred seventy four undergraduate students (63 males) at The
George Washington University participated for extra credit in Psychology courses: 20 in
SOA 200, 36 in SOA 400, 19 in SOA 700, 38 in SOA 900, 26 in SOA 1200, 35 in SOA
1500. All reported normal or corrected-to-normal visual acuity, and were naive as to the
purpose of the experiment, which was conducted in compliance with the Institutional
Review Board (IRB).

Apparatus
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The experiment was completed on a Dell Optiplex 745 computer with a 19 inch
screen and a resolution of 1280x1024 pixels. Participants were positioned 60 cm away from
the screen. The display consisted of one green rectangle and one yellow rectangle set
against a black background with a white fixation cross centered between the two rectangles.
The fixation cross was .4° x .4° of visual angle. The rectangles were 4.2° x 1.2° with 1.8°
of visual angle between, and the two together formed a perfect square. The cue, a local
thickening of the object outline in red or blue, was .2° thick. The target letters, T and L,
were .7° by .33°. The distractors consisted of two target letters superimposed on one
another, resulting in a hybrid distractor. The targets and distractors were presented upright
(0°), 90°, 180°, or 270°.

Design and Procedure

The experiment was a 4 (validity: valid space, valid surface, invalid same object,
invalid different object) by 6 (SOA: 200, 400, 700, 900, 1200, 1500 ms) factorial design.
Obiject type was varied within-subjects while SOA was a between-subjects variable. Cue
location, target rotations, and distractor rotations were randomly selected. Participants
completed 8 blocks of 96 trials, for a total of 768 trials. In 50% of the trials, the display was
rotated clockwise, and in 50% of the trials the display was rotated counter-clockwise. Valid
trials, in which the cue was blue to indicate a target in the same spatial location as the cue,
occurred 66.7% of the time. This spatial bias is included because equal probabilities for
every location would not produce consistent effects across all SOAs (i.e., 100% uncertainty
affects selection differently at 200ms than at 1500ms). Invalid trials, as indicated by the red
cue, had three possible target locations: same object (SO - 12.5%) where the target

appeared in the non-cued end of the cued object, different object (DO - 12.5%) where the
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target appeared in the non-cued object equidistant from the cue, and cued surface trials (CS
- 8.3%) where the target appeared in the part of the object that originally contained the cue

and which ended the rotation spatially diagonal from the valid spatial location (see Figure

8).
Cued
Space SO
(66.7%) (12.5%)
P
1 T T
T T
DO Cued

(12.5%) Surface
(8.3%)

Figure 8. Trial types of Experiment 1 — High Uncertainty condition.

In typical static object-based displays, there is no comparable trial type to cued
surface trials because of the distance disparity from the spatial cue (diagonal vs. adjacent).
However, in this experiment it is the crucial trial type because it contains the information
from the spatial cue yet appears in the farthest spatial location. In addition, it is also the
least useful for attentional selection because it is the least likely trial type. (The difference
in percentage from SO and DO -- 12.5% vs. 8.3% -- amounts to a small difference in trials
over the course of the experiment, and was a by-product of SO and DO having the exact
same number of trials.)

Each trial began with a 1000ms black display with the fixation cross. The
rectangles, with one of the four ends overlapped by a blue or red cue, appeared for 100ms.
There was then a period of time ranging from 100 to 1400ms during which the objects
completed a smooth 180° rotation. When combined with the 100ms cue presentation, the

six SOAs were 200, 400, 700, 900, 1200, and 1500ms. When the rotation was complete, the
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target display consisted of a T or L in one of the four ends and distractors in the other three
locations. The target display remained on the screen until a response was made. The
participant responded by pressing the ‘c’ key for T and the ‘m’ key for L. An incorrect
response was followed by a feedback screen for 1500ms instructing the participant to slow

down.

Results & Discussion

Only correct responses were analyzed and less than 2% of trials were discarded as a
result. There were no significant effects or interactions involving target identity, cue
location, absolute target location, rotation direction, or target rotation, so data were
collapsed across these variables. For each of the six SOAs, three one-way repeated
measures Analysis of Variance (ANOVAS) were run to examine: (1) space-based effects,
by comparing validly cued to invalidly cued targets (collapsed over same-object, different-
object, and cued surface); (2) traditional object-based effects, by comparing targets
occurring in the same- versus different-object as the original cue; and (3) cued surface
effects, by comparing the cued surface location (the part of the object that was originally
cued but that is now spatially the most distant from the location of the cue) to same-object
and different-object targets (e.g., cued surface versus non-cued surface, SO, DO locations
collapsed across valid and invalid space). Figure 9 plots the three effects across the
timecourse: effect size is the difference between valid space and invalid space trials (Space-
based), SO and DO trials (Object-based), and cued surface and non-cued surface trials

(Cued Surface).
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Figure 9. Effect sizes (ms) of the space-based (Valid versus Invalid), object-based (SO
versus DO), and cued surface (cued versus non-cued) comparison in the High Uncertainty

condition from SOA 200 to SOA 1500. (Significant effects are marked with an asterisk.)

Space-based effects (SBEs). SOA 200: an ANOVA revealed a significant 26.3ms
effect [F(1, 19) = 19.508, p < .001] where valid trials (M = 731.4ms) were faster than
invalid trials (M = 705.1ms). SOA 400: a significant -8.9ms IOR [F(1, 35) = 4.520, p < .05]
where valid trials (M = 739.9ms) were slower than invalid trials (M = 748.8ms). SOA 700:
significant -16.5ms IOR [F(1, 18) = 10.503, p < .01] where valid trials (M = 732.5ms) were
slower than invalid trials (M = 716ms). There were no significant effects at the other SOAs.

Object-based effects (OBESs). There was no significant effect of object type, such
that same-object target identification was not significantly different from different-object
target identification, at any of the SOAs.

Cued Surface effects (CSEs). SOA 400: an ANOVA revealed a significant 31.6ms
effect [F(1, 35) = 23.080, p < .001] where cued surface trials (M = 718.4ms) were faster
than non-cued surface trials (M = 750ms). SOA 700: significant 29.1ms effect [F(1, 18) =

18.894, p <.001] where cued surface trials (M = 698.3ms) were faster than non-cued
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surface trials (M = 727.4ms). SOA 900: significant 24.3ms effect [F(1, 37) = 9.691, p <
.01] where cued surface trials (M = 728.3ms) were faster than non-cued surface trials (M =
752.7ms). SOA 1200, significant 23.2ms effect [F(1, 25) = 11.241, p < .01] where cued
surface trails (M = 725.6ms) were faster than non-cued surface trials (M = 702.4ms). SOA
1500, significant 31.4ms effect [F(1, 34) = 12.436, p <.01] where cued surface trials (M =
783.9ms) were faster than non-cued surface trials (M = 815.3ms). There were no significant
effects at SOA 200.

In the current manipulation, the relative contributions of the space- and object-based
representations were assessed using a dynamic display by separating the otherwise
overlapping representations (Becker & Egeth, 2000; Fallah, et al., 2007; List & Robertson,
2007; Tipper, et al., 1999; Tipper, et al., 1994). It was observed that both spatial locations
and cued surfaces guide attention selection (but not objects). Furthermore, the temporal
evolution of these representations was elucidated by manipulating SOA. When the target
location was uncertain, the space-based representation was prioritized (i.e., guided
attention) until after 700ms SOA as evidenced by facilitation at early SOAs and IOR at
later SOAs. At the shortest SOA (200ms) there was a benefit to the cued spatial location,
quickly turning into IOR at 400 and persisting until 700ms. Both the benefit and the IOR
indicate that the cued spatial locations were in fact “marked” by attention, strongly
supporting the contribution of spatial representation to attentional guidance.

Interestingly, the cued part of the object was tracked throughout the rotation and in
most of SOAs, suggesting that the object surface was also prioritized, and that such
prioritization is almost immediate and long lasting. The typical benefit observed at the cued

location (~100ms) in a static display was divided into the space-based effect and the cued
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surface effect: the spatial location benefits and costs as described previously, and the cued
surface benefit appeared after 200ms and persisted at least until 700ms.

Unexpectedly, there were no object-based effects at any of the SOAs, which suggest
that in dynamic displays only the cued portion of the object receives the benefit of
prioritization under conditions of uncertainty, and other locations within an object do not
benefit perceptually (i.e., no evidence for attentional spreading). Attention was focused on
the cued location and the cued surface exclusively and, unlike in static displays, whole

objects no longer guided attention.

Experiment 2

In Experiment 1, we demonstrated that in the absence of information about the cue-
to-target relationship (high degree of uncertainty), cued spatial locations and object
surfaces both influence attentional selection. The space-based component contributes to
attentional guidance at the beginning of the timecourse, but after 900ms, the sensory signal
of the cue dissipates, and selection is determined by the cued surface exclusively. Without
any target contingencies and after enough processing time was given (> 200ms), attention
prioritized the spatial location as well as the cued surface of the object, which was tracked
throughout the rotation. Therefore, the cue marked both spatial coordinates and the object
surfaces that occupy them, and the relative contributions change as the SOA increases.

