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Attention operates to select both spatial locations and perceptual objects. However, the specific mech-

anism by which attention is oriented to objects is not well understood. We examined the means by which

object structure constrains the distribution of spatial attention (i.e., a “grouped array”). Using a modified

version of the Egly et al. object cuing task, we systematically manipulated within-object distance and

object boundaries. Four major findings are reported: 1) spatial attention forms a gradient across the

attended object; 2) object boundaries limit the distribution of this gradient, with the spread of attention

constrained by a boundary; 3) boundaries within an object operate similarly to across-object boundaries:

we observed object-based effects across a discontinuity within a single object, without the demand to

divide or switch attention between discrete object representations; and 4) the gradient of spatial attention

across an object directly modulates perceptual sensitivity, implicating a relatively early locus for the

grouped array representation.
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Attending within the visual world typically involves attending to

objects. During the viewing of a natural scene, eye movements are

directed, almost exclusively, to discrete objects and are rarely

directed to empty regions of space (Henderson & Hollingworth,

1999). During complex, everyday tasks, attention is directed se-

quentially to objects of immediate relevance for task execution

(Land & Hayhoe, 2001). Initial research on selection within the

visual system focused on the selection of particular environmental

locations, independently of the structure imposed by objects and

surfaces (e.g., Posner, Snyder, & Davidson, 1980). Subsequently,

researchers have investigated whether, and how, object perceptual

structure shapes and guides the allocation of visual attention (for

reviews, see Luck & Vecera, 2002; Mozer & Vecera, 2005b;

Scholl, 2001). Much of this work has been devoted to demonstrat-

ing that object structure does indeed modulate visual selection in

various contexts. However, several lines of research have been

devoted to explicating the specific mechanisms by which object

selection occurs.

Research into the mechanisms of object-based attention has

converged on the conclusion that object representations mediate

attentional selection at multiple levels of the visual system and that

object-based selection at these different levels is subserved by

distinct mechanisms. First, researchers have proposed that at rel-

atively early stages of visual perception, the image structure of

visible objects (such as contours and boundaries) shapes the dis-

tribution of spatial attention, a grouped-array hypothesis (Kramer

& Jacobson, 1991; Kramer, Weber, & Watson, 1997; Vecera,

1994; Vecera & Farah, 1994). Object boundaries limit the spread

of spatial attention (Avrahami, 1999; Marino & Scholl, 2005), with

attention coming to “fill” the region bounded by the object. At the

heart of this view is the claim that higher-level object structure

feeds back into earlier visual areas, increasing perceptual sensitiv-

ity to stimuli falling within the spatial region defined by the object

(see also Mozer, 2002). Evidence for this type of mechanism

comes from studies showing that spatial manipulations alter the

effect of objects on perceptual processing (Davis, Driver, Pavani,

& Shepherd, 2000; Kramer, Weber, & Watson, 1997; Kravitz &

Behrmann, 2008; Vecera, 1994) and that object structure modu-

lates spatial patterns of activation in early visual areas (N. G.

Müller & Kleinschmidt, 2003), influencing relatively early com-

ponents of visual perception (He, Fan, Zhou, & Chen, 2004;

Martinez, Ramanathan, Foxe, Javitt, & Hillyard, 2007; Martinez,

Teder-Salejarvi, & Hillyard, 2007; Martinez et al., 2006; Valdes-

Sosa, Bobes, Rodriguez, & Pinilla, 1998). Second, object structure

may influence shifts of attention, with a shift in the spatial locus of

attention either more efficient or more likely within an object than

between objects (Egly, Driver, & Rafal, 1994; Lamy & Egeth,

2002). Third, strategic prioritization of within-object locations

may occur when the position of a target is uncertain (Drummond

& Shomstein, 2010; Shomstein & Yantis, 2002, 2004). Finally,

higher-level object representations can be selected to some extent

independently of object position (Duncan, 1984; Vecera & Farah,

1994). Such spatially invariant selection most plausibly occurs

over visual representations that are abstracted away from the

precise metric structure of early vision, are maintained in brain

regions that do not preserve precise spatial information (such as
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inferior temporal cortex), and depend on higher-level visual rep-

resentational systems such as visual working memory. Indeed,

recent evidence suggests that the object advantage in the original

Duncan (1984) task, in which participants are more efficient at

reporting the features of a briefly presented stimulus when the

features belong to a single object, has its locus in object-based

visual working memory representations (Awh, Dhaliwal, Chris-

tensen, & Matsukura, 2001; Matsukura & Vecera, 2009; Vecera &

Farah, 1994).

Given that object-based attention is likely to be composed of

multiple distinct mechanisms of selection, it is necessary to isolate

particular mechanisms for direct study. In the present set of ex-

periments, we focused on the means by which object structure

shapes the distribution of spatial attention. As discussed above,

one theoretical account of this mechanism is the grouped array

theory originally developed by Vecera and Farah (1994). In this

view, attending to an object involves attending to a set of locations

that have been grouped together by perceptual organization pro-

cesses. Grouping processes organize visual features that are rep-

resented in a spatio-topic or array-format representation. These

grouping processes then constrain spatial attention, with the spread

of attention limited by the contours and boundaries of the attended

object. Spatial attention is the selection mechanism in the grouped

array account, and selection occurs by enhancing the perceptual

processing of the locations comprising the attended object. In

short, targets appearing on an attended object are proposed to be

more perceptible than targets appearing elsewhere. In the spatial

attention literature, perceptual enhancement effects are typically

discussed as resulting from limited capacity attentional processes

(Posner, 1980); when these resources are directed to a particular

location, targets at that location are identified more efficiently than

targets appearing at other locations.

The grouped array hypothesis provides a straightforward expla-

nation of certain object-based attentional effects. In the object-

based cuing task developed by Egly, Driver, and Rafal (1994),

perceptual enhancement of the set of locations corresponding to

the attended object allows targets on an attended object to be

detected more efficiently than those appearing on an unattended

object. Perceptual enhancement can also explain results from

flanker tasks (Chen & Cave, 2006; Richard, Lee, & Vecera, 2008;

but see Shomstein & Yantis, 2002). In Richard, Lee, & Vecera

(2008), the effect of flanker compatibility on response to a central

target was greater when the flankers were presented within the

same object as the target (compared with the effect of equidistant

flankers presented in a different object). Under the grouped array

account, attention spreads within an object, enhancing the percep-

tual processing of stimuli falling within the object, allowing

within-object flankers to influence target processing more than

flankers that do not perceptually group with the target.

The Present Study

In the present study, we sought to broaden the grouped array

theory by investigating three issues central to understanding how

object structure modulates the distribution of spatial attention.

The spatial distribution of attention within an object. Spa-

tial attention is allocated in a graded manner across the visual field

(LaBerge & Brown, 1989). In cuing studies, perceptual processing

is facilitated at the cued location, with perceptual efficiency grad-

ually decreasing with increasing distance from the cue (Downing

& Pinker, 1985; Henderson, 1991; Henderson & Macquistan,

1993; Mangun & Hillyard, 1988). If object structure serves to

constrain a spatial selective mechanism that is inherently graded,

attention directed to objects should exhibit a spatial gradient across

the object. Evidence of a nonuniform distribution of attention

within an attended object has already been obtained in the Egly et

al. (1994) paradigm: perceptual processing at the cued location

within an object is more efficient than processing at other locations

within the same object. However, previous studies have probed

only two locations within the attended object, and thus could not

establish whether such spatial effects reflect an underlying mech-

anism that is smoothly graded. In the present experiments, we

probed multiple locations within an attended object to determine

whether attention is indeed smoothly graded across the object and

to map the shape of the gradient.

