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Dividing attention between color and shape:
Evidence of coactivation
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When attention is divided between spatially distinct objects, the time to detect a target decreases
when two or more targets are present. This redundancy gain can be accounted for by an inter
active race model (Mordkoff & Yantis, 1991) in which separate decisions are made about each
object, but environmental contingencies among the objects can influence decision times. In the
present study, we examined whether the model also accounts for performance when attention
must be divided between stimulus attributes other than spatial location. Subjects made target
present responses when displays included a prespecified color, a prespecified letter, or both tar
get features. The data violated the predictions of all separate-activations models, including the
interactive race model. Two control experiments ruled out an alternative account based on task
complexity. We conclude that coactivation occurs when target attributes from two separable di
mensions are simultaneously present, but not when target attributes come from the same di
mension. A modular hybrid of race and coactivation models is tentatively proposed.

When attention is divided between two visual objects,
one may ask how the information accumulated from these
multiple sources comes to produce a single response. This
question can be directly addressed through the use of the
redundant-target detection task (e.g., Miller, 1982; Mord
koff & Yantis, 1991; Mordkoff, Yantis, & Egeth, 1990;

van der Heijden, La Heij, & Boer, 1983). This task re
quires subjects to press a button (thereby making a go re
sponse) when they detect the presence of one or more tar
gets and to do nothing (no-go) when no targets are
presented. The experiments are designed to test whether
two targets may be identified at once. Response time (RT)
is the dependent measure, and the crucial analysis con
cerns the difference in the time required to make a re
sponse when the display contains two targets, relative to
when the display contains only one target. An RT advan
tage for redundant-target trials (i.e., trials with two tar
gets)-which is known as a redundancy gain or the
redundant-signals effect-is taken as evidence of parallel
processing.
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Previous investigations of divided attention using the
redundant-target detection task have led to two classes of

models that can account for the redundant-signals effect
(e.g., Grice, Canham, & Boroughs, 1984; Miller, 1982;

Mordkoff & Yantis, 1991; van der Heijden, Schreuder,
Maris, & Neerincx, 1984): separate-activation, or race,

models (e.g., Raab, 1962) and coactivation models (e.g.,
Miller, 1982). Both classes of models incorporate paral
lel processing to the level of target identification; they
differ in their assumptions about how many targets may
participate in response activation simultaneously. Accord

ing to race models, each of the targets on redundant-target
trials provides an independent opportunity for a target
present response to be triggered. Within race models, in
formation is never combined across perceptual channels
and only one target on redundant-target trials is directly
responsible for the observed response-hence the alter

native label, separate activations. These models explain
the redundant-signals effect in terms of probability sum
mation or statistical facilitation: With two targets, there
are two opportunities for a rapid target identification and,
thus, a rapid response.

In contrast, according to coactivation models, informa

tion concerning any and all targets may simultaneously
contribute activation toward a target-present response.
Therefore, on redundant-target trials it is possible for both
targets to be partially responsible for the observed re
sponse. This class of models explains redundancy gains

in terms of energy summation: With two targets contribut
ing activation toward the same threshold, the response is
activated more rapidly than when there is only one target
contributing activation.
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Both classes of models are consistent with the redundant
signals effect in mean RT. However, the two model

classes can be discriminated by examining the entire dis

tribution of RTs. In particular, Miller (1978, 1982) has

shown that all race models must satisfy the following rule,
known as the race-model inequality:

P(RT < tiT' and P) ~ P(RT < tiT') + P(RT < tip),

where t is time,and T' and P refer to targets in locations

1 and 2, respectively; thus, P(RT < tiT' and P), for

example, is the probability that a response has been made

by time t given redundant targets. The results from early

tests using this method (e.g., Grice et al., 1984; Miller,

1982; van der Heijden et al., 1984) provided ambiguous

support for both model classes. Sometimes the race-model

inequality was violated (e.g., Miller, 1982, Experi

ment 4)-a result that favors coactivation models-and

sometimes it was not (e.g., van der Heijden et al., 1984).