The purpose of Experiment 2 is to determine the automaticity of the cued-surface
prioritization. Specifically, we asked the following question: if the uncertainty in the input
is greatly reduced by introducing predictable contingencies, will the cued surface continue

to be prioritized or will only spatial factors (e.g., probabilities) guide attentional selection?
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Rather than equal invalid target probabilities, the red cue was highly predictive of target
appearing in a particular spatial location (for half of the subjects appearing in the same-
object and in the different-object for the other half), meaning the target would occur there
on the majority of trials. If attention is no longer guided by the cued surface in the face of
local contingencies about the cue-to-target relationship, it will suggest that attentional

selection of the cued surface is not automatic.

Method

Participants

Two hundred forty four undergraduate students (78 males) at The George
Washington University participated for extra credit in Psychology courses: 35 in SOA 200,
36 in SOA 400, 42 in SOA 700, 40 in SOA 900, 43 in SOA 1200, and 48 in SOA 1500. All
reported normal or corrected-to-normal visual acuity, and were naive as to the purpose of
the experiment, which was conducted in compliance with the IRB.
Apparatus

The apparatus was as described in Experiment 1.
Design and Procedure

The design was as described in Experiment 1, with the exception of the distribution
of the Invalid trials. Instead of SO, DO, and cued surface trials being equally distributed, in
this experiment, one object was biased and therefore consisted of the majority of trials. The
biased object was a between subject factor: either SO or DO was the highly probable target
location (41.7% of trials), while the non-biased object and cued surface only received 4.3%

each (see Figure 10).
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Figure 10. Trial types of Experiment 2 — Low Uncertainty condition.

Results & Discussion
Figure 11 plots the three effects across the timecourse: effect size is the difference
between valid space and invalid space trials (Space-based), biased and non-biased trials

(Probability), and cued surface and non-cued surface trials (Cued Surface).
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Figure 11. Effect sizes (ms) of the space-based (Valid versus Invalid), object-based (SO
versus DO), and cued surface (cued versus non-cued) comparison in the Low Uncertainty

condition from SOA 200 to SOA 1500. (Significant effects are marked with an asterisk.)
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Space-based effects (SBEs). SOA 200: an ANOVA revealed a significant 41.3ms
effect [F(1, 36) = 19.378, p < .001] where Valid trials (M = 729.2ms) were significantly
faster than Invalid (M = 770.5ms). SOA 1500: significant 34ms effect [F(1, 52) = 3.895, p
= .054] where Valid trials (M = 772ms) were faster than Invalid trials (M = 806ms). There
were no significant effects at the intervening SOAs.

Probability effects (PEs). Either SO or DO was biased in terms of higher target
probability and an ANOVA revealed no difference in the size of the effect (i.e., no object-
based difference), therefore data was collapsed across object type. SOA 200: an ANOVA
revealed a significant 23ms effect [F(1, 36) = 6.653, p < .05] where low probability trials
(M =778.1ms) were significantly slower than high probability trials (M = 755.1ms). SOA
900: a significant 53.8ms effect [F(1, 33) = 3.413, p = .072] where low probability trials (M
= 847.8ms) were slower than high probability trials (M = 794ms). SOA 1500: a significant
62.7ms effect [F(1, 52) = 7.809, p < .01] where low probability trials (M = 841.9ms) were
significantly slower than high probability trials (M = 779.2ms).

Cued Surface effects (CSEs). The only significant effect was at SOA 400. There
was a significant 25.1ms effect [F(1, 34) = 7.940, p < .05]: where cued surface trials (M =
703ms) were significantly faster than non-cued surface trials (M = 728.1ms) (See Figure
11).

Here we investigated whether cued-surface effect reflects an automatic
prioritization of the object surface that occupies the same spatial location as the preceding
spatial cue, by introducing an alternative probabilistic strategy, thus reducing uncertainty in
the input. With information about where the target is more likely to occur, spatial locations

only contributed at 200 and 1500ms (note the absence of IOR) (List & Robertson, 2007;
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Lupianez, et al., 2001; Muller & Rabbitt, 1989; Wright & Richard, 2000). The influence of
the cued surface was now only present at 400ms SOA, compared to its extensive
contribution when the input was more uncertain. Probabilities were used to prioritize
attentional orienting, which is demonstrated by the probability effect: high probability
locations had faster reaction times than low probability locations at 200ms, 900ms, and
1500ms SOAs. Since the most likely target location could be identified and selected, spatial
locations and the cued surface no longer exerted an influence. This alternative strategy of
prioritizing the biased location contributed to attentional guidance, demonstrating the

mechanism’s adaptability and flexibility.

General Discussion

When examining factors influencing attentional guidance, it is important to examine
not only the contribution of different representations to attentional selection, but also to
understand the extent of their contributions over time, and under conditions of varying
certainty regarding the visual input. Gaining such fine-grained insight will contribute to a
more full understanding of attentional guidance and prioritization, by determining its focus,
the automaticity of this process based on the information available about the local
perceptual contingencies, and how the relationship of costs and benefits changes over time.

In this study, object representations were decoupled from their underlying spatial
representations in order to examine individual contributions to attentional selection as a
function of time and certainty. We observed that: (i) space- and object-based
representations are used for selection concurrently, albeit to varying degrees; (ii) each

representation’s strength of contribution changes over time; and (iii) the influence of each
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representation is not automatic — in other words, it varies depending on the degree of
certainty in the visual input. In fact, we demonstrated that the use of space- and object-
based representations changes drastically when uncertainty in the visual input is reduced
(by introducing probabilistic biasing). In addition to elucidating the relative contribution of
each representation under varying conditions (time and certainty), these results provide
further evidence for the attentional prioritization hypothesis, which argues for a non-
automatic allocation of attentional resources that is based on local contingencies (i.e., the
cued location under conditions of uncertainty, or a specific location with some degree of
certainty) (Chan & Hayward, 2008; Drummond & Shomstein, 2010; Feria, 2008, 2010;
Molenberghs, et al., 2007; Serences & Yantis, 2007; Shomstein & Behrmann, 2008;
Shomstein & Yantis, 2002, 2004).

To summarize the findings, we first observed that with no predictive information
about the cue-to-target relationship (i.e., high degree of uncertainty) both spatial locations
and surfaces that occupy them guide selection. The space-based representation guided
attention until 700ms following spatial cue (evidenced by facilitation and IOR), at which
point the sensory signal of the cue dissipated but the cued surface persisted in guiding
selection throughout the timecourse (from 400 to 1500ms). The cued surface received the
benefit of prioritization, much the same way as the validity or cuing effect has been
described in the literature. Attention selected the surface in addition to the spatial
coordinates underlying the cue, and therefore, after 200ms SOA there was an observed
benefit to the cued surface and a cost to the cued spatial location. The relationship between
the spatial coordinates and the object is suggestive of over-additive effects: when

combined, the two representations produced large significant effects, but when separated,
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both effects decreased dramatically in size (but not in significance) (Carrasco, 2011; Saenz,
Boynton, & Koch, 2006). Once the two representations have been separated, relevant
information can be selected rather than all information, which leads to increased efficiency
in selection.

We then observed that when one location was biased in terms of target location
probability, attention successfully selected the location where the target was most likely to
occur, which led to a benefit for the biased object, regardless of whether it was SO or DO.
Rather than relying on the reflexive orienting caused by the cue (in either spatial or surface
coordinates), attention was guided solely by local contingencies determined by probability
imbalances. This effect is consistent with probability based guidance of attention (Feria,
2008; Geng & Behrmann, 2002; Muller & Rabbitt, 1989; Shomstein & Yantis, 2002,
2004). Space-based effects were only present at the beginning and end of the timecourse
(200ms and 1500ms respectively), while the cued surface effect all but disappeared (only
present at 400ms).

Studies by Tipper and colleagues (Tipper, et al., 1991; Tipper, et al., 1999; Tipper,
et al., 1994) have repeatedly demonstrated the separate influences of space- and object-
based attention within the context of IOR. Specifically, IOR was discovered in the object-
based representation, not only at fixed coordinates (Tipper, et al., 1991; Tipper, et al.,
1999). It was suggested that object-based IOR is much more adaptive than space-based,
and that attention has a “pursuit” setting for objects rather than solely relying on static
spatial locations (Tipper, et al., 1991; Tipper, et al., 1994). We only found IOR for spatial
locations, and a benefit for the cued surface, which is also strong evidence for a pursuit

setting, just one that does not take whole objects into account. IOR has previously been
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studied over multiple SOAs, and it was found that space- and object-based attention are
parallel but separate, and their relationship changes over time(List & Robertson, 2007).
Object-based effects as well as space-based IOR were observed in two experiments,
however, when the central cue was removed, the object-based effect became “elusive.” We
also did not observe object-based effects, but it is also clear that the representations were
used concurrently, and that their contributions wax and wane over time. The differences
between our findings may come from the amount of rotation accomplished (45° versus our
180°) — it could be due to the perception of motion being less smooth, or perhaps more
spatial movement results in object representations being discarded. There is evidence to
suggest that prioritization can accompany moving objects (Feria, 2008), which is exactly
what we demonstrated with the cued surface effect. In a set of experiments, there was a bias
for the center of an object under conditions of uncertainty. However, with 100% certainty,
that bias disappeared in both static and dynamic display. The default setting for attention
was to select the center of an object, but when information was introduced about the target
location, the target location was selected. This is similar to what we observed in the current
experiments (cued surface was selected in the absence of information, but the biased object
was selected when the bias was obvious) and in a previous study (Drummond &
Shomstein, 2010): when an alternative strategy is available, attentional selection can
quickly adapt.