The role of object boundaries in constraining the spread of

spatial attention. The grouped array theory holds that object

boundaries are critical to constraining the spatial distribution of

attention. In this view, any form of object boundary should block

or retard the spread of attention, even if the discontinuity occurs

within a single object (rather than between objects). Using ring-

shaped objects, we examined whether a gap in the object would

retard the spread of attention, generating an “object-based” effect

within a single object. To probe the extent to which local object

discontinuities are responsible for object-based effects of attention

in general, the effect of a gap in a single object was compared with

the effect of an identical gap between two different objects. In

addition, we examined the effect of an object gap on the shape of

the spatial gradient of attention. Finally, we asked whether an

object boundary completely blocks the spread of attention across a

gap or just retards the spread of attention, with some “leakage” of

attention across the boundary (Kravitz & Behrmann, 2008).

Effects of the spatial distribution of attention within and

across objects on perceptual sensitivity. Finally, we examined

whether object-based selection affects the efficiency of perceptual

processing (i.e., perceptual enhancement of locations enclosed by

the object). The grouped array account holds that object structure

shapes the spread of spatial attention, and spatial attention directly

influences the efficiency of perceptual processing by enhancing

sensory signals at relatively early levels of the visual system

(Carrasco, Penpeci-Talgar, & Eckstein, 2000; Henderson, 1996;

Hillyard, Vogel, & Luck, 1998; Luck, Hillyard, Mouloua, &

Hawkins, 1996; Pestilli & Carrasco, 2005). Thus, effects of objects

on attention should be observed using methods optimized to mea-

sure perceptual sensitivity.

General Method

The general method was built upon the object cuing paradigm

developed by Egly et al. (1994), which has been shown to be

sensitive to spatial manipulations (Vecera, 1994) and thus appro-

priate for examining the role of object structure in shaping the

spatial distribution of attention. Our modified paradigm is illus-

trated in Figure 1. Each trial of the present method began with the

presentation of two, semicircular “tube” objects rendered from

three-dimensional (3D) models. One end of an object was cued by

the appearance of a “bulge” that grew out of and receded into the

object over 50 ms of animation. After a delay of 70 ms, a discrim-
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ination target was presented (an ‘X’ or an ‘O’) for 70 ms before

being masked by a composite X-O mask. Participants reported

target identity, and discrimination accuracy was the primary de-

pendent measure. The target appeared at the cued location or at an

uncued location. The primary manipulations were the within-

object distance between cue and target (to probe gradient effects

within the cued object), the object in which the cue and target

appeared (same object or different object), and the presence of one

versus two gaps (to assess the effect of local discontinuity in a

single object on the gradient of attention and compare this with the

effect of a between-object discontinuity).

The use of 3D-rendered objects provided strong shape and

shading cues to discriminate the objects from the background and

from each other (for a similar use of 3D cues, see Atchley &

Kramer, 2001). This was intended to maximize the potential ef-

fects of object structure on the distribution of spatial attention.

Cues (bulge animation) and targets (X and O) appeared to be

properties of the objects themselves, a feature designed to ensure

that attention to and discrimination of object properties operated

over features intrinsic to the objects.1 Semicircular objects (instead

of the standard rectangles) were used so that all target locations on

the objects were equally distant from central fixation, ensuring that

manipulations of cue-target distance were not confounded with

differences in eccentricity (e.g., Kwak, Dagenbach, & Egeth,

1991).

In addition to these modifications of the original Egly et al.

(1994) paradigm, our basic paradigm was designed to be sensitive

to differences in perceptual sensitivity within an object and across

an object boundary. Although the original onset detection para-

digm of Egly et al. (1994) has often been interpreted as probing

perceptual sensitivity, onset detection RTs can be strongly influ-

enced by changes in response criteria (see Luck & Vecera, 2002

for an extended discussion), and thus the onset detection paradigm

is not ideal for the present purposes. For example, shorter RTs to

within-object targets in the standard Egly et al. task could be

generated if participants adopted a lower criterion for triggering a

response to targets appearing within an object, without any effect

of object on perceptual sensitivity per se. The masked discrimina-

tion procedure used here is to be preferred over onset detection,

because it assesses perceptual sensitivity in a manner that is not

influenced by criterion differences. For this reason, masked dis-

crimination is the dominant paradigm for examining perceptual

sensitivity in the literature on spatial attention (Carrasco, Penpeci-

Talgar, & Eckstein, 2000; Henderson, 1996; Hillyard, Vogel, &

Luck, 1998; Luck et al., 1996; Pestilli & Carrasco, 2005).

One potential difficulty in attributing performance differences in

cuing studies to differences in perceptual sensitivity arises from

the possibility that cuing effects reflect reduction of position

uncertainty in decision processes (Palmer, 1994; Shiu & Pashler,

1994). In particular, when there is ambiguity in the location of the

target (e.g., when there are multiple masked locations following

target presentation), the effect of a valid cue could be to limit

decision processes to the cued location, without any direct effect

on perceptual sensitivity (Shiu & Pashler, 1994). However, such

position uncertainty was eliminated in the present paradigm, be-

cause there was only one target and only one masked location

(Henderson, 1996; Pestilli & Carrasco, 2005; Shiu & Pashler,

1994). In sum, the present paradigm adopted key features of spatial

attention experiments, so as to maximize the possibility that per-

formance was driven by the effect of spatial attention on percep-

tual sensitivity, which allowed us to assess the modulation of

spatial attention by object structure.

Finally, the paradigm was designed to ensure that effects of

object structure reflected the spatial distribution of attention at the

time of target presentation and could not be attributed to differ-

ences in shifts of attention within and across objects (Lamy &

Egeth, 2002). Such shifts are particularly likely to occur in para-

digms that present four possible targets after the cue, one at each

of the ends of the two rectangles, necessitating visual search

(Hecht & Vecera, 2007; Moore, Yantis, & Vaughan, 1998; Shom-

stein & Yantis, 2004). In the present method, there was only one

target, and it was masked after only 70 ms. Because there was only

one target, there was no search component to the present method,

reducing the potential contribution of attentional shifts. In addi-

1 In the standard Egly et al. (1994) paradigm, cues and targets typically

have been superimposed over the object display, and it is not necessarily

clear that cue and target stimuli are perceived as properties of the objects

themselves (see Richard, Lee, & Vecera 2008).

Figure 1. Sequence of events in a trial and target stimuli for the masked-discrimination paradigm. Inset stimuli

show the two possible targets and the mask.
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tion, it is unlikely that participants could have executed a shift of

attention to the target on invalid trials, given that the target was

masked after 70 ms and covert shifts of attention to abruptly

appearing stimuli require at least 80–100 ms to implement (Cheal

& Lyon, 1991; H. J. Müller & Rabbit, 1989). Again, the goal here

was to isolate the relatively early influence of object structure on

the distribution of spatial attention.

Experiment 1: Gradients and the Effect of Object

Structure

In Experiment 1, we examined whether spatial attention forms a

sensitivity gradient over the attended object. On each trial, the

target appeared at one of four possible locations relative to the cue

(Figure 2A): at the cued location (valid condition), at a near

location within the cued object, at a far location within the cued

object, and at a far location within the uncued object. The three

locations within the cued object provided an assessment of spatial

gradient effects within an attended object. The far locations in the

cued and uncued objects were equally distant from the cue, pro-

viding an assessment of object-based effects independently of

distance. If object structure serves to shape the distribution of

spatial attention, we should observe a gradient of perceptual sen-

sitivity across an attended object and a same-object advantage

when distance is controlled.

Method

Participants. Participants in all experiments were recruited

from the University of Iowa community and were between the

ages of 18 and 30. Participants reported normal or corrected-to-

normal vision. They either received course credit or were paid. Ten

participants completed Experiment 1.

Stimuli and apparatus. The tube objects were rendered from

3D models (see Figures 1 and 2). Because the tubes were semi-

circular, all cue and target locations on the tubes were equally

distant from fixation. The tube objects were blue, presented against

a gray background, with a central, white fixation cross (0.6° �

0.6°). The two tubes together subtended 13.6°. Tube width was

2.1°, and the gap between tubes was 1.2° at its smallest point. Two

tube orientations were possible; the gaps appeared either on the

horizontal or vertical axis.

