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Searching for unknown feature

targets on more than one dimension:

Investigating a "dimension-weighting" account

ANDREW FOUND and HERMANN J. MULLER
Birkbeck College, University ojLondon, London, England

Search for odd-one-out feature targets takes longer when the target can be present in one of several
dimensions as opposed to onlyone dimension (Miiller, Heller, & Ziegler, 1995; Treisman,1988). Miilleret al.
attributed this cost to the need to discern the target dimension. They proposed a dimension-weighting
account, in which master map units compute, in parallel, the weighted sum of dimension-specific
saliency signals. If the target dimension is known in advance, signals from that dimension are ampli
fied. But if the target dimension is unknown, it is determined in a process that shifts weight from the
nontarget to the target dimension. The weight pattern thus generated persists across trials, producing
intertrial facilitation for a target (trial n+1) dimensionally identical to the preceding target (trial n). In
the present study, we employed a set of new tasks in order to reexamine and extend this account. Tar
gets were defined along two possible dimensions (color or orientation) and could take on one of two
feature values (e.g., red or blue). Experiments 1 and 2 required absent/present and color/orientation
discrimination of a single target, respectively. They showed that (1) both tasks involve weight shijting,
though (explicitly) discerning the dimension of a target requires some process additional to simply de
tecting its presence; and (2) the intertrial facilitation is indeed (largely) dimension specific rather than
feature specific in nature. In Experiment 3, the task was to count the number of targets in a display (ei
ther three or four), which could be either dimensionally the same (all color or all orientation) or mixed
(some color and some orientation). As predicted by the dimension-weighting account, enumerating
four targets all defined within the same dimension was faster than counting three such targets or mixed

.targets defined in two dimensions.

It is well established that targets which differ from dis

tractors in a single salient attribute can be rapidly dis

cerned irrespective of the number of items in the display

(the set size). Typical examples are a horizontal line among

vertical lines or a "big" bar among "small" bars. Subjec

tively, the odd-one-out item (the target) appears to pop out

of the display (the horizontal line and big bar in the pre

ceding examples; it seems impossible for its presence to

escape the observer's attention. This pop-out phenomenon,

together with the flat search reaction time (RT)/set size

functions, has been taken as support for the idea that cer

tain visual attributes (i.e., features) are registered and com

pared in parallel across the entire visual field. For exam

ple, see Treisman and Gelade's (I980) influential feature

integration theory (FIT).

However, it is not clearly specified in FIT precisely how

the activity of a unique feature leads to the detection of

a target and the elicitation of a "present" response. Treis-
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man (I988) examined the search RTs for a single blue

feature target in experiments in which, unpredictably on a

trial, there could be two alternative (single) feature targets

as well. In one experiment-the within-dimension exper

iment-the possible targets were blue, green, or red (i.e.,

the featural differences were defined along the same

color-e dimension I). In the other experiment-the across

dimension experiment-the targets could be blue (to allow

comparison with the previous experiment), horizontal, or

large in comparison with the distractors (i.e., the featural

differences were defined along separate-color, orienta

tion, or size--dimensions). In both these experiments, the

search was spatially parallel (no set size effects). But the

RTs to the blue target were 90 msec longer in the across

dimension experiment than in the within-dimension ex

periment. Treisman suggested that targets popped out within

a single, prespecified dimension, but that the cost in the

across-dimension condition reflected the (serial) checking

of separate dimensions to determine which of them con
tained the target.

Additional evidence for a dimension-checking account

comes from other experiments by Treisman (I 988) in which

the heterogeneity of the distractors was varied. Treisman

found that, when the distractors were heterogeneous in di

mensions not relevant to the search for the target (e.g., a blue

target bar among green distractor bars of different sizes

and orientations), search remained parallel. Conversely,

Copyright 1996 Psychonomic Society, Inc. 88



SEARCHING FOR UNKNOWN FEATURE TARGETS 89

when the distractors were heterogeneous within the same

dimension on which the target was specified (e.g., a blue

target among distractors colored green, red, and white),

search was slow and set size dependent. Treisman suggested

that heterogeneity in irrelevant dimensions would not af

fect search because subjects simply check for activity sig

naling a contrasting item in the relevant, target-defining,

dimension. But heterogeneity within the target-defining

dimension would slow search because it becomes neces

sary to locate the feature map, not just the dimension, con

taining the unique target item.

Treisman has since revised her account of the feature

integration process to incorporate top-down influences of

subjects' foreknowledge of the target identity (Treisman

& Sato, 1990). The addition of top-down processes to re

vised FIT allows it to account for feature searches when

the target is known in advance, but it is not clear how it

could account for pop-out of unknown targets.

