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Abstract
THE COUNTERVAILING FORCES OF SELECTION AND BINDING IN VI®N
by
Adam Christopher Snyder

Adviser: John J. Foxe, Ph.D.

Humans have limited cognitive resources to process the nearly limitless
information available in the environment. Endogenous, or “top-down”, selective attention
to basic visual features such as color or motion is a common strategy for biasing
resources in favor of the most relevant information sources in a given ca@pgxising
this top-down separation of features is a “bottom-up” tendency to integrate, ohieind, t
various features that constitute objects. First we identify an elegsigbbgical signature
of endogenous selective attention to basic visual features: alpha-band poveasesicre
which have been shown to reflect suppression of potentially distracting ini@nnat
several contexts. Next, we pitted the two processes of selective atterdtibimding
against each other in a series of behavioral and electrophysiologicahequs to test if
top-down selective attention can overcome constitutive binding processes. Qsr resul
demonstrate that bottom-up binding processes can dominate top-down feature-based
attention even when explicitly detrimental to task performance. A modah&iomical
bases and temporal dynamics of the deployment of feature-based seltetition is

proposed.
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GENERAL INTRODUCTION

The ability to selectively attend to a specific subset of one's sensoryiseatithe
root of human cognition and negotiation of one’s environment. The alternative, whereby
attention is not constrained to a manageable subset of the available information, does not
allow for normal function, and may be partially involved in certain neural disosieh
as the Autism spectrum of disorders (cf. Markram and Markram, 2010) and attention
deficit disorder (Armstrong, Hayes and Martin, 2001). By necessity, sucttesd(
completion in daily life employs selective attention to one extent or another. By
inference, the ability to attend is assumed to be a “capacity-limitetérsyand to some
degree, humans have endogenous or executive control over what aspects of their
environment are processed by this limited system from moment to moment (e.qg.
Broadbent, 1958, Kahneman, 1973; Schneider and Shiffrin, 1977, Shiffrin and Schneider,
1977; Neely, 1977; Schneider and Fisk, 1982). This endogenous form of attention can be
distinguished from exogenous attention, which is involuntarily captured by pespefti
the environment. Exogenous attention can be captured by saliency cues such as an
unexpected sound (Dalton and Lavie, 2004) or a sudden flash (Yantis and Jonides, 1984),
or by cues such as biological relevance of an object category (e.g., shakesata
[Lipp and Waters, 2007] or cigarettes to a smoker [Versace et al., 2010]). Thissvolum
will describe a subtler involuntary capture of attention caused by the inherem bia
humans to perceive the world as composed of objebipter 1 will discuss how

endogenous attention is oriented to specific features of the visual worl@hapters 2
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and3 will describe how this endogenous attention interacts with the automatic capture of

attention to integrate disparate features to form coherent objects.

The Cuing Paradigm

In order to study the mechanisms of attention, we have employed the “cuing
paradigm” to invoke endogenous biasing of the attentional system. This is aveffecti
experimental means of ensuring invocation of a high level of endogenous control by the
use of symbolic cues that actively instruct the subject in an unpredictable rtanner
switch attention between tasks. That is, a centrally presented cue suacériasig word
or sound is employed (stimulus 1 — S1), which informs of an upcoming task or indicates a
specific location, sensory modality or feature for subsequent analysisl(sti2 — S2).

This manipulation is a nice experimental version of what is a fairly commomfvay
apportioning attention in our environment. That is, humans spend a large part of their
existence assigning attentive resources to their environment based on ah interna

instructional set.

Such endogenous cuing paradigms can be classified into two basic categories:
“probabilistic” and “instructional”. In a probabilistic cuing paradigm, g#pants are
instructed to respond to all target S2’s, including those that may occur at an uncued
location. Critically, the cue indicates the correct location of the target g@ia hi
proportion of trials, which encourages the participants to utilize the cue’s irfonma
The uncued location in this case cannot be considered a source of distracters, however,
since participants still need to respond to targets there. In contrast, artimsaiusing

paradigm requires the participants to respond to targets occurring at the @tied loc
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only, and to ignore the uncued location completely. In this way, the uncued location
becomes simply a source of potentially distracting information, since stinowlirotgy

there will never warrant a response. On the other hand, since no response is ever made
such distracters, a physiological measure —rather than a behavioratenaasieeded to

evaluate the processing thereof.

SELECTIVE ATTENTION

Two basic varieties of attentionally mediated, selective modulation of the neural
circuitry involved in processing a particular stimulus array can be envisiohedir3t,
and by far the most often reported, involves the selective enhancement of neural
responsiveness or efficacy in those cells responsible for processing tbelgrastimulus
of interest —the stimulus, whether already present or merely antatipgten which a
subject’s attention is focused (e.g. Corbetta, Miezin, Dobmeyer, Shulman anéreters
1993; Haenny and Schiller, 1988; Luck, Chelazzi, Hillyard and Desimone, 1997; Moran
and Desimone, 1985). The second variety of attentional modulation involves selective
suppression of those neurons responsible for processing stimuli outside the focus of
attention, so that competing or distracting information is natilbnot beprocessed fully
(e.g. Foxe, Simpson and Ahlfors, 1998; Moran and Desimone, 1985; Motter, 1993;
Reynolds, Chelazzi and Desimone, 1999; Vanduffel, Tootell and Orban, 2000; Worden,
Foxe, Wang and Simpson, 2000). The experiments described in this report emphasize this

latter, suppressive form of selective attention.

In our laboratory, we have been particularly interested in detailing theotep-

mechanisms by which the brain establishes biased attentional statas,-gh@atipatory
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sets. Until recently, the vast majority of attention research had cosieehtmn the

effects of attention on the processing of attended versus unattended stinadctirat
subsequently, as a result of attentional biasing (see Desimone and Duncan, 1@&%; Hil
and Anllo-Vento, 1998). When the brain is involved in attentionally demanding tasks, it
is advantageous to direct attention to the relevant stimulus, location or actiortéha is
engaged inprior to the arrival of the stimulus or execution of the action. Our laboratory,
among others, has reported a neural correlate of the suppressive form of hiasing i
number of contexts, including suppression of one sensory modality in favor of another
(Foxe et al., 1998; Fu et al., 2001), and suppression of portions of space that are likely to
contain distractor information (Worden et al., 2000; Kelly, Lalor, Reilly and F20@6).

The results of these studies motivated the current project, and the phenomenon of
interest, increases in the 8-15 Hz “alpha” frequency band of the EEGs ssreaee of

our dependent measures of attentional biasing.

Using an instructional cueing paradigm, our lab originally found diffedentia
modulation of parieto-occipital alpha activity in the period preceding an itngera
stimulus (S2) when visually presented word cues (S1) instructed subjects in an
intersensory attention paradigm (Foxe et al., 1998). In that experiment, swgeets
cued to attend either the visual or auditory portion of a subsequent compound audio-
visual stimulus. The cue instruction to attend the auditory modality (the woldPBE
resulted in significantly larger 8-14 Hz activity over parieto-ocdigibatex in the
anticipatory period preceding the S2 than when subjects were cued to attend the visual
modality (the word “FLASH”). This effect was not due to eye closing or gazees as

eye movements were carefully monitored and subjects were instructethtaima
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fixation during both attend-auditory and attend-visual anticipatory periods. It was
hypothesized that this oscillatory enhancement in the case of the attétadyaud
instruction might reflect anticipatory gating of visual processing bigtmaoccipital
structures, which are known to be involved in attentional switching and disengagement
within the visual modality (e.g. Farah, Wong, Monheit and Morrow, 1989; Posner and

Petersen, 1990; Posner, Walker, Friedrich and Rafal, 1984).

Foxe and colleagues (1998) interpreted their results in terms of visual spatia
attention theories that posit parietal control of visual selective attentbrasuthose of
Van der Heijden (1991) or LaBerge (1997). In such models, the posterior pagatal ar
of the fast dorsal visual stream mediate the extent of processing ofcalpadtimulus
through parietal inputs to the thalamic relay nuclei, nucleus reticulari©amditamen,
and also through modulatory inputs to the ventral visual stream, which is specialized for
the high level extraction of featural information from stimuli. That is, thaéadjya
specialized dorsal stream areas control the gateways to ventral viszesdging,
according to theory. Our lab suggested that the enhanced parieto-oatjyitaband
activity seen in our intersensory selective attention paradigm represesédective
inhibition of "all" of visual space and was one mechanism by which visual spalckbe
selectively inhibited. The prediction from these results would be that during visual
spatial selective attention paradigms, such alpha-gating mechanisms sholddtbaebe
deployed to regions of space that need to be ignored. That is, alpha-gating should occur
in cortices that are likely to receidestracterinformation. Our lab then examined this

prediction in a visuo-spatial cueing study (Worden et al., 2000).
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In that visuo-spatial experiment, centrally presented arrow cues wekréouse
direct attention to the left or right visual fields and alternately to the uppeowaed |
guadrants within the visual hemifields. Subjects were required to make orientation a
motion-direction judgments upon the subsequent S2 stimuli. It should be emphasized that
only stimuli occurring at the cued location were relevant to the task, suchirinat s
occurring opposite to the cued location could be deemed distracters. Compellingly,
deployment of visual attention to one hemifield resulted in anticipatory sutfaiced
increases in alpha-band activity over occipital cortex ipsilateral toutet airection of
attention. Further, these foci also moved retinotopically depending on whethépatte
was deployed to the upper or lower quadrants. Thus, enhanced alpha-band activity was
seen over the retinotopic area that was likely to contain distractedistonsistent with
a role for these oscillatory processes in inhibition of non-cued spatiablosaind
consistent with the predictions of Foxe et al. (1998). This basic finding of retindbppica
specific alpha-band mediated suppression of potentially distracting lacatsn
subsequently been replicated and expanded several times (Cosmelli et al., 29 ¥t; Ke
al., 2006; Rihs, Michel and Thut, 2009; Sauseng et al., 2005; Thut, Nietzel, Brandt and

Pascual-Leone, 2006; Yamagishi, Goda, Callan, Anderson and Kawato, 2005).

The research question that motivated the current project was whether tigs gati
function of alpha-band activity was specific to spatial and intersensonyiaitteor rather
if alpha could play a role in the biasing of attention between other stimulus parsme
within a given modality, such as visual featur€bdpter 1). It was well established from
prior research that attention can be deployed to non-spatial visual featuatles,s color

or motion parameters, facilitating the processing of subsequent stimuli instimgdhe
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attended feature, independently of spatial location (e.g., Corbetta et al., §j8eteE

al., 2008; Martinez-Trujillo and Treue, 2004; Most and Astur, 2007; Wylie, Javitt and
Foxe, 2004, 2006). We again utilized an instructional cuing paradigm, although in this
case the cues directed participants to attend to either the color or motion of amgpcomi
stimulus consisting of many small moving and colored dots. Participants \skeéd ta

with making a difficult discrimination with respect to the cued feature. We ¢hese
features of color and motion because they have well-described, spatialigtedpa
cortical processing centers in the dorsal and ventral visual streamstivetpec
(Ungerleider and Mishkin, 1982). We predicted that, if feature-based attamtwkes
alpha-band suppressive mechanisms analogously to spatial attention, then we should
observe a dorsal-ventral shift in the source of alpha-band oscillations dependingion w

feature was attended. The results of this experiment are discus3ealter 1.

BINDING VERSUS SELECTIVE ATTENTION

As described above, the process of selective (or biased) attention aipsradese
the environmental signals into discrete classes of information, such that thendiffe
classes of information can be enhanced or suppressed, depending on the current
behavioral context. This process is largely endogenous, or “top-down.” Seemingly in
opposition to this selective mode of operation, however, is an inherent tendency to
integrate — or “bind” — stimulus features that co-occur in time and space. Previous
literature has demonstrated that when one part of an object is attended, @nhance
processing spreads from an object's attended features to its irrdeatanes (Albrecht,

List and Robertson, 2008; Egly, Driver and Rafal, 1994; Fiebelkorn, Foxe and Molholm,
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2010a; Fiebelkorn, Foxe, Schwartz and Molholm, 2010b; Katzner, Busse and Treue,
2009; Molholm, Martinez, Shpaner and Foxe, 2007; O’'Craven, Downing and Kanwisher,
1999; Schoenfeld et al., 2003; Wylie et al., 2004).

For example, Egly and colleagues (1994) showed patrticipants a series ajfleectan
pairs. On each trial, one end of one of the rectangles would brighten momentarilseto ser
as a cue. The participants then needed to detect a target, which usuallgdattire
cued location (valid), but would occasionally occur at the uncued end of the cued
rectangle or at the equidistant end of the uncued rectangle (invalid). Theskéywas
that participants were faster to respond to invalidly-cued targets occwiting the cued
rectangle than to invalidly-cued targets occurring within the uncuedhgets&since the
distance from the cued location was identical in each case, the integorefatis result
is that attention is deployed across an entire object when just one of its [parsl.i

Besides automatically spreading across the spatial extent of an olgattoat
also spreads across the features of an object. For example, Schoenfeld ang@fiBgrs (
directed attention to one or the other of two spatially overlaid stimuli. On saiss tme
of these two stimuli underwent a task-irrelevant color change. Elecsmpbgical and
neuroimaging results of that experiment indicated that the brain responsedtothe c
change was greater when the change occurred in the attended stimulubstartding
that color was completely irrelevant to the task. Again, the interpretatibatithe entire
object receives enhanced processing, despite that only a subpart of the @xplatitby
relevant.

This spreading of attention across the features of an object seems to be highly

automatic (i.e., "bottom-up"”). For example, a prior experiment by our groupe(koen
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et al., 2010a) found a spread of attention to task-irrelevant auditory stimuli simply
because they co-occurred with an attended visual stimulus. This spread ajrattenti
occurred despite the fact that the sound was often semantically incongithethiew

visual stimulus and often unrelated to the attended object category, which senaato m
the sound highly distracting from the visual-only task. Because attention to the sounds
would disrupt task performance (due to incongruent pairings), the fact thatoattenti
persisted in spreading to the sounds suggests that this process is highlyiautomat

When designing the experiment describe@lmapter 1, we became concerned
with the interaction between selective attention and binding processes. \feerbdsat
if attentional enhancements naturally spread from an object’s attended featsitask-
irrelevant features, then such a spread of attention might mitigate the siyepress
mechanisms of selective attention that we sought to measure. Thus, we triedédhieduc
tendency to bind the features of the stimuli in that experiment by using briefigsged
random dot arrays in which each dot moved at a unique rate. In the experiments that
followed, we revisited the prediction that binding processes would interfereelgttiige
feature-based attention and tested it explic@liggpters 2and3).

In the experiments described@mapters 2and3, we placed feature-based
selective attention and bottom-up binding processes in direct conflict to test mtbethe
down biasing can supersede the object-based spreading of attention under conditions
where binding of basic features is detrimental to task performance. Todhiwe used
feature-based cued attention tasks similar to the one uSddhpter 1. At the same time,
we used well-established Gestalt grouping principles to manipulate the tzgreeh

the imperative stimulus was perceived as a single coherent object (i.efferendally
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engaged binding processes). The optimal approach for our participants would have been
to suppress the distracting (i.e., uncued) feature, which would require tha¢-feased
selective attention disrupt or diminish bottom-up binding processes that tymicallyin
response to a coherent object. If binding is automatic, however, then we shouldemther s

a diminution of selective attention measures when binding demands are increased.