There were four possible cue locations, each near one end of a

tube. Each of the four cue locations was offset 45° from the

horizontal and vertical axes (i.e., at the corners of a virtual square

centered at fixation). Cues and targets were 5.9° from fixation

(measured to the center). The cue animation consisted of five

frames (10 ms each). In the first three frames, a bulge grew

systematically out of the object. The bulge region had a width of

2.5° in the first frame, 2.75° in the second frame, and 3.0° in the

third frame. In frames 4 and 5, the bulge contracted back into the

object and was no longer visible after the fifth frame.

The discrimination targets were an ‘X’ (0.8° � 0.8°) and an ‘O’

(1.0° � 1.0°). The mask was constructed by superimposing the ‘X’

and ‘O,’ which completely obscured the contours of the targets.

The target appeared at one of four possible locations relative to the

cue (see Figure 2A): at the cued location (valid), at a near location

within the cued object (same object near), at a far location within

the cued object (same object far), or at a far location within the

uncued object (different object far). When the target appeared at

the cued location, it was presented at the center of the cued region.

The two far locations had an angular offset of 90° from the cue

location, around the circumference of the tube display. They were

therefore equated for absolute distance from the cue. The near

location was offset 45° from the cue location, along the cued

object. The Euclidean distance from the center of the cue location

to the center of the target location was 8.4° for the two far locations

and 4.6° for the near location.

Stimuli were displayed on a 17-in CRT monitor with a 100-Hz

refresh rate. A forehead rest was used to maintain a constant

viewing distance of 80 cm. Responses were collected using a serial

button box with millisecond accuracy. The experiment was con-

trolled by a PC running E-Prime software (Schneider, Eschmann,

& Zuccolotto, 2002). All images for each trial were preloaded into

graphics memory before the trial commenced. The presentation of

each stimulus was synchronized with the monitor’s vertical re-

trace. The 100-Hz refresh rate allowed stimulus durations in 10-ms

increments.

Procedure. On each trial, participants first pressed a button to

initiate the trial. There was a blank delay (fixation cross only) of

500 ms. This was followed by the events depicted in Figure 1. The

Figure 2. A, Illustration of the possible target conditions for a given cue

location in Experiment 1. B, Experiment 1 mean discrimination accuracy

results. Upward error bars are 95% confidence intervals based on the error

term of the within-object distance manipulation. Downward error bars are

the 95% confidence interval based on the error term of the same-different

object contrast at the far position.
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two tube objects were displayed for 1000 ms, followed by the cue

animation (three frames of bulge growth and 2 of recession over 50

ms). The cue animation was followed by a 70-ms ISI. Then, the

discrimination target was presented for 70 ms, followed by the

mask until response.

Participants rested the index and middle finger of the right hand

on two buttons of the serial button box. They pressed the left

button to indicate an ‘X’ target and the right button to indicate an

‘O’ target. Because the measure of interest was discrimination

accuracy, participants were instructed to respond as accurately as

possible and to take as long to respond as was necessary (but no

longer). Incorrect responses were followed by the word “incorrect”

presented in the center of the screen for 300 ms. There was a

600-ms delay between trials.

In addition to the instructions described above, participants were

instructed to fixate the central cross and to keep their eyes fixed at

that location throughout the trial. Even with this instruction, it is

important to ensure that eye movements could not have influenced

performance. In particular, we must ensure that participants could

not have reliably executed a saccade to the cued location before the

masking of the target. To assess the speed with which a saccade

could be directed to the cued region of the tube object, we

examined data from a control experiment (n � 8). In this experi-

ment, participants were required to execute a saccade as quickly as

possible to the cued region of the tube object. That is, the tube

stimuli and “bulge” cue were identical to those used in Experiment

1, except that instead of maintaining central fixation, participants

executed a saccade to the cued region. We measured the elapsed

time from the start of the cue to the beginning of the first fixation

on the cued region. Mean elapsed time was 245 ms. In Experiment

1 of the present study, the SOA between the beginning of the cue

and the mask was 190 ms. Therefore, if participants had executed

a saccade to the cued region in Experiment 1, their next fixation

typically would have begun 55 ms after the target had been

masked. We also examined the very fastest elapsed times in the

control experiment, which were in the range of 170–190 ms. On

these trials, the eyes would have landed 10–20 ms before the onset

of the mask, but these trials constituted only 9% of the total trials,

and it is unlikely that any useful target information could have

been extracted in the 10–20 ms before the mask. In sum, partici-

pants could not have reliably completed a saccade to the cued

region before the onset of the mask. As a result, saccades would

have greatly impaired performance of the target discrimination

task, and thus it is unlikely that participants generated them (or at

least persisted for any length of time in generating them).

After arriving at the lab, participants first provided informed

consent and received instructions. They completed two experiment

blocks, one in which the gap between the tube objects was on the

vertical axis and the other in which the gap was on the horizontal

axis. Tube orientation was blocked so that perceptual aftereffects

from the previous trial would not influence perception of the two

objects, a possibility if trials with the two tube orientations were

randomly mixed. However, subsequent experiments suggest that

this precaution was probably not necessary. Block order was

counterbalanced across participants. Each block began with 12

practice trials, drawn randomly from the full design. Practice was

followed by 320 experiment trials: 224 (70%) in the valid condi-

tion and 32 (10%) in each of the three invalid conditions (same

object near, same object far, different object far). The trials were

divided evenly among the four cue locations and the two targets.

Participants completed a total of 640 experiment trials. The entire

session lasted approximately 50 min.

Results

To minimize possible floor effects, we set a criterion for par-

ticipant inclusion of at least 60% correct overall on the target

discrimination task (chance � 50%). Two participants fell below

this criterion and were replaced.

We examined percent correct performance on the target discrim-

ination task as a function of cue validity, same-different object,

and distance. Accuracy data appear in Figure 2B.2

Consistent with the grouped array claim that attention forms a

spatial gradient across the attended object, there was a reliable

effect of distance within the cued object, with discrimination

accuracy decreasing with increasing cue-target distance, F(2,

18) � 20.0, p � .001. This effect was quite remarkably large in

absolute terms. Discrimination accuracy was fully 17% higher

when the target appeared at the cued location than when it ap-

peared at the far location within the cued object.

Consistent with the grouped array claim that object selection

results in differences in perceptual sensitivity, there was also a

reliable effect of same-different object. Discrimination accuracy in

the same object far condition (67.4%) was reliably higher than

accuracy in the different object far condition (63.1%), F(1, 9) �

5.85, p � .039, which were equated for absolute distance from the

cued location.

Discussion

In Experiment 1, perceptual discrimination performance de-

clined smoothly as a function of the within-object distance be-

tween the cue and the target. Attention directed to an object

appears to form a spatial gradient across the object. This finding is

consistent with 1) the claim that attention to objects involves the

selection of the object by an inherently spatial mechanism, and 2)

evidence that the distribution of spatial attention is graded. In

addition, when distance was controlled we observed a discrimina-

tion advantage when the target appeared in the same object as the

cue, replicating the basic finding of Egly et al. (1994). The present

paradigm was optimized to measure the effects of object structure

on perceptual sensitivity. Thus, the same-object advantage indi-

cates that attention to objects involves selection by a mechanism

that directly influences perceptual sensitivity, again consistent with

the claim that object structure serves to modulate the allocation of

spatial attention.

We have, at this point, demonstrated both gradient effects and

object effects using the masked discrimination paradigm. How-

ever, given that this method diverges in a number of significant

ways from the original Egly et al. (1994) paradigm, we sought to

ensure that we would observe the same pattern of results using an

2 Although reaction time data are not directly relevant for interpreting

unspeeded, masked discrimination experiments, for completeness, reaction

time data in each of the masked discrimination experiments are reported in

the Appendix. In each experiment, the pattern of reaction time data either

complemented the accuracy data or was neutral with regard to the accuracy

data.
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onset detection paradigm similar to the original Egly et al. exper-

iments. The basic method of this follow-up experiment is illus-

trated in Figure 3A. The key difference between the onset detec-

tion and masked discrimination methods was the target stimulus.