The current experiments investigated a long timecourse of attentional selection,
from 200 to 1500ms SOA.. Contrary to Becker & Egeth (2000), we only found space-based
IOR, not object-based IOR. In our experiments there was no spreading of IOR to the rest of

the cued object, nor were there any object-based effects. On the surface it might seem as if
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our results are inconsistent with those of Becker & Egeth (2000), however there exists a
clear explanation as to why we did not observe object-based effects. In the current study,
whole objects stopped influencing attention with the introduction of the cued surface trial.
Similar to previous studies, our results show no IOR when the cue was informative in
Experiment 2 (Posner, et al., 1985; Wright & Richard, 2000). Wright and Richard (2000)
suggested that there is no reason for inhibition when the target location is known in
advance, which leads to an absence of IOR with predictive cues. This is very similar to the
attentional prioritization hypothesis of Shomstein and Yantis (2002, 2004). Only in the case
of target location uncertainty did we find inhibition effects. However, the presence of cuing
effects did not depend on the cue being informative, although the magnitude did increase
when the cue was informative about the upcoming target location.

These results are also consistent with other theories of attentional guidance, namely
with Goldsmith & Yeari’s “window of attention” (2003). In the uncertainty condition,
attention was spread across the entire display, which resulted in a large attentional window
that encompassed all aspects of the display. In this case, spatial locations and surfaces were
prioritized, resulting in a benefit and then a cost for spatial locations and a consistent
benefit for the surface. However, when the target location was biased, the attentional
window could become narrower to focus on the biased object, which resulted in a benefit
for the most likely target location and no object-based differences. Christ, McCrae, &
Abrams (2002) studied 10R with dynamic displays where the cued surface moved away
from and then returned to the cued spatial location. In this case, very little IOR was
observed. These results can be explained by our current results: the cued surface was

tracked through the movement of the display back to the original location. Under these

75



circumstances, we would expect there to be a benefit — or at least no cost due to a
cancelling out of spatial IOR and surface benefit — to the cued location.

Uncertainty plays an important role in attentional selection and the focus of
prioritization changes over time. In the presence of target location uncertainty, spatial
locations and object surfaces guide attention. When there is a lack of information about the
scene, attention is guided by multiple factors and both representations influence selection.
As more information is gathered and contingencies are learned, uncertainty is reduced.
Prioritization adapts quickly and the new contingencies are used to establish a priority map
and become the sole influence on attentional selection. In both cases, more time only
solidifies the focus of prioritization: either the cued surface or the biased location. Rather
than automatically enhancing pre-determined surfaces or locations, attention adapts to the
environment and is a dynamic and flexible process. This is further evidence for attentional

prioritization and the role of uncertainty reduction in selection.
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Chapter 6: Reducing Uncertainty with Reward-based Salience

Thus far, evidence for the Uncertainty Principle has been demonstrated with purely
physical and temporal manipulations of spatial and object-based paradigms. We have
shown that uncertainty is the mechanism driving attentional selection, and that multiple
units influence attention under conditions of high uncertainty but when uncertainty is
reduced, the unit that contains the most information (i.e., reduces uncertainty the most)
determines selection. To examine the generalizability of the Uncertainty Principle beyond
physical manipulations, it is necessary to apply uncertainty reduction to tasks with more
abstract orienting methods that rely on internal signals such as reward, goals, and
motivation. It remains to be explored whether uncertainty interacts with such internal
factors in the same way it does with external factors. If uncertainty reduction is a general
mechanism determining attentional allocation, then it should not matter in what domain,
physical (stimulus) or internal (goals), the reduction signal is elicited. Thus, any reduction
signal should guide selection.

Reward is one such internal goal signal. Recent studies conducted on reward have
shown a somewhat predictable effect: attention is modulated by reward, in that
performance improves when reward is provided (Berns, McClure, Pagnoni, & Montague,
2001, Delgado, Miller, Inati, & Phelps, 2005; Kawagoe, Takikawa, & Hikosaka, 1998;
Kiss, et al., 2009; Kristjansson, Vuilleumier, Malhotra, Husain, & Driver, 2005; Lee &
Shomstein, 2010; Maunsell, 2004; Peck, Jangraw, Suzuki, Efem, & Gottlieb, 2009;
Schultz, 2000; Schultz, Tremblay, & Hollerman, 1998; Shomstein & Johnson, 2008). This

is well studied in the healthy brain, but less so in brain-damaged populations, the results of
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which would give insight into the necessary versus sufficient components of attentional
selection as well as the areas necessary for reward-based computation.

The following chapter demonstrates evidence for reward as an uncertainty reduction
signal. First, the extent to which the imposed reward structure can modulate behavior in
undergraduate controls will be examined. From there, the effect can be tested on patients
with neglect (an attentional deficit to the left side of space, typically the result of injury to
the right parietal cortex and/or other attentional regions) to determine if they are still
sensitive to reward, if they are sensitive on their neglected side specifically, what effect
reward has on their neglect, and if the effect of reward is transient or long-lasting. Taken
together, these results will provide more insight into not only neglect syndrome and
possible methods of reallocating disrupted attention, but also the necessary areas for

reward-based processing in the healthy brain.
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It is well documented that attention can be modulated by reward, in that
performance is enhanced (i.e., faster reaction times or higher accuracy) on many types of
tasks when there is a reward structure in place. Reward reinforces behavior and results in
greater frequency and efficiency of the desired behavior. Expectations are created based on
experience with rewards (depending on their predictability), and in fact reward-expectation
neurons have been discovered in the rat and monkey, specifically in the striatum,
orbitofrontal cortex, and amygdala as well as the basal ganglia (Berns, et al., 2001,
Kawagoe, et al., 1998; Lee & Shomstein, 2010; Peck, et al., 2009; Schultz, 2000). ERP
signatures have been shown to be modulated by reward (Kiss, et al., 2009), and motivation
has been shown to “sharpen” attentional focus by way of improving efficiency in orienting
(Engleman & Pessoa, 2007). There are reward effects in the object-based literature (Lee &
Shomstein, 2010; Shomstein & Johnson, 2008), with both top-down and bottom-up modes
of attentional orienting (Kristjansson, et al., 2010; Small et al., 2005).

We know that reward has a strong and somewhat predictable influence on behavior.
This is clear in the healthy brain, but the effect is less studied in brain-damaged
populations. Of particular interest are visual neglect patients who have damage to reward-
related areas such as basal ganglia, superior temporal gyrus (STG), inferior parietal lobe
(IPL), and temporo-parietal junction (TPJ) (Peck, et al., 2009; Schultz, 2000; Schultz, et al.,
1998). It is from these patients that we can determine the crucial structures and areas in the
reward circuit. This will also give insight into the functioning of the attentional network as
we examine the effect of reward on disrupted allocation.

Visual neglect is characterized by a deficit of attention on the left side of space.

This deficit results in a failure to attend to stimuli even when the inputs and pathways for
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incoming sensory information are intact. While there is no physical damage to the eyes or
the optic nerve and the visual information is being transmitted, attention is simply not
allocated to information on the left. The deficit can occur either egocentrically (to the left
side of the visual field) or allocentrically (to left sides of all objects) (Behrmann, Ebert, &
Black, 2004; Driver & Vuilleumier, 2001; Eglin, Robertson, & Knight, 1989), and may be
S0 severe that patients no longer recognize their own limbs. Neglect has the worst
prognosis of brain injuries: patients do not recover to their pre-injury state, with recovery
typically reaching a plateau around three months after the initial injury (Jehkonen et al.,
2000; Stone, Patel, Greenwood, & Halligan, 1992). Making recovery even more
complicated is the fact that patients are rarely aware they have a deficit from which they
need to recover.