Interactive Race Model
Recently, we proposed a new model that combines ideas

from both independent race and coactivation models

(Mordkoff & Yantis, 1991). This interactive race model

incorporates two basic assumptions: (I) each target in a

display provides a separate opportunity for a target-present

response to be activated (i.e., the interactive race model

is in the class of separate-activations models), and (2) cor

relations or contingencies among stimuli or between non

target stimuli and whether a response should be made may

affect the speed of perception and decision, respectively
(which, in tum, may affect RT). This second assumption

states that information in the perceptual channels may

interact, but only to the extent that an informative con

tingency exists among elements in the experimental de
sign (cf. the concept of internal constraint discussed by

Gamer, 1962). In a series of experiments, we indepen

dently manipulated two types of contingency and found

evidence to support the interactive race model. Analysis

of previous experiments showed that the conflicting sup

port for separate-activations and coactivation models could

also be explained by reference to the contingency-sensitive

mechanisms that the interactive race model includes; ex

periments that produced violations of the race-model in

equality included contingencies within their designs that

favored redundant-target trials (i.e., they contained bi

ased contingencies; see Mordkoff & Yantis, 1991, for
details).

An important aspect of the interactive race model is that

it reduces to being a simple race model when no biased

contingencies are included in the experimental design. The

model may be thought of as an independent race model

to which two sets of contingency-sensitive mechanisms

have been added; when no contingencies are present in

the experimental design, these mechanisms become irrele

vant and the model is equivalent to an independent race

model. Thus, under experimental designs with no biased

contingencies, the model predicts that the race-model in

equality will always be satisfied. This prediction has also

been previously confirmed (Mordkoff & Yantis, 1991,

Experiments I and 4; van der Heijden et aI., 1984).

Dividing Attention Between
Separable Dimensions

Most experiments using the redundant-target detection

task have examined the effects of dividing attention be

tween spatially distinct objects. In particular, subjects

usually have been assigned exactly one target (typically

an uppercase letter) and have been required to respond
, 'target present" whenever this letter appears one or two

times within a display containing one or two letters (e.g.,

Grice et al., 1984, Experiments 3-5; Miller, 1982, Ex

periments 4 and 5; Mordkoff & Yantis, 1991; van der

Heijden et al., 1984).

In contrast, we have found very few studies examining

the redundant-signals effect when visual attention must be

divided between stimulus attributes other than spatial lo

cation. 1 In such a task, subjects would be assigned a tar

get feature within each of two separable perceptual dimen

sions, such as color and shape. A go response would be

correct if either or both target features were presented; no

response would be correct if neither target was presented.

There is some reason to think that dividing attention

between nonspatial stimulus features might involve mech

anisms different from those involved in dividing atten

tion between two spatial locations or spatially disparate

objects. Duncan (1984) was among the first theorists to

distinguish between two possible representational bases

for visual selection. Space-based accounts of visual selec
tion assume that attention is directed to a circumscribed

spatial region, such that all objects or attributes within

that region are attended and everything outside it is not.

In contrast, object-based accounts of visual selection as

sume that a perceptual display is preattentively organized

into perceptual objects, and that attention is then directed

to these objects on the basis of their properties and the

demands of the current visual task. There is a great deal

of evidence that, under some circumstances, attention ap

pears to be distributed within a space-based representa

tion. It is equally clear, however, that object-based rep

resentations will play an important role in comprehensive

theories of vision (for discussions, see Duncan, 1984;

Kahneman, Treisman, & Gibbs, 1992; Kanwisher &
Driver, 1992; Yantis, 1992).