In this onset-detection follow-up experiment, the target was a

small dot that grew out of the tube object over three 10-ms frames

of animation. It remained visible until response. The onset dot

appeared either at the cued location or at one of the three invalid

locations. Catch trials were included on which no dot appeared.

Participants were instructed to respond as quickly as possible when

a dot appeared and to withhold response if no dot appeared.

Reaction time was measured from the beginning of the dot onset

animation. If no response was registered within 2000 ms after the

dot onset, the computer terminated the trial.

In this onset detection version of Experiment 1 (n � 10),

participants completed 768 experiment trials: 448 (58.3%) in the

valid condition, 64 (8.3%) in each of the three invalid conditions

(same object near, same object far, different object far), and 128

catch trials (16.7%) in which no target appeared. Participants

pressed the response button within 2000 ms on every trial that

contained a target dot (i.e., there were no misses). To ensure that

RT data were not contaminated by anticipatory responses, we set

a criterion of 85% correct on catch trials. One participant fell

below this criterion and was replaced. RTs below 100 ms or above

600 ms were removed as outliers (4.1% of data). The trimming of

RT outliers did not alter the pattern of data.

RT results are reported in Figure 3B. We replicated the principal

findings of Experiment 1. First, there was a spatial gradient effect

within the cued object. Onset-detection RT increased as the dis-

tance between the cue and the target increased, F(2, 18) � 7.79,

p � .004. Second, we observed an effect of same-different object,

with shorter mean RT in the same object far condition than in the

different object far condition, F(1, 9) � 6.38, p � .032, replicating

Egly et al. (1994).3

In both the masked discrimination and onset detection methods,

we observed a spatial gradient of attention across the cued object

and a same-object advantage when distance was controlled. These

results are consistent with the grouped array theory, holding that

object structure modulates the distribution of spatial attention.

However, two alternative accounts must be eliminated. First, it is

possible that the gradient effects in Experiment 1 were caused by

the fact that far targets were closer to the edge of the objects than

near targets; cue-target distance was confounded with the position

of the target within the object. This issue was addressed in Exper-

iment 2. Second, it is possible that the results of Experiment 1 were

generated by the concatenation of two effects: 1) a purely object-

based effect caused by having to divide or switch attention be-

tween object representations (independently of spatial position),

and 2) a purely spatial effect, generating the spatial gradient

independently of object structure.4 If so, then the present results

would not necessarily support our hypothesis that the object and

gradient effects were generated by an interaction between object

structure and the distribution of spatial attention. These issues were

addressed in Experiments 3 and 4.

Experiment 2: The Spatial Gradient Within an Object

In Experiment 2, we examined the effect of cue-target distance

using a single “ring” object (Figure 4A). One of eight possible

locations was cued, followed by the discrimination target stimulus

at the cued location or at one of the remaining seven locations. The

distance between cue and target was either 0, 1, 2, 3, or 4 target

positions. Each location was equally likely to be cued, and the

target appeared at each location an equal number of times in each

distance condition.

The use of a ring supported a larger range of within-object

cue-target distances than used in Experiment 1, allowing us to map

more comprehensively the spatial distribution of attention across

the object. In addition, effects of distance from the cue could not

be attributed to proximity to the ends of the object (a limitation of

the design of Experiment 1), because the object was continuous.

Method

Participants. Ten new participants completed Experiment 2.

Stimuli and apparatus. The tube objects, cues, and targets

were identical to the stimuli in Experiment 1, with the following

exceptions. Instead of two semicircular tube objects, a single

tubular ring was presented. There were eight possible cue loca-

tions, evenly spaced along the ring (separated by an angular offset

of 45°). The target could appear at the cued location (valid) or at

any one of the seven uncued locations. The distance from cue to

the target was either 0 (valid), 1, 2, 3, or 4 object positions,

allowing us to map the gradient of attention across a larger spatial

extent than in Experiment 1.

The apparatus was the same as in Experiment 1.

Procedure. The events in a trial were the same as in Exper-

iment 1.

Participants first completed a practice session of 24 trials, drawn

randomly from the full design. Practice was followed by a single

experiment session of 672 experiment trials: 336 (50%) in the

valid condition and 336 (50%) divided evenly among the seven

invalid locations (48 each). The trials were divided evenly among

the eight cue locations and the two targets. The entire session

lasted approximately 50 min.

Results and Discussion

Accuracy data are reported in Figure 4B. Replicating Experi-

ment 1, there was a robust spatial gradient within the object.

Discrimination accuracy decreased significantly with increasing

cue-target distance, F (4, 36) � 21.7, p � .001. The gradient

reached floor by three object positions from the cue, suggesting

that attentional enhancement was limited to a relatively local

region near the cued location.

We also conducted an onset detection version of Experiment 2

(n � 10). Participants completed 704 experiment trials, 352 (50%)

3 We also replicated the Egly et al. (1994) object effect in additional

onset-detection experiment (n � 10) that used only the three target con-

ditions probed by Egly et al. (valid, 306 ms � invalid same object, 332

ms � invalid different object, 342 ms). All pairwise differences were

statistically reliable at the .05 level.
4 The former is not particularly plausible, given that the 70 ms presen-

tation of the target was likely to preclude a shift of attention from the cue

to an invalid target before it was masked. However, we cannot rule out an

explanation in terms of attention shifts on the basis of timing alone, as we

do not have direct evidence of the speed of covert attention shifts within

this paradigm.
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in the valid condition, 224 (31.8%) divided evenly between the

seven invalid locations, and 128 catch trials (18.2%). Participants

pressed the response button on all but six trials that contained a

target dot (99.9%). One participant fell below the 85% correct

catch trial criterion and was replaced. RT trimming eliminated

3.8% of the data.

Mean RT results are reported in Figure 4C. Replicating Exper-

iment 2, there was a reliable effect of cue-target distance, with RT

increasing as cue-target distance increased, F(4, 36) � 9.9, p �

.001. As in Experiment 2, the gradient of attention was limited to

a relatively local region of the object.

In both versions of the task, a robust spatial gradient was

observed across the object, consistent with the assumptions of the

grouped array model. Interestingly, the region of facilitation within

the object was limited to target positions relatively near the cue.

Note, however, that the object stimulus used here was quite large

(13.6° across). So, although the region of facilitation was small

relative to the area of the entire object, it extended at least 8.4° in

space (the distance between the two target locations lying on each

side of the cued location). Facilitation limited to locations near the

cue could also be attributable to the fact that participants had

strong incentive to keep attention focused at the cued region of the

object. Without such a task demand, attention might have been

more uniformly distributed within the object.

Experiment 3: The Role of Object Boundaries in

Selection

In experiments using the Egly et al. (1994) paradigm, a standard

explanation of the object advantage (i.e., better target perception

for within-object invalid trials compared with between-object in-

valid trials) is that the effect arises as a result of costs associated

with dividing or switching attention between object representa-

tions. The grouped array account holds that the within-object

advantage can arise from a different cause: The boundaries of the

attended object constrain the spatial distribution of attention

(Avrahami, 1999; Marino & Scholl, 2005), causing attention to be

limited to or concentrated within the cued object, with consequent

effects on the efficiency of the perceptual processing of the target.