The underlying mechanism of neglect is unclear. Many suggestions have been put
forth, including neglect as a distortion of space (Bisiach et al., 1999; Karnath & Ferber,
1999) or a rightward shift of the egocentric frame of reference (Bartolomeo & Chokron,
2002; Chokron, 2003; Karnath, 1994). Since the deficit can occur to degrees and lesions are
not always in the same place, there is no one agreed upon way to achieve rehabilitation
(Corbetta & Shulman, 2011; Mort et al., 2003). Neglect has been treated with several types
of training: a) prismatic adaptation, in which a prism lens reorients the visual field to the
left; b) visual scanning training, in which patients are retrained to search; and c)
pharmaceutical treatments have focused on dopaminergic therapies with mixed results
(Geminiani, Bottini, & Sterzi, 1998; Rossetti et al., 1998). Physical characteristics of
stimuli (brightness, size, or duration) do not increase detection, nor does the instruction to

only attend to the neglected side (Vuilleumier et al., 2001). It has been suggested that
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neglect is an impairment in exogenous orienting, in which external cues are not effective,
rather than endogenous orienting (i.e., internal goals) (Bartolomeo & Chokron, 2002).
Typically, endogenous orienting takes ~100ms longer than exogenous orienting
(Chakravarthi & VanRullen, 2010), however, it is also preserved in neglect, albeit slowed.
A more mild form of neglect occurs in the form of extinction, in which a single
object in either visual field can be detected, but if one in each field is presented
simultaneously, patients will remain unaware of the object in the neglected field
(Vuilleumier, et al., 2001). Basically, an object alone on the left side will be detected
because there is no competition for attention from the right side. Extinction can be
influenced by the location contingencies, based on previous experience. In other words, if
the probabilities are biased to a location, that will direct attention to the likely source of the
target because it is the most efficient way to search (Geng & Behrmann, 2002). We know
in the normal population that attention is very effectively guided by knowledge of the
upcoming target location such that, when the target location is known in advance, attention
will prioritize only the target location and will filter out distractors and irrelevant frames of
reference (Drummond & Shomstein, 2010; Shomstein & Yantis, 2002, 2004). Geng &
Behrmann (2002) showed that patients are still sensitive to implicit location probabilities,
and Kristjannsson, et al (2010) demonstrated their sensitivity to feature and location
priming. This indicates that both high level (target contingencies) and low level (priming)
perception are still intact, it is simply a matter of reorienting that perception to the
neglected side. This evidence, coupled with the modulation of attention by reward,
highlights an important question: if an attentional deficit can be mediated by information

about the upcoming target location (the ability to compute and track probabilities in still
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intact), what effect would reward contingencies have, if any? In other words, are patients
still sensitive to reward after lesions to areas thought to be critical in the reward circuit?
Perhaps most critically, does that sensitivity exist on the neglected side?

Since exogenous cues (such as the enhancement of a stimulus) do not increase
detection in neglect patients, perhaps an internal, immediately rewarded goal is needed to
effectively reorient attention. It has been shown in normal populations that rewards can
increase sensitivity in a signal detection task, suggesting that perceptual sensitivity is
enhanced by motivation (Engleman & Pessoa, 2007; Snow & Mattingley, 2006), and that
reaction time decreases significantly to rewarded targets in a pop-out search task (Kiss, et
al., 2009; Kristjansson, et al., 2010). In these tasks, attention is more focused on the
stimulus and oriented efficiently in order to obtain the maximum reward. There is also
evidence for spatial facilitation (lower RTs to targets at previous target locations) as well as
color facilitation (lower RTs with a target the same color as previous targets) in normals
(Finke et al., 2009; Kristjansson, et al., 2010). Neglect patients, however, cannot tag
previously searched locations due to a failure of inhibition (preventing the return of
attention to previously attended areas or objects) when the display is unpredictable
(Mannan et al., 2005; Sapir, Hayes, Henik, Shai Danziger, & Rafal, 2004). They are still
sensitive to priming (semantic, positional) and facilitation occurs, but inhibition only
occurs under conditions of display predictability. The difference was framed by Maunsell
(2004) as “immediate, primary” rewards (i.e., obtaining reward trial by trial) versus long-
term rewards (i.e., the overall goal of recovery). Snow & Mattingley (2006) provided
evidence that such goal-driven treatments do work (at least in the short-term with primary

rewards — long term effects are less established), however, they require an awareness of the
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deficit. Reward, just as target probabilities, would not require awareness because these
properties are typically learned implicitly over time without participants being explicitly
aware or able to report specifics (Lambert et al, 1999). Furthermore, manipulations of both
reward magnitude and probability of the reward being paired with a particular location
enhance neuronal activity, specifically in lateral intrapartietal area (LIP), so if this remains
intact in neglect patients, reward might successfully reorient attention (Platt & Glimcher,
1999). To put it simply, more rewarding stimuli will attract attention, and this should still
be the case in neglect patients.

Some questions still remain to be examined regarding neglect and reward. Here, |

ask three specific questions: 1) Are patients with lesions to areas within the putative reward

circuit (e.g., basal ganglia, TPJ, IPL, STG) sensitive to reward? 2) If sensitivity is observed,
does that sensitivity extend across the visual field (i.e., into the neglected side) and can
neglect be reduced by rewarding the neglected side? 3) Does sensitivity persist after the
reward structure has been removed? The answers to these questions will provide very
important insights for understanding the neural mechanisms of attentional orienting.
Namely: 1) If patients are still sensitive to reward when part of their reward circuit has been
damaged, that would suggest that the particular area is not the determining factor for
reward-based computation; 2) If sensitivity extends into the neglected side, that implies
attention can be reallocated to the neglected side via reward; and 3) If sensitivity persists
after the reward structure has been removed, that suggests that the effect of reward on
attention is an enduring one. The last two points taken together not only have important
implications for understanding the mechanism of attentional orienting, but also have strong

implications for the possibility of rehabilitation for those who suffer from neglect.
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Reward sensitivity will be examined with two types of tasks in the two different
modes of attentional orienting. Corbetta & Shulman (2002) described two networks in the
brain: one stimulus-driven (i.e., bottom-up) and the other goal-driven (i.e., top-down). The
dorsal fronto-parietal network for top-down control involves the frontal eye fields (FEF)
and intraparietal sulcus (IPS), while the ventral network for bottom-up control involves the
temporoparietal junction and the ventral frontal cortex. Since lesions of patients are varied
in location and magnitude, both networks will need to be examined on a case-by-case basis
to determine which is intact, and which carries the strongest reward signal. Bottom-up tasks
rely on automatic orienting and may not be affected by reward (i.e., a floor effect) while
top-down tasks rely on voluntary orienting and may have more room for improvement.
Therefore, both types of tasks will be performed. Rewards will be given to features (such as
color) and to location (neglected side) to determine if sensitivity still exists and if it extends
into the neglected field. Finally, behavior will be examined after the reward structure is
removed to determine if the reward signal persists after external feedback is no longer

given, which will show the strength of the reward signal.

Experiment 1
The first experiment utilizes a bottom-up attentional guidance task to determine the
effect of reward on attentional control. Bottom-up tasks are automatic and rely on
attentional capture rather than voluntary allocation of attention. Previously, it was expected
that there would be no room for improvement in bottom-up tasks with reward but it has
been shown that is not the case (Kristjansson, et al., 2010). A simple task such as a color

pop-out may offer the best opportunity for reallocation of attention in brain damaged
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populations because bottom-up may be the only intact network due to lesion location (i.e.,
if TPJ is damaged, bottom-up orienting may be affected, and if SPL is damaged, top-down
orienting may be affected), and also because the nature of the task is to capture attention.
Paired with reward, bottom-up attentional guidance may be strong enough to override

visual neglect by redistributing attention.

Method
Participants

Three patients (C.P., R.P., and T.D.) with visual neglect participated to determine
the effects of reward on attentional allocation. Patients were first tested with the Behavioral
Inattention Test (BIT), which is a bedside measure of neglect. On this test, three subtests
were used to determine neglect: line cancellation (36 possible points), letter cancellation
(40 possible points), and line bisection (9 possible points). Total scores below 75/85 are an
indication of neglect (Hartman-Maeir & Katz, 1995). Patient reaction times to cued and
non-cued stimuli on the left and right were tested with a Posner paradigm (Posner, 1980).
Much larger reaction times non-cued targets on the left indicate neglect, while normal
reaction times are similar for both sides.

C.P. is a 51-year-old male at three years post-stroke with a lesion in the basal
ganglia, an area thought to contain the reward computation circuit (Kawagoe, et al., 1998).
Patient presented severe neglect on the BIT with a score of 17/36 on line cancellation,
21/40 on letter cancellation, and 5/9 on line bisection, and also on the Posner task with a
difference of 1587ms between left and right targets. R.P. is a 61-year-old male at five

months post-stroke with a slightly smaller, more focal lesion in the putamen, which is
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thought to be the input station to the rest of the reward circuit (Muranishi et al., 2011).
Patient presented neglect on the BIT with a score of 36/36 on line cancellation, 39/40 on
letter cancellation, and 8/9 on line bisection, and also on the Posner task with a difference
of 186ms between left and right targets. T.D. is a 42-year-old female at four months post-
stroke with a large lesion covering the temporo-parietal junction, which is involved in
attentional orienting (Corbetta & Shulman, 2002) (see Figure 12). Patient presented neglect
on the BIT with a score of 36/36 on line cancellation, 38/40 on letter cancellation, and 7/9
on line bisection, and also on the Posner task with a difference of 75ms between left and
right targets. While all subjects clearly demonstrate neglect, two have damage to reward-
related areas (basal ganglia, putamen) and one has damage to an attentional area (temporo-
parietal junction), which will provide evidence for the necessary components of reward-
based processing. Forty-two undergraduate controls participated to examine typical

performance.

Figure 12. Lesion locations of the three neglect patients, from left to right: C.P., R.P., T.D.

Apparatus and Stimuli

For patients, the experiments were conducted on a 13” Lenovo laptop computer

with a resolution of 1024 x 768 pixels. For undergraduate controls, the experiments were
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conducted on Dell Optiplex computers and 19” screens with a resolution of 1280 x 1024
pixels. Participants were seated approximately 60cm away from the monitor.

