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Studies of the spatial distribution of visual attention have shown that attentional facilitation mo­
notonically decreases in a graded fashion with increasing distance from an attended location. How­
ever, reaction time (RT) measures have typically shown broader gradients than have signal detection
(SD) measures of perceptual sensitivity. It is not clear whether these differences have arisen because
the stages of information processing indexed by RTmeasures are different from those indexed by SD
measures, or whether these differences are due to methodological confounds in the SD studies. In
the present set of experiments, the spatial distribution of attention was studied by using a luminance
detection task in an endogenous cuing paradigm that was designed to permit accurate calculations of
SD and RT measures for targets at cued and uncued locations. Subjects made target-present/absent
decisions at one of six possible cued or uncued upper visual hemifield locations on each trial. The re­
sults from three experiments suggest that the differences between broad and focal attentionaldistri­
butions are not the result of different stages of information processing indexed by RT measures as
opposed to SDmeasures. Rather, the differing distributions appear to reflect variations in attentional
allocation strategies induced by the perceptual requirements typical of RT paradigms as opposed to
SD paradigms. These findings support numerous prior studies showing that spatial attention affects
perceptual sensitivity and that the strategic allocation of attention is a highly flexible process.

It has been well established that precuing covert spa­

tial attention to a specific location in the visual field fa­

cilitates response performance for stimuli appearing at

the cued location. Many studies have shown, for exam­

ple, that reaction time (RT) is faster for events occurring

at an attended spatial region than for events occurring at

an unattended spatial region (e.g., Posner, 1978, 1980;

Posner, Snyder, & Davidson, 1980; Shulman, Sheehy, &

Wilson, 1986; Shulman, Wilson, & Sheehy, 1985; see

Klein, Kingstone, & Pontefract, 1992, for a recent review).

Spatial attention has also been shown to improve detec­

tion and discrimination accuracy for events at attended as
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opposed to unattended locations (e.g., Bashinski &

Bacharach, 1980; Downing, 1988; Hawkins et al., 1990;

Heinze & Mangun, 1995; Luck et al., 1994; Mangun &

Hillyard, 1988; Muller & Humphreys, 1991).

How attention is distributed across the visual field

when directed to a single location is an important issue in

attention research. Using a cuing paradigm, Downing and

Pinker (1985) showed that for luminance-onset targets,

response latency increased monotonically with increas­

ing target distance from the cued visual field location. A

broadly graded pattern of this type was also described by

Shulman et al. (1985) for luminance detection following

attentional orienting to the visual field location ofa non­

foveal cue. These and similar findings (see below) have

led to the "gradient" hypothesis, which proposes that the

effects ofattention on response performance decline with

increasing distance from the attended location. This con­

ceptualization ofan attentional gradient has received much

support (Andersen, 1990; Andersen & Kramer, 1993;

Egly & Homa, 1991; Henderson, 1991; Henderson & Mac­

quistan, 1993; Klein & McCormick, 1989; LaBerge &

Brown, 1989; Mangun & Hillyard 1987,1988).

Attentional gradients as measured by RT have been

observed in a variety of experimental designs. In cuing

studies, gradient-like patterns have been observed during
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both endogenous and exogenous attentional orienting

(e.g., Downing & Pinker, 1985; Henderson & Macquis­

tan, 1993). A response competition paradigm was em­

ployed by Eriksen and St. James (1986), who found that

RT decreased with increasing distance between a target

and competing noise stimulus. Similarly, a graded RT

pattern was reported by LaBerge (1983) for subjects de­

tecting a probe digit when categorizing the middle letter

offive-letter word or nonword strings. Gradient-like pat­

terns have also appeared in the results of studies that do

not specifically address the spatial distribution of atten­

tion issue (e.g., Miller, 1991; Pan & Eriksen, 1993; Shep­

herd & Muller, 1989; Tassinari, Aglioti, Chelazzi, Marzi,

& Berlucchi, 1987; Tsal, 1983).

Attentional gradients have been observed to span both

small and large spatial regions. Using a spatially com­

pact display, LaBerge (1983) observed that a gradient pat­

tern in RT could be obtained for targets that were within

1° of the attended location. Using a very broad display,

Henderson and Macquistan (1993) found a gradient in

RT across uncued locations extending out to 19.7° from

a peripherally cued location. Other studies have typically

yielded RT gradients across spatial regions between these

extremes (e.g., Downing & Pinker, 1985; Henderson,

1991; LaBerge & Brown, 1986, 1989; Shulman et aI.,

1986; Shulman et aI., 1985). Recent studies by Andersen

usirig response-compatibility paradigms (1990; Ander­

sen & Kramer, 1993) have shown that these gradients can

exist within three-dimensional space. A feature common

in all of these reports is that RT gradients decline contin­

ually with increasing distance from the cued/attended re­

gion, only showing a tendency to plateau or approach

asymptote at very large cue-target distances (20°+; Shep­

herd & Muller, 1989).

In contrast to studies that measure response latency,

some investigations ofthe spatial distribution ofattention

have employed methods derived from signal detection
(SD) theory, thereby allowing for the calculation of d'

and peA) (SD measures of response accuracy; see Green

& Swets, 1966). For example, Mangun and Hillyard

(1988) found that target detectability, as indexed by d',

was highest at an attended location and showed a graded

decrease with increasing distance from the attended loca­

tion. However, d' was only a secondary measure in their

electrophysiological study, and their experimental design

required sustained (i.e., blocked) attention to rapid se­

quences of stimuli. Thus, it is difficult to compare their

results directly with those oftrial-by-trial cuing studies.

Downing (1988) investigated the spatial distribution

of attention in an endogenous cuing paradigm, using a

circular, 12-location display. She measured d' in four

different task conditions: luminance detection, and dis­

crimination ofbrightness, orientation, and form. On each

trial, from zero to four targets could be present. Follow­

ing posttarget masking at all 12 locations, 4 locations were

probed for a target-present/absent decision. Any location

actually receiving a target was always probed. As in RT

studies, Downing found decreases in d' with increasing

target distance from the attended location. However, in

all four task conditions the d' distributions showed a

large initial drop, with relatively little change in d' be­

yond about 3° from the attended location.