For the experiment described@mapter 2, we used a probabilistic cuing
paradigm: participants were instructed to respond to all targets, includinghlbsere
invalidly-cued. This approach enabled us to use response time as a dependent measure,
which is a classical and compelling measure of attentional biasing (e.g.r,A&86.
However, the probabilistic paradigm does not call for suppressive attentiohstas @l
are potentially relevant. Because we hypothesized that the greatest demterference
between selective attention and binding would occur when one feature of an object was
explicitly suppressedwe repeated the task as an instructional paradigm (participants
responded to cued targets only). In an instructional cuing paradigm, howevers there i
overt measure of processing efficiency, and so for the experiment describieajiter
3, we used event-related potentials (ERPSs) to observe biased processinteatdhe
level. This approach moreover enabled us to characterize the timing and tmcabta
the brain regions involved in resolving the conflict between top-down selectiveattent

and bottom-up binding processes.
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CHAPTER 1
Anticipatory Attentional Suppression of Visual Features Incexed by Oscillatory

Alpha-Band Power Increases: a High-Density Electrical Mapping Stuygl

When covertly attending to regions of space where behaviorally relevant
information is expected to occur, processing of visual stimuli appearing atdlcatens
is enhanced (e.g., Hillyard, Vogel and Luck, 1998; McMains, Fehd, Emmanouil and
Kastner, 2007). Conversely, if a region of space is expected to be a locus ofiijstrac
events, processing of stimuli occurring there is attenuated (e.g.,rHiéyal., 1998;
Rees, Frith and Lavie, 1997). It is also clear that animals can useb&aifarmation
about the probable location of an upcoming relevant or distracting event to prepare their
brains in advance, such that relevant information will receive enhanced processing
whereas distracters will be suppressed (Foxe, Simpson, Ahlfors and Saron, 2@B5a; L
et al., 1997; McMains et al., 2007). For visuospatial selective attention tasks, the
suppressive aspect of such anticipatory preparation appears to be reflected i
retinotopically specific transient increases of alpha-band (~8-15Hz)atsigi power in
the EEG (Kelly, Lalor, Reilly and Foxe, 2005, 2006; Rihs et al., 2007; Sauseng et al.,
2005; Thut et al., 2006; Worden et al., 2000; Yamagishi et al., 2005).

Based on the cellular physiology of similar oscillations in animals, it has bee
proposed that alpha might serve as a functional gating mechanism (Fax&@2&
Lopes da Silva, 1991). In a direct and compelling test of this gating rolepha a
activity, Romei, Rihs, Broadbeck and Thut (2008a,b) stimulated visual cortex with

transcranial magnetic stimulation (TMS) while monitoring alpha power. Thweydfthat
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the probabilty of subjects experiencing visual percepts (phosphenes) waslinvers
related to the amplitude of ongoing alpha activity in occipital cortex. ThaMs, Was
less effective at evoking visual percepts when alpha power was high, sogdestithe
excitability state of these regions was relatively lower during higlpha periods.
Furthermore, the network of brain areas that contributes to the generation of alpha
rhythms, which includes frontal, parietal and occipital visual areas, assvilalamic
nuclei (Lindgren et al., 1999; Lopes da Silva, 1991), is implicated in severahitidlue
theories of attention (e.g. LaBerge, 1997; Posner and Petersen, 1990). The common
theme in such models is that goal representations in frontal areas intéhgearatal
attentional control mechanisms to bias sensory processing, such that rel@ramition
is preferentially processed while competing information is reduced. Providomys
evidence linking alpha-band oscillations to the fronto-parietal attention network,
Capotosto, Babiloni, Romani and Corbetta (2009) showed that repetitive TMS to frontal
or parietal sites disrupted the subsequent attentional modulation of alphaiossibét
occipital locations, and that such disruption was related to decrements in pederman
The critical role of alpha-band oscillations in selective attention has thus been
clearly demonstrated. To date, however, the alpha-band effects of seldetii@mhave
only been characterized with respect to spatial and intersensory attentiphqreget
al., 1998; Fu et al., 2001; Gomez-Ramirez et al., 2007). Attention can also be deployed to
non-spatial visual features, such as color or motion parameters, facilitetipgocessing
of subsequent stimuli incorporating the attended feature, independently of Isigatiain
(Corbetta, Miezin, Dobmeyer, Shulman and Petersen, 1991; Egner et al., 2008; Martinez

Trujillo and Treue, 2004; Most and Astur, 2007). Here we asked whether the role of
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alpha-band oscillations is specific to spatial and intersensory attentiteGise or if it
is a more flexible system that also serves to suppress irrelevaneedtuing feature-
based selection. Our goal was to further characterize the alpha-bandm@diengasure
by testing its spatiotemporal properties in a purely feature-baseatiatteask. To the
extent that alpha-band activity serves as a general attentional siggpreeshanism,
one would predict that alpha-band power shifts between feature-selective cegiocak
processing irrelevant features analogously to the way in which alpha-bandgtoftee
between retinotopic areas processing irrelevant parts of space. In deiigmsigdy, we
chose to test selective attention between the features of motion and caliicadfyec
because processing of these features is localized to spatially disyatit@ regions in

the dorsal and ventral visual streams, respectively (Ungerleider ahiiMi$982).

METHODS
Participants

Twelve adults (9 male, 2 left-handed) aged 21 to 50 years (mean: 30.5%8.2)
participated in the experiment. Participants were sourced from the undergadiiate
graduate student populations of The City College of New York, and from the local
community. Eleven participants had normal color vision. One participant could not
perform the color discrimination using the typical ‘long minus medium wavele(igth’
M) axis of the Derrington, Krauskopf, and Lennie (DKL) color space (s¢®sec
Stimuli, below). This participant performed the task using the ‘short minus long plus
medium wavelength’ (S-[L+M]) axis of the DKL color space. Data weréyaed with

and without this participant. Inclusion of this subject did not affect the pattern of group
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results, and the subject’s overall pattern of results resembled that efrtamder of the
group, and so this subject was included in the group analysis. None of the participants
had any history of brain injury or disease, per self-report. All participants pcbvide
informed consent prior to the experiment. All materials and procedures were appyove
the institutional review board of The City College of New York in accordance with the

United States Public Health Service Act (US 45 CFR 46).

Cueing strategy

We employed a variant of the common S1-S2 cuing paradigm (e.g., Posner,
1980), in which a symbolic arrow cue (S1) directs attention to a part of space where
subjects are to scrutinize a subsequent stimulus (S2) and indicate if iesatisfie target
condition. In our case, features of the upcoming stimulus were cued, rathgpdhah s
locations.

In the classical S1-S2 cuing task, the cues are probabilistic in natures,Tthat i
cue will likely indicate the correct location where the S2 will occur. Howestdgjects
are instructed to respond to all targets, including those that occur at an uncued.locati
Non-informative (neutral) cues are also often included as a baseline condition. The
typical finding is speeded responses to target stimuli following valid cuedcanets
responses to targets following invalid cues, relative to neutral cues (esigerPtO980).
This pattern of results is taken to indicate biasing of attention toward theocoadidth
and away from the uncued location. However, when probabilistic cues are used and
subjects are instructed to respond to all targets, there is no strategic itoippress

processing of uncued locations. Indeed, uncued locatiomelavantand must be
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attendedht least to some extent. The finding of a reaction time cost for invalidly cued
targets is thus typically interpretedlass enhancemeat processing relative to the

neutral condition, as there is agriori reason to suppose suppression of processing at
that location, whereas some attentional enhancement would be advantageous. This is
clearly not ideal for a study investigating a measure of attentional ssppdi.e.,

alpha). On the other hand, instructional cues (as in: Worden et al., 2000) direct subjects to
respond only to targets occurring at the cued location and to ignore all eventsied
locations. In this case, potential stimuli appearing at uncued locations wouldl e fac
distracting andsuppressiorof processing at those locations would be advantageous.
However, in this case there is no behavioral metric of attentional processinghsince t
concept of ‘cue validity’ no longer applies. In pilot work, we employed a probiabilis

cue to determine if attention can be selectively employed in our feature-desgn as
indicated by the standard reaction time measure, which was in fact tHeeasdéso
Chapter 2). We then used instructional cues for the EEG experiment investigating the

alpha-band measure to encourage suppression of irrelevant features.

Stimuli

All stimuli were presented on a standard size cathode ray tube (CRT) monitor
with a 75Hz refresh rate. Trials began with a warning cue consisting ateafixation
dot on a black background for 1s, followed by a cue word in white block capitals
(‘COLOR’, ‘HUE’, ‘MOTION’, or ‘DIRECTION?) for 1s. The words ‘color’ ad ‘hue’
both directed attention to the color of the stimulus. Likewise, ‘motion’ and ‘direction’

both directed attention to the motion of the stimulus. After an interval of 1.7 to 2.3s
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(random, and evenly distributed) during which only a black screen was displayed, the S2
was presented for 0.2Bigure 1).

The S2 consisted of an array of one thousand dots, each subtending 0.05 degrees
of visual angle, constrained to a square aperture subtending 5 degrees of visual angle
Each dot moved on a linear trajectory with a unique velocity of 18 to 36 degrees per
second (evenly distributed). Dots ‘wrapped around’ the edges of the squareeagertur
that the total amount of illumination was held constant.

Dots were typically colored with a hue from the L-M axis of an isoluminant plane
of DKL color-space (Derrington, Krauskopf and Lennie, 1984), although one subject was
unable to perform the task with these colors and instead used the S-(L+M) axis of the
DKL color-space (see section Participants, above). This color-space @isesgbnse
properties of neurons in macaque lateral geniculate nucleus to create ava&ibjec
luminance axis, planes orthogonal to which are approximately isoluminant. The use of
this color-space enables the continuous variation of hue needed to derive hue

discrimination thresholds while controlling for subjective luminance.

Task
On standard trials, all dots moved in the same direction and had the same hue. On
target trials, 20% of dots differed from the majority either by having aréifit trajectory
or a different hue. No particular value of any feature indicated a tangpgtcss had to
detect if any two values of the cued feature were present. This stvedegysed to

reduce competition within a feature processing area (if subjectsatteneling to red and
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suppressing green, for example). The goal, rather, was to have subjectsoattdad t
and suppress motion, or vice versa as the cue indicated.

Targets and non-targets were equally likely (50%), and 17% of trials hatkstarg
in both features. In the case that a target was present in both features, thapéddis
constituting the target for each feature were chosen independently. Subjects wer
instructed to respond with a button press as quickly as possible upon detecting & target i
and only if that target occurred in the cued feature. Each S2 was followed by a 1s
response interval. Each subsequent trial began immediately following plomses
interval.

Prior to beginning the experiment, performance was titrated to ~80% target
detection rate for both direction discrimination and hue discrimination using an up-down
transformed response (UDTR) modified staircase procedure (WethdwVigt, 1965).

After titration, subjects completed ten 10-minute blocks (with self-paced<adiar

every 12" trial).

EEG Recording

Continuous EEG was acquired through the ActiveTwo BioSemi (Amsterdam)
electrode system from 168 scalp electrodes, digitized at 512Hz. Activeodisct
integrate the first amplification stage directly with the Ag/Agéhsor, greatly reducing
the effects of electronic noise. For practical purposes, the output impedaheeciive
sensor is less tharf21 With the BioSemi system, every electrode or combination of
electrodes can be assigned as the reference, which is done purely in saftisvare

acquisition. BioSemi replaces the ground electrodes that are used in convensitamaksy
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with two separate electrodes: Common Mode Sense (CMS) active electcbDeen
Right Leg (DRL) passive electrode. These two electrodes form a feeldiog that

drives the average voltage of the subject (i.e., the common mode voltage) as close as
possible to the reference voltage of the analog-to-digital converterlSSayeaecorded

as the voltage between each electrode and the CMS. For a detailed description of the
referencing and grounding conventions used by the BioSemi active elexysidm,

visit www.biosemi.com/fag/cmsé&drl.htm. During online data collection, sigweal®e
band-pass filtered between 0.1-100Hz. Data were re-referenced offline tethgea
activity and downsampled to 32Hz (see section Independent component analysis, below)
EEG data were processed using the FieldTrip toolbox (Donders Instituteafar Br
Cognition and Behaviour, Radboud University Nijmegen, the Netherlands. See
http://www.ru.nl/neuroimaging/fieldtrip) for MATLAB (The MathWorks Ind\atick,

Massachusetts).

Independent component analysis (ICA)

Our goal was to examine the oscillatory activity within a delimited freque
band arising from different locations in the brain. A conventional approach to this
guestion is to band-pass filter the scalp-recorded data at the frequegeyfanterest,
and then estimate the inverse source solution of the filtered data. A more powerful
approach is to first separate the data into components attributable to difteneeiss and
filter subsequently. This latter approach has several advantages, mosamntipal)
source estimation after an operation such as spectral filtering has quadsticalality,

whereas filtering after source separation does not suffer this drayWbeknann and
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Pfurtscheller, 2006), and 2) it has been demonstrated that ICA can robustlyesepara
artifacts from brain-related activity (e.g., Delorme, Sejnowski and Make&07).

We used the FastICA algorithm (Hyvarinen, 1999) to decompose each subject’s
data into independent components. We used a deflation approach to the fixed-point
algorithm with a cubic nonlinearity and the following parameters:10*, p = 1, and
1000 iterations maximum. We did not use any additional algorithmic fine-tuning or
stabilization. These were the default settings for the FastICAitgorThe FastICA
toolbox is available at http://www.cis.hut.fi/projects/ica/fastica. Syilbset analyses
were performed on the isolated components. Because the raw datasets nearelext
large (3x16 time-points x 168 channels), we first downsampled the timeseries to 32Hz
sampling rate for computational tractability. This preserves frequefmynation below

16Hz, and thus does not impact the planned analysis in the 8-15Hz alpha frequency band.

Temporal spectral evolution (TSE) analysis

To examine the spatiotemporal dynamics of alpha-band amplitude in the cue-
target interval, TSE waveforms were derived by the following method. First, epochs
time-locked to the cue (200ms pre- to 3500ms post-cue) were band-pass fitteded (t
order digital Butterworth zero-phase, 8-15Hz, 24dB octave). Second, the complex
analytic signal for each component was derived by the Hilbert transformd, Tie
instantaneous amplitude envelopes of the analytic signals were computed gyhakin
absolute magnitude of the complex waveforms. Fourth, the amplitude envelopes were
baseline-corrected and averaged across trials. Over 250 sweeps wWabdeafoa each

average.
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Identification of alpha-reactive components

We next identified the components that showed a change in alpha-band power in
the cue-target interval for each subject. To do this, we took the average aniplitude
each component in the last second of the cue-target interval (1.7-2.7s post-cue onset). We
chose this interval because it begins late enough that the evoked response frésetthe of
of the cue will have dissipated, but ends before contamination by the sensoryedepons
the S2 has begun for any trial. The alpha-reactive components were defined #sathose
had an amplitude three standard deviations above (positively-reactive) or below
(negatively-reactive) the mean of the set of all components in this windowepMasately
considered positively- and negatively-reactive components because thesbaz@ul
different functional interpretations. Alpha-reactive components were thex fiest

sensitivity to cuing condition.

Identification of feature-sensitivity of alpha-reactive componets
For each alpha-reactive component of each subject, we performed a running two-
sample t-test comparing the amplitude following a motion cue to the amplituoleifal
a color cue. The criterion for significance was 30 consecutive time poititp wi0.05.
The directionality of the effect was determined by summing the t-scores last second
of the cue-target interval (1.7-2.7s post-cue onset). Negative valueserttiaaslpha
power for the component was significantly greater for the attend-motion conthiin

the attend-color condition (motion-sensitive), and positive values indicaterilierse
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relation (color-sensitive). Each alpha-reactive component with featnséisity was

then source-localized.

Source localization

To determine the localization of feature-sensitive alpha-reactive components, w
performed source modeling using brain electric source analysis (BES#& MEGIS
Software GmbH, Grafelfing, Germany; Scherg and Von Cramon, 1985). BESA employs
a least-squares fitting algorithm, defining location and orientation of dipolesfohw
the maximal amount of variance is explained (see Scherg and Picton, 1991; Simpson et
al., 1995). For the purpose of modeling, an idealized four-shell ellipsoidal head model
with a radius of 90 mm and scalp and skull thickness of, respectively, 6 and 7 mm was
assumed. In most cases, the data were best explained by a pair of dipolesaohe in e
hemisphere. In two cases, the model was moderately improved by the additionaf a thir
dipole to the approximate center of the shell. Since our hypotheses concernoactizati
visual cortices, only sources within this broad region of interest were retHiaed.
reasonable (>70% variance accounted for) model could not be attained with at eest thr
dipoles, the component was rejected as physiologically implausible. Thisextoorr
three components. In these cases, the respective subjects had other fastiive-se

components with larger effect sizes.