As discussed in the Introduction, these two broad forms of object-

based selection need not be mutually exclusive. However, in the

grouped-array account, the presence of an object boundary is a

critical feature generating the object-based effect. If such a bound-

ary could be created within a single object, the spread of attention

would be similarly constrained by the boundary, generating an

object-based effect within a single object. Unlike the object effect

in the original Egly et al. task (or in Experiment 1), an object effect

of this type could not be attributed to a demand to divide or switch

attention between discrete object representations, because there

would be only a single object. Moreover, a one-object condition

Figure 3. A, Sequence of events in a trial of the onset detection follow-up to Experiment 1. B, Mean RT for

the onset detection follow-up experiment. Downward error bars are 95% confidence intervals based on the error

term of the within-object distance manipulation. Upward error bars are the 95% confidence interval based on the

error term of the same-different object contrast at the far position.
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removes any relationship between the cued object and the target

location; targets would be no more likely to appear in the cued

object than in an uncued object, because all target locations would

be within the single, cued object.

To create this type of test, we used the tube stimuli from

Experiment 1, but introduced only a single gap in the tube (see

Figure 5A). This generated a single object stimulus with a salient

internal discontinuity. Across trials, the gap could appear at one of

eight positions around the tube. For each tube stimulus, the cue

appeared in one of four possible locations relative to the gap

(Figure 5A). Two cue locations were near the gap, and two were

at the opposite positions in the middle of the object. The cue

locations near the gap were of primary interest, as they allowed

mapping of the spatial gradient across the gap. (The cue locations

in the middle of the object ensured that participants would not

strategically attend to the gap region prior to the cue.) Figure 6A

shows the three possible target locations for a given cue appearing

near a gap. The two invalid locations are equidistant from the cued

location. However one lies across the gap from the cue (invalid

across gap), and the other lies along the continuous extent of the

object (invalid along object). According to the account developed

here, spatial attention directed to the cue should spread along the

continuous extent of the object, and the invalid-along-object target

should benefit from this gradient of attention (as found in Exper-

iments 1 and 2). However, the spread of attention in the direction

of the gap should be blocked or retarded by the contours of the gap.

Attention should not spread as efficiently to the invalid-across-gap

target, and perception of that target should be impaired relative to

the invalid-along-object target.5

In addition, to assess the magnitude of the object-based effect

caused by a gap in a single object, the one-object condition was

compared with the standard two-object condition, which was iden-

tical to the one-object condition except for the presence of a

second gap (Figures 5B and 6B).

5 Attention could, in theory, spread all the way around the continuous

extent of the object until it reached the across-gap location. However,

Experiment 2 showed that the gradient of attention is limited to a local

region of the object and would not extend far enough for this to be a

concern.

Figure 4. A, Illustration of the possible target conditions for a given cue

location in Experiment 2. B, Experiment 2 discrimination accuracy results.

Error bars are 95% confidence intervals based on the error term of the

cue-target distance manipulation. C, Mean RT for the onset detection

follow-up to Experiment 2. Error bars are 95% confidence intervals based

on the error term of the cue-target distance manipulation.

Figure 5. Possible cue locations for a particular gap location in Experi-

ment 2 in the one-object condition (A) and in the two-object condition (B).
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Figure 6. A, Illustration of the possible target conditions for a given cue location in the one-object condition

of Experiment 3. B, Illustration of the possible target conditions for a given cue location in the two-object

condition of Experiment 3. C, Mean discrimination accuracy results in Experiment 3.
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Method

Participants. Forty new participants completed Experiment 3.

Stimuli and apparatus. In the one-object condition, there

was a single gap in the tube. The size of the gap was 0.46° at its

smallest point. The gap could appear at one of eight locations on

the tube, evenly spaced around the ring (separated by an angular

offset of 45°). In the two-object condition, two gaps were present,

separated by 180°.

The cue could appear in one of four possible locations relative

to the gap(s), as illustrated in Figure 5. In the one-object condition,

two of the possible cue locations were near the gap (each offset

22.5° from the gap location). The other two possible locations

appeared in the middle of the object, opposite the locations near

the gap. The cues in the middle of the object were included so that

participants would not have an incentive to preattend to the gap

region (these trials were excluded from the analyses examining the

effect of gap). In the two-object condition, the possible cue loca-

tions were the same, but given the presence of a second gap, all

cues were near a gap.

The target could appear in three possible locations relative to the

cue and relative to the gap (see Figure 6). In the valid condition,

the target appeared at the cued location. In the two invalid condi-

tions, the target was presented at a location offset 45° either

clockwise or counterclockwise from the cued location (the same

distance from the cue as in the “near” condition of Experiment 1).

In the along-object condition, the target appeared along the object

in the direction opposite to the gap. In this condition, the target

appeared within the cued object, regardless of whether there was

one or two objects. In the across-gap condition, the target ap-

peared across the gap from the cue. In this condition, when there

was one object, the target still appeared in the same object as the

cue. However, when there were two objects, the target appeared in

a different object than the cue. The Euclidean distance between the

cue and target in the two invalid conditions was 4.6°.

The apparatus was the same as in Experiment 1.

Procedure. The events in a trial were the same as in Exper-

iment 1.

Participants first completed a practice session of 24 trials, drawn

randomly from the full design. Practice was followed by a single

experiment session of 768 experiment trials: 512 (67%) in the

valid condition and 256 (33%) divided evenly between the two

invalid conditions. The trials were divided evenly among the two

object configurations (one object or two objects), the eight gap

locations, the four cue locations, and the two targets. Thus, across

the experiment, each of the absolute locations around the ring was

equally likely to be cued and was equally likely to be the target

location. The entire session lasted approximately 55 min.

Thirty of the participants completed the procedure described

above. Given the importance of the one versus two object manip-

ulation, we sought to ensure that participants did indeed perceive

the appropriate number of objects (one or two). To do so, the task

was modified slightly for the remaining 10 participants. For these

participants, when the object(s) appeared at the beginning of the

trial, the participant reported (by button press) whether the display

contained one or two objects. After this response, the trial pro-

ceeded as described above. Accuracy for reporting the number of

objects was 99.1% correct, demonstrating that participants easily

discriminated the one and two object displays. The 0.9% of trials

on which the participant incorrectly reported the number of objects

was eliminated from analysis. The data from the two groups of

participants produced precisely the same pattern of results: There

was no main effect of group nor any interaction between group and

other variables. Thus, the data from the two groups were combined

in the main analyses, reported below.

Results

The main analyses were conducted over data from cue locations

near a gap (see Figure 6), which allowed us to probe the effect of

object discontinuity on the distribution of attention. For the two-

object condition, data from all four cue locations were included, as

all cues locations were near a gap. For the one-object condition,

only the data from the two cue locations near the gap were

included.

Mean accuracy data are reported in Figure 6C. We first entered

the data into a 2 (one object, two objects) � 3 (cue validity

condition) ANOVA. There was a main effect of cue validity, F(2,

78) � 83.0, p � .001, but no effect of the number of objects, F �

1, and no interaction between these factors, F � 1.

Of central importance, there was a reliable effect of gap in both

the one-object condition and the two-object condition. In the

one-object condition, accuracy in the across-gap condition was

5.80% lower than accuracy in the along-object condition, F(1,

39) � 12.2, p � .001. An effect of gap was observed despite the

fact that there was only one object visible. Thus, object disconti-

nuities are capable of generating an object-based effect of attention

without any demand at all to divide or shift attention between

discrete object representations. In the two-object condition, accu-

racy in the across-gap condition was 5.08% lower than accuracy

along the object, F(1, 39) � 12.2, p � .001. There was no

interaction between number of objects and along object/across gap,

F �1. The magnitude of the gap effect did not differ between the

one-object and two-object conditions, suggesting that a local ob-

ject discontinuity (gap) in a single object is just as effective in

generating object-based effects as the standard two-object stimulus

(at least in the present method).

A possible concern with Experiment 3 is that the target location

was closer to the end of the object in the across-gap condition than

in the along-object condition. To ensure that differences in lateral

masking did not contribute to the performance difference between

these conditions, we compared valid-trial performance when the

cue and target appeared near the end of the object versus when the

cue and target appeared in the middle of the object in the one-

object condition (see Figure 5A). Valid trial performance when the

cue and target appeared near the end of the object was 82.6%

correct in the two-object condition and 81.9% correct in the

one-object condition. Valid trial performance when the cue and

target appeared in the middle of the object in the one-object

condition was 81.1% correct. Target discrimination was actually

slightly better for target locations near the end of an object than for

target locations in the middle of an object, and lateral masking

therefore was unlikely to have contributed to lower performance at

the across-gap location compared with the along-object location.