The display consisted of three colored diamonds (2.1° x 2.1°) positioned 4° of
visual angle from the top, left, and right of a central white fixation point on a black
background (see Figure 13). The target had either the top or the bottom point missing
(described as a “notch” to the participants). A color singleton was designated as the target

(green or red), while the remaining two diamonds were the opposite color (red or green).

¢

Figure 13. Typical display for Experiment 1.

Design and Procedure

The patients were tested in their homes (T.D., R.P.) and at a nursing home (C.P.).
Each first completed the Behavioral Inattention Test (line cancellation, letter cancellation,
line bisection, drawing, etc.) which is a bedside measure of neglect, and a variation of the
Posner cuing paradigm (cued reaction times versus non-cued reaction times on neglected
and non-neglected sides) to quantify their neglect (Friedrich, Egly, Rafal, & Beck, 1998;
Shomstein, Lee, & Behrmann, 2010). Undergraduate controls were tested at the George

Washington University for course credit.
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Participants completed 576 trials, with two blocks of pre (no reward before
training), four blocks of reward (training), and two blocks of post (no reward after
training). The pre condition serves as a baseline for behavior before reward is introduced,
the reward condition introduces the reward structure to examine its effect on attention, and
the post condition serves as a test to determine if the effect of reward carries over when the
actual reward is no longer provided. The post condition is of particular interest, because
once the visual system has learned a pattern and used it to reduce uncertainty, we expect
that its influence will persist after reward structure is removed. Our visual system is attuned
to determining patterns, as this is what allows for more efficiency in search (Corbetta,
Patel, & Shulman, 2008; Posner, 1980). Therefore, it would be illogical and inefficient to
discard a recently learned pattern as soon as feedback is removed, which is why we expect
that patients will continue to demonstrate sensitivity to reward even when feedback is no
longer given. This would suggest that attentional resources have been reallocated and that
reward is an extremely strong influence on selection. However, it could also be the case
that patients who suffer from neglect are unable to maintain sufficient attentional focus on
reward when it is not being reinforced on a trial-by-trial basis. This would suggest that
reward is not a strong enough influence to reallocate attention permanently, and therefore
redistributing attention will require constant practice for patients.

Each trial began with the fixation point displayed in the center of the screen for
1200ms. Then the target display was presented until a response was made (‘k’ when the
missing piece was from the top of the diamond, ‘m’ when the missing piece was from the
bottom of the diamond). A feedback screen was presented for 1500ms after each response.

In the pre and post blocks, “Correct” or “Incorrect” was presented at the center, while in the
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reward blocks, points were displayed along with auditory feedback. High reward targets
received “+10” and auditory feedback that sounded like winning the jackpot on a slot
machine, while low reward targets received “+1” and auditory feedback that sounded like
the jingling of a few coins. Incorrect responses received “+0” and an error noise.

In the feature reward condition, high reward was assigned to a color (either green
or red) and was given on 85% of trials where that color was the singleton. The low reward
color received low reward on 100% of trials. In the location reward condition, high reward
was assigned to the left diamond and was given on 85% of left trials, regardless of color.
The low reward locations (top and right) received low reward on 100% of trials, again,
regardless of color. Since patients completed both sessions (within-subjects design), the
running order was randomized such that both (within bottom-up or top-down) were not
completed on the same day to avoid the types of reward (location and feature) canceling
each other out. Undergraduate controls completed one of the four sessions (between-

subjects design).

Results & Discussion
Feature Reward.

One-way analysis of variances (ANOVAS) were conducted on: a) high versus low
reward reaction times from each condition (pre, reward, post) to examine the general effect
of reward; b) high versus low reaction times separated by location (left, top, right) to
determine if the effect was distributed across the entire visual field (specifically on the left
side); c) left versus top and right reaction times to examine the amount of neglect in

patients; d) high versus low reaction times compared across each stage of reward training
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(pre versus reward, pre versus post, reward versus post) to determine if the effect was
transient or sustained when reward feedback was removed; and e) left versus right and top
reaction times across each stage of reward training (pre versus reward, pre versus post,
reward versus post) to determine if the amount of neglect was significantly reduced. All
figures plot effect sizes to showcase the magnitude difference between high reward reaction
times and low reward reaction times (i.e., low RTs — high RTs).

Undergraduates demonstrated a significant 30.9ms reward effect: [F(1,19) = 6.276,
p < .05], in which reaction times for the high reward color (M = 698.6ms) were faster than
for the low reward color (M = 729.5ms) (Figure 14). This demonstrates that attention was

allocated according to the reward level assigned to the features.
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Figure 14. Effect size (ms) of undergraduates in the Feature Reward condition.

Patient C.P. shows a general sensitivity to reward as evidenced by a significant
reward effect in the pre condition, and a reduction of the effect in the reward and post
conditions (Table 1, Figure 15). C.P. does not demonstrate specific sensitivity on his
neglected side as evidenced by the lack of a significant difference between the high and
low rewarded feature on the left (Table 2, Figure 16). This suggests that reward was not a
strong enough signal to overcome neglect and influence attention. Interestingly, C.P. does

show a reduction of the magnitude of his neglect (as shown in the significant decrease from
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pre to post), even though the reward was given to a feature that was equally probable to
appear in any of the three target locations (Table 3, Figure 17). This suggests that attention
was redistributed generally across the visual field.

Table 1.

Reaction times (ms) for C.P. in the Feature Reward condition.

High  Low

Pre 2993 3436
Reward 2883.5 3052
Post 2360 2641
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Figure 15. Effect sizes (ms) for C.P. in the Feature Reward condition: Reward effect by

training condition.

Table 2.

Reaction times (ms) for C.P. in the Feature Reward condition by training condition by

location.

Left Top Right
High Low High Low High Low
Pre 5865 6354 2248 2457 1867 2215
Reward 4588 6520 2234 2230 2165 3272
Post 2917 3583.5 2460.5 1968 1742 2617
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Figure 16. Effect sizes (ms) for C.P. in the Feature Reward condition: Reward effect by
training condition by location.

Table 3.

Reaction times (ms) for C.P. in the Feature Reward condition by location.

Left Top Right

Pre 6314 2312 2103
Reward 5366 2230 2896
Post 32785 2232 1935
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Figure 17. Effect sizes (ms) for C.P. in the Feature Reward Condition: Neglect magnitude

by training condition.

C.P.’s results suggest that even with a lesion to the basal ganglia — an area thought
to be critical on the reward circuit — reward can still be computed so certain patients will
still be sensitive to reward, but that the effect may not exist on the neglected side or carry
over after reward structure is removed. It also suggests that bottom-up attention paired with

reward can effectively redistribute attention for certain patients, even when the reward is
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not location-specific. However, while allocation to the neglected side is achieved in
general, there is still a lack of sensitivity (i.e., no reward effects on the left).

Patient R.P. does not show a general sensitivity to reward as seen in the lack of significant
effects in pre, reward, and post (Table 4, Figure 18). R.P. also does not show specific
sensitivity on his neglected side (Table 5, Figure 19) as evidenced by no significant effects
on the left. He also does not show a significant reduction of neglect (Table 6, Figure 20), as
evidenced by no difference between the reward from pre to post, pre to reward, or reward
to post.

Table 4.

Reaction times (ms) for R.P. in the Feature Reward condition.

High Low

Pre 1399 1562

Reward 1211 1376
Post 1297.5 14295
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Figure 18. Effect sizes (ms) for R.P. in the Feature Reward condition: Reward effect by

training condition.
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Table 5.

Reaction times (ms) for R.P. in the Feature Reward condition by training condition by

location.

Left Top Right
High Low High Low High Low
Pre 17575 1506 1191 1337 1399 18955
Reward 1260.5 1329 1026 13775 1305 1386
Post 1299.5 13945 1415 13645 12165 14625
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Figure 19. Effect sizes (ms) for R.P. in the Feature Reward condition: Reward effect by

training condition by location.

Table 6.

Reaction times (ms) for R.P. in the Feature Reward condition by location.

Left Top Right

Pre 15505 1273 1594
Reward 1279 11875 1348
Post 1366.5 13785 1331
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Figure 20. Effect sizes (ms) for R.P. in the Feature Reward condition: Neglect magnitude

by training condition.

R.P.’s lack of significant effects may reflect the function of the putamen — even
though C.P. has a more diffuse lesion, he is still sensitive to reward, perhaps because the
input to his reward system is intact. Perhaps R.P. does not show reward-based sensitivity
because the putamen is the necessary entry point into the reward circuitry where reward
history is stored (Muranishi, et al., 2011).

Patient T.D. shows a general sensitivity to reward as evidenced by the significant
reward effect in pre, reward, and post (Table 7, Figure 21). It should be noted that while the
effects are negative (i.e., low reward was faster than high reward), the effect in pre is
largest and reduces significantly after the introduction of reward, suggesting sensitivity.
Sensitivity is specific to her neglected side as evidenced by significant effects on the left
(Table 8, Figure 22). She, however, does not show a reduction of neglect as evidenced by
the stable effect sizes from pre to reward to post (Table 9, Figure 23).