Statistical testing of source distributions
In line with our central hypothesis, we tested whether the distributions of sources

for color-sensitive and motion-sensitive components had significantly diffeyatidls
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means. That is, we wished to assess whether there was an obvious dorsal versus ventra
stream bias to the spatial locations of these components. To perform thigatati
comparison, we utilized a non-parametric bootstrapping procedure. This approach has the
advantage that it makes no underlying assumptions about the population parameters of
the distributions to be tested (e.g., normal distribution, homogeneity of variange, etc

For the bootstrapping procedure, we first recorded the observed Euclidesanddfe
between the centers of the two dipole groups within each hemisphere. Then we yandoml
repartitioned the dipole locations into two new groups and the Euclidean distance
between the mean location of these groups was recorded for each hemisphere. This
repartitioning procedure was iterated tithes to create a distribution of inter-group
distances that reflects random sampling. The statistical probabilitththabserved

group difference is due to chance (i.e.,phelue) is the proportion of the distances from

the bootstrapped distribution with a greater value than the observed distance.

Alpha-band power and behavioral performance

Presumably, the goal of preparatory attentional processes is to improveobahavi
performance. Thus, alpha-band power increases, which are hypothesized to reflect
attentional mechanisms, should bear some relation to behavioral performance.
Specifically, if alpha-band power increases reflect suppression of ptediséracting
information, then if alpha-power is not increased, the subject should be more distractible
and therefore more prone to missing targets (see e.g. Kelly, Gomez-RandrEnxe,

2009).
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We separately analyzed components that showed greater alpha power famattenti
to color and those that showed greater alpha power for attention to motion. We also
separately considered trials for which color was cued and those for which masion wa
cued. For each of these four combinations, we performed a median split of the single
trials based on the average alpha power in the 200ms immediately preceding the S2,
yielding “high alpha” and “low alpha” trials. We then compared the hit-ratethigin
alpha” and “low alpha” trials for each of the four combinations of cue and feature-
sensitivity.

We also tested the relationship of prestimulus alpha-band power to reaction time.
For this analysis, we considered only correct positive responses ("hitsg8actor
component, we computed the Pearson product moment correlation coefficient between
prestimulus alpha-band power (200 to Oms pre-S2) and reaction time for each condition,

attend-color and attend-motion.

RESULTS
Alpha-reactive components

ICA decomposition yielded between 152 and 167 independent components for
each subject. Each subject had at least one positively-reactive component and two
subjects each had one negatively-reactive compomabtg 1). Examples of component

TSEs for representative subjects are showfigare 2.

Feature-sensitivity of alpha-reactive components
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Eleven of the twelve subjects had at least one positively-reactive component that
had significant differences due to which feature was cliadl¢ 1). Examples of
components showing such differences are shoviaigare 3. The remaining subject had
one negatively-reactive component that had a significant difference due to esdtigief
was cued. Because the single negatively-reactive component was unigtreaieid as a
special case when presenting the results below.

One subject had one component that had greater amplitude when color was cued
and two separate components that had greater amplitude when motion was cued. Seven of
the remaining subjects had only components with greater power when color was cue
and four subjects had only components with greater power when motion was cued. We
found that this dissociation was related to the subjects’ discrimination threstroédeh

feature type (see section Behavior, below).

Source localization

Dipole-equivalent estimations for component sources are plottagune 4 and
summarized imMable 2 Components with greater power when color was cued were
localized generally to dorsal visual stream regions, whereas compondntgeeiter
power when motion was cued were localized generally to ventral visual segams:.
While it is sometimes considered that deep and ventral sources are difidetett with
EEG, it has been demonstrated that these sources can be readily observed fir&CA i
applied to isolate the source topography (e.g., Onton and Makeig, 2006). The spatial
distribution of sources we observed is consistent with alpha-band increasdmgeflec

suppression of processing of the to-be-ignored feature. The two distributions of sources
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had significantly different centers in both the |git50.0070) and rightp(= 0.0028)
hemispheres.

The negatively-reactive feature-sensitive component had greater alpha(pewer
less decrease) when color was cued compared to when motion was cued. This component
was localized to left parietal cortex (approximate Talairach coordinate®4.8, y=-
69.9, z=35.9). The variance accounted for (VAF) by this model was 59%. The addition of
a second dipole to the model also localized to left parietal cortex and did not sulbstantia

improve the VAF (62%).

Behavior

We found no differences in hit-rate between “high alpha” and “low alpha” trials
for any of the combinations of cue and feature-sensitivityp{gtk 0.71). This result
could simply be type Il error or, alternatively, it could be that subjectsoargstently
correctly preparing mechanisms indexed by alpha-band measures and aectrm
decrements are reflected by some mechanism not assessed by this.gtudiignges in
another frequency band).

The majority of components did not show a relationship between prestimulus
alpha power and reaction time for either attention to color or attention to motion.
However, five components showed small positive correlations (r's = 0.14 to 0j24 <all
0.047). Of these, four components were color-sensitive (i.e., they generally had high
power when color was cued), and one was motion-sensitive. All correlations were
positive regardless of which feature was cued. This suggests that tleete iy be due

to general arousal rather than factors of feature-sensitivity.
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Nevertheless, we did find a relationship between discrimination thresholds and
feature-sensitivity of alpha-reactive components. As mentioned above, weenbdeat
most subjects had alpha-reactive components that increased amplitude only irerespons
one type of cue, either color or motion. We asked if this could be related to théyrtabili
make each type of discrimination. While performance was pre-titrated to 80%cfor e
feature type for each participant, the degree of difference between \@leesl feature
needed to achieve this rate of performance varied across subjects. We foundéehat thos
subjects having only components that increased alpha power when color was cued tended
to have lower motion thresholds than color thresholds, in terms of percent-of-maximum-
possible (PMP) difference. Conversely, those subjects having only components that
increased alpha power when motion was cued tended to have lower color thresholds than
motion thresholdsHigure 5).

The single negatively-reactive component was localized to dorsal regions. This
component had a greater decrease in alpha power when motion was cued compared to
when color was cued, consistent with a suppressive role for alpha activity, angbasal
to selective motion suppression. The subject with this component had larger color
thresholds than motion thresholds (10.8 vs. 8.1 PMP, respectively), which is consistent

with the overall pattern from the remaining subjects.

DISCUSSION
We found that when most people selectively deployed anticipatory attention to
one feature of an upcoming stimulus array, alpha-band components of their EEG sharply

increased in amplitude in the preparatory period. A subset of these componentgadnhcreas
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differentially depending on which feature was relevant. Components witte gadaha
power when color was relevant (and motion was irrelevant), localized to more dorsal
visual stream regions. In contrast, components with greater alpha power wham moti
was relevant (color was irrelevant), localized to ventral visual stregions. Insofar as
motion-processing is generally a more dorsal visual stream process @ngrockssing
is generally a more ventral visual stream process, this pattern of regyltsts our
thesis that such alpha-band increases reflect suppression of processing-bkthe to
ignored feature. This is consistent with the hypothesized role of alpha-bandasciea
spatial attention, which have consistently been shown to index suppression of to-be-
ignored parts of the visual field. Thus, alpha-band increases as a measw@etiohait
suppression are not specific to spatial attention, but also appear to operate dulyng pure
feature-based selection.

One participant showed an idiosyncratic result with an alpha-component that
decreased in a feature-specific fashion. Specifically, the deonessgreater when
motion was cued. This pattern suggests tonic suppression of motion-processing
throughout the experiment, with phasic disengagement of suppression when motion
became relevant. In line with this interpretation, this component was led¢atza dorsal
parietal region. While this pattern of results suggests a different aagsitategy for this
participant, it is still consistent with a suppressive role for alpha activity

Since alpha-band increases appear to reflect suppression processes, those subject
that only had components that increased alpha power when color was cued (and motion
was irrelevant) could be considered selective "motion suppressors"hiabtkd single

subject with a negatively reactive feature-sensitive component fitsataturthis
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group). Conversely, those subjects that only had components that increased alpha power
when motion was cued (and color was irrelevant) could be considered selective "color
suppressors”. We found that motion suppressors had lower thresholds for motion
discrimination than for color discrimination whereas color suppressors had lower
thresholds for color discrimination than motion discrimination. In other words, subjects
appear to have selectively suppressed the "easier” feature when attertlmtharder”
feature. One plausible interpretation of this result might be that when a gatenefis
particularly effortful to discriminate, then differences in that featmesunlikely to "pop
out" and cause distraction to the subject, and therefore might not need additional active
suppression. Another interesting perspective that has been suggested is that the
oscillatory “architecture” of an individual's brain leads to idiosyncrasiggedbrmance
(e.g., Hansimayr et al., 2007; Romei et al., 2008a). In other words, it is the differenti
ability of the subject to engage suppression mechanisms that sets performascadsire
rather than vice versa. The two interpretations are not mutually exclusreatsseems a
reasonable proposition that a symbiotic development of perceptual and attentional
processes could drive this relationship.

Other researchers have also examined this issue of oscillatoryyaasivitrelates
to feature-based selection. For example, Zanto and Gazzaley (2009) exdmaiB&dst
during the maintenance interval of a delayed-match-to-sample (DM&ngenemory
task. For this task, subjects were presented with random dot stimuli similarearttibe
present study and instructed to remember either the color, motion direction, or beth. Af
an interval, a probe stimulus was presented and subjects responded if the prob& matche

one of the sample stimuli along the relevant feature dimension. In additiomtdust
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evoked broad-band potential measures, Zanto and Gazzaley also examined induced
oscillatory activity in the maintenance interval in the alpha, beta and ga®gouancy
bands. Their main finding was that beta-band coherence was related to workingyme
performance, but they also observed clear alpha-band power increases over midline
parietal scalp towards the end of the maintenance period, presumably reflecting
preparatory activity. However, they did not find differences in alpha power based on
which feature was relevant, nor did they find a connection to working memory
performance. However, these investigators did not assess potential topographic
differences in alpha, and task-performance levels were at or nkag sech that
attentional load and the need for suppressive processing were likely minimal.

Similarly, using magnetoencephalography (MEG), Jokisch and Jensen (2007)
examined delay-period alpha-band activity during working memory maintenanee wh
subjects were required to recall either the identity or orientation okaA#gha-band
power was found to be greater in dorsal regions when face identity (putative ventral
stream information) was relevant, than when face orientation (putative givesah
information) was relevant, consistent with the results presented here. Hpurdiker the
current study, alpha-band power was not found to be greater in more ventral areas when
dorsal visual stream information (i.e., orientation) was relevant. In factliable
sources of alpha were found for the orientation condition. There are severahddtere
between the current study and that of Jokisch and Jensen that could account foerthis latt
difference in findings. Firstly, of course, there are substantial diffeseim the nature of
the tasks employed. Our study used an S1-S2 cuing paradigm whereas theirs u§ed a DM

working memory task. Presumably, many processes characterize the nmaetenarval
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of a DMS task, including encoding, maintenance, and preparatory processes. While the
S1-S2 cuing paradigm has some working-memory component, subjects are not required
to encode and maintain the same features they are later asked to evalua®2 in tied
is, subjects only need to maintain the instructional value of the cue, and not its color, for
example. Thus, the S1-S2 cuing paradigm could be considered a purer assessment of
feature-based preparatory processes. Further, in the DMS task, paféiatuae values
are relevant, leading to potential competition within a given functional areassiog
the relevant feature dimension. For example, if the task is to attend for theecb#ord
to ignore green, then both enhancement and suppression processes could both be invoked
within the same color-processing region. Another aspect of the Jokisch and Jensen stud
seems germane here too. In their study, there were significant diffeneqpeaaformance
between the two tasks such that the identification task was more demanding than the
orientation task, with subjects significantly more accurate and fastérefdatter. Recall
that the alpha increases were seen over the dorsal stream during perfafthace
identification task — that is, there was increased suppression of the easittion task.
Thus, as in our study, it was the easier task-feature, the one more likely to “pop aut” a
distracter that was specifically suppressed. In turn, since subjectsdshozater than
90% performance accuracy for the easier orientation task, perhaps stroregsoppof
the identification task was not invoked.

We did not find a reliable relationship between alpha-band power and
performance accuracy on a single-trial basis. However, many studeshavn that
such relationships between alpha-band power and performance accuraay exiatiél

attention (Wyart and Tallon-Baudry, 2009; Kelly et al., 2009). Furthermore, an inverse
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relationship between occipital alpha-band power and visual awareness of larestaoit
stimulus has been demonstrated outside of spatial attention tasks (Romei et gl., 2008a
van Dijk, Schoffelen, Oostenveld and Jensen, 2008; Mathewson, Gratton, Fabiani, Beck
and Ro, 2009). We did however find a small proportion of components that had a positive
correlation between prestimulus alpha-band power and reaction time. However, this
relationship was not dependent on which feature was cued or the feature-senoéitnaty
component, suggesting that such a correlation reflects more genera effaxiusal
rather than feature-based selective attention. Furthermore, most conspaidemdt show
any relationship between prestimulus alpha-band power and reaction timehNliegs:;
such a relationship has been demonstrated in a spatial selective attentign task b
Capotosto and colleagues (2009).

That we did not find a relationship between feature-sensitivity of prestimulus
alpha-band power and speed or accuracy of performance on a single-tsahagsi
reflect essential differences between spatial and feature-b#setioat One major
difference between these forms of attention is that feature-basetibatie characterized
by gain modulation and sensitivity tuning whereas spatial attention is drazadtby
gain modulation alone (Ling, Liu and Carrasco, 2009). As direct physiologickree
of this, Martinez-Trujillo and Treue (2004), recorded from neurons in monkey MT while
the monkey attended to the direction of motion of random dot stimuli. They found
enhanced responses to stimuli moving at or near the attended direction of motion, but
suppressed responses to stimuli moving in directions that differed greatlynfgom t
attended direction. If such suppression within an area processing the attetaedgea

mediated by alpha-band mechanisms, then this could potentially obscure the refations



Selection vs. Binding 32

of prestimulus alpha-band power to subsequent performance. We sought to minimize the
effects of suppression within the areas processing the to-be-attenued BBamaking
all values of the to-be-attended feature relevant (i.e., all directions a@imvedéire
relevant because the subject had to detect any two directions of motion). Howeer, som
residual suppression within areas processing the to-be-attended teatdreemain.
Indeed, while we observed that components showed greater increases for atiention t
particular feature in comparison to attention to the other feature, alpha-band power
increases relative to baseline occured regardless of which featureedad bis
observation could be related to the suppression observed by Martinez-Trujillo and Treue
at the single-cell level.

A great deal of research has shown that there is a strong bias to attend to objects
as wholes (e.g. Triesman, 2004; Blaser et al., 2000; Martinez et al., 2006; Molhalm et a
2007). That is, it is clear from many studies that when attention is directed teadune f
of an object (e.qg., its direction of motion), other constituent features of that obgect (e
its color) are also preferentially processed, even when those featuresaietely
irrelevant to the task at hand (O’Craven et al., 1999; Schoenfeld et al., 2003, 2007; Wylie
et al., 2004), presumably as a result of feature binding. To study a purely femtace-
attentional mechanism, this bias to bind must be overcome. Because we wisheg to stud
pure feature-based attention, we discouraged the subjects from attacheeaguhesfto
any object or location by having the stimulus display fill the screen and haghglea
in the display move at an idiosyncratic speed and by requiring the subject ta make
discrimination that cannot be performed by attending to a single dot. In thid,regar

stimulus design allowed for the two task-relevant features to be treaggmbimaently by
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virtue of the fact that they were not naturally related to each other within asuslyvi
identifiable object. In contrast, many previous studies of feature-bdseti@at have

used coherent motion dot arrays with uniform color such that the motion and color
features tend to cohere as a moving transparent surface (e.g. Liu, SlotreckeSend

Yantis, 2003; McMains et al., 2007; Stoppel at al., 2007). We believe that configuring the
stimuli so that subjects can orient to individual features with minimal objeciigimaiay

have been a critical factor in our observation of suppression processes. This aspect of our
design may well be why we have been able to observe bidirectional alpha-sioppress

effects.
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Table 1

Summary of components. For each subject, the number of components for which alpha
power increased (or decreased) by at least 3 standard deviations in $kedast of the
cue-target interval are shown in the second column (components that decreageenar

in parentheses). The last two columns contain the number of components with feature-

based effects.