Using methodology similar to Downing's (1988),

Muller and Humphreys (1991) measured both d' and

peA) in a luminance-increment detection task with four­

and eight-location circular displays. Although the primary

focus of their study was to investigate whether spatial

cuing influenced perceptual sensitivity, they also addressed

the gradient issue. They reported gradient patterns in both

endogenous and exogenous cuing conditions that showed,

as in Downing's study, large initial drop-offs in d' and

peA), with little relative change in either measure beyond

about 3° from the attended location.

These relativelyfocal attentional distributions obtained

with SD methods appear to differ from the broader RT dis­

tributions obtained with RT methods. This observation may

indicate that RT and SD measures index different aspects

ofattention-modulated visual information processing. For

example, d' and peA) have frequently been understood to

provide an index ofrelatively early perceptual-level pro­

cesses such as the sensory encoding and perceptual analy­

sis of stimulus information (e.g., Bashinski & Bacha­

rach, 1980; Luck et aI., 1994), whereas RT has been

understood to reflect both early perceptual processes and

later decision and/or response related operations (e.g.,

Santee & Egeth, 1982). Accordingly, attention-based

modulations in RT might reflect the inclusion of later,

decision/response-related processing components in ad­

dition to (or independent of) the perceptual-level effects

of spatial attention that are presumably indexed by SD

measures. Indeed, such a view has been the focus ofa long

debate about the stages of processing involved in atten­

tional selection (see, e.g., Hawkins et aI., 1990; Muller

& Findlay, 1987; Shaw, 1984; Sperling, 1984; Sperling

& Dosher, 1986; see also Shiu & Pashler, 1994).

Although RT and SD measures may, in fact, index dif­

ferent aspects of attention-related processing, thereby

offering an explanation for the differences between RT

and SD gradients, some recently formulated method­

ological concerns raise doubts about the accuracy of the

attentional distributions in Downing's (1988) and Muller

& Humphreys's (1991) studies. Specifically, Hawkins

et al. (1990) pointed out two problems relevant to the meth­

odology ofboth studies. First, targets were more likely at

their cued locations than at their uncued locations. As a

result, if subjects were uncertain about target locations,

they may have localized targets preferentially to the cued

location because of the greater target probability at that

location than at the uncued locations (.80 vs..50). This

tendency would introduce systematic distortions in the

SD scores calculated for attended and unattended loca­

tions. Second, in both studies, subjects were required to

report on multiple target events on each trial. As a result,

differences may have arisen in memory retention of tar­

get information (e.g., target location) between cued and
uncued target locations.

To correct for these problems, Hawkins et al. (1990)

modified Downing's (1988) postmask probe technique



by equalizing target-present/absent probabilities at all

locations and probing only one location per trial. With
these modifications of Downing's original paradigm,

difficulties arising from multiple probe locations and un­
equal target probabilities were eliminated. However,

Luck et al. (1994) recently pointed out additional con­

cerns about memory storage strategies arising from the
brief delay that Hawkins et al. (1990) inserted between
mask and probe onsets. Specifically, this delay may have

caused subjects to preferentially maintain or rehearse in­
formation from the cued location. Accordingly, Luck

et al. further modified the Hawkins et al. paradigm by
using only one mask, which also served as the probe,

thereby eliminating the mask-probe delay.
Together, Hawkins et al. (1990) and Luck et al. (1994)

provided behavioral and electrophysiological evidence

showing attentional modulations of early perceptual­
level processing. However, their findings do not address

the issue of how attention is spatially distributed. In Ex­
periment 1, presented below, we used their improved SD

methodology to investigate how attention drops offwith
increasing distance from an attended location. Both RT
and SD measures were obtained to allow a direct com­

parison of the attentional distributions reflected by each.

EXPERIMENT 1

Experiment 1 was designed to investigate how spatial

attention is distributed across the visual field when at­
tention has been voluntarily oriented to a discrete spatial

location. In a luminance-detection task, subjects were
required to make a forced two-choice decision regarding
the presence or absence of a threshold-level target stim­

ulus that could occur at one of six possible locations in
the upper visual hemifield. A posttarget mask also served

as a probe to indicate the location at which a target­
present/absent decision had to be made. This paradigm

was similar to that used by both Downing (1988) and
Muller & Humphreys (1991), with modifications to avoid
possible confounds related to target localization, mem­

ory decay, and preferential maintenance/rehearsal of cued
location information (Hawkins et al., 1990; Luck et aI.,

1994). RT and A' were measured for target detections at
each spatial location in all possible combinations of at­

tended and unattended conditions. A' is an estimate of
P(A) used when only a single pair of hit and false alarm
(FA) rates are obtained for each cue-target condition

(Craig, 1979; Pollack & Norman, 1964). A' was pre­
ferred to d' because, unlike d', it is a nonparametric mea­

sure of perceptual sensitivity and thus avoids the possi­
ble distortions that might occur in d' calculations if
assumptions regarding the normal distributions of signal

and noise were violated.

Method
Subjects. Sixteen members of the University of California,

Davis community between the ages of 18 and 31 (9 females, 7

males) served as paid participants. All were right-handed and had
normal or corrected-to-normal vision. Three additional subjects
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were excluded because of frequent, systematic eye movements

during testing.
Apparatus and Stimuli. The stimuli were presented on an Apple

Macintosh II microcomputer color monitor placed 100 cm from

the subject. Each trial consisted ofthe presentation ofa cue (either

an arrow or a square neutral cue) followed by a small, threshold­

level target (on 50% of the trials) and a mask (on 100% of the trials;

see Figure I). The target stimulus was a white rectangle that ranged

in size from one to six pixels. The mask consisted of a set of ran­

domly oriented lines ofvarious lengths, 0.0 I°_0.3° thick, arranged

within a 1.5" square. The spatial cue was a pink arrow 0.6° long.

The neutral cue was a pink 0.3° filled square. Both cues were

framed by an eight-sided pink polygon outline (0.8° tall x 0.9°

wide). All stimuli were presented against a darkened monitor screen

that contained the standing background display described below.