One model of visual search which can account for pop

out of unknown targets is the Guided Search (GS) model

of Wolfeand colleagues (e.g., Cave & Wolfe, 1990; Wolfe,

1994). Similar to FIT, GS assumes that the visual field is

initially represented, in parallel, as a set of basic stimulus

attributes in separate "modules" (such as color, orienta

tion, etc.). Each dimension-specific module computes a

saliency signal for each item, indicating how dissimilar it

is in comparison with the other items represented in the

module (the more dissimilar an item is, the greater its

saliency-). Dimension-specific saliency signals are com

puted in parallel for all stimulus locations, and these sig

nals are then summed across dimensions by units in an

"overall map ofactivations/locations." The activity on this

master map is used to guide focal attention, the most ac

tive locations being sampled with priority. Focal attention

"gates" the passage of visual information to the higher

stages of processing (i.e., the object recognition and re

sponse systems). GS also incorporates top-down control

of attention, which can be used to make search more effi

cient when the target identity is known in advance. Top

down control is dimension specific and involves parallel

comparisons ofthe feature values at each location with the

desired feature value defining the target (Wolfe, 1994).

The better the match between the desired and aetual fea

ture values, the larger the top-down enhancement.

Top-downknowledge is a useful means ofguiding search,

in particular for targets defined by a unique conjunction of

features. However, it is not necessary for efficient (paral

lel) search for unspecified (singleton) feature targets. Any

odd-one-out feature will generate a strong dimension

specific salience signal by virtue of its contrast (dissimi

larity) to the other features represented in the same dimen

sion. Given some variability due to noise, the target's

salience on the overall map of activations will always be

larger than those of distractor items, and so attention will

be deployed first to its location. Attention is only deployed

to locations on the master map whose activation exceeds

a certain threshold. On target-absent trials, there will not

be any (above-threshold) peaks ofactivation, and so a de

fault absent response will be given.

According to GS, no item in the display is responded to

until it has been sampled by focal attention and passed on

to the later stages of processing-in particular, object

recognition (see Wolfe, 1994). Thus, knowing that a tar

get is present would entail knowing its location and iden

tity. Similarly, in Treisman's (1988; Treisman & Sato,

1990) scheme, (at least) conscious perceptions and actions

depend on temporary object representations (specifying

time, location, spatial and temporal relations, identity, etc.

of an object) which are matched to stored descriptions

held in long-term visual memory. However, earlier work

by Treisman and Gelade (1980) suggests that the detection

of a unique activity on a feature map can "directly" elicit

a response (subjects were reported to be able to indicate

the presence ofa feature target without having localized it;

but Johnston & Pashler, 1990, pointed out possible arti

facts in this result).

Muller, Heller, and Ziegler (1995) recently reinvesti

gated search for feature targets within and across stimulus

dimensions. In their first experiment, they compared search

for three possible targets all defined within the dimension

oforientation (a left-tilted, horizontal, or right-tilted small

gray bar) against search for three possible targets defined

across three different dimensions (a right-tilted small gray

bar, a black vertical bar, or a large gray vertical barj.! The

distractors in both cases were the same: small gray verti

cal bars. The subjects were instructed to respond to any

"heterogeneity" (i.e., difference) in the display, which in

variably signaled the presence ofa target, without attempt

ing to further analyze the source of the difference. Muller

et a1. found that search was parallel in both conditions.

However, the mean RT for the right-tilted target was slower

by 60 msec in the across-dimension condition than in the

within-dimension condition. This cost confirmed the ear

lier finding obtained by Treisman (1988), though it was

30 msec less than her cost (see above). Furthermore,

Muller et a1. found no reliable cost for RTs in the within

dimension condition relative to a control condition in

which not only the dimension, but also the featural iden

tity, of the target was fixed.

Muller et a1. (1995) initially reasoned that the cost in the

across-dimension condition was due to the subjects', for

some reason, having to determine in which dimension the

target was present (color, orientation, or size), even though

they were not explicitly required to do so. In the within

dimension condition, the target-defining dimension was

known in advance because all targets were prespecified to

be orientation differences. In the across-dimension condi

tion, the target-defining dimension was not known and so

had to be determined, producing an RT cost. Muller et a1.

concluded that, when subjects were required to respond to

a target-distractor difference, they (minimally) required

knowledge of the dimension the target resided in. How

ever, responding positively did not require precise knowl

edge ofthe featural value ofthe target (because the within

dimension condition produced no cost relative to the

control condition; see above).

In a second experiment, Muller et a1. (1995) repeated

the within- and across-dimension searches described above,
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but with changed response requirements. In the first ex
periment, subjects could respond "present" once they had

detected "that" there was a different item in the display;

they did not have to determine the dimensional and/or fea

tural identity of the different item (although, it seemed,

they required dimensional knowledge in order to re

spond). In the second experiment, the task forced the sub

jects to identify the target before a response could be made.