Subject Alpha-reactive Feature-sensitive components
components color>motion motion>color
1 7 (1) 1 0
2 4 0 3
3 3 0 1
4 3 1 0
5 2 1 0
6 5 1 0
7 4 1 0
8 6 1 2
9 3 1 0
10 2 0 1
11 1(1) (1) 0
12 2 0 2
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Table 2
Summary of component source localization. Positions are given in approximatadral
coordinates. Positively-reactive components only are listed. VAF: varianoaraed-

for. T: VAF reported includes a third dipole.

Left Hemisphere Right Hemisphere Total
X | Y | Z |[VAF% | X | Y | Z | VAF% | VAF%

-195 -93.0 14.9 65.4 19.5 -93.0 149 81.6 95.8
-41.6 -33.1 58.0 41.1 0.5 -814 641 55.2 86.9
-33.0 -63.9 30.1 61.6 33.C -63.9 30.1 59.1 87.6

ﬁ%'ﬁéﬁ 359 -393 312 06 359 -39.3 312 844  96.6
399 -755 -1.4 346 342 -706 7.0 719  99.1
169 -920 228 529 165 -92.0 228 813 940
266 -587 355 162 26.€ -58.7 355 846  96.9
619 -72.3 -19.9 226 619 -723 -199 400 778
287 -860 62 527 343 -81.4 155 324 929
336 -859 00 238 373 -71.3 01 568  92.6
Votion 418 4Ll 92 491 471 610 95 400 932
S Coloy 332 665 92 820 332 -665 92 652 909

-46.7 -63.7 -1.8 68.8 31.8 -52.0 17.0 69.3 89.6
-21.8 -65.0 -240 738 21.8 -65.0 -24.0 46.7 91.9
-29.0 -86.7 8.7 32.1 29.0 -86.7 8.7 68.6 74.0
-36.5 -66.5 45 51.1 36.5 -66.5 45 18.0 83.2
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Figure 1 (caption): Schematic of task procedures. For each trial, subjects first viewed a
fixation dot for 1s, followed by a cue word in block capitals for 1s. The cue (S1) was
followed by an interval of 1.7-2.3s with no stimulation. After the cue-targevadie¢he

random dot stimulus (S2) was shown for 0.2s, followed by a 1s response period. The next
trial began immediately following the response interval. The arrow in the S$5egybs

the motion of the dots and was not actually present in the stimulus. Details have been

enhanced for clarity of illustration. Timeline not to scale.
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Figure 2 (caption): Temporal spectral evolution (TSE) waveforms for independent
components. Sample data are shown for two subjects in the cue-target intervalaégach t

is a TSE waveform showing the average time-course of induced amplitude in the 8-15Hz
alpha band for one independent component. Arrows indicate ‘alpha-reactive’

components, which increase by more than three standard deviations in the final second of

the preparatory period.
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Figure 3 (caption): Feature-sensitive alpha-reactive components. Sample data are shown
for two subjects in the cue-target interval. Left: TSE waveforms fantaiteto color

(dashed) and motion (solid), with correspondigplues for the difference between the

two conditions shown below in orange. For frealue plot the dashed line indicates a

value ofp = 0.05. Right: point-equivalent dipole source localizations for the given

components.
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Figure 4 (caption): Source localizations for all feature-sensitive alpha-reactive
components. Components with greater alpha power for attention to motion than for
attention to color are plotted in blue and are generally localized to ventral stiseeah
regions. Components with greater alpha power for attention to color than foroattenti
motion are plotted in red and are generally localized to dorsal visual strgiamsteNote

that the number of dipole pairs exceeds the number of subjects because a subject may

have had more than one component that was feature-sensitive.
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Figure 5 (caption): Motion direction and hue discrimination thresholds for motion and

color suppressors. Units are the percent of the maximum possible differeneerbet

feature values. Subjects having only components that increased alpha power when motion
was attended relative to when color was attended (color suppressors) tended to have
higher discrimination thresholds for motion than for color. Conversely, subjects having
only components that increased power when color was attended relative to when motion
was attended (motion suppressors) tended to have higher discrimination thresholds for

color than for motion. Error bars indicate standard error of the mean.
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CHAPTER 2

The Countervailing Forces of Binding and Selection in Vision.

Individuals with focal cortical lesions frequently present with highlycBe
impairments of processing for one type of stimulus feature while othespteat
processes remain largely unaffected (e.g., Tamler, 1970; Vaina, 1994). These
observations highlight a fundamental property of the brain’s operation: the variogs form
of information available in complex environmental signals are processed ilelparal
channels that rely on distinct neural circuitry (see also Desimone and Utegrerl®86;
Livingstone and Hubel, 1988; Tanaka, 1996). Information from these separate processing
streams is thegynthesizetb engender a coherent experience characterized by the
perception of discrete objects defined by conjunctions of many features. Thresgpodc
binding together features also has some anatomical specificity, as editgribe
striking difficulties of some individuals with parietal lesions. These patieawve a
spared ability to detect the presence of single features, but show nglaiirey to
identify particular conjunctions of features (Eglin, Robertson and Knight, 1989, 1991;
Eglin, Robertson, Knight and Brugger, 1994; Esterman, McGlinchey-Berroth and
Milberg, 2000; Laeng, Brennen and Espeseth, 2002; Pavlovskaya, Ring, Groswdsser a
Hochstein, 2002). Often this impaired binding is accompanied by impaired spatial
processing and spatial attention, supporting the view that spatial attentmomigatant
component of binding processes (cf. Treisman and Gelade, 1980). Indeed, stressing
spatial attention demands increases the occurrence of illusory featureatimms in

healthy research participants (Treisman and Schmidt, 1982).
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In addition to their dependence on spatial attention, binding processes have been
known to interact with feature-based attention. It has often been observed that when
attention is directed to one feature of an object there is a tendency far¢deskaint
features of that object to receive enhanced processing also (Fiebelkor@@t@a,
2010b; Katzner et al., 2009; O’Craven et al., 1999; Molholm et al., 2007; Schoenfeld et
al., 2003; Wylie et al., 2004). The evidence therefore supports a hierarchical model of
these processes whereby spatial attention precedes binding, whichadelfde spread
of feature-based attention.

Recently, our group performed the first investigation of the role of alpha-band
oscillations in visual feature-based selective attent@rapter 1; Snyder & Foxe, 2010).
That study aimed to expand on prior research in selective attention which had shown that
alpha-band power increases index the degree of attentional suppression in viuospatia
attention tasks (Gomez-Ramirez, Kelly, Montesi and Foxe, 2009; Kelly et al., 2006,
2009; Kelly, Foxe, Newman and Edelman, 2010; Rihs et al., 2007; Sauseng et al., 2005;
Thut et al., 2006; Worden et al., 2000; Yamagishi et al., 2005), intersensory attention
tasks (Foxe et al., 1998; Fu et al., 2001; Gomez-Ramirez, et al., 2007), sustained visual
attention tasks (Dockree, Kelly, Foxe, Reilly and Robertson, 2007; O’'Connell et al
2009) and audiospatial attention tasks (Kerlin, Shahin and Miller, 2010; Banerjee,
Snyder, Molholm and Foxe, 2011). We asked if alpha-band mediated suppression would
be observed in a feature-based selective attention task. In designing thiaexpeve
became concerned with the interaction of selective attention and binding pso¥ésse
reasoned that if spread of feature-based attention was an essential compobijeat-of

perception, such a spread of attention might reduce the suppressive mechanisms we
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sought to measure. Thus, we aimed to reduce the tendency to bind the features in our
imperative stimuli by using briefly-presented random dot arrays in whichdeachoved

at a unique rate; a design with no drawback for that study if the underlying assumpti
(essential cross-feature spread of attention) was false.

Here, we explicitly test this prior assumption that facilitatory atteat selection
is essential for binding. To do this, we specifically designed stimuli intendedct® pla
attention and binding demands in direct conflict with each other. Whereas prior
investigations of the interaction of spatial attention with binding processes have
manipulated attention and observed the effects on binding, we took here the converse
approach of manipulating binding demands and observing the effects on selective
attention. This approach was in line with the causal role that binding processds see
have with regards to the spread of feature-based attention within objects.

We used a behavioral paradigm with arrays of dots characterized by one of two
types of motion. In one case, all dots moved at the same speed and in the same direction.
This type of motion strongly invokes the Gestalt principle of “common fate”
(Wertheimer, 1923), leading to a percept of the dots as painted on a moving transparent
surface. We termed this condition the STRONG object condition. For the other class of
stimuli, all dots moved in the same direction, but each dot had a unique speed. This
condition we termed the WEAK object condition, since the percept of a single ssrface
destroyed when the dots move independently. Our central thesis was that STRONG
stimuli would invoke greater binding processes for object perception, and that such
binding would counteract suppressive preparatory attention, as evidenced by response

time (RT) measures. While increased binding due to Gestalt grouping hasmot bee
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explicitly demonstrated, we deemed this was a reasonable assumption due w@réhne cle
object-nature of the STRONG stimulus.

This paradigm was a variant of the classic cued-attention task. In attastien
task, a symbolic cue (“stimulus one”: S1) at the beginning of each trial prosgles t
relevant information about the nature of an upcoming imperative stimulus (S2).tthile
cue information is often helpful, or valid, on occasion the cue is misleading, or invalid.
Non-informative neutral cues are included as a basis for comparison. Forpiisresnt,
cues directed attention to either the color or motion of the S2, and participants had to
make a discrimination regarding one of those features. A typical findihgtisdlid cues
lead to faster RTs compared to neutral cues whereas invalid cues lead td=sIswe
compared to neutral cues (Posner, 1980). This pattern of results is taken to indicate that
participants are able to utilize the cue information to prepare attention ttatadihe
processing of the information that the cue had indicated while suppressing tresioigpce
of competing information.

In this case, the status of the imperative stimulus as an object was mteettze
task. Thus, if attentional selection was non-essential for binding in the facd BiGIN&
stimulus, then the optimal strategy would be to maintain suppression of irrelevant
features. However, if attentional selection was essential for binding, thpreence of
a STRONG stimulus would reduce suppressive attention effects compared toithose w
respect to a WEAK stimulus. We used RT as a dependent measure to test these
predictions.

Specifically regarding the hypothesis that attention was essemtla@hfting, we

predicted the following:
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1) For WEAK stimuli, valid cues would result in speeded RTs
compared to neutral cues (RT benefit) and invalid cues would result in delayed
responses (RT cost). This would indicate that attentional resources weedell
in favor of processing the cued feature at the expense of processing the uncued
feature, which is what we mean by “attentional biasing,” in line with the findings
of Posner and colleagues (1980) for cued spatial attention.

2) Compared to WEAK stimuli, RT benefits for STRONG stimuli
preceded by valid cues would be reduced. This is because the anticipatory
attentional suppression of the irrelevant feature would have to be counteracted to
support binding for object perception.

3) Compared to WEAK stimuli, RT costs for STRONG stimuli
preceded by invalid cues would be unchanged. This is because the anticipatory
state would be equally biased against processing the invalidly-cued tatget fe

regardless of the stimulus’ status as an object (i.e. STRONG or WEAK).

METHODS
Participants

Sixteen adults (8 male, 3 left-handed) aged 20 to 47 years (mean % s.d.:
27.58+7.27) participated in the experiment. Participants were sourced from the
undergraduate and graduate student populations of The City College of New York, and
from the local community. None of the participants had any history of braily iojur
disease, per self-report. Participants had normal or corrected-to-nasoedl acuity per

self-report. Fifteen participants had normal color vision. One participant whkuoa
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discriminate red and green hues, but was able to perform the task normally using
blue/yellow discrimination. All participants provided informed consent prior to the
experiment. All materials and procedures were approved by the institusoredhoard
of The City College of New York in accordance with the United States PubdithHe

Service Act (US 45 CFR 46).

Experimental Design

Each participant completed two experiments involving judgments of random dot
kinematograms. In one experiment, each dot in the stimulus moved at a unique speed
(WEAK condition). In the other experiment, all dots in the stimulus moved at the same
speed (STRONG condition). Experiments were administered in a counter-balasheed or
across participants. Participants completed the experiments in two seessat®s
divided by an interval of at least two weeks. The purpose of this separation wésc® re
task-set interference effects. Due to attrition, four participants coedpbdaly the WEAK
condition and three participants completed only the STRONG condition. The remaining

nine participants completed both conditions.

Task

Procedures were adapted from a prior feature-based attention experiment
(Chapter 1; Snyder and Foxe, 2010). We used a cued-attention paradigm in which visual
word forms (‘COLOR’, ‘HUE’, ‘MOTION’, or ‘DIRECTION’) indicated to the
participant the relevant feature to attend. A non-informative neutral cue EINGT’)

was used for comparison. The words ‘color’ and ‘hue’ both directed attention to the color
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of the stimulus. Likewise, ‘motion’ and ‘direction’ both directed attention to the motion
of the stimulus. The use of multiple cue words for each feature was to reduce the
automatization of the task through implicit learning, with an aim to maintain the
engagement of endogenous orienting mechanisms throughout the session. Participants
were instructed to use the cue information to guide them in detecting a target in a
subsequent imperative stimulus (S2), and upon detection of a target to respond with a
button press as quickly as possible without sacrificing accuracy. Targetgpresent on
50% of trials, and were characterized by a particular property in eittierdehmension
—described below, and illustratedfigure 6. Twenty percent of targets were preceded
by a neutral cue. Of informatively-cued targets, 80% were preceded hg avalthe

cued feature was the feature that defined the target), and the remaining 20% wer
preceded by an invalid cue (the target was defined by the uncued featurepdPastic

were instructed to respond to all targets, including those that were invaietly c

Stimuli

The experiment was administered in a light- and sound-attenuated chamber using
Presentation software version 14.4 (Neurobehavioral Systems). All stimmali we
presented on a standard size cathode ray tube (CRT) monitor with a 60Hz egfesh r
Trials began with a warning cue consisting of a white fixation dot on a blackrbaok
for 1s, followed by a cue word in white block capitals for 1s. After an interval of 1.7 to
2.3s (random, and evenly distributed) during which only a black screen was displayed,
the S2 was presented for 0.2s. Each S2 was followed by a 1s response interval. Each

subsequent trial began immediately following the response inté&igalré 1).
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The S2 consisted of an array of one thousand dots, each subtending 0.05 degrees
of visual angle, constrained to a square aperture subtending 5 degrees of visual angle
the WEAK condition, each dot moved at a unique speed between 14 and 28 degrees of
visual angle per second (evenly distributed). In the STRONG condition, all dots moved at
a speed of 21 degrees of visual angle per second. Dots ‘wrapped around’ the duges of t
square aperture, so that the total amount of illumination was held constant.

Dots were colored with hues from an isoluminant plane of DKL color-space
(Derrington et al., 1984). This color-space uses the response properties of meurons
macaque lateral geniculate nucleus to create a subjective luminanqaanes
orthogonal to which are approximately isoluminant. The use of this color-spditesna
the continuous variation of hue needed to derive hue discrimination thresholds while

controlling for subjective luminance.

Targets

For both WEAK and STRONG conditions, standard trials were characterized by
all dots moving on a common linear trajectory and having the same color. For color
targets in both the WEAK and STRONG conditions, 20% of dots had a different color
than the majority while the dots continued to move as on standard trials for the vespecti
condition (i.e., WEAK or STRONG). For motion targets in the WEAK condition, 20% of
the dots moved on a different linear trajectory than the majority. For motionstargbe
STRONG condition, all dots moved on a common curved trajectory. Schematized
examples of targets are illustratedrigure 6. The degree of difference for each of the

relevant targets was titrated on a per-subject basis to 80% detectionarate pri
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beginning each experiment using an up-down transformed response (UDTR) modified
staircase procedure (Wetherill and Levitt, 1965). No particular valaeyofeature
indicated a target: subjects had to detect a particular feattiegion in the stimulus.