There were six possible locations where the target and mask

stimuli could appear (Figure 2). These six locations were located

in the upper visual field, 6.0° from fixation, along an imaginary

semicircle. Each stimulus location was demarcated by a 1.5°red out­

line square that was centered on the imaginary semicircle. The boxes

were equally spaced, 2.5° center-to-center, with the center of the

two most lateral boxes positioned 2.7° above the horizontal merid­

ian. Thus, the stimulus display was symmetric about the vertical

meridian, with three stimulus locations in each visual hemifield.

Along with a four-pixel square pink fixation spot, these six boxes

formed a constant background for the duration of each block oftri­

als. Both the arrow and neutral cues were presented at fixation.

Electro-oculograms (EOGs) were recorded from three sites,

amplified with a gain of 50,000, band-pass filtered from .0 I to

100 Hz, and digitized at 200 Hz. These included a horizontal EOG

that was recorded from the right outer canthus, a vertical EOG
recorded inferior to the right eye, and an oblique EOG recorded

from a site on the right supraorbital ridge at a 45° angle relative to

both the horizontal and vertical axes of the eye. All electrodes

were referenced to the left mastoid. On-line monitoring ofthe EOGs

was used to control for large eye movements by providing feed­

back to the subject by the investigator. Offline, trials were rejected

that contained eye movements or blinks, and subsequent signal av­

eraging to the onset of the cue stimuli allowed for the detection of

very small «0.36°) systematic eye movements (see Mangun & Hill­

yard, 1991, Experiment 4). On the average, only about 1%-2% of

each subject's total number oftrials were rejected for eye movement

or blink artifacts. On the basis of the averaged EOG signals, three
subjects were disqualified and replaced, as noted above.

Procedure. Subjects made a forced two-choice decision regard­

ing the presence or absence of the target stimulus. The subjects re­
sponded by pressing the appropriate microswitch ("yes" with one

thumb, "no" with the other thumb, counterbalanced between sub­

jects) located on a hand-held response pad. The subjects were in­

structed to maintain fixation on the fixation spot for the duration

of each trial block. If an arrow cue was presented, the subjects

were instructed to shift their attention (but not their eyes) to the

box indicated by the arrow, this being the location at which a target­

present/absent decision would most likely be required. No specific

directions were given on how the subjects should orient their at­

tention when presented with the neutral cue, although they were

told that all locations were equally likely to be masked/probed.

Cue duration was 150 msec, and the cue-ro-target stimulus onset

asynchrony (SOA) varied randomly between 245 and 660 msec

(rectangular distribution). On target-present trials, the target was

flashed for 60 msec in one of the six locations. The mask/probe

was presented for 105 msec, beginning at target offset. On target­

absent trials, the mask/probe was presented for 105 msec follow­

ing a randomly varied cue-mask SOA of305-720 msec. On all tri­

als, subjects made a target-present/absent decision at the location

of the mask/probe. The next trial began 1,400 msec after the onset

of the mask/probe. Trials in which a response occurred less than

200 msec after onset of the mask/probe were discarded. Trials with
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Cue

(150 msec)

Cue/Target

SOA

(245-660 msec)

Target/ 0
0 00 DODD

No Target
0 0 0 D(60 msec)

• •
(50%) (50%)

Mask

(105 msec)

ITI
(1400 msec)

Figure 1. Sequence and timing ofstimulus events presented on each trial in Experiment 1.

A valid trial for Location 2 is shown.

response latencies greater than 1,400 msec were discarded, along

with the subsequent trial. Although RTs were extracted from the

data, no emphasis was given to response latency during instruc­

tion. Each experimental block consisted of 63 trials and lasted

slightly over 2 min.

Cue probabilities were as follows: The arrow cue occurred with
an overall .81 probability. On these trials, the mask/probe occurred

at the cued location (a "valid" trial), with .71 probability, and at

each of the five noncued locations (an "invalid" trial), with .058

probability. On neutral cue trials (.19 overall probability), the

mask/probe occurred at each of the six locations with .167 proba­
bility. The target was present across all conditions and locations

with .50 probability.

Subjects were tested in three 2-h sessions, with each session oc­
curring on separate days. At the beginning of the first session, the

subjects were given extensive practice in the task until near-perfect

performance was established with a relatively large, easy-to-detect

target. The size of the target was then reduced on successive prac­

tice blocks until the subject's performance dropped to approximately

75% correct, collapsed across hits (a target-present response on

target-present trials) and correct rejections (a target-absent re­

sponse on target-absent trials). This performance level was chosen

to minimize the possibility of floor or ceiling effects. The target size

was also adjusted as was necessary between blocks to maintain this

performance level. Sessions 2 and 3 were run in a similar fashion,

although less practice was required prior to data collection. In ad­

dition to practice blocks, approximately 12 test blocks were run in

Session I; 20 test blocks were run in both Session 2 and Session 3.

Results

Data analysis. Attentional distributions as reflected
by RT and A' measures were generated by holding the
masked/probed location constant and varying the cued
(attended) location. This means that a distribution was
generated for each display location. Given the six display
locations in the experiment, six different distributions
were obtained for both A' and RT (see Table 1). Each dis­
tribution had one valid score (attention cued to the loca­
tion probed) and five invalid scores (attention cued to
one of the five locations not probed);'

Because the experimental display was symmetric
about the vertical meridian (see Figure 2), visual field
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horizontal

meridian

fixation

5

6

1.5 0

Figure 2. Spatial arrangement of stimulus display used in all three experiments. Reaction time

and A' distributions are defined in the text according to display location, indicated by the num­

ber in the upper right-hand corner of each box. These numbers were not included in the actual

experimental display.

was included as a factor in the initial analyses in order to

test for possible hemispheric asymmetries involved in

the allocation of visual attention (see, e.g., Mangun

et aI., 1994; Previc & Blume, 1993; Reuter-Lorenz, Kins­

bourne, & Moscovitch, 1990; Tsal, 1989). The results of

these visual field analyses are reported below. For sim­

plicity of presentation, however, the data shown in the

figures below are collapsed across symmetric locations

in the two visual hemifields (i.e., Locations 1 and 6, 2

and 5, and 3 and 4).