To the extent that object-based theories of visual selec

tion characterize the performance of redundant-target
tasks, one might predict that when attention is divided be

tween two different objects, perceptual information about

each one will be kept separate, but when attention is

divided between stimulus attributes that are not clearly

parts of distinct objects, perceptual information might be

combined in some way. This leads us to the possibility

that the predictions of the interactive race model in par
ticular, and separate-activations models in general, might

be confirmed when attention is divided between two dif

ferent objects (as in most previous studies of the redun

dancy gain) but disconfirmed when the signals to which



attention is directed are not parts of spatially disparate

objects. In particular, coactivation may occur when the

two target features are parts of a single object. One pur

pose of the experiments reported in this article was to test

this possibility. Alternative factors that might lead to co

activation will be discussed after the first experiment.

EXPERIMENT 1

In Experiment 1, subjects were required to divide their

attention between the separable dimensions of color and

shape, with all stimulus features being parts of a single

object. The task was go/no-go target detection, requiring

a buttonpress ifthe color green, the shape X, or both tar

get features were present, and no response if neither tar

get was present. A single stimulus was presented on each

trial: a colored letter at fixation. In this case, single-target

displays included a purple X or a green 0, and redundant

target displays always included a green X. According to

our conjecture that redundant target features from a sin

gle object may coactivate a response, we should here ob
serve violations of the race-model inequality.

Method
Subjects. Twelve undergraduate students at The Johns Hopkins

University and the University of California, San Diego, participated

as part of an introductory course requirement. All subjects reported
normal or corrected-to-normal acuity and no color impairment.

Apparatus and Stimuli. The stimuli were presented on Prince

ton Graphics SR-12 color monitors controlled by Sigma Design

Color-400 graphics adapters or on NEC Multisync color monitors

controlled by VGA graphics adapters. The subjects responded by

pressing a button on a custom response box placed directly in front

of the screen. Each subject used the dominant index finger to

respond.
Each display included one colored letter presented against a black

background. The letters (X, 0, and I) and colors (green, cyan, and

purple; 4-bit palette codes 10, II, and 13) were chosen for their

low confusability, as well as the symmetricality of the letters and

the similar brightness of the colors. From a viewing distance of
45 cm, the letter subtended 1.40 0 xO.89° visual angle.

Design. All of the experiments reported in this paper, including

Experiment I, used a design without informative contingencies,
equivalent to the design used in Experiment 1 of Mordkoff and Yan

tis (\991). Each block included approximately 50 trials: 42 test trials,

with 5 randomly selected warm-up trials, as well as a randomly

selected recovery trial after each error. Half of all trials included

at least one target and required a go response; the other half of the
trials did not include either target and required that the subject with

hold a response. In each block of 42 test trials, 7 trials included

only the first target feature (e.g., X), 7 included only the second

target feature (e.g., green), 7 included both targets, and the remain

ing 21 included no targets. Most important, this design includes
neither an interstimulus contingency benefit nor a nontarget-response

contingency benefit. In particular, the conditional probability of a

target being present in a given dimension was balanced across the

single- and redundant-target conditions (in each case, it was 0.5);
thus, there was zero interstimulus contingency benefit. In addition,

the probability that a go response should be made given the pres

ence of a nontarget feature was equal to the baseline probability
that a go response was correct (both were 0.5); thus, there was zero

nontarget-response contingency benefit (see Mordkoff & Yantis,
1991, for additional details).
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Procedure. Each subject participated in two sessions conducted

at similar times on consecutive days. During Session I, the sub

jects first completed a short practice block during which they were

given bonus-point feedback after each trial. In total, Session I in

cluded one block of 20 trials and eight blocks of approximately 50

trials, of which only the last 4 were retained for analysis. Session 2
also began with a short block of 20 practice trials, followed by 14

blocks of testing trials. The first two full blocks of Session 2 were

also considered practice. Data from all warm-up and recovery trials

(i.e., the first five trials in a block and the trials immediately fol

lowing each error) were also excluded from the analysis.

Each trial began with the presentation of a fixation cross at the

center of the screen for 750 msec. After a 100-msec blank inter

val, the test stimulus appeared. As soon as a response was made,

whether correct or a false alarm, the stimulus was removed. If no

response had been made by 1,000 msec, the test display was re
moved and the trial was considered a no-go. The intertrial interval

was 2,200 msec.
A 700-Hz tone sounded for 200 msec following all false-alarm

and miss errors. Three tones were played if the subject made an

anticipation error by responding before the test stimulus appeared.