This strategy was used to reduce competition within a feature processan@f aubjects
were attending to red and suppressing green, for example). The goal, rashier haee

subjects attend toolor and suppresmotion or vice versa as the cue indicated.

Analysis

Response time (RT) data were analyzed using SPSS Statistics sofnsion
17.0. We used a 3x2x2 univariate analysis of variance (ANOVA) with random fa€tors
‘validity’ (three levels: invalid, neutral and valid), ‘feature’ (two levelslor and
motion) and ‘object’ (two levels: STRONG and WEAK). The factor of ‘subject wa
included as a covariate in the model to account for overall differences in respnse t
between subjects, which were not an effect of interest. Rather, we weestedean
relative effects within subjects due to the parameters of the cue and S2. @oiygrds
that completed both experiments were included in the ANOVA (N = 9). All correct
responses (‘hits’) were included in the analysis for a total of 7395 observations (4308 hits
in the WEAK condition and 3087 hits in the STRONG condition) from a set of 18122
total trials (10613 in the WEAK condition and 7509 in the STRONG condition). An

alpha criterion 0£<0.05 was used to define significance.

RESULTS
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Group-level response time data are illustrateligure 7. In the following
section we report estimated marginal means and standard errors for tre kiyezss
model of the ANOVA. These means reflect the data after controlling fomidiedual
variability in overall response time, which aids in the interpretation of theaatiens of
interest.

A main effect was found only for the factor of ‘subjet{1(73s279.425,p<0.01),
which was a nuisance variable in this analysis. There was a trend towandaigpeaifon
the factor of ‘validity’ €(2,7382575.072,p=0.089). Overall, RTs following valid cues
(estimated marginal mean £ SEM: 629.2+3.1ms) were faster than thaseriglineutral
cues (653.91£5.5ms), whereas RTs following invalid cues (694.4+6.2ms) were slower
than those following neutral cues. RTs did not differ between STRONG and WEAK
stimuli (674.1+4.5ms and 644.2+3.8ms, respectiviglyyss2-1.339,p=0.411). RTs did
not differ between color and motion targets (657.8+4.2ms and 660+4.2ms, respectively;
F(1,738270.010,p=0.932), consistent with our aim to match task difficulty across the two
features.

The ‘validity’ X ‘object’ interaction was significanf(,,73s2718.945 p=0.050).
RTs were faster following valid cues than neutral cues, but only when S2’ $\ik&
(605.2+4.0ms and 641.6+7.2ms for valid and neutral cues, respectively). When S2’'s were
STRONG, RTs following valid cues (653.2+4.7ms) did not differ from those following
neutral cues (666.1+8.4ms). RTs to validly-cued STRONG S2’s were significantly
slower than those to validly-cued WEAK S2’s. RTs following invalid cues were slowe
than those following neutral cues for both STRONG (invalid: 703.1+9.4ms) and WEAK

(invalid: 685.7+8.0ms) S2's.
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The ‘validity’ X ‘feature’ interaction was significank, 73s.+=31.893,p=0.031).
RTs to validly-cued color targets (620.1+4.4ms) were faster than thosediy-caled
motion targets (638.3+4.2ms).

The ‘feature’ X ‘object’ interaction was significarf{ 738,759.827 p<0.01). RTs
to WEAK motion targets (633.6+5.2ms) were faster than those to WEAK color targets
(654.8+5.6ms), whereas response times to STRONG motion targets (687.4+6.5ms) were
slower than those to STRONG color targets (660.9+6.2ms).

The three-way interaction (‘validity’ X ‘feature’ X ‘object’) wamt significant

(F(2,738270.184,p=0.832).

DISCUSSION

We found that attention could be successfully biased between the visual features
of color and motion as indexed by response time effects. That is, the classiervefit
effects of invalidly versus validly cuing an upcoming to-be-attended &edtorension
were observed here, with participants showing slowed reaction times talycaled
targets and speeded reaction times when the cue accurately predicteditee feat
dimension of the impending judgment. However, this ability to selectivelycattas
modulated by the motion type of the S2, which was specifically manipulated to
differentially engage binding processes. The key finding here is that the nepiogf
anticipatory feature-based attention was considerably more effectere tivé invocation
of automatic binding processes was weak.

To recall, we made three specific predictions, each of which was confirmed.

Firstly, we predicted that RTs for validly-cued WEAK stimuli would be fastantRTs
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for neutrally-cued WEAK stimuli (i.e., a response time benefit for valid cwdsgh was
indeed the case. Secondly, we predicted that STRONG stimuli would show a smaller
response time benefit. In fact, STRONG stimuli did not show a benefit for vaglat

all. Finally, we predicted that response tioostsfor invalid cues would not differ
between WEAK and STRONG conditions, because attention was equivalently biased

against the target feature in each case. This prediction was also confirmed.

Physiological implications

The interference effects illustrated by this study suggest thatéelaased
selective attention and binding for object perception are processes that sbéase@te
common anatomical substrate or physiological mechanism. One candidate nmechanis
that could be common to both of these processes is alpha-band oscillations. Changes in
alpha band power have been observed for manipulations of both feature-based attention
and object perception.

We have previously reported a role for alpha band oscillations in feature-based
selective attentionQhapter 1, Snyder and Foxe, 2010). Specifically, alpha-band power
increased during preparatory intervals in brain regions linked to the procesdieg of t
potentially distracting feature, a pattern of results consistent with theesspg role of
alpha-band power increases reported in spatial selective attention stuglick€lly et
al., 2006; Thut et al., 2006; Worden et al., 2000).

In an MEG study of object processing, Vanni and colleagues (1997) reported
greaterdecrease# alpha band power following the presentation of intact line drawings

compared to their scrambled and incoherent counterparts. The researchers linked thi
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alpha band effect to object perceptual processes (as opposed to low-level stimulus
effects) by asking subjects to report after each trial whether thegiped a coherent
object or not. Short (30-106ms) durations were used such that subjects typically only
correctly reported perceiving coherent objects 50% of the time. Alpha band resjgonses
misidentified objects were intermediate to those of correctly identifiesttsand
correctly identified scrambled images, indicating that alpha-band desretste to the
perception of the stimulus as an object, rather than its stimulus attributes.

Alpha band oscillations have therefore been implicated in both feature-based
selective attention and coherent object perception, making them a promisirgpéandi
for further study of the physiological substrates underlying the infebgtween
attention and object perception processes. It is noteworthy that alpha-bang activit
emanates predominantly from the right parietal lobe; precisely the ragiphsated in
both attentional deployment (Corbetta, Kincade, Ollinger, McAvoy and Shulman, 2000;
Foxe, McCourt and Javitt, 2003; Heilman and Van Den Abell, 1980; Vallar and Perani,
1986) and in the attentional coordination of binding (Eglin et al., 1989, 1991, 1994;
Esterman et al., 2000; Laeng et al., 2002; Pavlovskaya et al., 2002). Other potential
avenues of investigation include other oscillatory frequency bands. In particiject
perceptual processes have been linked to the beta (Sehatpour et al., 2008) and gamma
(Eckhorn et al., 1988; Gray, Konig, Engel and Singer, 1989; Tallon-Baudry, Bertrand,
Delpuech and Pernier, 1996) bands. Gamma band activity has also been linkedde featur

based selective attention (Keil and Mduller, 2010).

Alternative interpretations
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Because we administered STRONG and WEAK stimuli in separate sessisns, it
possible that participants’ knowledge of the nature of the stimuli influenced their
preparatory approach. If participants did not bias attention to the same extent in
anticipation of a STRONG stimulus as they did in anticipating a WEAK one, thig coul
result in decreased RT benefits for valid cues. However, this would also be dxpecte
result in decreased Rebstsfor invalid cues, which was clearly not what was found. This
suggests that the preparatory approach was the same for both classesiphstintlot
decreased biasing due to binding demands manifests during stimulus-procegsisig sta

From a theoretical standpoint, it is unlikely that the quality of processing of the
relevant feature is reduced due to increased binding demands. Indeed, this would be
contrary to the literature regarding the spread of attention within an ,objgch has
hitherto reported only enhancement effects (e.g., O’Craven et al., 1999; Sdhetaiel
2003; Wylie et al., 2004; Molholm et al., 2007; Katzner et al., 2009; Fiebelkorn et al.,
2010a, 2010b). Furthermore, if the quality of processing of the relevant feature was
reduced, RTs following neutral cues would be predicted to be slower for STRONG
stimuli compared to WEAK stimuli, and this was not observed here. Thus we conclude
that the quality of processing of the irrelevant stimulus feature was ékélgnced
during STRONG object perception, resulting in a decreased biasing between the t
competing features. The key implication of this is that a certain “qualitgitbl@d’ of
processing must be met for features to be bound together, and that this requirement

dominates prior attentional deployments during object perception.

Methodological considerations
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A critical feature of the current study is that participants’ performbawss were
held below ceiling, indicating that processing capacity was exhaustad parformed
at ceiling levels may leave processing resources to spare suclethatdtions under
investigation do not have to compete, obviating the need for attentional biasing. That is, it
may be the case that enhanced processing of irrelevant features inexissdgect is a
convenient thing to do with excess processing resources, but is not strictly a fatedame
part of the object-perception process.

For example, O’Craven and colleagues (1999), in a neuroimaging study, showed
participants overlaid images of faces and houses, one of which moved on each trial. In
the critical condition, the participants attended to the direction of motion of the moving
image, but the content of that image was irrelevant to the task. The keyvastiftat
metabolic signatures increased in face-responsive brain areas whereth@$amoving
and increased in house-responsive areas when the house was moving, notwithstanding the
task-irrelevance of these object categories. This result was takendaténtie spread of
attention to the task-irrelevant category of the attended image. However,aadaithe
task was likely quite easy (behavioral results were not reported, but @artsciperely
had to discriminate between ‘up’, ‘down’, ‘left’, and ‘right’), and there would be no
disadvantage conferred by allocating excess attentional resourcesdsging the object
category. In fact, it may be the case that parsing the object categstgctize
participants in segregating the moving image from the spatially coledadiatic image.
Thus, one cannot conclude from these results that the spread of attentionvantrele

features is a fundamental process rather than a merely convenient one.
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To test the robustness of the cross-feature attentional-spreading phenomisnon, i
necessary to create a context for which it would be advantageous for atterton
spread between the features of an object (i.e., the two features are comipetites
same processing resources) as in the current study. In such a context, edfidence
attentional spread (such as decreased biasing of attention betweendbddesdtares of
an object) would indicate the automaticity of the process. To our knowledge, the current
study is the first to demonstrate that cross-feature spread ofa@itentiurs even when

explicitly detrimental to task performance.

Other findings

In addition to the predicted interaction between cue validity and object strength,
we found two-way interactions between which feature was cued and the effegés
validity and object strength. These interactions could be related to the temporall
integrative nature of motion judgments. For example, we found that responseotimes t
validly cued motion targets were delayed 18ms compared to validly cued coéis targ
This delay might reflect the fact that motion direction required at least tleo Wiames
to determine, whereas color information was available in a single frakesvike,
STRONG motion targets, which had curved motion, required at least three foames t
resolve (i.e, two video frames to establish direction, and then an additional énatine f
change in direction). It would not be surprising if the brain required more than this
minimum number of frames to assess the motion curvature in this demanding task. This
may account for why this condition had the greatest delay in response time abtopare

other target types.
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Conclusion

We found that response time benefits for valid feature-based attentionata@ues t
were observed when imperative stimuli only weakly engaged binding procesrges w
reduced when imperative stimuli strongly engaged binding. This result sudgests t
feature-based selective attention processes and binding processes fart aijjece
perception rely at least partially on a common physiological substnagep@ential
candidate substrate is alpha band oscillations, which have been separatebtéu i

both processes.
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Figure 6 (caption): Schematized illustration of target examples. Arrows represent
motion and were not actually present in the stimulus. The length of each arrowntgprese
the speed of the adjacent dot. For both WEAK and STRONG stimuli, color targets wer
defined by the presence of two colors of dots while the dots continued to move on a
common linear path. For WEAK stimuli, motion targets were defined by the
simultaneous presence of two different motion directions with uniformly colored dots.
For STRONG stimuli, motion targets were defined by the presence ofdcunetson

(i.e., sequential presentation of different motion directions). Note that no one particul
color or motion direction was indicative of target presence. Stimuli are showomer
white background for illustration; stimuli were on a black background in the exgy@rim
Color and motion differences are enhanced for clarity. Dots in the actual stierali

smaller and more numerous.
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Figure 7 (caption): Summary of behavioral results. For each target feature, color or
motion, response times (RTs) are summarized for each type of cue (validl, meutra
invalid). For WEAK objects, RTs were faster for validly-cued stimuli camgdo those
for neutrally-cued stimuli. For STRONG objects, however, the RTs for valiagig-cu

stimuli did not differ from those for neutrally-cued stimuli.
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CHAPTER 3
Pitting Binding Against Selection: Electrophysiological Measures of Feure-Based

Attention are Attenuated and Delayed by Gestalt Object Grouping.

It has been estimated that approximatel{/Hits of data travel down the optic
nerve each waking second (Koch et al., 2006), and while our perception is impressive and
creates an illusion of continuity, we consciously register but a fraction of that
information. Each day we must extract useful signals from the confusion of iti@mmma
in our environment if we are to perceive, learn, remember, and plan actions aseful t
survival. This filtering of information from the environment is achieved through a
combination of endogenous (“top-down”) and exogenous (“bottom-up”) biasing that
resolves the competition for limited processing resources. The top-down forra of thi
biasing, known as “selective attention”, involves allocating processingroesosuch
that sources or classes of information expected to be relevant in a givett eoagiven
priority at the expense of irrelevant or distracting information (e.gadivent, 1958,
Kahneman, 1973; Neely, 1977; Schneider and Fisk, 1982; Schneider and Shiffrin, 1977;
Shiffrin and Schneider, 1977; Foxe et al., 2005a). In this chapter we focus on selective
attention to basic visual features, such as color and motion. Feature-baskekesele
attention is an efficient way to guide visual search, as when meetirend &t a crowded
train station who has mentioned in advance, “I'll be wearing red.” Experirhgmeabple
informed in this way about the likely color of an upcoming task-relevantistsare
faster to respond if the stimulus does in fact appear with the expected color than if it

appears with another color (e.g., Egner et al., 2008; Most and Astur, 2007. See also Hopf,
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Boelmans, Schoenfeld, Luck and Heinze, 2004). Moreover, neurophysiological indices of
feature-processing are also enhanced for stimuli with an attended feagareless of
spatial locatiorfe.g., Corbetta et al., 1991; Martinez-Trujillo and Treue, 2004).

Seemingly in opposition to this intentional boost in processing of separable
features is an inherent bias to integrate features that co-occur in time eadPp&ious
literature has demonstrated that enhanced processing spreads from antablect’
relevant features to its irrelevant features (Albrect et al., 2008;eEgily, 1994,
Fiebelkorn et al., 2010a, 2010b; Katzner et al., 2009; Molholm et al., 2007; O’Craven et
al., 1999; Schoenfeld et al., 2003; Wylie et al., 2004). What's more, this spreading of
attention across the features of an object seems to be highly automatibditem-up").

In a prior experiment by our group (Fiebelkorn et al., 2010a), which investigated the
spread of attention from visual to auditory features of well-known multisensort®bje
(dogs, cars and guitars), we found a spread of attention to task-irredengtiory stimuli
that were semantically incongruent with a co-occurring visual stimulus {egotind of
a car paired with a picture of a guitar when dogs were attended). Inatitey, auditory
stimuli received a processing enhancement merely for co-occurring wiha stimulus
during a visual task, even though attention to the auditory stimuli was potentially
detrimental to task performance (due to incongruent pairings).