Response accuracy. Mean A' values are presented in

the upper halfofTable 1 as a function ofcued and probed

location. Figure 3 presents the three A' distributions that

were generated by collapsing across symmetric left and

right visual field stimulus locations. The data are plotted

as costs and benefits, defined as the decrement (cost) or

the improvement (benefit) in performance relative to a

neutral (uninformative cue) condition. The dashed line

for each distribution indicates the neutral trial mean, de­

marcating the crossover from benefits (above) to costs

(below). Two main trends emerge: First, there were ef­

fects of spatial attention on detection accuracy, with A'

being highest when a cued location was probed. Second,

in general, the distributions approach asymptote within

2.so ofthe attentionallocus, although the 2/5 distribution

may be slightly less focal (but see below). These obser­

vations were confirmed statistically.

To investigate overall cuing and visual field effects,

three omnibus repeated-measures multivariate analyses

of variance (MANOVAs) were conducted on the A' dis­

tributions in Table 1, one for each symmetric left-right

distribution pair (i.e., Locations I and 6, 2 and 5, and 3

and 4). There were two within-subjects factors, attention

location (six levels) and visual field (two levels). For all

comparisons there was a significant main effect ofatten­

tion location [all Fs(5,70) > 2.48, all ps < .04]. A signif­

icant main effect of visual field was found in the Probe

1/6 comparison [F(l,14) = 16.22, p = .001]; this was

due to more accurate performance overall in the Probe 6

versus Probe 1 distribution. However, this effect did not

interact with attention location.

In order to determine whether the significant attention

effects were restricted only to the valid location, a sec­

ond set of repeated-measures MANOVAs were con­

ducted that were identical to those above, except that

they excluded the valid score in each distribution (i.e.,

attention location was now a factor with five levels). A

significant main effect of attention was found only for

the Probe 2/5 distributions [F(4,56) = 3.55, p = .012].

This appeared to be the result of the relatively high A's

for the two invalid scores averaged together as the invalid

Table 1

Mean A' and Reaction Time (RI) Values for Experiment I,

Averaged Across the 16 Subjects

Probe Cue Location

Location 2 3 4 5 6 Neutral

A'

1 .845 .801 .796 .789 .790 .746 .817

2 .856 .857 .819 .751 .789 .771 .828

3 .772 .739 .813 .787 .799 .743 .792

4 .733 .786 .706 .802 .741 .744 .798

5 .814 .791 .797 .783 .845 .835 .827

6 .868 .865 .835 .877 .854 .886 .853

RT

1 493 579 554 568 558 568 554

2 556 501 575 572 552 566 557

3 596 549 510 603 572 602 551

4 585 545 519 499 556 560 560

5 593 583 571 536 496 547 538

6 561 565 560 556 508 467 523

Note-Cue and probe location numbers (1-6) correspond to the six

display locations used in the experiment, as can be seen in Figure 2.

Probe-constant distributions go across rows and attention-constant

distributions go down columns (see note 1).
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Figure 3. A'distributions from Experiment 1 collapsed across each pair oflocations
symmetric about the vertical meridian.A'costlbenefit is plotted as a function ofthe dis­

tance between cued and probed locations. The distance was measured as the shortest line
between the center of any two locations. On the horizontal axis, negative visual angles
represent cued locations lateral to the probe, positive visual angles represent cued loca­
tions medial to the probe, and the validly cued location is represented by a visual angle
ofO.()". In all graphs, the vertical meridian occurs between the three left-most and three
right-most locations.

score to the left of the valid score in the middle graph of

.Figure 3 (see also Table 1). To test this hypothesis, a sec­

ond repeated-measures MANOVA was performed on the

2/5 distribution that excluded both the valid score and

the aforementioned invalid scores (i.e., attention location

now was a factor with four levels). The results indicated

that these remaining four adjacent invalid scores (i.e., the

four invalid scores to the right of the valid score in the

middle graph of Figure 3) in the Probe 2/5 distributions

showed no effect ofattention [F(3,45) = 0.61,p = .609] .

There were no significant interactions.

Although attention effects appeared to be isolated to

(or near, in the Probe 2/5 distributions) the validly cued

location, the rate ofchange in A' with increasing distance

from the valid location may not have been large enough

to produce a significant result in the statistical tests above.



Accordingly, in order to maximize the chances of detect­

ing effects ofattention, the two invalid scores in each dis­

tribution representing the greatest spatial separation be­

tween contiguous invalid locations were compared (i.e.,

the nearest and farthest invalid scores to the right of the

valid score in each graph in Figure 3). This third set of

repeated-measures MANOVAs, with attention location

as a factor (two levels), indicated that there were no sig­

nificant differences between these two invalid points in

each distribution.

Overall, the MANOVA results showed that spatial at­

tention facilitates detection accuracy at an attended lo­

cation, and that the pattern of these effects for symmet­

ricallocations in the left visual field did not differ from

that for the symmetrical locations in the right visual

field. This facilitation occurred within 2S of the at­

tended location (the lower resolution limit of our dis­

play) and was manifest as a change in detection accuracy

(A'V Beyond 2.5°, there was no evidence for modula­

tions in detection accuracy.

Reaction times. Mean RT values are presented as a

function of cued and probed location in the lower half of

Table 1. Figure 4 presents the three RT distributions gen­

erated by collapsing across left/right symmetricalloca­

tions, as was shown for A'. The RT distributions ap­

proach asymptote within 2.5° of the attended location.

This pattern is somewhat inconsistent with RT distribu­

tions reported previously in the literature for cuing studies,

which tend to show either no asymptote or asymptotes

only at much larger cue-target distances (e.g., Hen­

derson & Macquistan, 1993; Shepherd & Muller, 1989;

Shulman et aI., 1985; Shulman et al., 1985). These ob­

servations were confirmed statistically with the same pro­

cedures as for A'.

Three omnibus repeated-measures MANOVAs were

conducted with attention location (six levels) and visual

field (two levels) as main factors. All three distribution

comparisons showed a significant main effect of atten­

tion location [all Fs(5,70) > 7.62, allps < .001]. No main

effects of visual field or interactions were found.

A second series of repeated-measures MANOVAs,

identical to those above except that they excluded the

valid scores in each distribution (i.e., attention location

was now a factor with five levels), yielded no effects of

attention location across the five invalid scores. This

suggests that the effects of attention were restricted to

within 2.5° of the valid location. In order to maximize

the chances of detecting effects of attention, the two in­

valid scores in each distribution representing the great­

est separation between contiguous invalid locations were

compared (i.e., the nearest and farthest invalid location

to the right of the valid score in each graph in Figure 3).