To be perfectly sure that lateral masking did not contribute to

the gap effect, we conducted a further control experiment (n � 12).

A one-object stimulus (with a single gap) was presented on every

trial (See Figure 5A). As in Experiment 3, the gap was equally
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likely to appear at each of eight locations around the ring (sepa-

rated by 45°), and the target locations nearest the gap were offset

from the gap by 22.5°. Participants first saw the object stimulus for

1000 ms. This was followed by the target and mask. There was no

cue. On each trial, the target was equally likely to appear at one of

eight target locations spaced evenly around the ring (separated by

45°). This method provided a baseline measure of target percep-

tibility at different positions relative to the gap. Discrimination

performance for targets nearest to the gap (75.4%) was essentially

the same as discrimination performance for the other target loca-

tions within the object (75.5%), F � 1. Again, there was no

evidence of lateral masking of targets near the gap.

Discussion

In Experiment 3, a gap in a single object constrained the spread

of attention within that object, generating a decrement in target

discrimination when an invalid target appeared across a gap from

the cue compared with when an equidistant invalid target appeared

along the continuous extent of the object. The magnitude of this

effect was no smaller than the decrement generated when an

invalid target appeared in a different object than the cue. The

results of the one-object condition cannot have been caused by

having to divide or switch attention between discrete object rep-

resentations, because there was only one object. In addition, the

results cannot have been a result of the strategic prioritization of

within-object locations (Shomstein & Yantis, 2002); with only one

object, all target locations were within the cued object. Therefore,

the present results provide strong support for the grouped array

claim that object perceptual structure (particularly object bound-

aries) shapes the spatial distribution of attention, blocking or

retarding the spread of attention across the boundaries of the

object.

Experiment 4: Mapping the Spatial Gradient Across

an Object Boundary

Thus far, we have observed gradient effects within an attended

object, and we have demonstrated that object boundaries (even

boundaries within a single object) serve to constrain the distribu-

tion of attention. It still remains a possibility, however, that the

gradient effects observed in Experiments 1 and 2 were generated

independently of object structure. That is, the graded discrimina-

tion performance could reflect the graded allocation of spatial

attention without regard to the structure of the object. To test

directly whether the gradient of spatial attention interacts with

object structure, in Experiment 4 we mapped the gradient of

attention across a gap in a single object and compared it with the

gradient formed along the continuous extent of the object. If the

gradient effects in previous experiments were generated by a

spatial mechanism that is not sensitive to object structure, the

spatial gradient should not be sensitive to the gap in Experiment 4.

However, if an object boundary blocks or retards the spread of

attention, as held by the grouped array theory, the attentional

gradient should be eliminated or reduced across a gap in an object.

Whether an object boundary completely blocks or simply retards

the spread of attention is an open question. Recently, Kravitz and

Behrmann (2008) found evidence for a spatial gradient formed

outside the boundaries of the object (see also Cole, Gellatly, &

Blurton, 2001), which they argued resulted from the propagation

of the within-object activation to nearby, object-external regions

with overlapping receptive fields. On the basis of the Kravitz and

Behrmann results, we expected that object boundaries in Experi-

ment 4 would not completely block the spread of attention across

the gap and that we would observe a diminution, but not an

elimination, of the spatial gradient across the gap.

The one-object stimuli from Experiment 3 were used (Figure

7A). To map the gradient along the object and across the gap, we

used a larger number of target locations (8) spaced evenly around

the entire object (as in Experiment 2).

Method

Participants. Twenty-five new participants completed Ex-

periment 3.

Stimuli and apparatus. The stimuli were identical to the

one-object condition of Experiment 3. The cue could appear in one

of four possible locations relative to the gap. Two of the possible

cue locations were near the gap (each offset 22.5° from the gap

location). The other two possible cue locations appeared in the

middle of the object, opposite the locations near the gap. Again,

the cues in the middle of the object were included only so that

participants would have no incentive to preattend to the gap region,

and these trials were excluded from the analyses.

The target could appear in eight possible locations relative to the

cue and relative to the gap (see Figure 7A). In the valid condition,

the target appeared at the cued location. In the seven invalid

conditions, the target was presented in one of the remaining seven

target locations. The distance between the cue and target was either

0, 1, 2, 3, or 4 object positions. These locations either lay along the

object or across the gap (although this designation becomes am-

biguous for the locations that were furthest from the gap).

The apparatus was the same as in Experiment 1.

Procedure. The events in a trial were the same as in Exper-

iment 1.

Participants first completed a practice session of 24 trials, drawn

randomly from the full design. Practice was followed by a single

experiment session of 704 experiment trials: 256 (36.4%) in the

valid condition and 448 (63.6%) divided evenly between the seven

invalid locations. Trials were divided evenly between the eight gap

locations, four cue positions, and two targets. The entire session

lasted approximately 45 min.

Results and Discussion

Because we were interested in the modulation of the spatial

gradient of attention by object boundaries, five participants (of 25)

were replaced because they did not show a baseline cuing effect,

perhaps because valid cues constituted a smaller proportion of

trials in this experiment than in earlier experiments (in which every

single subject showed a baseline cuing effect). The replacement of

these participants did not change the pattern of results.

Of central interest was performance on trials when the cue

appeared near the gap. The target could either appear at the cued

location (valid), at an uncued location across the gap, or at an

uncued location further along the object. Accuracy data for across-

gap and along-object targets are presented in Figure 7B. For the

along-object condition, there was a reliable effect of distance for
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target positions 1, 2, and 3, F(2, 48) � 11.6, p � .001. For

positions 1, 2, and 3 across the gap, there was not a reliable effect

of distance, F(2, 48) � 1.81, p � .174, although the trend was

toward lower performance with increasing distance. The interac-

tion between gap (along object, across gap) and distance was

marginally reliable for positions 1–3, F(2, 48) � 2.67, p � .079,

and was statistically reliable for positions 1 and 2, F(1, 24) � 5.31,

p � .030. At position 1, discrimination accuracy was reliably

higher in the along-object condition than in the across-gap condi-

tion, F(1, 24) � 4.69, p � .040, indicating diminution of atten-

tional resources across the gap. There was no difference between

gap conditions at positions 2 and 3, Fs � 1.

Although there was no reliable main effect of cue-target dis-

tance for locations across the gap, accuracy at position 1 across the

gap was marginally higher than accuracy at position 3 across the

gap, F(1, 24) � 3.49, p � .07, and accuracy at position 1 across the

gap was reliably higher than accuracy at position 4, F (1, 24) �

5.86, p � .02. Thus, the data are at least consistent with some

degree of attentional spread, and a weak gradient, across the gap.

As in Experiment 3, position 1 was closer to the end of the

object in the across-gap condition than in the along-object condi-

tion. To assess possible lateral masking at the end of the object, we

again compared valid-trial performance when the cue and target

appeared near the end of the object versus in the middle of the

object. Discrimination performance at the ends of the object was

actually numerically higher (74.0%) than in the middle of the

object (73.1%), F � 1.

In summary, the spatial gradient of attention was significantly

attenuated across the gap. The spatial allocation of attention is

clearly modulated by object structure. As in Experiment 3, this

constitutes an object-based effect of attention with only one object,

which could not have been caused by the need to divide or switch

attention between two discrete object representations. Interest-

ingly, the object boundaries did not appear to completely block the

spread of attention across the gap, consistent with the recent

finding of gradient effects in the areas surrounding an object

(Kravitz & Behrmann, 2008).