(Anticipations were extremely rare-less than 0.01 % overall-and

will not be discussed further.) End-of-block feedback was displayed

during an enforced 7-sec break; it consisted of mean RT in milli

seconds, accuracy in percent, and total number of bonus points
earned (or lost). The subjects received approximately 35 points for

each correct go response, slightly more for a rapid response, and

slightly less for a slow response. Fifteen points were awarded for

a correct no-go, but 350 points were subtracted for any miss, false

alarm, or anticipation response.

Data analysis. Four separate analyses were conducted. The first

concerned simple redundancy gains in mean RT. This analysis re
vealed whether responses to redundant-target displays were signif

icantly faster than those to single-target displays by comparing
(within subjects) the mean RT on redundant-target trials with the

mean RT on single-target trials.
The second analysis also examined redundancy gains, but com

pared the mean RT on redundant-target trials with the mean RT

for the faster of the two types of single-target trial for each given

subject. This fixed favored dimension test (see Biederman & Chec
kosky, 1970; Miller & Lopes, 1988; Mullin, Egeth, & Mordkoff,

1988) is much more conservative than the simple redundancy-gain

test: It corrects for artifactual redundancy gains arising because one

dimension is processed more slowly than the other, which would

affect the single-target mean to a greater extent than the redundant

target mean.

The last two analyses checked for violations of the race-model
inequality (for details, see Miller, 1982; Mordkoff & Yantis, 1991).

The first of these tests used raw (uncorrected) data; the second used

data that had been corrected for fast guesses using the "twin-killing"
method (see Eriksen, 1988; Miller & Lopes, 1991).2 In both tests,

the cumulative distribution functions (CDFs) were evaluated at the

10th-95th percentiles at 5% intervals. Group plots were created

by Vincentizing the data across subjects. Vincentizing is done by

finding the value of t corresponding to the 10th, 15th, 20th percen

tiles, and so on, separately for each subject, and then finding the

mean value of t across all subjects at each of the 18 quantiles. This
procedure preserves the shape of all constituent distributions

(Thomas & Ross, 1980).

Results
The mean RT and accuracy data are shown in Table 1.

Group plots of the (uncorrected) Vincentized data from

Experiment 1 appear in Figure 1.

Redundancy gains. Mean RT on redundant-target trials

was significantly less than mean RT on single-target trials.
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Table 1
Mean Response Time (RT, in Milliseconds) and Error Rates (Misses and False Alarms, in Percent)

From Experiments 1-5

Experiment 2 Experiment 3
Experiment I Colored Frame Color Patch

Colored Letter Around Letter and Letter

Experiment 4
Two Different

Letters

Experiment 5
Two Different

Color Patches

Mean RT

Redundant Targets 302 307 279 314 340
Single Target 344 345 318 346 377
Redundancy Gain 42* 38* 39* 32* 38*

Faster Single Target 333 334 304 335 360
Conservative Redundancy Gain 32* 27* 24* 20* 20*

Miss Errors

Single Target 0.2 0.0 0.0 0.1 0.0
Redundant Targets 0.1 0.1 0.0 0.1 0.1

False-Alarm Errors
1.3 1.3 2.0 2.0 3.5

*p < .001.

The mean redundancy gain was 41.9 msec [t(l1) = 14.3,

P < .001]. The conservative test also showed a signifi

cant effect of redundant targets (see Table 1).

Tests of the race-model inequality. There was a wide

range of values for which the race-model inequality was

violated in Experiment 1. This is evidenced by the place

ment of the curve representing the sum of the single-target

CDFs below and to the right ofthe redundant-target CDF

(see Figure 1). For 8 ofthe 18 quantiles tested in Exper

iment 1, the observed violation was significant (p < .05,

or bener). The results using the data corrected for fast

guessing produced similar results.