This third set ofrepeated-measures MANOVAs (with at­

tention location as a main factor with two levels) indi­

cated that there was a significant effect of location only

for the 3/4 distribution [F(l,14) = 4.90,p = .044], indi­

cating a tendency for a slightly less focal RT pattern in

this distribution' Nevertheless, overall the results show

that spatial attention facilitated RTs to targets at attended
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locations, and this facilitation was confined to within

2.5° of the attended location-a pattern similar to that

for A'.

Comparison of A' and RT. A comparison of A' and

RT distributions is shown in Figure 5. In order to facili­

tate a direct comparison and to allow for statistical analy­

sis, the A' and RT data presented in Figure 5 were nor­

malized (see the Appendix). Symmetric distribution

pairs were collapsed in the following analyses. Although

differences can be seen between distributions in terms of

relative costs and benefits, all normalized distributions

show a large drop-offwithin 2S ofthe attended location

and tend to asymptote with increasing cue-target dis­

tance. This observation was confirmed statistically.

Three repeated-measures MANOVAs (one for each

collapsed distribution pair) with attention location (six

levels) and response measure (two levels) as factors

showed that there were significant main effects of atten­

tion location in each distribution pair [all Fs(5,75) >

8.06, allps < .001]. However, no effects of measure nor

any interactions were found, suggesting that the A' and

RT patterns were similar in each distribution pair.

Although the foregoing analyses indicate a general re­

semblance in the effects of attention between A' and RT,

they do not indicate whether statistical differences be­

tween distributions across the invalid scores may have

been present. To test for this possibility, a second series

ofrepeated-measures MANOVAs were performed, iden­

tical to those above except that the valid scores in each

distribution were excluded (i.e., attention location was

now a factor with five levels). Any differences in the way

RT as opposed to A' dropped off with increasing dis­

tance from the probed location would be manifest as an

interaction between response measure and attention lo­

cation. However, no significant interactions of attention

location with response measure were found [all Fs(4,60) <

.99, all ps > .424], indicating that there were no differ­

ences between measures across the invalid locations. To­

gether, these analyses strongly suggest that the A' and RT

attentional distributions were the same.

Discussion

Cuing attention to a location in the visual field pro­

duced a significant facilitation in A' for targets presented

to that location, and decrements in detection performance

for targets presented elsewhere. Thus, the data provide

additional evidence in support of the view that focused

visual attention modulates perceptual sensitivity (see,

e.g., Downing, 1988; Hawkins et al., 1990; Luck et al.,

1994; Muller & Humphreys, 1991). The spatial distribu­

tion of these attention-related modulations extended

only 2S from the validly cued locations, the lower limit

ofour display resolution. Beyond this distance, there was

comparatively little effect of attention on response per­

formance. Relatively focal A' patterns such as these are

consistent with the attentional distributions reported by

Downing and by Muller and Humphreys using SD mea­

sures. Thus, the focal patterns that they reported were

not artifacts of how their SD measures were calculated.
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Figure 4. Reaction time (RT) distributions from Experiment 1 coUapsed with respect

to symmetry about the vertical meridian. RT costfbenefit is plotted as a function of the

distance between cued and probed locations. On the horizontal axis, negative visual an­
gles represent cued locations lateral to the probe, positive visual angles represent cued

locations medial to the probe, and the validly cued location is represented by a visual

angle of 0.0".In all graphs, the vertical meridian occurs between the three left-most and

three right-most locations.

Interestingly, our RT distributions showed patterns

very similar to the SD distributions-a speeding of RT

at the cued location and little or no attentional modula­

tions beyond 2.5°. Such a pattern differs from the broader

RT distributions reported previously (see, e.g., Hender­

son & Macquistan, 1993; LaBerge & Brown, 1989; Shul­

man et al., 1985). It should be noted, however, that while

the present RT pattern bears some superficial similarity

to attentional modulations in RT that span very narrow

regions of visual space (see, e.g., LaBerge, 1983), most

previous reports have shown that RT continues to slow

with increasing cue-target separation (e.g., Henderson

& Macquistan, 1993; Shepherd & Muller, 1989). This

pattern is not seen in the present data.

A possible explanation for this discrepancy between

the RT distributions reported here and those reported pre-
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viously may have to do with the instructions given to the
subjects. In the present study, subjects were instructed to
emphasize response accuracy. No emphasis was placed

on overall speed of response. In contrast, studies report­
ing RT as a primary measure typically place strong em­
phasis on response times in their instructions to subjects.

As a result, subjects in Experiment I may have adopted
a strategy of focusing their attention narrowly in order to
perform the task with high accuracy. Experiment 2 ex­

amines this issue.

EXPERIMENT 2

Experiment 2 was designed to see whether the in­

structions to subjects in Experiment I that emphasized
response accuracy over response speed might have been

responsible for the focal attentional distributions ob­
served. Specifically, did this task component induce an
attentional strategy that led to a relatively narrow spatial
distribution ofattention? Using the same display and lu­

minance detection paradigm as in Experiment I, subjects
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were again required to make a forced, two-choice deci­

sion regarding the presence/absence of a target stimulus

that could occur at one of six possible locations in the

upper visual hemifield. However, unlike in Experiment 1,

subjects were told to respond as quickly as possible. In

addition, the target stimuli employed were slightly larger

than in Experiment 1.

Method
Four female subjects who had participated in Experiment I

served as paid subjects for Experiment 2. Subjects who had par­

ticipated in Experiment I were selected in order to permit a within­

subjects comparison of RT distributions when response emphasis

(accuracy vs. speed) was varied. Experiment 2 took place approx­

imately 2 months after Experiment I. All methods were identical

to those of Experiment I, except as follows. First, greater empha­

sis was placed on speed of response and less emphasis was placed

on response accuracy. Specifically, subjects were told that response
speed was now more important than response accuracy. Second,

target size was increased slightly (2-3 pixels) to raise overall detec­

tion performance. Finally, only RT is reported for this experiment.'

Results and Discussion

Mean RT values as a function of cued and probed lo­

cation are presented in Table 2, and the three distribu­

tions obtained by collapsing across symmetric stimulus

locations are shown in Figure 6. Overall, the RTs in Ex­

periment 2 were faster than the RTs in Experiment 1, and

there was a facilitation in RT for targets at the attended

location. These observations were confirmed statistically.