General Discussion

In the present study we examined the means by which object

structure modulates the spatial distribution of attention. Under

grouped array accounts of object-based selection (Kramer & Ja-

cobson, 1991; Kramer, Weber, & Watson, 1997; Vecera, 1994;

Figure 7. A, Illustration of the possible target conditions for a given cue location in Experiment 4. B, Mean

discrimination accuracy results in Experiment 4.
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Vecera & Farah, 1994), the boundaries of an object are proposed

to constrain the spread of spatial attention, such that attention is

concentrated in regions bounded by the contours of the object. This

interaction between object structure and spatial attention is pro-

posed to occur via the top down influence of a higher-level object

representation on spatially arrayed activity in relatively early vi-

sual areas. Because the grouped array theory holds that the means

of selection is spatial attention, the theory predicts that attention

directed to objects should exhibit hallmark properties of spatial

attention. In the present study, we examined three issues central to

understanding the interaction between object structure and spatial

attention:

1) Does attention form a spatial gradient across an object, and

what is the shape of that gradient?

2) Do object boundaries serve to constrain the spread of atten-

tion, and how do boundaries interact with the gradient of attention?

3) Does object selection influence perceptual sensitivity?

To address these questions, we developed a modified version of

the Egly et al. (1994) paradigm that enabled us to probe the spatial

distribution of attention across an object and the modulation of that

distribution by object boundaries. In addition, the paradigm was

optimized to probe the effect of object selection on perceptual

sensitivity.

Attention Forms a Gradient Across an Object

Using circular and semicircular “tube” objects, we manipulated

the within-object distance between the cued location on an object

and the target location. A robust spatial gradient across the at-

tended object was observed. Target discrimination performance

was best at the cued location within an object, and discrimination

performance decreased systematically as the within-object dis-

tance between the cue and the target was increased. The differ-

ences in sensitivity across the spatial extent of an object were quite

large and highly robust. Discrimination accuracy at the cued lo-

cation was nearly 20 percentage points higher than at far locations

within the attended object. These results are consistent with studies

of spatial attention showing that after a cue, attention is distributed

in a graded manner, with highest sensitivity at the cue location and

gradually decreasing sensitivity with increasing distance from the

cue (Downing & Pinker, 1985; Henderson, 1991; Henderson &

Macquistan, 1993; Mangun & Hillyard, 1988).

Before discussing the within-object gradient finding further, it is

important to discuss two alternative explanations for the basic

gradient effect. First, it is possible that the gradient results re-

flected variability in the shift of attention to the cue. If attention

was most often shifted to the cued region but occasionally shifted

to the next closest region and rarely to more distant regions, then

an apparent gradient could result from noisy attentional shifts.

However, given that adjacent target locations were separated by

4.6° in Experiments 1 and 2, attentional shifts to the cue would

have to have been extraordinarily noisy indeed to produce the

present pattern of results. In a similar study in which participants

executed speeded saccades to the cued end of tube-like objects

(Matsukura & Hollingworth, unpublished data), eye movement

landing position was highly precise, suggesting that the shift of

covert attention before the saccade was generally accurate. In

addition, a noisy-shift alternative has no means to account for the

effect of same-different object in Experiment 1 and the modulation

of the distance effect across a gap in Experiment 3. To generate

these effects, a noisy shift hypothesis would need to further pos-

tulate that variability in the accuracy of the shift is influenced by

object structure. Given strong converging evidence for attentional

gradients in vision, the gradient account is certainly more parsi-

monious.

A second alternative account is that the basic gradient effect was

generated by differences in the speed of shifting attention from the

cued location to the target location on invalid trials, with shorter

shifts completed more rapidly than longer shifts, generating facil-

itated target processing at invalid locations near the cue. However,

the target was visible for only 70 ms before it was masked, making

it unlikely that participants could have shifted attention to the

target before it was masked under any conditions. In addition, the

time required to shift attention has been found to be independent of

the distance of the shift (Kwak, Dagenbach, & Egeth, 1991;

Murphy & Eriksen, 1987; Sagi & Julesz, 1985), making an atten-

tion shift account of the gradient effect unlikely.

In the present paradigm, the gradient of attention was limited to

a relatively small region of the attended object and peaked at the

cued location. It is interesting, then, to note that attention might not

necessarily “fill” an object in the sense of generating increased

perceptual sensitivity across the entire extent of the object. That is,

there may be regions of an attended object that receive little or no

facilitation relative to other objects or locations in the visual field.

This may be particularly relevant for large objects (as used in the

present experiments). If spatial attention is to be considered a

limited pool of resources that can be distributed over the visual

field, the size of the object could be an important factor in

governing the extent to which attention “fills” an object and the

density of the attentional distribution within the object. Consistent

with this possibility, Davis et al. (2000) have observed a direct

relationship between object size (i.e., area) and the efficiency of

the perceptual processing of object features. In addition, attention

may not have come to “fill” the object because participants were

cued to a spatially localized object region. If the entire object had

been cued, it is quite likely that we would have observed a more

uniform distribution of attention across the object. Further infer-

ences about the metric properties of the gradient of spatial atten-

tion over objects will require systematic manipulation of the many

variables that could influence that distribution (e.g., object size,

shape, the salience of object boundaries, part structure, cue type,

task demands, and so on).

Our assessment of the gradient of attention in the present study

probed the distribution of attention at one point in time (approxi-

mately 200 ms after the cue). This raises questions about the

dynamics of attentional allocation and whether that allocation

evolves systematically. Some evidence suggests that with extended

viewing, attention might come to be peaked at the center of an

object, even when the end of an object is cued. In a multiple-object

tracking study, Alvarez and Scholl (2005) cued the ends of a subset

of bars to be tracked. During tracking, participants reported the

appearance of small dots on the bars. Detection accuracy was

highest when the dot appeared in the center of an object, and not

at the cued end, suggesting that the center had become preferen-

tially selected for the purpose of tracking. In addition, eye move-

ments to objects often land at the center of gravity of the object

(e.g., Kowler & Blaser, 1995; Melcher & Kowler, 1999), which is

consistent with the idea that covert attention (before the saccade)
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comes to be concentrated at the center of the object. However,

these center-of-gravity effects have been tested under timing con-

ditions much longer than those in the present experiments. Partic-

ipants are typically instructed to take as long as they need to

generate a saccade, and saccade latencies are often in the range of

1000 ms; rapidly generated saccades show only minimal effects of

object center of gravity (Matsukura & Hollingworth, unpublished

data). In the present experiments, attention certainly might have

been distributed more uniformly through the object, and perhaps

even concentrated in the center, if a longer delay between the cue

and the target had been used. However, it is also the case that

participants had strong incentive to keep attention concentrated at

the cued location, so it is possible that participants were able to

exert some degree of strategic control over how attention was

distributed within the object. The question of whether the dynamic

spreading of attention through an object is automatic or can be

controlled will be a key topic for subsequent work.