Mean accuracy. In general, the subjects were very ac

curate, with mean miss rates below 0.2% and false-alarm

rates of 1.3% (Table 1). More important, the subjects did

not make more miss errors on redundant-target trials than

they did on single-target trials; thus, there is no evidence

of a speed-accuracy tradeoff.

Discussion

The observation of significant violations of the race
model inequality rules out all models that posit indepen

dent decisions concerning target-eolor presence and target

shape presence. Responses to displays that contain target
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nificantly violated at 8 of the 18 quantiles.)



features in both perceptual dimensions are not activated

by the faster of two independent processing channels; in

stead, the signals appear to combine their activations,

causing responses that are faster than the fastest times ever

observed with either target alone. Furthermore, because

these violations were observed using an experimental de

sign that lacks biased contingencies, an account of this

task based on the interactive race model is also discon

firmed. Some form of coactivation appears to occur when

attention must be divided between two distinct features

of a single object.

EXPERIMENTS 2 AND 3

There are in fact two differences between the stimuli

used in Experiment I and those used in previous redundant

target experiments with spatially disparate objects. So far,

we have focused on the fact that the target features used

in Experiment I appeared as parts of a single perceptual

object. The stimuli in Experiment I also differed from

those in previous experiments in that the relevant features

were in different dimensions (color and shape), whereas

in all previous experiments there was only one relevant

dimension (shape). Therefore, we cannot be sure that the

critical aspect of Experiment I was that the target fea

tures were parts of the same perceptual object.

Experiments 2 and 3 disentangled these two possible

accounts by repeating Experiment I with color and shape

as the relevant features, but separating them in space. In

Experiment 2, the shape was a white letter appearing at

fixation, and the color was rendered as a nonwhite frame

that surrounded the letter. As before, the target features

were X and green. Single-target trials in Experiment 2

included a white X surrounded by a purple frame, or a

green frame surrounding a white 0, and the redundant

target display consisted of a white X surrounded by a

green frame. In Experiment 3, we separated the shape and

the color still further: The letter was white and appeared

above fixation, while a colored square patch appeared be

low fixation.

Method
Experiments 2 and 3 were identical to Experiment 1 with the fol

lowing exceptions. Twelve new subjects from the Johns Hopkins

and UCSD subject pools participated in each experiment. The frame

surrounding the central white letter in Experiment 2 subtended

2.10
0

x 1.34 0 visual angle. In Experiment 3, the letter was presented

1.53 0 above fixation and the color patch (0.89 0 square) was pre

sented 1.53 0 below fixation.

Results
The mean RT and accuracy data from Experiments 2

and 3 are shown in Table I. Group plots of the (uncor

rected) Vincentized data from Experiments 2 and 3 ap

pear in Figures 2 and 3, respectively.

Redundancy gains. In both Experiments 2 and 3, mean

RT on redundant-target trials was significantly less than

mean RT on single-target trials. For Experiment 2, the

redundancy gain was 37.8 msec [t(11) = 12.3, P <

DIVIDED ATTENTION 361

.0011: for Experiment 3, it was 38.5 msec [t(ll) = 16.6,

P < .00 I). The conservative redundancy-gain tests also

showed a significant effect of redundant targets (sec

Table I).

Tests of the race-model inequality. As in Experi

ment I, violations of the race-model inequality were ob

served over a wide range of values: The curve represent

ing the sum of the single-target CDFs is below and to the

right of the redundant-target CDF for both Experiment 2

(Figure 2) and Experiment 3 (Figure 3). For at least 6

of the 18 quantiles tested in each experiment, the observed

violations were significant (p < .05). Analyses using the

corrected data yielded similar outcomes.

Mean accuracy. Again, the subjects were very ac

curate, with miss errors virtually absent and false-alarm

rates of I.3% and 2 % for Experiments 2 and 3, respec

tively (Table I).