In order to investigate possible effects of attention lo­

cation or response emphasis, three omnibus repeated­

measures MANOVAs were performed on the distribu­

tions with attention location (six levels) and response

emphasis (two levels) as factors. Significant main ef­

fects of both response emphasis [all Fs(I,6) > 28.5, all

ps < .003] and attention location [all Fs(5,30) > 3.30, all

ps < .018] were found, but there were no significant inter­

actions. The significant main effect of response emphasis

showed that overall, RTs were quicker in Experiment 2.

However, because response emphasis did not interact

Table2
Mean ReactionTime Values (in Milliseconds) Averaged Acrossthe

4 SubjectsWho Participated in Both Experiments 1 and 2

Probe Cue Location

Location 2 3 4 5 6 Neutral

Experiment 1

1 437 491 507 551 461 505 504
2 461 433 483 446 475 491 479
3 505 495 429 505 491 530 475
4 495 502 454 435 507 507 483
5 517 508 493 457 435 502 479
6 499 506 505 462 450 413 465

Experiment2

I 265 280 287 323 316 291 302
2 271 264 297 279 302 294 284
3 294 279 276 290 292 304 292
4 293 286 315 269 306 295 284
5 288 339 312 305 261 267 303
6 283 284 302 311 292 257 293

with attention location, the distribution patterns were in

fact similar.

In order to see whether the effects ofattention were re­

stricted to the valid location, a second set ofthree repeated­

measures MANOVAs were performed that included only

the five invalid scores in each distribution (i.e., attention

location as a factor with five levels). No effect of atten­

tion location was found [all Fs(4,12) < 1.80, all ps >

.19]. Thus, even when response speed was emphasized

over accuracy, the RT distribution again failed to repli­

cate the broader RT distribution patterns reported previ­

ously in the literature (e.g., Henderson & Macquistan,

1993; Shulman et aI., 1986; Shulman et aI., 1985).

The results of Experiment 2 suggest that the differ­

ences between the RT distributions reported in Experi­

ment 1 and those reported elsewhere in the literature are

not due simply to an emphasis on response speed. Given

that the A' and RT distributions in Experiment 1 showed

similar patterns, the evidence suggests that the effects of

spatial attention are similarly indexed by A' and RT mea-
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sures in the experimental paradigm used here. Perhaps,

then, the difference between the focal RT gradients re­
ported here and the broader gradients reported elsewhere

reflect differences in attentional allocation induced by
the experimental paradigms employed. Specifically, dif­
ficult tasks such as detection of rapidly masked targets

may require a more focal allocation ofattention due to the
high perceptual demands placed on the observer. On the

other hand, suprathreshold RT tasks, because they are not
as perceptually demanding, may allow a less-focused at­

tentional state and thus result in broader RT distributions.
Experiment 3 was performed to investigate this issue.

EXPERIMENT 3

In Experiment 3, we investigated the spatial distribu­
tion of attention in a speeded RT task. A display similar

to those in Experiments 1 and 2 was used, and subjects
were required to respond as quickly as possible to the

onset of a target stimulus that could occur at one of six
possible locations in the upper visual hemifield. How­

ever, unlike in the previous two experiments, targets were
suprathreshold, were not masked, and were presented on
almost every trial.

Method
Eight people (5 females, 3 males; I left-handed; age, 18-31)

served as paid subjects for Experiment 3; all had normal or cor­

rected-to-normal vision. All methods and procedures were identi­

cal to Experiments I and 2, except as follows. The mask used in the

previous experiments was replaced with a IOO-msec blank interval.

Neutral cue trials were reduced from 19% ofthe overall number of

trials to 9.5% of the trials, and the remaining 9.5% of the trials

were used as catch trials in which no target occurred. Targets, sim­

ilar in size to those in Experiment 2, were thus presented on 90.5%

of the trials. Stimuli were presented on an NEe 4FG color monitor

driven by a 486-based microcomputer. The six background squares

were purple, and the cues, target, and fixation spot were green.

Subjects used one response button, with hand ofresponse counter­

balanced between subjects. They were instructed to respond as

quickly as possible to target onset, while avoiding anticipatory re­

sponses occurring prior to target onset.

Results and Discussion
Mean RT values as a function ofcued and probed loca­

tion are presented in Table 3. In order to facilitate com­
parison between the RT gradients in Experiment 3 and
the RT gradients in Experiment 1, the data in Table 3

were normalized (see the Appendix) and plotted with the

RT data from Experiment 1 in Figure 7. The overall error
rate on catch trials was .026, ranging from .006 (location
4) to .057 (location 3) across the six cued locations. The

RT distributions from Experiment 3 tend to show a fa­
cilitation in RT for targets at the cued location, as was
seen in Experiments 1 and 2. However, there now appears

to be a more gradual slowing in RT with increasing cue­
target distance, indicating that the facilitatory effects of
attention were not limited to the cued location. Thus, the

pattern differs from the results of Experiments 1 and 2.
These observations were confirmed statistically.
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Table 3

Mean Reaction Time Values (in Milliseconds) From Experiment 3,

Averaged Across the 8 Subjects

Probe Cue Location

Location I 2 3 4 5 6 Neutral

I 243 251 305 304 312 329 289
2 261 240 268 284 311 320 265
3 296 246 235 259 307 290 262
4 314 292 282 245 247 285 264
5 306 283 289 273 244 272 286
6 325 317 327 293 269. 244 298

First, to investigate overall effects ofattention and vi­

sua� field, three omnibus repeated-measures MANOVAs
were performed, with attention location (six levels) and
visual field (two levels) as factors. Significant main ef­

fects of attention location were found in all three distri­
bution pairs [all Fs(5,35) > 7.32, allps < .001]. No sig­

nificant main effects of visual field or interactions were

found.
In order to see whether these attention effects were

isolated to the valid locations, a second series ofrepeated­

measures MANOVAs were performed, identical to those
above except that they excluded the valid scores in each
distribution (i.e., attention location was now a factor

with five levels). Significant effects ofattention location
were found in all three MANOVAs [all Fs(4,28) > 4.90,
all ps < .005]; this differed from the results of Experi­

ments 1 and 2, where significant effects of attention lo­
cation were restricted to the valid locations.