The Interaction Between Object Boundaries and the

Gradient of Attention

Several studies have illustrated the importance of object bound-

aries and local contours on attention to objects (Avrahami, 1999;

Behrmann, Zemel, & Mozer, 1998; Marino & Scholl, 2005; Mar-

rara & Moore, 2003; Moore, Yantis, & Vaughan, 1998; Vecera,

Behrmann, & Filapek, 2001; Watson & Kramer, 1999). For ex-

ample, within-object structure modulates the extent to which at-

tention spreads to non-cued regions of an object (Matsukura &

Vecera, 2006; Vecera, Behrmann, & Filapek, 2001; Watson &

Kramer, 1999), consistent with the general claim that object fea-

tures interact with the distribution of attention. The present results

extend this work by demonstrating that object structure interacts

directly with the spatial gradient of attention. In Experiment 4, the

gradient of attention across an object boundary was attenuated

compared with the gradient of attention across the continuous

extent of the object. The gradient was not eliminated across the

boundary, however, suggesting that object boundaries may retard

the spread of attention but do not necessarily eliminate it, consis-

tent with recent evidence for attentional gradients in the immediate

object surround (Kravitz & Behrmann, 2008).6 This effect of

object boundary provides direct support for the core hypothesis of

the grouped-array account: higher-level object structure serves to

constrain the spread of attention to a bounded, spatial array

(Vecera & Farah, 1994). Note that the object representations

functional in guiding attention are likely to be generated after

initial object segmentation and grouping. Not all physical contours

are sufficient to limit the spread of attention, as attention can

spread across the contour of an occluding object when the attended

object is amodally completed behind it (Albrecht, List, & Robert-

son, 2008; Moore, Yantis, & Vaughan, 1998). In addition, the

presence of a physical contour is not necessary to constrain the

spread of attention, as a set of dots that imply a contour can

generate object-based effects in the Egly et al. paradigm (Marrara

& Moore, 2003; see also Martinez et al., 2007). Thus, we believe

that the representations serving to constrain attention are unlikely

to be low-level image cues but rather higher-level, organized

object representations. However, further work will be necessary to

test this assumption within the context of the specific gradient and

gap effects observed in the present study. By manipulating such

factors as occlusion (Moore et al., 1998), it should be possible to

determine whether constraints on the gradient of spatial attention

are driven by higher-level representations of the objects in the

display (e.g., post completion) or by the lower-level image features

that are generated by the physical contours of the object.

At a broad level, effects of object structure on the spatial

gradient of attention can be accommodated by computational

models in which attention spreads across a spatially organized map

(Mozer, 2002; Mozer & Sitton, 1998). Such models instantiate a

selective operation by limiting the number of attended locations

that become active at any given time. Object perceptual structure

provides bottom-up input to the attentional map, raising the acti-

vation of attended regions corresponding to visual objects, and

input from object structure serves to constrain the spread of atten-

tion, limiting it to discrete object regions. In addition, as objects

move, attention “sticks to” and “tracks” the objects, allowing these

models to simulate dynamic object-centered effects, such as

object-centered neglect in patients with parietal lobe damage

(Mozer, 2002). Such models constitute a direct instantiation of the

grouped-array hypothesis and provide a natural explanation of the

gradient, object, and local discontinuity (gap) effects observed

here.

Our account of Egly et al. (1994) effects in terms of a grouped

array contrasts to some extent with the original proposal that such

effects arise because attention must be switched between two

discrete object representations on invalid trials (Egly et al.). One of

the main contributions of the present study is the demonstration

that two objects are not necessary to generate object-based effects.

In Experiments 3 and 4, an effect of object structure was observed

on perceptual sensitivity despite the fact that there was only one

object in the display. This result is not explained naturally by the

need to switch attention between two objects, as there was only

one object present. It is, however, quite naturally explained by the

grouped array approach, as object boundaries are proposed to lie at

the heart of the effect. Further, the Egly et al. attention shift

account is limited somewhat by the fact their original onset detec-

tion task did not logically require a shift of attention on invalid

trials. Their targets were simple luminance transients. Luminance

transients can be detected without focal attention, and thus partic-

ipants could have detected and responded to the target on invalid

trials without ever shifting attention to the target location, espe-

cially as they did not need to localize the target to respond. Of

course, we cannot infer that participants do not, in practice, shift

attention before the response in onset detection versions of the

Egly et al. task, just that it is not required by the task. In the

grouped array account of the original Egly et al. effect, the spatial

distribution of attention within and across objects (i.e., graded and

concentrated within the attended object) at the time of target onset

modulates the efficiency of perceptual processing of the onset

signal itself, generating differences in RT as a function of distance

and same/different object. This account does not require shifts of

attention at all.

6 An alternative is that attention begins to spread immediately after the

cue in a manner that is not constrained by object structure, and that

object-structure subsequently modulates the distribution of attention, re-

sulting in some lingering facilitation at locations not contained within the

object. We thank an anonymous reviewer for suggesting this possibility.
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The effect of a gap in a single object in Experiment 3 was

numerically no smaller than the effect in the standard, two-object

condition of that experiment. This equivalence might be taken to

suggest that the entire object effect in the Egly et al. (1994)

paradigm can be attributed to a grouped array mechanism and that

switching attention between objects plays little or no functional

role. In addition, the gradient effects in the onset detection version

of our paradigm suggest that a grouped array account can gener-

alize to the type of simple detection task used originally by Egly et

al. However, we think it is unlikely that grouped-array processes

are the only means by which object-based effects can be generated

in this type of paradigm. The basic method here was designed to

eliminate the utility of attention shifts, with the very brief presen-

tation of the target (70 ms) providing little opportunity to shift

attention to an invalid target before the onset of the mask. It is

quite likely that paradigms which require shifts of attention to

invalid locations can generate an object-based effect above and

beyond that attributable to grouped-array processes. This is par-

ticularly applicable to paradigms that present multiple targets

within the two objects and require shifts of attention via serial,

conjunction search through the objects (Hecht & Vecera, 2007;

Moore et al., 1998; Shomstein & Yantis, 2004).

Object Selection and Perceptual Sensitivity

The present paradigm was designed to assess differences in

perceptual sensitivity as a function of object and of distance from

the cue. A pattern discrimination task was used instead of onset

detection so as to minimize effects of response bias, which can

make onset detection results difficult to interpret with regard to

perceptual enhancement (Luck & Vecera, 2002). The target was

presented very briefly and masked, to eliminate the utility of

attention shifts and thus provide a direct measure of perceptual

efficiency at the time that the target appeared. There was only one

target, which eliminated the need to search through the display,

and there was only one masked location, which eliminated any

uncertainty in target location and thus eliminated any potential

effect of cuing on the reduction of decision uncertainty (Palmer,

1994; Shiu & Pashler, 1994). In sum, the paradigm included all of

the central features of spatial attention paradigms that have found

direct evidence of cuing effects on perceptual sensitivity (e.g.,

Henderson, 1996; Pestilli & Carrasco, 2005).

Although the original conceptualizations of the grouped array

theory did not discuss perceptual enhancement directly, the effects

of object on perceptual sensitivity are consistent with the grouped

array assumption that midlevel, preattentive perceptual grouping

processes influence the distribution of spatial attention in a

bottom-up manner. In addition, recent reviews (Mozer & Vecera,

2005a) and computational models (Mozer, 2002; Vecera &

O’Reilly, 1998) of the grouped array process support perceptual

enhancement as the consequence of selection. For example, the

Vecera and O’Reilly model of figure-ground assignment imple-

ments the effects of salient perceptual groups (figures) as influ-

encing the efficiency of perceptual processing within that group. In

addition, Mozer’s (2002) model of object-centered neglect also

assumes that attended objects are perceptually enhanced.

Conclusion

The present study establishes a theoretical and empirical bridge

between research on object and spatial attention. The results

ground and expand the grouped-array hypothesis, which holds that

object selection at a perceptual level is accomplished through the

influence of object image structure on the distribution of spatial

attention. In the present experiments, we observed a robust spatial

gradient of attention distributed through an attended object, and we

observed that the modulation of this gradient by object structure

can generate object-based effects commonly observed in the liter-

ature. Thus, attention to locations and attention to objects need not

be dichotomous; object representations and spatial attention inter-

act dynamically, and object-based effects can be generated by an

inherently spatial mechanism.
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Appendix

Mean Reaction Time Data (ms) for Each of the Masked Discrimination Experiments

Experiment 1

Cue-target distance/object

0 (Valid) 1 (Near) 2 (Far, same object) 2 (Far, different object)

669 795 793 788

Experiment 2

Cue-target distance

0 (Valid) 1 2 3 4

669 735 751 771 760

Experiment 3

One object Two objects

Valid Invalid (along object) Invalid (across gap) Valid Invalid (along object) Invalid (across gap)

603 682 691 591 663 678

Experiment 4

Cue-target distance

Along object Across gap

0 (Valid) 1 2 3 4 1 2 3

646 672 691 681 664 726 670 716
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