Discussion
We noted that there were two possible accounts for the

observed violations of the race-model inequality in Ex

periment I: The violations might be attributed to how dif

ferent perceptual dimensions are processed in vision, or

they might be attributed to how decisions are made when

both target features are parts of the same object. Experi

ments 2 and 3 rule out the latter account. At least in Ex

periment 3 the two target features were clearly parts of

two different objects, yet significant violations of race

model inequality were again observed.

Together, the results of Experiments 1-3 suggest that

when targets must be detected from more than one per

ceptual dimension, activations from different dimensions

may summate in generating a response. These results con

trast sharply with those from previous experiments requir

ing the detection of a single stimulus feature appearing

in either of two distinct objects. When subjects are re

quired to detect a shape in either or both of two locations,

for example, the data do not violate the race-model in

equality when the experimental design includes no biased

contingencies (Mordkoff & Yantis, 1991). Thus, while

the interactive race model may provide a comprehensive

account of the results from tasks requiring spatially

divided attention, the model cannot account for the re

sults from tasks that require attention to be divided be

tween separable stimulus dimensions. Furthermore, mere

spatial separation is not sufficient to allow for separate

activations; targets from different perceptual dimensions

may also coactivate even when presented as parts of dis

tinct objects. The number of dimensions from which tar

gets must be detected appears to be much more impor

tant in determining divided-attention performance than the

number of objects (or spatial areas) over which attention

must be divided.

EXPERIMENTS 4 AND 5

The task used in Experiments 1-3 included a factor that

could provide an alternative account of the discrepancy
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between the present results and earlier results (e.g., Mord

koff & Yantis, 1991). This concerns the number of tar

gets for which subjects had to search. In our earlier ex

periments, subjects were required to s~arch for only one

target feature (the shape X), whereas In the present ex

periments, the subjects had to sea~ch for b?th a color

(green) and a shape (X). Thus, the d l f f e r ~ n c e In ~esults

namely, satisfaction of the race-model inequalIty when

attention is divided across spatial locations with only one

dimension being task relevant, and violations of the race

model inequality when attention must be divided b e ~ w e e n

separable dimensions-may not be due to the sIngle

dimension versus multiple-dimension distinction. It may

instead be due to the difference in task complexity as de

fined in terms of target-set size.

To test this alternative account, we conducted two ad

ditional experiments in which attention had to be divided

between two different objects and the targets to be de
tected were within a single dimension. However, in con

trast to our previous experiments examining within

dimension divided attention (Mordkoff & Yantis, 1991),

these new experiments involved two different targets and

four different distractors. Experiment 4 concerned only

the shape dimension, and all stimuli were white letters.

Experiment 5 concerned only the color dimension, a n ~

all stimuli were square patches of color. In both expen

ments, one target and two nontargets appeared only in

the upper display location, and the other target and the

other two nontargets appeared only in the lower location.

This matches the conditions employed in the present Ex

periment 3, where one target letter and two nontarget let

ters appeared in the upper display location, and one tar

get color and two nontarget colors appeared in the lower
location.

If task complexity (i.e., number of targets) is the criti

cal factor that accounts for the difference in results be

tween our single- and multiple-dimension experiments,

then Experiments 4 and 5 should exhibit violations of the

race-model inequality similar to those observed in Exper

iments 1-3. In contrast, if the violations of the race-model

inequality observed in Experiments 1-3 were due to the

presentation of targets in two separable dimensions, then

Experiments 4 and 5 should yield data that satisfy the race

model inequality, because the experimental design in

cluded no biased contingencies and each involved only

one perceptual dimension.

Method
Two new groups of 12 undergraduates participated in Experi

ments 4 and 5. None had served in any of the previous experiments.