Table 7.

Reaction times (ms) for T.D. in the Feature Reward condition.

High Low

Pre 1646 1486
Reward 1373 1340
Post 1390 1262
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Figure 21. Effect sizes (ms) for T.D. in the Feature Reward condition: Reward effect by

training condition.

Table 8.

Reaction times (ms) for T.D. in the Feature Reward condition by training condition by

location.

Left Top Right
High Low High Low High Low
Pre 1855 1711 14145 1252 1582 1463
Reward 1569.5 15535 1192 1107.5 1373 1340
Post 16915 14985 11855 10575 14745 1238
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Figure 22. Effect sizes (ms) for T.D. in the Feature Reward Condition: Reward effect by
training condition by location.

Table 9.

Reaction times (ms) for T.D. in the Feature Reward condition by location.

Left Top  Right

Pre 1791 1310 15305
Reward 15615 1149 1340
Post 1567 1145 1370
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Figure 23. Effect sizes (ms) for T.D. in the Feature Reward Condition: Neglect magnitude

by training condition.

T.D.’s reward circuit is intact, since her lesion is located cortically rather than
subcortically, as is the case with C.P. and R.P. For this reason, she displays not only
sensitivity to reward, but also sensitivity on the left side. This suggests that reward is strong
enough to redistribute attention and that the ability to learn subtle, implicit contingencies is
still intact on the neglected side. However, the inability to reduce neglect may stem from
her lesion location, as TPJ controls attention. Neglect is a byproduct of damage to the
attentional network, which results in a bias for the ipsilateral field. Attention is a limited
resource even without damage to such a critical area. Therefore, in the case of T.D., with
damage localized to the attentional network, the influence of reward is not able to
reallocate attention to the left. This could be due to further reduced resources, the result of
which could be that the strength of the attentional signal (i.e., reward) is not enough to

overcome neglect and redistribute attention evenly across the visual field.

Location Reward.
One-way analysis of variances (ANOVAs) were conducted on: a) left versus top

and right reaction times to examine the effect of reward in controls and the amount of
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neglect in patients, and b) left versus right and top reaction times across each stage of
reward training (pre versus reward, pre versus post, reward versus post) to determine if the
amount of neglect was significantly reduced.

Undergraduates demonstrated a significant 68.5ms reward effect: [F(1, 21) =
16.081, p <.001], in which reaction times for left targets (M = 728ms) were faster than for
top and right targets (M = 796.5ms) (Figure 24). This demonstrates that attention was

allocated according to the reward level assigned to the locations.
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Figure 24. Effect size (ms) for undergraduates in the Location Reward condition.

None of the patients show a significant reduction in their neglect as evidenced by
stable effect sizes and no difference between pre, reward, and post, which demonstrates a
lack of sensitivity to reward when it is given to targets on their neglected side (see Tables
10, 11, 12; Figures 25, 26, 27). This is not surprising, given that an increase in salience
does not increase detection on the neglected side. Therefore, a location-specific reward is
not the best option for reallocation of attention.

Table 10.

Reaction times (ms) for C.P. in the Location Reward condition by location.

Left Top Right

Pre 3621 1914 1726
Reward 4876.5 2515 2281
Post 3831 2524 2098
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Figure 25. Effect sizes (ms) for C.P. in the Location Reward Condition: Neglect magnitude
by training condition.
Table 11.

Reaction times (ms) for R.P. in the Location Reward condition by location.

Left Top  Right

Pre 1460.5 9835 1383
Reward 11375 9205 1346
Post 1339 1148 1615.5
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Figure 26. Effect sizes (ms) for R.P. in the Location Reward Condition: Neglect magnitude
by training condition.
Table 12.

Reaction times (ms) for T.D. in the Location Reward condition by location.

Left Top Right

Pre 1373 877 1241
Reward 13815 871 1155
Post 1353 893 1166

100



400

* - *
300
200
100

Pre

Reward Post

Effect Size (ms)

o

Figure 27. Effect sizes (ms) for T.D. in the Location Reward Condition: Neglect magnitude

by training condition.

In summary, the results of this experiment demonstrate that reward is an effective
way to reduce uncertainty and orient attention in both controls and patients who have an
intact putamen. The reward signal, while internal, provides a strong reorienting cue.
Control subjects were able to successfully reallocate attention to high reward targets based
on feature (color) or location (left), which resulted in faster reaction times to highly
rewarded features and locations. The response in the Feature Reward of the three patients
depends on lesion location. C.P., with a lesion to the basal ganglia, is sensitive to reward
but not on the neglected side, however, his neglect is significantly reduced when a feature
was rewarded. This suggests that the basal ganglia need not be intact to complete reward
computation. R.P., with a lesion to the putamen, is not sensitive to reward at all, and shows
no improvement of neglect in either condition. This suggests that the putamen is a critical
piece of the reward circuit, and that without the input into the reward system, reward
computation is not possible (Muranishi, et al., 2011). Patient T.D., with a lesion to the
temporo-parietal junction, shows sensitivity to reward that exists on her neglected side, but
no reduction of neglect in either condition. This suggests that, while reward sensitivity

exists, patients with lesions to attentional areas may not be able to generalize reward to
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redistribute attention. Taken together, these results suggest that attention can be reallocated
via reward, even in brain damaged populations as long as the input to the reward system is
intact (e.g., putamen). A remaining question is whether bottom-up orienting is more, less,

or equally effective as top-down orienting when paired with reward.

Experiment 2

Since bottom-up, reward-based orienting was successful only for certain patients, it
IS important to determine if top-down orienting paired with reward is more effective for
attentional allocation. Experiment 2 uses a top-down task where the participants need to
maintain a rule on a trial-by-trial basis in order to complete the task. This type of attention
may be more effective when it comes to recovery and rehabilitation because it is more
engaging and goal-oriented, or it is possible that it may be less effective than the capture
effect produced by bottom-up targets (Snow & Mattingley, 2006, 2006). Either way, it is
important to determine how reward affects both types of orienting and which type will

work best for each patient.

Method
Participants
The same three patients and forty-four different undergraduate controls participated.
Apparatus and Stimuli
The apparatus was as described in Experiment 1. Targets were the same size and at
the same distance from fixation as in Experiment 1. However, there was a missing piece

from every diamond in the shape of a circle, triangle, or square (see Figure 28).
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Figure 28. Typical display for Experiment 2.

Design and Procedure

The design and procedure was largely the same as Experiment 1. However, instead
of a pop-out task, the target of each trial was determined by the color of the diamonds. If
the diamonds were yellow, the participant searched for the circle, and if they were blue, the
participant searched for the triangle. The response (‘top’ or ‘bottom’) and response keys

were the same as Experiment 1.

Results & Discussion
Feature Reward.

One-way analysis of variances (ANOVASs) were conducted on: a) high versus low
reaction times from each condition (pre, reward, post) to examine the general effect of
reward; b) high versus low reaction times divided by location (left, top, right) to determine
if the effect was distributed across the entire visual field (specifically on the left side); c)
left versus top and right reaction times to examine the amount of neglect in patients; d) high

versus low reaction times compared across each stage of reward training (pre versus
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reward, pre versus post, reward versus post) to determine if the effect was transient or
sustained when reward feedback was removed; and e) left versus right and top reaction
times across each stage of reward training (pre versus reward, pre versus post, reward
versus post) to determine if the amount of neglect was significantly reduced.
Undergraduates demonstrated a significant 115.1ms reward effect: [F(1,18) =
16.558, p <.001], in which reaction time for the high reward color (M = 1000.7ms) was
faster than for low reward color (M = 1115.8ms) (see Figure 29). This demonstrates that

attention was allocated according to the reward level assigned to the features.

150
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Figure 29. Effect size (ms) for undergraduates in the Feature Reward condition.

C.P. shows a sensitivity to reward as evidenced by the significant effects in reward
and post (Table 13, Figure 30). There is also a significant increase from reward to post,
suggesting that even without the reward structure, the signal remains a strong influence on
selection. C.P.’s sensitivity also exists on his neglected side as evidenced by the significant
effect on the left in post (Table 14, Figure 31). Once selection was influenced generally, the
left followed suit and demonstrated sensitivity. However, C.P. does not show any
improvement in neglect as evidenced by the stable effect size and no difference between

pre, reward, and post (Table 15, Figure 32).
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Table 13.

Reaction times (ms) for C.P. in the Feature Reward condition.

High Low

Pre 3557 3276
Reward 4772 6998
Post 6822 10034
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Figure 30. Effect sizes (ms) for C.P. in the Feature Reward condition: Reward effect by
training condition.
Table 14.

Reaction times (ms) for C.P. in the Feature Reward condition by location.

Left Top Right
High Low High Low High Low
Pre 47675 3285 2875 3965 3051 3028
Reward 63325 7625 44265 5844 3365 7383
Post 71825 12080 6838 9076.5 6056.5 9444.5
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Figure 31. Effect sizes (ms) for C.P. in the Feature Reward condition: Reward effect by

training condition by location.
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Table 15.

Reaction times (ms) for C.P. in the Feature Reward condition by location.