To determine how far from the valid location an effect

of attention could be obtained in each distribution pair,
a third series ofrepeated-measures MANOVAs was per­

formed on the largest set ofadjacent invalid scores in each
distribution pair (i.e., the set of invalid locations to the

right of the valid score in each graph in Figure 7). For
each distribution pair, if a significant effect ofattention
was found in this initial MANOVA, the invalid score rep­

resenting the shortest distance between cued and probed
locations was removed from the aforementioned set of

adjacent invalid scores, and the MANOVAwas performed
again (with attention level now reduced by one relative
to the previous MANOVA). This cycle was repeated for

each distribution pair until a significant effect of atten­
tion was no longer found. Results indicated that atten­

tiona I effects upon RT occurred out to 5.00 in the 2/5 and
3/4 distributions [both Fs(4,28) > 4.90, both ps < .005]

and to 7.so in the 1/6 distribution [F(3,21) = 7.07, P =

.002].
These RT patterns from Experiment 3 differed from

those in Experiments 1 and 2, where attention effects
were limited to within 2.5 0 of the attended location.
Thus, these broader gradients in Experiment 3 are more

typical of the RT patterns reported previously (see, e.g.,
Downing & Pinker, 1985; Henderson & Macquistan,
1993; Shulman et aI., 1986; Shulman et aI., 1985). Our

interpretations for why the RT distribution pattern in Ex-
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Figure 7. Comparison of reaction time (RT) distributions from Experiment 3 with
RT distributions from Experiment I. Distributions are normalized (see the Appendix)
and collapsed with respect to symmetry about the vertical meridian. RT costlbenefit is
plotted as a function of the distance between cue and target locations.

periment 3 differed from the RT distribution patterns in

Experiments 1 and 2 are presented below.

GENERAL DISCUSSION

We investigated the spatial distribution ofvisual atten­

tion in an endogenous cuing paradigm, using signal de­

tection and response latency measures. The results of

Experiment I showed that in a threshold-level luminance

detection task, attentional modulations of detection ac­

curacy and RT were confined to within 2.5 0 of an at­

tended location. This relatively focal pattern replicates and

extends the SD findings of Downing (1988) and Muller

and Humphreys (1991) in a design that controlled for

possible methodological confounds in their studies (see

Hawkins et aI., 1990; Luck et aI., 1994). More generally,

our findings also support previous research showing that

visual-spatial attention can modulate perceptual sensi-



tivity (e.g., Downing, 1988; Hawkins et al., 1990; Heinze

& Mangun, 1995; Luck et al., 1994; Mangun & Hillyard,

1988; Muller & Humphreys, 1991).

The focal RT pattern of Experiment 1, however, dif­

fered from prior RT findings, which have typically re­

ported much broader RT distributions (e.g., Downing &

Pinker, 1985; Henderson & Macquistan, 1993; Shulman

et al., 1986; Shulman et al., 1985). In Experiment 2, we

hypothesized that a possible factor contributing to our

more focal RT pattern was the greater emphasis that our

SD study placed on response accuracy than on response

speed. That is, perhaps subjects would adopt a less focal

attentional distribution if response speed had been em­

phasized, as in previous RT studies. However, the re­

sults of Experiment 2, in which response speed was em­

phasized, showed that although overall RT performance

was significantly improved (i.e., faster), a focal RT dis­

tribution was still observed. Hence, focal RT distribu­

tions are not simply the result of an emphasis on accu­

racy rather than speed of response.

An alternative explanation for the focal RT distributions

of Experiments 1 and 2 may be found by considering the

perceptual requirements inherent in SD as opposed to RT

studies. SD paradigms characteristically use threshold­

level targets in detection or discrimination tasks, as was

done in Experiments 1 and 2. This may include post­

stimulus masking to limit the duration ofperceptual infor­

mation available to the observer. In contrast, most pre­

vious RT cuing studies have used suprathreshold targets.

Thus, target detectability may have been a contributing

factor in producing the focal RT distributions in Exper­

iments 1 and 2. That is, because increasing the commit­

ment ofattention to a spatial location increases the pick­

up of stimulus information from that location (cf. Lavie

& Tsal, 1994), as targets become less salient, allocation

strategies may change, producing narrower attentional

distributions. The results from Experiment 3 support this

view. When suprathreshold targets were employed in a

simple RT paradigm, the RT distributions were signifi­

cantly broader than the RT distributions in Experiments

1 and 2-a pattern that is consistent with the results of

prior RT studies (e.g., Downing & Pinker, 1985; Shul­

man et al., 1986; Shulman et al., 1985).

In sum, the evidence from our three experiments sug­

gests that perceptual factors can influence the spatial

distribution of attention. Specifically, as perceptual de­

mands increase (e.g., via decreased target saliency), at­

tention becomes more narrowly allocated in order to focus

greater attentional resources on the expected target loca­

tion. This notion of a flexible component to attentional

allocation is consistent with many models of attention.

For example, the "zoom-lens" theory proposed by Erik­

sen and colleagues (Eriksen & St. James, 1986; Eriksen

& Yeh, 1985; see also LaBerge, 1983) posits that atten­

tion may be distributed along a continuum from high­

resolution with a narrow focus to low-resolution with a

broad focus.> This conclusion is also consistent with the

extensive literature showing that attentional allocation is
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affected by various stimulus and task parameters (e.g.,

Andersen, 1990; Andersen & Kramer, 1993; Castiello &

Umilta, 1992; Eriksen & Webb, 1989; Humphreys, 1981;

Kramer & Jacobson, 1991; LaBerge, Brown, Carter,

Bash, & Hartley, 1991; Pan & Eriksen, 1993; Podgorny

& Shepard, 1983; Yantis & Johnston, 1990).

Alternatives exist, however, to the idea that differing

allocation strategies led to differences between the dis­

tribution patterns in the present experiments. For exam­

ple, if subjects set progressively higher decision/response

criteria for target locations that were increasingly distant

from the cued location, the result would have been a sys­

tematic slowing ofRTs as a function ofcue-to-target sep­

aration. This circumstance would have tended to create

a broad RT gradient pattern. Such a possibility could mean

that attentional modulations ofperceptual sensitivity did

not differ across experiments, as proposed. Rather, the

broad RT gradient pattern of Experiment 3 might have

reflected the contribution of later, postperceptual stages

of processing.