In Experiment 4, two differenl white letters appeared in ea~h dis
play. The letters were A, M, 0, T, D, and X. Target and ~ l s l r a c 

tor sets were selected randomly and uniquely for each subject. A

random set of three of these letters were selected to appear only
in the upper display location, and one of them was designaled as
the first target; the other three letters only appeared in the lower

location, and one of them was designated as the second target. Once

selected, these sets remained fixed for the entire experiment. Each

letter was 1.40 0 tal1 and 0.89 0 wide and was placed 1.53 0 above
or below fixation.
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In Experimenl 5, two different colors appeared in each display.
The colors were blue, green, cyan, red, purple, and yel10w (palette

codes 9-14). Three colors appeared only in the upper location; the

other three appeared only in the lower location. Each color patch

was 0.89 0 xO.89° and was placed 1.53 0 above or below fixatIOn.

Results

A summary of the mean RT and accuracy data may be

found in Table 1. Both the standard and the conservative

tests for a redundancy gain revealed significant differences

in mean RT. In Experiment 4, the redundancy gain was

31.7 msec [t(11) = 7.8, P < .001]. In Experiment 5, the

redundancy gain was 37.7 msec [1(11) = 9.6,p < .001].

Figures 4 and 5 show the (uncorrected) Vincentized CDFs

from Experiments 4 and 5, respectively. No significant

violations of the race-model inequality were observed in

either experiment; the few violations observed in Exper

iment 4 were all unreliable (all ts < 0.50). An analysis

of the error-corrected data yielded the same results.

Discussion

The results from Experiments 4 and 5 rule out the al

ternative, task-complexity account for Experiments 1-3
and provide additional support for the notion that divid

ing attention between separable dimensions is qualitativ~ly

different from dividing attention (only) between spatIal

locations. In particular, the results from Experiments 1-3
violated the race-model inequality at numerous quantiles,

and these violations were often quite large. In contrast,

the results from Experiment 4 showed only a few, small

violations-none of which were significant-and those

from Experiment 5 did not violate the race-model inequal

ity at any quantile. Indeed, the results from E ~ p e r i m e n t s

4 and 5 are quite similar to those from Expenment I of

Mordkoff and Yantis (1991), which used the same ex

perimental design but only one type of target.

GENERAL DISCUSSION

The data from experiments that require subjects to di

vide their attention between spatially disparate objects,

with only one perceptual dimension being task relevant,

do not violate the race-model inequality-as long as no

biased contingencies are included in the experimental de

sign (Mordkoff & Yantis, 1991). This . r ~ s u l t is co~sis

tent with an interactive race model of dIVIded attentIOn.

It has been observed in situations involving only one target

feature (Mordkoff & Yantis, 1991, Experiment 1; van der

Heijden et al., 1984) and in situations involving more than

one target (the present Experiments 4 and 5). Our pre

vious work has concerned only letter shape; the present

study has extended this finding to color.

In contrast, the results from experiments requiring at

tention to be divided between two separable dimensions,

such as color and shape, significantly violate the race

model inequality. This result has been observed in the ab

sence of biased contingencies, ruling out an account of
that task based on the interactive race model or any other

separate-activations model. This conclusion may also ap-
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ply to situations in which attention must be divided be

tween sensory modalities (Miller, 1991) or when the task

requires a multidimensional same/different judgment

(Miller, 1978; but see Garner, 1988, and St. James &

Eriksen, 1990, for discussions of additional factors that

arise in same/different tasks).

Taken together, these data suggest that the "race"

posited by separate-activations models occurs only within

perceptual modules (e.g., the set of processes that encodes

visual shapes), and that coactivation occurs between mod

ules when more than one dimension is task-relevant and

both modules are processing a target. More precisely,

each perceptual module appears to produce a single output

code that enjoys the benefits of statistical facilitation on

within-dimension, redundant-target trials; however, the out

puts from separate dimensions coactivate to produce a

target-present response on between-dimension, redundant

target trials. These ideas are represented schematically

in Figure 6. Note the OR within each perceptual module

that denotes the "finishing line" for a within-dimension

race between redundant targets. This contrasts with the

E (between the modules) that marks where module out

puts are summed (i.e., coactivate) on between-dimension,

redundant-target trials.