In the present experiment we placed feature-based selective attewtibateom-
up binding processes in direct conflict to test whether top-down biasing can depbese
object-based spreading of attention under conditions where grouping of basiesfeiatur
detrimental to task performance. To this end, we used a cued attention taski to direc

attention to one of two basic visual features (color or motion). Participants theramade
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difficult discrimination with respect to the cued featUfgg(re 8). At the same time, we

used well-established Gestalt grouping principles to manipulate the degvaeh the
imperative stimulus was perceived as a single coherent object (i.effeverdially

engaged binding processes; 8dmpter 2, also Snyder and Foxe, 2011). This
manipulation of Gestalt grouping was irrelevant to the behavioral task, and many
participants reported an unawareness of the grouping manipulation upon debriefing. The
optimal approach for our participants would have been to suppress the distracting (i.e
task-irrelevant) feature, which would require that feature-based selattiention disrupt

or diminish bottom-up binding processes that typically occur in response to a coherent
object. To test whether feature-based selective attention effects indsist gespite
environmental cues that would typically lead to an object-based spreadingntibatt

we examined event-related potentials (ERPS) recorded in response to dotareags

either a color or a motion task was cued. These ERPs were compared acrogssondit

for which we manipulated the degree to which the dot arrays would be perceived as a
single object or an array of relatively independent elements, which wedténme

STRONG and WEAK object conditions, respectively. In the STRONG conditiotosl|
moved at the same speed and in the same direction, which leads to the percept that the
dots are ‘painted’ on a single transparent surface that is itself slidingrpaperture. In

the WEAK condition, dots moved in the same direction, but each at a unique rate, which

does not lead to the percept of a single object.

METHODS

Participants
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Sixteen adults (11 male, 3 left-handed) aged 20 to 47 years (meants.d.: 27.19 +
6.75 y) participated in the experiment. Three participants were excluded daia t
quality concerns. The resultant sample contained 10 males and 3 females aged 20 to 47
years (27.92 = 7.32y), three of whom were left-handed. Participants were sourced from
the undergraduate and graduate student populations of The City College of New York,
and from the local community. None of the participants had any history of brain injury or
disease, per self-report. Participants had normal or corrected-to-nasorell acuity and
normal color vision per self-report. All participants provided informed consent prior t
the experiment. All materials and procedures were approved by the institudioiesd
board of The City College of New York in accordance with the United States Public

Health Service Act (US 45 CFR 46) and the Declaration of Helsinki.

Stimuli

The experiment was administered in a light- and sound-attenuated chamber using
Presentation software version 14.4 (Neurobehavioral Systems, Albany, Califédhi
stimuli were presented on a 34.5 x 55.0 cm LCD monitor with a 60 Hz refresh rate
(ViewSonic, model VP2655wb). Trials began with a warning cue consisting of a white
fixation dot on a black background for 1 s, followed by a cue word (‘(COLOR’, ‘HUE’,
‘MOTION’, or ‘DIRECTION’) in white block capitals for 1 s. The words ‘colona
‘hue’ both directed attention to the color of the upcoming imperative stimulus (thredsec
stimulus, or “S2”). Likewise, ‘motion’ and ‘direction’ both directed attention to the
motion of the stimulus. The use of multiple cue words for each feature was to reduce the

automatization of the task through implicit learning, with an aim to maintain the
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engagement of endogenous orienting mechanisms throughout the session. After an
interval of 1.7 to 2.3 s (random, and evenly distributed) during which only a black screen
was displayed, the S2 was presented for 0.2 s. Each S2 was followed by a 1 s response
interval. Each subsequent trial began immediately following the response interval
(Figure 1).

The S2 consisted of an array of one thousand dots, each subtending 0.05 degrees
of visual angle, constrained to a square aperture subtending 5 degrees of visu#l angle
one condition, designed to engage Gestalt grouping processes, all dots moved in the same
direction at a speed of 21 degrees of visual angle per second. We refer to thisrcasditi
the STRONG condition, indicating that Gestalt processes are strongly dngage
common percept of this type of stimulus is that the dots are ‘painted’ onl@ sing
transparent surface that is itself sliding past the aperture. In acotiaition, designed
to minimize the engagement of Gestalt grouping processes, each dot movedjaea uni
speed between 14 and 28 degrees of visual angle per second, and all dots moved in the
same direction. For this type of stimulus the dots are not perceived as [zasiagie
object as is the case when the dots all move at the same speed. We refer to thos conditi
as the WEAK condition, indicating that Gestalt processes are weakly engelgésd to
the STRONG condition). Dots ‘wrapped around’ the edges of the square aperture, so tha
the total amount of illumination was held constant. STRONG and WEAK S2’s each
occurred on 50% of trials in an unpredictable order. It should be emphasized that the
STRONG/WEAK manipulation was irrelevant to the task. Participants welafoaned

by the experimenter of this manipulation until debriefing, at which point devera
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participants expressed that they were unaware of the STRONG/WEA#ctst during
the experiment.

Dots were colored with hues from an isoluminant plane of DKL color-space
(Derrington et al., 1984). This color-space uses the response properties of meurons
macaque lateral geniculate nucleus to create a subjective luminanqaanes
orthogonal to which are approximately isoluminant. The use of this color-spaicies
the continuous variation of hue needed to derive hue discrimination thresholds while

controlling for subjective luminance.

Task

Two types of coloration patterns and motion types were used for the S2’s. Half of
the trials consisted of uniformly-colored S2’s (color standard), wheredsefather half
of trials 20% of dots had a slightly different color from the majority (colaet.
Orthogonally to this color manipulation, half of trials contained S2’s for whiafoés
moved on a common linear trajectory (motion standard) and the other half contained S2’s
for which the dots moved on a curved trajectory (motion target). Schematized exampl
of targets are illustrated Figure 8. The degree of difference for each of the relevant
targets was titrated on a per-subject basis to 80% detection rate priomtartgegach
experiment using an up-down transformed response (UDTR) modified staircase
procedure (Wetherill and Levitt, 1965). No particular value of any featureatedia
target: subjects had to detect a particular feataration in the stimulus. This strategy

was used to reduce competition within a feature processing area (if swixpeet
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attending to red and suppressing green, for example). The goal, rather, was to have
subjects attend toolor and suppressotion or vice versa as the cue indicated.

Participants were instructed to attend to the cued feature only, ignoring tredunc
feature entirely, and to respond with a button press upon detection of a target in the cued
feature. The requirement to ignore the uncued feature was intended to makgeiny ta
properties appearing in the uncued feature distracting, so that object-rplatadirsg of
attention could provide no task-related benefits. Participants completed 10nge-mi
blocks, which included breaks every 12 trials to reduce fatigue and maintain a leigh lev

of alertness throughout the session.

EEG Recording

Continuous EEG was acquired through the ActiveTwo BioSemi (Amsterdam)
electrode system from 168 scalp electrodes, digitized at 512Hz. With the BioSem
system, every electrode or combination of electrodes can be assignedefsrdnee,
which is done purely in software after acquisition. BioSemi replaces the ground
electrodes that are used in conventional systems with two separatedelec@ommon
Mode Sense (CMS) active electrode and Driven Right Leg (DRL) passotedie
These two electrodes form a feedback loop, which drives the average potential of the
subject as close as possible to the reference voltage of the analog-iczdiyitater,
thus rendering them references. One electrode placed 1 cm posterior to eath orbit

canthus and one electrode placed on the nasion were used to monitor eye movements.

Data processing
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EEG data were processed using the FieldTrip toolbox (Donders Institute for
Brain, Cognition and Behaviour, Radboud University Nijmegen, the Netherlands) for
MATLAB (The MathWorks Inc., Natick, Massachusetts). Only trials wilrect
behavior (responses to targets and withheld responses to non-targets) werd indloele
analysis. Data were epoched from 100ms pre-S2 onset to 500ms post-S2 onset. Each trial
was first visually inspected, and channels showing transient, large-amgiéati®nic
artifacts were linearly interpolated on a per-trial basis. Triatls more than 5
interpolated channels were excluded from further analysis. Then, the data we
decomposed into independent components that were used for correction of muscular and
ocular artifacts.

To perform the independent components analysis (ICA), we first concaterlated al
the trials for each individual participant. This resulted in very large datasetso we
next downsampled the data by a factor of 4 for efficiency of the ICA algorithen. T
concatenated, downsampled data were then used to derive unmixing matrices using the
FastICA algorithm with default settingslyvarinen, 1999)The downsampled data were
then discarded, and the unmixing matrices were used to unmix the original,
undownsampled data for each participant into independent components. Components
reflecting artifacts were identified using an automated approach luescry
Whittingstall, Bartels, Singh, Kwon and Logothetis (2010). Artifacts waeatified
based on temporal and spatial characteristics. For the temporal critenggrent time
courses were rectified and then converted to z-scores, and components cortaining z
scores exceeding a value of 7 were discarded. This criterion identifieguahtly-

occurring, large amplitude, transient artifacts. For the spatialiort each component
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topography (i.e., each column of the unmixing matrix) was converted to z-scores, and

components for which the largest z-score exceeded a value of 9, or for which the sum of

the two largest z-scores exceeded 15, were discarded. This criterionedeatifacts

that are limited to one or two electrodes. The choice of z-score threshold vakies w

adopted from the report by Whittingstall and others (2010). In a preliminasy, stag

tested this method with several z-score thresholds and found that the particodar se

components rejected was consistent across a moderate range of threshold elues. Af

rejecting components reflecting artifacts, the remaining componentgevepesd into

sensor-space and re-divided into individual epochs for further processing andsanalysi
Artifact-corrected data were re-referenced to a frontopolar etec&quivalent to

Fpz in the 10-20 system. This reference was chosen because it was a cleamgrsiterdi

in all participants far from occipital cortices, which were hypothesiaéx@ the regions

likely to show maximal effects in this visual paradigm. Data were thempbass-filtered

below 30 Hz and then high-pass filtered above 0.3 Hz. In each c4serdes zero-phase

digital Butterworth filter was used. Expanded epochs (2s pre-S2 to 2s post-SRpeere

for filtering to avoid contamination by artifacts introduced by discontinuitiéfseaedge

of the epochs. Subsequent to filtering, the epochs were trimmed back to 100ms pre-S2

onset to 500ms post-S2 onset and averaged across trials. A mean of 161 trials (+ 25.4

s.d.) were included in the ERP for each condition for each participant.

Analysis

Behavioral AnalysisiWe analyzed both performance accuracy and response

times. In each case we used a repeated-measures ANOVA witls factigature’ (two
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levels: color and motion) and ‘S2 type’ (two levels: WEAK and STRONG). Our
dependent measure for performance accuracy was the discriminaloiéty(d’), a
measure of performance which takes into account response bias. For respeiiRa Jim
we tested the median RT’s across trials for each participant for ethoh the ANOVA
design matrix. We chose the median as the measure of central tendency hesause i
robust to outliers, which were likely in this case because participantsataretructed
to respond rapidly. Behavioral statistics were analyzed using PASW version 18.0.0
(SPSS Inc., Somers, New York).

Statistical Hypothesis Testing of ERP Differend&& had a directed hypothesis

that the ERP indices of attentional biasing would differ between STRONG andKKWEA
S2s. To identify the ERP indices of our feature-based attention manipulation, we
performed a running dependent samplest between conditions of attention-to-motion
and attention-to-color for all channels and time points. We used a clusteriogetppy
control for inflation of type | error due to multiple comparisons (Guthrie and Budhwa
1991). The rationale for this method is that type | errors are unlikely to occur
simultaneously at adjacent electrodes and unlikely to endure for sevemtuivetime
points. Since the EEG signal does not change arbitrarily fast, howeveristeense
dependence between consecutive time points. We examined the autocorrelation of the
noise in the baseline interval of the ERP to determine the minimum time delhicht w
time points in the EEG are not significantly correlated, which we found to be 15 sample
(29ms). We thus required two-tailpdralues below 0.05 to be simultaneously present at
two or more adjacent electrodes and to persist for at least 15 samples to ¢basider

effects significant. This statistical analysis was applied sepatatthe STRONG and
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WEAK conditions, and then the STRONG and WEAK attention effects were compared.
We also performed a running dependent sanigiest comparing all STRONG to

WEAK responses, regardless of which feature was attended, to charactanzdfects

of the Gestalt grouping manipulation.

Source Estimationfo visualize the cortical regions most likely to be contributing

to effects observed at the scalp, we employed a minimum norm current soumnedi @st
(MNE) method using Brain Electrical Source Analysis software (BE&HB, ver.

5.1.8), using the following settings: depth weighting and spatiotemporal weigisimg)
subspace correlation (dimension = 7); and noise estimation using the 15% lowest values
weighted by averaging over channels. Source localization was applied to tsuotrac
waveforms representing effects of interest. Subtractions were mdoloavs: 1) attend-

color WEAK minus attend-motion WEAK; 2) attend-color STRONG minus attend-

motion STRONG; and 3) STRONG minus WEAK.

RESULTS
Behavior

Performance Accuracyerformance results are summarizeétigure 9a

Discriminability scores ranged from d'=0.88 to d’'=4.22 (meanzs.d.: 2.44 + 0.76),
indicating that all participants performed above chance (i.e., d’>0) and belavg ¢eé.,
d’<4.65, which reflects a 99% hit rate and 1% false alarm rate). Results of thg AN
revealed no significant main effects or interactions for the factors efirggand ‘S2

type’ ond’ scores (alp’s >0.12;). The lack of significant differences was consistent with

our aim to equate task difficulty across conditions for each subject.
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Response Times (RT'siResponse time results are summarizeeiguire 9b.

Median RT’s ranged from 511.7 ms to 957.0 ms (meanzs.d.: 698.8 £ 113.9 ms). Results
of the ANOVA revealed a main effect of ‘feature’ (= 6.593,p = 0.025). A post-hoc
paired-samplettest indicated that responses to motion targets were significantly slower
than responses to color targgis=(0.025). On average, participants responded 42.2 ms
(s.d.: 59.3 ms) slower to motion targets than to color targets, and 10 out of 13 participants
showed slower RTs for motion than for color. Slower RT’s for motion judgments
compared to color judgments are not uncommon in feature-based attention studies (e.qg.,
Anllo-Vento and Hillyard, 1996; Schoenfeld et al., 2007), and likely reflect the inherent
temporally-integrative nature of motion processing.

No main effect was found for the factor of ‘S2 type) {F= 1.241p = 0.287).

The ‘feature’ by ‘S2 type’ interaction was not significant {#= 0.207 p = 0.657).

Statistical Testing of ERP Differences

For WEAK stimuli, significant differences between attention-to-cohal a
attention-to-motion were found at parieto-occipital electrodes from 186 g&ltms
post-stimulus onsef(gures 10, 11& The ERP was significantly more negative for
attention-to-color than for attention-to-motion at these times and locafimoosntrast, no
attention effects for STRONG stimuli were fourkdg 10).

A comparison between the ERP’s for STRONG and WEAK stimuli revealed a
robust effect at parieto-occipital electrodes from 273 ms to 40&igsia,h. The ERP
was more positive for STRONG stimuli than for WEAK stimuli at these timds a

locations.
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For both WEAK and STRONG stimuli, no effects were observed at any time
point for electrodes located over the eye muscles, suggesting that eye misweere

not a confounding factor.

Source Estimation

The MNE analysis revealed that the early (180-221 ms) attention effect for
WEAK stimuli was attributable to current sources in occipital pole regadsventral
occipito-temporal cortex bilaterallyF{gure 11b). The source estimation for the general
Gestalt binding effect (i.e., STRONG vs. WEAK) implicated right latecalptal cortex

and left dorsolateral prefrontal cortéxdure 129.