Left Top Right
Pre 4439 3205 30395
Reward 7026 5170 45845
Post 8534 7128 7139
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Figure 32. Effect sizes (ms) for C.P. in the Feature Reward condition: Neglect magnitude

by training condition.

Overall, these results suggest that top-down orienting may be more effective than
bottom-up for C.P., as we see larger reward effects and the neglected side is affected.

R.P., as in Experiment 1, shows no sensitivity to reward (Table 16, Figure 33), with
no sensitivity on the neglected side (Table 17, Figure 34), and no reduction of neglect
(Table 18, Figure 35) as evidenced by no significant effect sizes and no difference between
pre, reward, and post.

Table 16.

Reaction times (ms) for R.P. in the Feature Reward condition.

High Low

Pre 2306 2250
Reward 1611 1634
Post 20225 1627
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Figure 33. Effect sizes (ms) for R.P. in the Feature Reward condition: Reward effect by
training condition.
Table 17.

Reaction times (ms) for R.P. in the Feature Reward condition by location.

Left Top Right
High Low High Low High Low
Pre 2162 2063 21955 2277 24845 2392
Reward 1866 1820.5 14905 1610 16195 1474
Post 1954 2031 1423 2214 22745 19185
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Figure 34. Effect sizes (ms) for R.P. in the Feature Reward condition: Reward effect by
training condition by location.
Table 18.

Reaction times (ms) for R.P. in the Feature Reward condition by location.

Left Top Right

Pre 2139 2234 2462
Reward 1846 1543 1527
Post 2031 1581 2079.5
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Figure 35. Effect sizes (ms) for R.P. in the Feature Reward Condition: Neglect magnitude

by training condition.

R.P.’s results provide further evidence for the putamen as a crucial component of
the reward network. With damage to that area, R.P. could not compute or keep track of
rewards accurately, so there was no influence on his attentional allocation.

T.D., unlike in Experiment 1, exhibits sensitivity to reward as evidenced by the
significant effect in reward (Table 19, Figure 36) overall but not on her neglected side as
evidenced by no effect on the left (Table 20, Figure 37). She also shows no improvement of
her neglect as evidenced by the stable effect sizes from pre, to reward, to post (Table 21,
Figure 38).

Table 19.

Reaction times (ms) for T.D. in the Feature Reward condition.

High Low
Pre 1355.3 13345
Reward 1258.7 1192.5
Post  1375.7 1327.2
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Figure 36. Effect sizes (ms) for T.D. in the Feature Reward condition: Reward effect by

training condition.

Table 20.

Reaction times (ms) for T.D. in the Feature Reward condition by location.

Left Top Right
High Low High Low High Low
Pre 1548 1575 1281 1074 1237 13545
Reward 1525 1429 1043 9195 1208 1229
Post 1719 1747 1154 937 1254  1297.5
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Figure 37. Effect sizes (ms) for T.D. in the Feature Reward condition: Reward effect by
training condition by location.

Table 21.

Reaction times (ms) for T.D. in the Feature Reward condition by location.

Left Top  Right

Pre 1575 11875 1285
Reward 14845 979 1220
Post 1719 1089 1278
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Figure 38. Effect sizes (ms) for T.D. in the Feature Reward condition: Neglect magnitude

by training condition.

Location Reward.

One-way analysis of variances (ANOVAS) were conducted on: a) left versus top
and right reaction times to examine the effect of reward in controls and the amount of
neglect in patients, and b) left versus right and top reaction times across each stage of
reward training (pre versus reward, pre versus post, reward versus post) to determine if the
amount of neglect was significantly reduced.

Undergraduates demonstrated a significant 66ms reward effect: [F(1,24) = 4.71, p <
.05], in which left targets (M = 1189.2ms) were faster than top and right targets (M =
1255.2ms) (Figure 39). This demonstrates that attention was allocated according to the

reward level assigned to the locations.
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Figure 39. Effect size (ms) of undergraduates for the Location Reward condition.
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None of the patients exhibited any sensitivity to reward as evidenced by the lack of
difference between pre, reward, and post, and therefore none showed any reduction of
neglect (see Tables 22, 23, 24; Figures 40, 41, 42).

Table 22.

Reaction times (ms) for C.P. in the Location Reward condition.

Left Top Right

Pre 5867 6621 6467
Reward 37455 2658 2234
Post 5700 5441 4173
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Figure 40. Effect sizes (ms) for C.P. in the Location Reward condition: Neglect magnitude
by training condition.
Table 23.

Reaction times (ms) for R.P. in the Location Reward condition.

Left Top Right
Pre 1910 15305 1761
Reward 1931.5 15945 1751
Post 2197 2258 2167.5
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Figure 41. Effect sizes (ms) for R.P. in the Location Reward condition: Neglect magnitude
by training condition.
Table 24.

Reaction times (ms) for T.D. in the Location Reward condition.

Left Top  Right

Pre 1941 1534 16745
Reward 1637 1282 1341
Post 17515 13145 1385
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Figure 42. Effect sizes (ms) for T.D. in the Location Reward condition: Neglect magnitude

by training condition.

While reward was effective for attentional allocation in controls, there was again
much variability in patients. The response in the top-down Feature Reward of the three
patients depends on their lesion. C.P., with a lesion to the basal ganglia, is sensitive to
reward and sensitivity exists on the neglected side, however, his neglect was not

significantly reduced in either condition. This again suggests that reward computation can
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take place without the entire basal ganglia. R.P., with a lesion to the putamen, is not
sensitive to reward at all, and shows no improvement of neglect in either condition. Just as
in Experiment 1, this suggests that the putamen is a critical component on the reward
circuit, independent of the type of attentional orienting (bottom-up or top-down). T.D., with
a lesion to the temporo-parietal junction, shows sensitivity to reward but it does not exist on
her neglected side, and no reduction of neglect in either condition. This again suggests that
damage to attentional areas makes generalization (i.e., to reduce neglect) and redistribution
difficult, if not impossible. Overall, this experiment demonstrates that top-down orienting
paired with reward has a stronger influence for some patients (C.P., who shows larger
reward effects and sensitivity on the left) but bottom-up is stronger for others (T.D., who
shows a larger, more persistent reward effect and sensitivity on the left), and patients with
damage to the putamen will demonstrate a lack of sensitivity in both types of orienting

(R.P.).

General Discussion

The purpose of the experiments reported in this chapter was to investigate the
differential effect of reward on top-down and bottom-up attentional allocation. If reward
can effectively influence attentional selection in either type of orienting, this suggests that
an internal signal can contribute to uncertainty reduction. Specifically, the focus was on
whether visual neglect patients, with lesions to different parts of the putative reward circuit,
would demonstrate sensitivity to reward, and subsequently if their disrupted attentional
allocation (a bias to the right) could be modified in the short term. It is important to study

reward in terms of its effect on attention in general, which will determine if it is more, less,
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or equally effective at directing selection as external cues such as brightness or motion.
Also, the effect of reward might be particularly useful for overcoming neglect since reward
has been shown to redistribute attention more evenly across the visual field (Maunsell,
2004; Snow & Mattingley, 2006, 2006).

Experiment 1 probed bottom-up orienting task paired with a reward for features
(i.e., color) and location (i.e., left). Participants had to report the location of the missing
piece (top or bottom) on the pop-out target. Control participants demonstrated strong
reward effects in that their reaction times were significantly faster to the highly rewarded
feature and the highly rewarded location. This is strong evidence for reward serving as a
unit by which to structure selection — high reward biased a particular feature or location,
and attention was allocated more efficiently than to low rewarded features or locations.
Previously, it was suggested that since bottom-up orienting is automatic and relies on
capturing attention, reaction times could not be any faster. However, a series of
experiments have demonstrated that bottom-up orienting can be primed, which shows faster
detection when a feature or a location repeats (Maljkovic & Nakayama, 1994, 1996;
Nakayama & Silverman, 1986). With that in mind, it is not so surprising that reward also
enhances bottom-up attention (Fecteau, 2007; Kristjansson, et al., 2010).

For neglect patients, the effect of reward depends on the location and size of their
lesion. Patient C.P. has a large lesion to the basal ganglia. He demonstrated sensitivity to
reward overall but not specifically on his neglected side, suggesting that reward influenced
behavior, but the reward signal was not able to overcome neglect enough to display
sensitivity. In addition, his neglect was significantly reduced overall when a feature was

rewarded, but not when the neglected side was rewarded. This suggests, again, that reward
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was not strong enough to overcome neglect when the focus of the reward was the neglected
side. However, when reward was distributed equally across the visual field, neglect was
reduced which means attention was more evenly distributed as a consequence of reward.

Patient R.P., with a lesion to the putamen, is not sensitive to reward in general or on
his neglected side, which could reflect the necessity of the putamen for reward
computation. R.P. shows no improvement of neglect in either condition, which is related to
his lack of sensitivity to reward — if reward has no influence on attentional allocation, then
neglect cannot benefit from its redistribution.