Although the foregoing scenario is plausible, there has

been no evidence from either RT or SD studies that ob­

server bias produces gradient patterns in RT. Indeed,

Muller and Humphreys (1991, Experiment 2) found that

observer bias (beta) was actually slightly lower for tar­

gets more distant from the cued location, a pattern op­

posite to that which would be required to generate slower

RTs for larger cue-to-target separations. Moreover, the

experiments ofDowning (1988) convincingly demonstrate

that perceptual demands playa role in the spatial distri­

bution of attention; she obtained more focal patterns in

d' in form and orientation discrimination tasks than in

luminance or brightness discrimination tasks. Accord­

ingly, a flexible allocation model, driven by perceptual

demands, is sufficient to explain the different attention

distributions reported in the present experiments." Inad­

dition, this position does not require making question­

able a priori assumptions about the stages ofinformation

processing indexed by SD as opposed to RT measures

(for a discussion, see Muller & Humphreys, 1991; Shul­

man & Posner, 1988).

In conclusion, our data support the view that volun­

tary covert visual attention affects perceptual sensitivity

as indexed by A' and response latency as indexed by RT.

Our findings also strongly suggest that perceptual de­

mands affect the manner in which subjects distribute

their attention within the visual field. This implies that

the focal SD and the somewhat broader RT distributions

reported previously in the literature may have reflected

allocation strategies adopted by subjects in order to con­

form to the specific perceptual requirements of the situ­

ation at hand.
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NOTES

I. "Probe-constant" distributions (the rows in Table I) were used be­

cause the physical stimuli (i.e., probe and target) remain at a constant

location, and differences in response scores within distributions are

thus directly attributable to variations in the location of attention. Dis­
tributions could also be defined, however,by holding attention location

constant and varying the probed location. These "attention-constant"

distributions (the columns in Table I) were considered less favorable

for analysis because with probe location varied, differences in response
performance within distributions could be due to topographical asym­

metries in retinal and cortical representations of visual space. Never­
theless, in order to more fully examine possible gradients within the

data, attention-constant distributions were also analyzed. Statistics

were performed on the attention-constant distributions paralleling

those described for probe-constant distributions in the Response Ac­

curacy and Reaction Times sections of the Experiment I Results. These

results did not differ from those found for the probe-constant distri­
butions. As a consequence, no further analyses were performed on the

attention-constant distributions.

2. We also calculated d' scores for these data. However, because of

the small number of trials (13 with a target, 13 without a target) in each

invalid condition, there were instances for each subject of 1.0 hit rates

and 0.0 FA rates. Because, unlike for A', calculating d' and beta re­

quires hit rates less than 1.0 and FA rates greater than 0.0, two differ­

ent methods of correcting for these rates were employed. The first

method involved computing an average hit or false alarm rate for the

given cue-target distance (collapsed across all distributions) and then

multiplying that rate by the actual number of either possible hits or pos­

sible FAs for the specific location. Analysis of d' distributions derived

with this correction were consistent with the results reported above for

A'. In addition, no significant attention effects on beta were obtained,

indicating that no shifts in decision criteria occurred between cued and

uncued locations. A second, more conservative, correction procedure

was then used to provide comparison data. In this procedure, I was di­

vided by the number ofeither possible hits or possible FAs, and the en-
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suing fraction was either used as the FA rate or subtracted from 1 to

produce the hit rate. Although overall attention effects were lower with

this correction procedure (than with the first correction method), analy­

sis of d' distributions were also consistent with the results reported

above for A'. Analysis of the corresponding beta values indicated that

there was, however, a significant criteria shift in the 2/5 distribution

pair associated with the one invalid location to the left of the valid lo­

cation in the middle graph of Figure 3.

3. Linear regression analysis indicated that the RT distribution as­

sociated with the Probe 5 location showed a significant trend across the

four contiguous invalid locations in the distribution. This indicates

that the average slope across those locations was not zero. However, the

pattern of the entire distribution (as well as all the RT distributions in

general) is still characteristic of a large drop-off out to the first invalid

location and relatively little change beyond that distance. We thank an
anonymous reviewer for helping to clarify this issue.

4. Initial analyses of A' data for Experiment 2 indicated significant

cuing effects only in the 2/5 distributions. However, accuracy perfor­

mance across conditions was at or near ceiling levels, reducing the like­

lihood ofobtaining significant cuing results with SD measures. Thus,
A' was not considered further.

5. Evidence from recent electrophysiological studies suggests that

these effects can be mediated by changes in perceptual processing at
the level of the extrastriate visual cortex in humans (Heinze, Luck,

et al., 1994; Heinze, Mangun, et al., 1994).

6. Recent unpublished evidence by Hodgson, Miiller, and O'Leary

suggests that during peripheral (exogenous) cuing of locations, response­

related effects may result in gradient-like RT patterns for suprathresh­

old stimuli. Such an explanation may be consistent with the results of

Experiment 3, although endogenous cuing methods were used. Wethank

Hermann Miiller for pointing out these interesting data.

APPENDIX

Because no effects of visual field were found, symmetric

distribution pairs were first collapsed for each subject, reduc­

ing the number of distributions from six to three. Data values

for each location were then normalized separately for each sub­

ject. Specifically, the highest of the six values for each of the

three collapsed distributions (maximum A' or minimum RT)

was set at 1.0. Likewise, the lowest value (minimum A' or max­

imum RT) was set at 0.0. All four remaining points in between

these minima and maxima. were then normalized by dividing

the difference between the given value and the minimum by the

difference between the maximum and minimum. The normal­

ized values were then represented as costs and benefits by sub­

tracting the normalized neutral value. Consequently, within

each subject, the distribution still represents values with 1.0

between the minimum and maximum, with costs represented

by negative values and benefits by positive values. This data

transformation preserves the shape or trend ofwithin-subjects

distributions while eliminating between-subjects and between­

measures variations in the amplitude of the response (i.e., how

quick or how accurate the response was). Following this pro­

cedure, the values were then averaged across subjects for each

of the three distributions.
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