DISCUSSION

Here we tested whether the electrophysiological effects ofreelased selective
attention persist despite environmental cues (i.e., common fate) that tyjeeallo
object-based binding (Albrecht et al., 2008; Busse, Roberts, Crist, Weissman and
Woldorff, 2010; Egly et al., 1994; Fiebelkorn et al., 2010a; O'Craven et al., 1999;
Schoenfeld et al., 2003). In other words, we examined whether the well-established
ability to bias processing toward a specific feature (color or motion) would be
counteracted by the well-established bias to form coherent objects. To test the
automaticity of the spreading of attention, which is thought to reflect featuregjwade
designed a task where object-based integration would be detrimental to pederma

On each trial, participants' were cued to detect either color or motion targets,

while overall performance was held at approximately 80 percent. Pinningmeanioe at
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less than 100 percent accuracy served to saturate attentional resourcest sungh tha

boost in the processing of the uncued (or irrelevant) feature would necessaaity det

from processing of the cued (or relevant) feature. If Gestalt prisdiplihe STRONG
condition led to an object-based spreading of attention from the cued feature to the
uncued feature, we would predict that the two features would be processed weh great
parity. Evidence of decreased feature-based selectivity in the presesmogrohmental

cues for object-based binding would suggest that the inherent bias to process objects as
wholes supersedes task-driven attempts to bias processing towardwdgrddature in

order to optimize performance.

Our electrophysiological measure of feature-selective processmthea
difference between ERPs when color was attended compared to when motion was
attended. For the WEAK condition, robust evidence of biased processing for the cued
feature was evident at approximately 180 ms; whereas, for the STRONGamndit
evidence of biased processing was not observed. We therefore conclude that featur
based selective attention is substantially attenuated and delayed by obgetbinaling
processes. These data emphasize the strength of the tendency to intelgrate thest
share a common fate, even when doing so will interfere with the task at hand.

The significant differences that we observed between attention to color and
attention to motion for the WEAK condition are similar in terms of latency and
topography to previously observed feature-specific attention effects (¥efite and
Hillyard, 1996; Hopf et al., 2004; Schoenfeld et al., 2007). Source localizations
implicated ventral occipito-temporal regions bilaterally, with additionatrtbutions

from occipital pole regions. Because color processing has been previously tbtalize
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the ventral occipito-temporal regions (Corbetta et al., 1991; Vaina, 1994), weeénte
this pattern of results as enhanced processing in color-related cargiaalwhen color is
attended compared to when motion is attended.

Attention effects are typically measured by comparing the ERPs in response t
attended and unattended stimuli, which results in a difference wave oftenddteas a
"selection negativity" (e.g., Anllo-Vento and Hillyard, 1996). In the presqm¢raxent,
however, we used a somewhat novel comparison to quantify feature-based atteation. W
compared the response to physically identical stimuli when different ceamgtfeatures
were attended. This approach was necessary to observe not only the effedtgef fe
based attention, but also the object-based spread of attention, which is hypothesized to
occur within objects for which at least one feature is attended. Despitethieataall of
the stimuli included an attended feature (either color or motion), we predicted fhat ER
differences at the level of the scalp would occur as a result of the spiéiadrdies in
activated processing areas (i.e., dorsal and ventral visual regions for nmaticolar
processing, respectively; Ungerleider and Mishkin, 1982). Our dependent measure f
biased processing is thus not equivalent to a stereotypical selection nggédisiiite a
resemblance in timing and topography. Rather than an additive component, our effects
can be better conceived as reflecting a change idish@ution of processing across all
the brain areas involved.

Because the evidence of feature-based selective attention was predeéRANK
stimuli at 180 ms, but absent for STRONG stimuli at that time, we can conclude that
object-based binding effects within STRONG stimuli must have onset prior to 180 ms.

An obvious question is how the timing of our current effects accord with timing of
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known binding processes. Evidence for the timing of object-based binding comes from
several electrophysiological investigations of the canonical “illusoryocohstimulus
class. These studies have utilized Kanisza illusory figures (cf. Kanis#), ¥@¥ch are
composed of arrays of Pacman shaped inducers oriented with their “mouths” aligned
toward a common point, such that the region interior to the inducers is perceived as a
geometric shape superimposed on the background, although no such shape actually
exists. If the inducers are sufficiently misaligned the illusion is dgstl. By comparing
the ERP to the Kanisza figures to their non-illusion-inducing counterpartslusiory
contour effect” has been identified that onsets around 100 ms and peaks around 170 ms
(Herrmann, Mecklinger and Pfeifer, 1999; Fiebelkorn et al., 2010b; Foxe, Murray and
Javitt, 2005b; Murray, Foxe, Javitt and Foxe, 2004; Murray, Imber, Javitt and Foxe,
2006; Murray et al., 2002; Shpaner, Murray and Foxe, 2009), the effect is taken to
indicate binding of the disparate inducers into a single Gestalt, as in the current
experiment.

While our inference that binding effects occurred prior to 180ms was indirect, we
directly observed effects of our Gestalt grouping manipulation duringtiatemperiods
(273 ms to 404 ms). This effect was characterized by greater positipibgirior
electrodes, and implicated a robust current source in right lateral occqtik. Lateral
occipital cortex has previously been implicated in object-related procesgind-(ean,
Foxe, Gomez-Ramirez, Satian and Molholm, 2010; Martinez et al., 2006; Martinez,
Ramanathan, Foxe, Javitt and Hillyard, 2007b), particularly with regards to tiiggra

fragmented images (Doniger et al., 2000, 2001; Sehatpour et al., 2006) and illusory
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contours(Martinez, Teder-Salejarvi and Hillyard, 2007a; Murray et al., 2002, 2004;

Shpaner et al., 2009).

Conclusion

We found that participants were successfully able to bias processingcessour
between the features of color and motion. This biased attentional state e @vi
differences in the ERP’s between when motion was attended and when color was
attended. These effects were relatively early (180ms) and attributeduieefspecific
cortical processing regions. However, these differences were onlywewben
enviromental cues for object-based binding were weak. When environmental cues for
binding were strong, evidence for biased feature-specific procesasgat observed.
We therefore conclude that bottom-up binding processes supercede top-down feature-
based selective attention, even when explicitly detrimental to task penfcema

While we used a highly-contrived experimental context to reveal the intaracti
between feature-based selective attention and binding processes, we belieue that
results provide insight into how attention and binding processes are used to guide
interaction with the environment in a natural setting. We propose the following model:
First, feature-based attention, which is not spatially-specific, higisligbjects with the
attended feature for subsequent spatial selection. Binding processes then takbioker
leads to a spread of attention between the attended object’s constituent,faatlieas
object-based attentional selection is formed. The attended object can theutibezed
with respect to the individual features, but this scrutiny is likely deferred te pos

perceptual timeframes.
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Figure 8 (caption): Schematized illustration of target examples. Arrows represent
motion and were not actually present in the stimulus. The length of each arrowntgprese
the speed of the adjacent dot. Color targets were defined by the presence obtsvofcol
dots. Motion targets were defined by the presence of curved motion (i.e., sequential
presentation of different motion directions). Note that no one particular color or motion
direction was indicative of target presence, and that the examples giverdaos
exhaustive. Both color and motion targets could be present in a single stimulugi. Stim
are shown here on a white background for illustration; stimuli were on a black
background in the experiment. Color and motion differences are enhanced fgr clarit

Dots in the actual stimuli were smaller and more numerous.



Selection vs. Binding 86

Figure 8:
WEAK STRONG
’/0 . @ .\ . .\
A
.\ o\ K. ¥ ° A b 0\ \‘\
Color target o \ y. ¥ A .\
N e o ® A °
examples W ® ¥ P P .\ '}
N e W 1
Q A A
N
¢ oy oy
>0 > e~ A L JaY
¥ 2 o”. ; .k\ “o : v *y
Motion target g ’/’ e 7N *y °
examples ¥ ¥ v ° ./’ e - ® ey TV
A~ o
v ®




Selection vs. Binding 87

Figure 9 (caption): Summary of behavioral results across the 13 included participants.
A) Performance accuracy in d’ scores. B) Response times in milliseconals. 0.05

(repeated-measures ANOVA). Error bars indicate 2 standard errorsroétre
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Figure 9:
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Figure 10 (caption): Feature-based attention effects for WEAK and STRONG stimuli.
ERPs in response to S2’s are plotted for a representative electrod®(eldéatation
highlighted in insets) above the p-values for a running t-test of the compasdonys.
motion.” The green dashed line represents p = 0.05. The light green rectangtghtsghli

the time period of significant difference.
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Figure 10:
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Figure 11 (caption):Maps of feature-based attention effects. A) Scalp topography of
attend-color ERP minus attend-motion ERP for WEAK stimuli. Black circlpgtle
significant channels. B) Minimum norm current source estimates forp@meds with

significant attention effects for WEAK stimuli.
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Figure 11:
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Figure 12 (caption): General Gestalt grouping effect (i.e., STRONG minus WEAK). A)
ERP’s for representative electrode (electrode location highlightedat).iBy Scalp
topography. Black circles depict significant electrodes. Green shadirgiqa time
period of significant differences. C) Minimum norm current source estiroaterfe

period with significant effect.
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GENERAL DISCUSSION

We have described three sets of experiments that investigated the prgparat
mechanisms of visual feature-based selective attention, and the intebatti@en such
top-down attention mechanisms and object-related binding processes. Ouleadults
to three key conclusions: (1) anticipatory attentional suppression of visuakfeatur
invokes alpha-band mediated gating mechanisms, similarly to spatialatt@tiapter
1), (2) binding of features for coherent object perception dominates selectiveatte
even when detrimental to task performar€bgpter 2), and (3) such automatic binding
processes have already counteracted feature-based attention by T3tapter(3),
although some biased processing is again evident in post-perceptual time(franmes
500 ms). These findings suggest that feature-based attention is a useful meébanis
guiding visual search, but that once an object is selected by attention, biaseslpgoces

between features is largely abandoned in favor of an object-centerdtbatkstate.

A note on asymmetry of color and motion attention effects

An examination of the scalp topographies and localizations across attention
conditions inChapter 3 (Figure 11) raises the following question: why didn't we also
observe the involvement of dorsal visual stream areas that could be attributed to
enhancements of motion processing when motion (rather than color) was thedattende
feature? It might be the case that there is a genuine difference in the taibility to
bias motion processing compared to color processing. This possibility wasteddnes

an earlier neuroimaging study by our group in which participants performed both a



Selection vs. Binding 96

motion and a color task (Wylie et al., 2006). These two tasks were interlaced throughout
each block such that some trials were repeats of the task on the prior trizhsvbtrers
required switching between tasks. Participants were slower to respond to muogss ta
when they had just done the color task (switch) than when they had just done the motion
task (repeat), a so-called “switching cost.” Switching costs sudgggstame time is

needed to shift the focus of attention from one process (color) to another (motion).
However, in this case the participants were given a minimum of 1.5 seconds of warning
as to which task would be forthcoming, which is a fairly substantial intervalnns tef

the timescale of neural events. Presumably, participants would have the optiepai@ pr

the relevant neural circuitry in advance of the arrival of the target stimotlesed,
participants did not show switching costs when switching from the motion task to the
color task, suggesting that they were able to effectively prepare color-relatedl neur
circuitry during the cue-target interval. This behavioral pattern Vgasreflected in the
hemodynamic response: color-processing areas showed increased iagbgparation

for the color task, but biasing activity in motion-processing areas was naiedetec
anticipation of the motion task. However, it may be the case that such diffenences i
color- and motion-processing preparation are somewhat idiosyncrafibajter 1, we

did find group-level evidence for preparatory attention to both color and motion;
however, we also found that nearly all participants selectively suppragsadcelor or
motion, but not both. It could be that the clearer involvement of color processing areas in

Chapter 3 reflects the particular composition of the sample.

Idiosyncratic differences in feature-based biasing could provide an atcelle

fulcrum for further investigations of the anatomical basis of selectigntetth, and brain
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dynamics more generally. For exampleCimapter 1, we mentioned that participants’
feature-selective oscillatory activities tended to covary with theasyicratic task
performance biases. This admits the interesting possibility that the tskpence
biases are actuallyaused by differential ability to engage various functionally-
specialized cortical areas in particular dynamical states. In othhdsywsome parts of
cortex may not “resonate” as well with attentional control centers, whichresalt in
less stable attentional control for that part of cortex and the cognitive pecess
subserves. Variation in dynamical stability could be due to factors acrossets vér
scales ranging from single molecular species to global connegatityrns. In the
framework of this dynamical stability hypothesis, idiosyncratic diffees could be
exploited to infer which properties of brain organization are critical to supgatable
attentional control, insights that could be transferrable to other domains of braiorfunct

beyond attention.

Then again, it may not be the case that idiosyncratic oscillatory belcauses
the idiosyncracies of selective attention. An alternative is that theafitfes in task
performance between features are due to some non-oscillatory cause, diffdréneces
in alpha-mediated suppression reflect some sort of compensation. In other words, it coul
be the case that, due to some non-oscillatory cause, motion discrimination is more
difficult than color discrimination for a given individual. Because motion disoation
is relatively difficult, the participants recruit more attentionabueses for that task,
reflected in greater electrophysiological measures of attehtiaasang (i.e., alpha-band
power increases). In this situation, although differences in brain dynamiosogae of a

consequence of idiosyncratic perceptual ability than a cause of idiosyrttatitonal
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deployment, such differences can still be used to identify subpopulations of “color
suppressors” and “motion suppressors” for targeted inquiry into the bases of the more

fundamental distinctions of brain operation between the two groups.

Future study: relationship of Gestalt grouping to binding

An important assumption underlying the experiments describ€tapters 2
and3 was that the STRONG object condition evokes greater binding processes. This was
a working assumption and has not been explicitly demonstrated, although in retrospect
the data support our contention. Nevertheless, welpabri justification for believing
that this Gestalt grouping manipulation would lead to differential engagement afdindi
Key to our reasoning is the idea that an object mustlaetedy attention for binding to
be effective (e.g., Treisman and Gelade, 1980). The principle argument agaidsathe i
that the STRONG and WEAK stimuli differentially invoke binding processdsisioth
stimuli have equally valid claims to being characterized as objects: opedlgjert in the
former case, and many smaller objects in the latter. The question then bdtanoés t
whether one or more of the small objects comprising the WEAK stimulus can be
attentionally selected, much as the one large object in the STRONG stimudlecied
We believe this is unlikely for two reasons: (1) we designed our task such énaliradt
to a single dot would not be an effective strategy, since identification of avarglet
require a comparison between a minimum of two dots, and (2) sequentially focusing
attention on a series of dots to make such a comparison would also not be an effective

strategy, since some time would be needed to processes one dot, disengage adt@antion f
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that dot, shift attention to the next dot, and then process that dot (cf. Posner and Cohen,
1984). We presented the dot arrays for a 200 ms duration, which is the lower bound of
covert attentional switch latencies by some estimates (e.g., Horéleizombe, Wolfe,
Arsenio and DiMase, 2004). Even if two spatial shifts of attention were possilig duri

the stimulus duration, successful target identification would require pickimgdvs that
differed from the target feature, which was unlikely (about 16%). Becaubks oive

believe that participants most likely directed attention to features, but mctsbp order

to attain adequate performance for WEAK stimuli. Despite these reatgnse believe

that an object-centered attentional state is supported for STRONG stimuli boit not f
WEAK stimuli, future studies could be aimed at directly investigating if cagt&it

grouping maniulation modulates the robustness of binding processes.

One challenge to demonstrating directly that the STRONG object leads to more
robust binding processes is that binding remains a fairly subjective phenomenon.
Whereas modern neuroimaging and electrophysiological methods can assag to som
extent which features an experimental subject is viewing (and even whieesvisual
field those features are perceived) this alone is not sufficent to skthbiding, which
requires the assignment of various features to a conoinjest This latter aspect of
binding has not been definitively linked to an objective electrophysiological indicator
Because a definitive neurophysiological indicator of binding is not yet knoveact di
evidence of binding has so far come from patterns of behavior. In particulam cert
patterns of errors in visual search tasks are consistent with participamisd “illusory
conjunctions” of features that actually belong to different objects (Tagisand Gelade,

1980). Under different experimental conditions the incidence of such illusory



Selection vs. Binding 100

conjunctions can be modulated, indicating that the robustness of binding processes is
dependent on the experimental manipulation. For example, Treisman and Schmidt (1982)
showed evidence that stressing spatial attention demands increases tineenaide

illusory conjunctions, which led these researchers to conclude that successhd sradi

spatial attention-dependent process.