The modular account suggested here is related to an ar

gument made by Wolfe et aI. (\990) on the basis of visual

search experiments. These authors found that within

dimension conjunction search (e.g., search for an object

that is both green and red) is much more difficult than

between-dimension conjunction search (e.g., search for

an object that is both green and circular). From these data,

Wolfe and colleagues argued that the serial stage of their

Shape-processing Module
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guided search model may receive only one input from each

perceptual dimension. Although the relation between the

mechanisms underlying visual search and divided atten

tion is not clear, the two notions of how perceptual modu

larity influences performance are not inconsistent.

Implications for an Alternative Account

Although violations of the race-model inequality rule

out separate-activations or race models, they do not pro

vide evidence concerning the specific type of processing

dependence. For example, while the results from Exper

iment I are inconsistent with any model positing that the

color and shape of a stimulus are processed in parallel

and independently, the results do not necessarily imply

that the color and shape are processed in parallel and co

activate a response. An alternative possibility is that sub

jects first search for the conjunction of target features (i.e.,

a green X) and, failing to find it, check the two dimen

sions one at a time (see, e.g., Farell, 1984). Such a model

would predict the violations of the race-model inequality

observed in Experiment I, because the target-features

conjunction would always be found on redundant-target

trials and never found on single-target trials.

However, this "conjunction-search" model (cf. Treis

man & Gelade, 1980; Mordkoff, Yantis, & Egeth, 1990)

may be ruled out because it cannot explain the similarity

between Experiments I and 3. Recall that these experi

ments differed in terms of whether the two target features

on redundant-target trials were parts of the same or two

different objects: A redundant-target trial in Experiment 1

involved the presentation of a green X, whereas the same

condition in Experiment 3 involved a white X and a

identiflcation

identification

identification

identification

response selection

& execut ion

Color-processing Module

Figure 6. Schematic of a modular hyhrid model of divided attention. (Under this model, the infor
mation from separable perceptual dimensions, such as color and shape, are processed by separate mod
ules. Within each module, the codes from redundant targets race to activate a go output; the finishing
line for each race is denoted by OR. Between the two modules, the codes from redundant targets co
activate; the point of summation is denoted by E.)
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spatially separate, green color patch. While the serial

conjunction-search strategy could account for the results

of Experiment I, it would not be viable in Experiment 3.

Yet, these two experiments produced remarkably simi

lar results-the only difference being an overall, 25-msec

advantage for the responses in Experiment 3. This alter

native account of our results must therefore be rejected.

Conclusion

In this paper, we have distinguished between two ways

in which visual attention may be divided between sources
of task-relevant information: Decisions may be required

about the presence of features from a single dimension

(appearing in any of several objects) or about the pres

ence of features from separable dimensions (in one or

more objects). Results from experiments examining the

former, spatial form of divided attention support an inter

active race model in which each target signal is processed

separately and acts as an independent opportunity for a

response to be activated (Mordkoff & Yantis, 1991). Re

sults from the experiments reported here, requiring that

attention be divided between separable dimensions, sug

gest that coactivation occurs, with more than one target

simultaneously activating a target-present response on

redundant-target trials.
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NOTES

1. Some previous studies have required that attention be divided be

tween two or more dimensions, but these tasks have involved same/differ

ent judgments, responses concerning texture segregation, and/or were

not analyzed for violations of the race-model inequality (e.g., Bieder

man & Checkosky, 1970; Egeth, 1966; Kubovy & Cohen, 1991; Miller,

1978). Furthennore, as shown by Mordkoff and Yantis (1991), many

of the early studies included biased contingencies within their designs.

Thus, these data will not be reviewed in detail.

2. Under the twin-killing method, the correct-response RT that is

nearest in value to each false-alann RT is removed from the correspond

ing go distribution. This correction operates on the assumption that all

false alanns are actually fast-guess responses-that is, because the prob

ability of guessing correctly is 0.5, for each fast guess that turns out

to be an error, there should be a fast guess that turned out to be correct.
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