Patient T.D., with a lesion to the temporo-parietal junction, shows sensitivity to
reward that exists on her neglected side, indicating that the effect of reward strongly
influence her attentional allocation. However, no reduction of neglect was observed in
either condition. This may be because T.D.’s lesion is focused in the temporo-parietal
junction, an area that controls attentional allocation (Shomstein, et al., 2010). Since C.P.
has a more sub-cortical lesion, it is possible that he has less damage to attentional areas and
therefore more ability to generalize the influence of reward (see Table 25).

Table 25.
Bottom-up patient results summary — reward sensitivity, left sensitivity, neglect reduction in

feature and location conditions.

Reward Left Neglect
sensitivity? sensitivity? reduced?
Patient Lespn Feature Location Feature Location Feature Location
location
C.P. Basal ganglia Yes. No. No. No. Yes. No.
R.P. Putamen No. No. No. No. No. No.
T.D. TPJ Yes. No. Yes. No. No. No.
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Experiment 2 used a top-down orienting task paired with a reward for features (i.e.,
color) and location (i.e., left). Participants completed the same task, but with this
manipulation patients could only locate the target by using top-down search. Control
participants demonstrated strong reward effects in that their reaction times were
significantly faster to the highly rewarded feature and the highly rewarded location. This
provides more evidence for reward as a unit by which to structure selection — in fact, the
effect is even stronger when paired with a top-down, goal-directed task. This is to be
expected, as top-down tasks require more resources and processing time, so there is more
room for improvement (Corbetta & Shulman, 2002).

C.P. is sensitive to reward and sensitivity exists on the neglected side, however, his
neglect was not significantly reduced in either condition. The lack of reduction of neglect
suggests that when attentional orienting is being completed in a top-down manner, that the
effect of reward is not generalizable to neglect. Since selection is being structured more
voluntarily, it is more difficult to apply the reward to the neglected side, as compared to
attention being captured in the bottom-up task. R.P. shows the same lack of sensitivity as in
Experiment 1, again suggesting the importance of the putamen in the reward network. T.D.
shows sensitivity to reward but it does not exist on her neglected side, and no reduction of
neglect in either condition. This suggests that reward influenced behavior, but it was not a

strong enough signal to overcome neglect (see Table 26).
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Table 26.
Top-down patient results summary — reward sensitivity, left sensitivity, neglect reduction in

feature and location conditions.

Reward Left Neglect
sensitivity? sensitivity? reduced?
Patient LeS|_on Feature Location Feature Location Feature Location
location
C.P. Basal ganglia Yes. No. Yes. No. No. No.
R.P. Putamen No. No. No. No. No. No.
T.D. TPJ Yes. No. No. No. No. No.

In conclusion, reward is an effective signal for structuring attentional selection in
intact individuals and in patients who have the ability to update their reward computation
intact (Muranishi, et al., 2011). Monkeys who had lesions to the putamen were unable to
make optimal decisions based on reward probabilities. The rest of the basal ganglia reward
circuit may not be necessary — it is a large area that has been suggested to connect
motivation to visual information. In C.P., these connections are clearly intact, but it is
possible that different basal ganglia lesions may result in loss of this connection.

Patients who demonstrate sensitivity to reward are able to redistribute attention to
the neglected side, and, in some cases, this reduces the magnitude of their neglect. This
suggests that attention can be reallocated and neglect can be overcome, attention need only
be directed via the appropriate tool. This is encouraging because medication therapies are
not effective and neither is changing or enhancing properties of the stimulus. However,
pairing simple tasks with reward and adding them into a therapeutic regimen may increase
detection.

Here, we have used non-age-matched control subjects, but it is important to

examine intact individuals who are age-matched to our patients. This will demonstrate what
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improvements can reasonably be expected as a function of reward. We expect that reward
will have a smaller influence on attentional allocation because aging results in an inability
to suppress bottom-up orienting. Therefore, the top-down influence of reward will result in
smaller gains for the aging controls (Marschner et al., 2005). Another important addition
will be to complete a lesion analysis, because it will show specifically which locations in
all patients overlap and which are unique damage sites.

It may be more successful to reward a location while only presenting a target in a
single location on each trial. This will encourage search and exploration, the lack of which
is a byproduct of the attentional and gaze bias to the right (Corbetta & Shulman, 2011). It
also may be beneficial to make patients aware of the reward structure, rather than allowing
them to learn it implicitly over time. However, we have demonstrated that reward, as an
internal cue, has a strong influence over allocation that is just as effective as external cues
based on location, brightness, or motion. This suggests that reward is another unit by which
search can be constrained, and provides more support for the idea that search is structured
on uncertainty. When reward is introduced, it influences allocation — high reward features
or locations will benefit, just as more probable locations benefit (Drummond & Shomstein,

2010; Geng & Behrmann, 2002).
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Chapter 8: Conclusions

In this dissertation, the following three questions were asked and evidence was
provided for each: 1) does uncertainty determine attentional selection?, 2) when uncertainty
is changed or reduced, which frame of reference is being selected — objects or spatial
locations?, and 3) is reducing uncertainty via an internal signal such as reward an effective
way to reallocate attention?

The first question (does uncertainty determine attentional selection?) was examined
using an object-based paradigm in which the predictive nature of the cue was manipulated.
When the upcoming target location was uncertain, in that it could be any of three possible
locations, object-based effects were present. This suggests that attentional focus was broad
and encompassed the entire display in order to keep track of all the possible target
locations. For this reason, objects influenced attentional guidance. When uncertainty was
reduced by introducing a rule about the cue to target relationship (i.e., always one location
clockwise), object-based effects disappeared. This suggests that attention was singularly
focused on the target location in advance and therefore objects did not influence selection.

Results from the first experimental series coincide with the literature on the size of
the attentional window, which suggests that a broad window will encompass everything
while a narrow window will filter certain units out (Goldsmith & Yeari, 2003; Yeari &
Goldsmith, 2010). Rather than a predetermined, automatic spread of attention, it was
demonstrated that once attentional focus could be narrowed, object-based effects
disappeared. Thus, the fundamental question in the literature about the origin of object-
based effects was effectively answered: yes, the factor that determines attentional selection

is uncertainty (Drummond & Shomstein, 2010; Shomstein & Yantis, 2002, 2004)
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To investigate the second question (what frame of reference is being selected —
objects or spatial locations?), a dynamic object-based paradigm was used to separate spatial
locations from their overlapping objects, and therefore determine which was being selected.
The cued surface (i.e., the portion of the object that was cued) and spatial locations
influenced selection, while objects did not. This suggests that when presented with
uncertainty, attention “sticks” to cues: this is shown with a stable, significant benefit to the
cued surface and with IOR effects to spatial locations. It makes sense for attention to be
“sticky” because we need to be able to track important or salient cues in our environment.
Without that ability, attention would never be able to structure search efficiently. When a
location was biased by probability distributions, the cued surface was abandoned and
instead selection was guided by the biased location, with some influence of spatial
locations. This provides further evidence that attention is flexible and adaptable, and
selection is based on the information that reduces uncertainty.

Results coincide with the literature on IOR, and show a distinct contribution of
surfaces, rather than whole objects (Becker & Egeth, 2000; Behrmann & Tipper, 1999; List
& Robertson, 2007; Lupianez, et al., 2001; McAuliffe, et al., 2001; Muller & von
Muhlenen, 1996; Tipper, et al., 1991; Tipper, et al., 1999; Tipper, et al., 1994). By
showcasing the timecourse and separating spatial locations from objects, we were able to
determine that both influence selection to varying degrees when the level of uncertainty is
changed.

The third question (is reducing uncertainty via an internal signal such as reward an
effective way to reallocate attention?) was answered by imposing a reward structure on

bottom-up and top-down tasks. For intact subjects, this was an effective way to reallocate
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attention to a feature or location in both types of attentional orienting. For neglect patients,
the extent of reallocation depends on their lesion location. Patients who have the putamen —
implicated in reward updating and computation — intact show sensitivity to reward and
certain patients show a reduction of neglect as a byproduct of reallocation. These results
suggest not only that reward is an effective way to reduce uncertainty and therefore guide
selection, but also that reward may be an effective tool for rehabilitating disrupted attention
(Snow & Mattingley, 2006, 2006).

In this dissertation, | have demonstrated that uncertainty is the determining factor in
attentional selection. Specifically, | demonstrated that sensory input that carries an
uncertainty reduction signal (spatial bias, object bias, reward bias) will be preferentially
attended to. Prior to these studies, it was unclear what determined the presence of object-
based effects, but | have shown conclusively that uncertainty in the display determines
whether or not objects influence selection. | also demonstrated that uncertainty reduction
operates within multiple units (surfaces and locations), and attention is quick to optimize its
strategy. When presented with an implicit pattern (i.e., a reduction of uncertainty), selection
quickly adjusts and uses the pattern to constrain search. This structuring was also
demonstrated in a non-spatial domain with reward, and it was effective for control
participants and certain patients with visual neglect. Patient data indicate that disrupted
attention can be mediated with the introduction of reward, and in some cases (i.e., when the
putamen is intact) neglect can be reduced. The lack of an influence with a damaged
putamen (patient R.P.) suggests that it is a critical area and a necessary structure for

computation on the reward circuit. Taken together, the results from the three experimental
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series provide strong evidence for the Uncertainty Principle and its influence on attentional

guidance.
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