One future study that could be directed at investigating directly the role of our
Gestalt grouping manipulation on binding processes is a variant of the visual search
paradigms used by Anne Treisman and colleagues (e.g., Treisman and Gelade, 1980;
Treisman and Schmidt, 1982). The search array in the proposed experiment would be
populated with apertures containing random dot stimuli like those described in this
report, albeit smaller. If our assumption that STRONG stimuli invoke more robust
binding than do WEAK stimuli is true, then we would predict that illusory conjunctions
would be more prevalent when the search array consists of WEAK objects than when it

consists of STRONG objects.

Future study: role of suppression in feature-based gain and tuning

In Chapter 1, we reported differential modulation of alpha-band activity when
attending to different features. For example, alpha power from dorsal vigahst
regions increased more when color was attended than when motion was attended. We
interpreted this pattern of results as consistent with the known role of alpha bertyl ac
as an active suppression mechanism in spatial selective attention. Orstingere

observation, however, is that alpha power increases during the preparatory interva
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regardless of which feature is attended. With respect to the earlieplexafpha power
from dorsal visual stream regions increased more when color was attended than whe
motion was attendetbut it increased relative to baseline in both casemay seem that
this latter pattern of results is inconsistent with the presumptive role ofladith
increases as a suppressive mechanism. However, as described below, iteasabe t
that some suppression can actuatiprovefeature discrimination ability. Future research

can be directed to test this hypothesis.

To interpret the “non-specific” alpha power increases described above,afus us
to first have some notion of what, exactly, might be suppressed in this context. One
popular model of attentional processes is the so-called “biased competition” inodel
this model, converging information streams are faced with a capacitgtionita
“bottleneck”), and attention biases the “competition” between the informatiansre
such that behaviorally relevant information gets processing priority. Attecan
achieve this biasing by adjusting the quantity or quality of competing infmm& he
former process is “gain modulation” (quantity) and the latter is “tuning” (qalityis
distinction is important because the role of suppression has different ingplecadr the
two modes of biasing. In the gain modulation mode, suppression reduces the quantity of
information, whereas in the tuning mode, suppressiomnggrovethe quality of
information.Figure 13illustrates this point. Each curve in the figure represents the
response function of a hypothetical direction-selective neuron or neuraldgséne
dashed curves represent the response function prior to attentional modulation, and the
solid curves are the biased responses. The region bounded in red represents the portion of

the response curve that would be suppressed for the biasing mode indicated. In the gain
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case the entire process is suppressed, whereas only portions of the pros@ssrassed
in the tuning case. This response curve narrowing in the tuning case translates to an
improved ability of the process to discriminate the “ideal” direction from atféis has

important implications for the role of suppression in feature-based attention.

Whereas spatial attention is consistently shown to involve gain modulation
without response selectivity tuning, both gain and tuning are implicated indféstsed
attention (Ling, Liu and Carrasco, 2009; Martinez-Trujillo and Treue, 2004). Tlastee
the essentially discriminatory nature of feature-based orientatignsdiscriminating a
relevant color from an irrelevant one). The following example emphasizes ¢haf rol
suppression in attention-mediated tuning. Martinez-Trujillo and Treue (200#9drai
monkeys to attend to patterns of moving dots while they recorded from neurons with
receptive fields (RFs) outside the focus of the animals’ attention. Theiveckgids of
the recorded neurons also contained moving dot stimuli, and these stimuli could move in
the same direction as the attended stimuli, or a different direction. They foand tha
attending to the moving dots enhanced responses to RF stimuli moving in a similar
direction, butsuppressedesponses to stimuli moving in directions that were quite
different from that of the attended stimulus. In other words: although motion was
attended (monkeys were responding to changes in direction), at least somesguppres
was found for cells processing motion. Several mechanisms for this suppression are
conceivable, but if alpha-band oscillations play any role, then it would not be swgprisi
to observe alpha-band power increases over cortical areas processingefattemded

feature modality (motion processing areas in the dorsal visual streafmsfekample).

Thus, there is the potential that suppression acts on both the cortical areas
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processing the relevant feature (tuning) and those areas processingje¢lrant feature
(gain). This potentially complicates the interpretation of the results @oapter 1 in
isolation. A future study could aim to disambiguate the potential contributionsnof gai
and tuning to the observations at the scalp. One way to do this could be to lower the
exposure duration of the stimulus while maintaining performance at 80% through our
titration procedure. The discrimination threshold for motion direction (Conklin, Baldwi
and Brown, 1953; Festa and Wesch, 1997) and hue (Hita, Romero, Jimenez del Barco
and Martinez, 1982; Siegel, 1965) are both inversely related to stimulus duration, and so
the two values for colors and motion directions in the targets will be more iigsdiman

with the longer exposure duration@inapter 1 (Figure 14). Because the feature values
will be less similar, there will be less competition for processing ressuwvithin a

feature area (e.g., less competition between processing of particulavalaks).

However, since performance is held constant, a similar degree of capacuyidimis
presumably maintained, and there should be a commensurate increase in @mpetiti
between feature modalities (e.g., more competition between processoigrair

processing of motion), which is consistent with the gain model.

By taking two measurements of alpha-band suppression effects with different
demands on tuning and gain modulation modes of biasing, we will be able to provide a
richer interpretation of the roles of these two processes in feature-li@seba than
would be possible with one experiment alone. If, for example, anticipatory iasr@as
brain regions processing the to-be-attended feature are attenuatesdtiwhdus
durations are shortened, then this would suggest that such increases are atibdgst pa

related to tuning control.
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On “objectness”: a competing cluster hypothesis

A central component to this thesis was an attempt to manipulate the “objectness”
of visual events. We might step back for a moment and ask what exactly is meant by
“objectness” in this context, and what it would mean to have different degrees of it. The
term “objectness” here does not refer to things in the external environment, shiokeas
we call chairs, gophers or tornados. Rather, “objectness” refers to § gfitié brain’s
representatiorof the things in the external environment (i.e.,fgbheceptof a tornado).
Indeed, the notion of a material “object” does not exist without somegedeivethat
object. Ironically, there can be bjectivedefinition of anobject Most operational
definitions of an object are variations on this concise version from philosopher Charles
Sanders Peirce (1839-1914): "By an object, | mean anything that we can think, i.e.
anything we can talk about" (n.d.). Something becomes an object by virtue of someone
perceiving or thinking about it as such: by asserting a categoricaktist between the
properties that the perceiver assigns to that object from other properties of the
environment. These asserted boundaries are arbitrary and artificialatbere
categorical boundarigser sebetween a tornado (or a chair, for that matter) and the rest
of the atmosphere.

Thus, what we aim to manipulate when we speak of manipulating “objectness” is
a quality of a person’gerceptionof a stimulus. When a stimulus is perceived as an
object, its features are conceptually bound together and segregated froneattesfin
the environment. When a stimulus is not perceived as an object, this sort of categoric

assignment of features does not occur. Presumably there is room for contitwigrbe
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these two extremes reflected by intermediate degrees of categoriZzaitey question of
contemporary brain sciencevdat are the physical mechanisms that bind features
together(or the oft-neglected corollarywhat are the mechanisms that keep features
segregatey

Of course, terms such as “bind together” are metaphorical here. Theezyare
few features of a tornado that are physically present in a brain, besideg igtesy and
wet. Rather, a brain perceiving a tornado is characterized by patternwity Htat
representhe features of a tornado. The concept of binding also refers to a pattern of
activity, but one that representsassociatiorbetween the features of the object. Given
that the representations of the separate features themselves typiygadly relatively
distinct functionally specialized cortical areas, such a representatiseafiation likely
involves coordinated activity across these areas.

One way to coordinate activity across cortical areas is by convergers topaut
common computational unit (e.g., the so-called “grandmother cell”), the adhwtizich
could represent the association between the features. However, this solution Ig tmlike
be sufficiently flexible to represent the near infinite variety of objectsanyafinite
configurations encountered in the course of a typical lifetime —especradyy & bump on
the head could erase all ability to conceive of your grandmother unless substantia
redundancy was involved. Moreover, the question remainshesitthe activity of that
one computational unit comesrgpresentanything to the animal. A reasonable
argument could be that the activity of the cell influences the activity of ogftle that in
turn contribute to behavior, such that the animal behaves as though it perceives the object

in question. However, this interpretation belies the “grandmother cell” concept, as i
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invokes a network-level description involving coordination between multiple units —
which brings us to the distributed representation account of binding. This account posits
that the pattern of activity that represents the association betwéare$eaf an object is

not confined to a single computational unit, but rather distributed across a laeye-scal
network.

In this section we have been trying to operationalize what is meant by
“objectness”. So far we have argued that objectness is subjectively-geramdtnot
naturally-occurring; that it involves the association of some features aséghegation
of others; and that it is a pattern of activity across a large-scaieatottwork. The next
logical question isvhat is the nature of this coordinated, distributed activity that
represents the association between individual featuessmentioned in the previous
chapters, one promising candidate is oscillatory synchrony between bisn are
However, for the purposes of this discussion it is not necessary to endorseudapartic
class of dynamics: the “binding” activity can be conceived as periodic, chaotic
(deterministically so, of course), or some intermediate degree of catgp&ome
general conclusions about brain operation can be made with incomplete knowledge of the
dynamics involved.

First of all, it is clear that only a small number of binding “activitiest stably
exist in one brain at one time. While our perception gives the illusion of an experience
completely populated with discrete objects, in fact we have consaeesgo only a
handful of objects at a time. This claim is supported by results from studiestigfienul
object tracking, illusory feature conjunctions, working memory span, change bbndnes

subitizing (rapid, non-counting judgment of number), spatial reorientation, divided
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attention and many other phenomena. By “conscious access”, it is meant sirnfsig tha
person can think about the object, or in other words, they can entertain a proposition
about that object. In fact, if the person can’t think about somethingpgadacto
disqualified from objecthood (see Peirce’s definition above).

This limitation on the number of objects that can be perceived at a time can be
counterintuitive because people do not generally report having the experiencedtizt obj
become “unbound” the moment they cease to think about them. The catch, however, is
that the very act of introspecting “did that X become unbound?” ensures that the X snaps
back together as a fully-formed object (by definition). Further compligatiatters is the
brain’s remarkable ability to confabulate, such that large swaths of ourenqeecan be
filled in with a mnemonic brush to create an illusion of stability. Neverthelassfu¢
experiments, and popular visual demonstratiommsutinely show that we can truly
perceive only a few objects at a time.

What does this limit on the number of objects that can be simultaneously
perceived reveal about the basis of brain function? We have already introduced the
concept that binding involves distributed activity across a large-scale netverkeT of
dynamics that can be supported by a network is dependent on the shape, or topology of
that network. Thus, the limitations on supported dynamics can be used to infer properties
of the network topology. The topology of a network is the set of pairwise connections
(“links” in the terminology of graph theory) between the computational units (“fodes
Even without a complete fine-grained description of the topology, important prepatrtie
network dynamics can be inferred from coarse-grained statisticalpdes of the

distribution of links in the network. For example, one particularly useful metric for

te.g., http://www.psychology.uoguelph.ca/faculty/trick/motCSS.html
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describing a network is the clustering coefficient, which quantifies how lgense
interconnected is a network or a part of a network. A network with a high global
clustering coefficient is unlikely to support multiple independent activityepat in

different subsets of the network by virtue of their high interconnectednesise ©ther

hand, any stable dynamics (e.g., binding activity) across a subset of the nstwork i
unlikely to be supported withogbmelocal clustering to stabilize it (“local” refers to the
particular subset of the network, which can itself be widely-distributed trakfams).

That is, if a given subpart of the network is as connected to other parts of the nstwork a
it is to itself, its dynamics are likely to be fairly susceptible torealeperturbations.

We suggest that binding activity can be conceived of as a relatively stable
dynamic activity pattern in a cluster, likely spanning feature-sjgelctortical areas. A
few such clusters can be supported at a time with some degree of independence in thei
activities. However, the clusters are not fully independent, as they remain teshtoec
each other and the rest of the brain. Moreover, the clustering must be dynamicall
modifiable to deal with the near infinite number of objects that can be perceiveadiivi
positing an impossibly large number of fixed clusters (the very problem with the
“grandmother cell” model). Perhaps as the number of independent binding activities
increases, the chance of destabilizing cross-talk between the hiaténeir “loose”
inter-cluster connections also increases. This might account for why dely objects
can be perceived at a time.

A “competing cluster” hypothesis regarding object perception would prédict t
selective attention should be more effective in biasing processing between twreor m

such clusters than between the constituent featvites one such cluster. This is



Selection vs. Binding 109

because the cluster is defined by its high interconnectedness, and conneatedness
network theoretical terms is not merely a structural concept. Rather, a tonmgonly
meaningful to network analysis if it isfluential to the behavior of the connected nodes.
Thus, the state of each node of a cluster is highly dependent on the states of ladirthe ot
nodes, encouraging a certain amount of parity of processing within the cluster. On the
other hand, two separate clusters are separate precisely becauselafitiee re
independence of their activities. This means that selective attention shalilg n&@ap

up or down the quality of processing across an entire ctubtarshould be less effective
in modulating processing of only a part of a cluster. This prediction was preclsaly w

was tested, and confirmed, by this thesis.

A model of feature-based attentional deployment

The evidence fror€hapter 1 suggests that anticipatory attention can be
deployed with respect to basic visual features much like it is deployed tal spati
locations. This biased preparatory state is set up prior to the arrival ahtiikust As
such, it could be an effective way to “key in” on a relevant feature for the purposes of
guiding visual search (Egner et al., 2008; Hopf et al., 2004). However, the evidence from
Chapters 2and3 suggest that the attentional state of the brain undergoes a rapid and

dramatic reconfiguration once an object comes into view.

2 Note that a natural way to adjust the quality mfgessing for an object in this framework is td#ize or
destabilize the cluster. This could be accomplighedhanging the strength of a few connectionsctvhi
can have widespread effects on clustering throuigtheunetwork.
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When the stimulus in our experiments is not readily perceived as a singterdohe
object, differences in stimulus-processing are evident at relativelyteadframes (~180
ms). These differences are attributable to enhanced activity in colteeredggions when
color is attended compared to when motion is attended. This indicates that feaade-ba
anticipatory attention can result in behaviorally meaningful stimulus progessi
differences —at least under certain conditions; specifically wheniattestnot directed

to anobject

When the stimulus in our experiments can be perceived as a single coherent
object, however, both the behavioral advantages of cue inform@&t@pter 2) and
electrophysiological correlates of biased perceptual procesSiap{er 3) disappear.

What this suggests is that once an object (rather than a mere featue)tedsey

attention, the biased processing state is abandoned in favor of object-related bindi
processes, which seem to involve a spread of attention across the constituezg teda

the object (Albrecht et al., 2008; Egly et al., 1994; Fiebelkorn et al., 2010a, 2010b;
Katzner et al., 2009; Molholm et al., 2007; O’Craven et al., 1999; Schoenfeld et al., 2003;
Wylie et al., 2004). That is, once an object is localized, the feature-basedcypigroa
replaced by an object-based one. This shift in the attentional “referencé happens

prior to 180 ms. The attended object can be scrutinized with respect to a particutar feat
once the binding is established, but this is a different process than the eanyyatrce

effects due to preparatory feature-based biasdhgyter 3).
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Figure 13 (caption): Models of suppression in gain and tuning response modulations.
The dashed curves represent the response function prior to attentional modulation, and
the solid curves are the biased responses. The region bounded in red represents the

portion of the response curve that would be suppressed for the biasing mode indicated.
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Figure 14 (caption): Schematized illustration of discrimination/detection load trade-off.
Each curve is the function of performance versus exposure duration for a aiatomi
task of a given difference. By specifying the duration and performance anug¢aei

difference free to vary, the desired parameters will be attained thtiagion.
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