In the within-dimension condition, subjects responded

"present" to a bar tilted left or right, but a horizontal bar

required an "absent" response. Similarly, in the across

dimension condition, subjects responded "present" to

black and tilted bars, but a large bar required an "absent"

response. Again, Muller et a!' compared the RTs for the

(common) right-tilted target in the two conditions. If a re

sponse indeed requires knowledge of the target-defining

dimension (as suggested by Experiment I), then the across

dimension condition of Experiment 2 should be only

slightly affected by the explicit requirement to know

which dimension the target was in (the dimension needed

to be known in order to reject the size "target"). However,

there should be a large cost in the within-dimension con

dition, because thefeatural identity of the target had to be

determined in an extra time-consuming process (in order

to reject the horizontal "target"). This was indeed what

Muller et a!. found. In the across-dimension conditions,

the RTs to right-tilted targets (on present trials) increased

by only about 20 msec relative to those in Experiment 1.

However,in the within-dimension condition, they increased

by about 70 msec. Interestingly, in both the across- and

within-dimension conditions, absent RTs (to homoge

neous displays not containing an odd-one-out item) were
faster than present RTs.

Two further aspects of the across-dimension results of

Muller et al. (1995) are noteworthy. First, there was an RT

advantage if the target on trial n was in the same dimen

sion as that on trial n - 1, relative to when it was in a dif

ferent dimension (no such advantage was evident for iden

tical consecutive targets in the within condition). Second,

the variability ofeach subject's RTs was increased relative

to the within-dimension and control conditions. However,

the increase was less than that expected if the checking

and elimination of dimensions were serial and self

terminating (as implied by Treisman, 1988), suggesting

some parallelism in across-dimension search.

To explain their findings, Muller et al. (1995) proposed

a dimension-weighting account, according to which mas

ter map units compute the weighted sum of dimension

specific saliency signals in parallel. Ifthe target dimension

is known in advance (or is very "likely"; see Experiment 3

ofMiiller et aI.4 ) , that dimension is assigned a large weight

and thus strongly determines the master map salience sig

nal which MUlleret a1. proposed can form the basis of a

response. However, if the target-defining dimension is

unknown and if it starts off with a small weight, the

salience of the target at the level of the master map will be

below the threshold required for response. Thus, for the

master map saliency signal to exceed the threshold, there

must be a redistribution of weight to the target-defining

dimension, thereby providing knowledge about the d~men

sional identity of the target. This explains the cost III the

across-dimension condition. The weight shift persists into

the next trial, producing an RT advantage when the next

trial contains a target defined in the same dimension, but

a disadvantage when it is defined in a different dimension

(since weight must be allocated to the new dimension).

In the present study, we reinvestigated the dimensional

weighting account proposed by Muller et a!' (1995), using

a set of convergent procedures.

The first aim was to reexamine whether target detection

(minimally) "requires" knowledge of the target's dimen

sional identity. A "strong" interpretation of the data of

Muller et al. (1995) would equate target detection with

knowledge of its dimensional identity. Acquisition of this

information requires the elimination ofdimensions not con

taining a target, by means ofa dimensional weight shifting

process. A weaker interpretation would be that the across

condition involves weight shifting (allocating "attention"

to the target dimension), but that explicitly determining

the target dimension involves further time-consuming
processing.>

In Experiments I and 2, we reinvestigated this issue by

using two single-target tasks that directly addressed the

detection and dimension identification stages. In Experi

ment 1,50% ofthe trials contained only distractors (white

vertical bars); the other 50% contained one of four possi

ble targets: either a left- or a right-tilted white bar (orien

tation target), or a red or a blue vertical bar (color target)

(with each alternative being equally likely). Subjects were

required to respond simply to the presence or the absence

ofa target (present/absent discrimination task). In Exper

iment 2, the display always contained one target (one of

the four alternatives mentioned above), and the subjects

had to respond according to its dimension: color or orien

tation (color/orientation discrimination task). According

to the "strong" interpretation ofMuller et aI., there should

be no difference between the (positive) RTs in Experi

ment I and the RTs in Experiment 2.

The second aim in Experiments I and 2 was to deter

mine whether the intertrial dependencies reported by

Muller et al. (1995) were indeed due to the dimensional

identity of consecutive targets rather than their featural

identity. Muller et al. favored an account in terms ofdimen

sional identity for two reasons: Only their across-dimension

conditions, but not their within-dimension conditions,

showed significant intertrial facilitation, and there was no

significant advantage in the foreknowledge ofthe precise

featural identity of the target. However, Malkjovic and

Nakayama (1994) recently reported feature-specific in

tertrial effects with color targets. Such color-specific ef

fects could account for the pattern of intertrial dependen

cies reported by Muller et al. Their failure to find intertrial

facilitation in within-dimension search might be due to the

use ofonly orientation, but not color, targets in these con

ditions; and their finding ofintertrial facilitation in across

dimension search might be more or less entirely caused by

consecutive color targets (Muller et al. did not analyze in

tertrial effects separately for each dimension, owing to in-
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sufficient numbers of trials). Since consecutive color tar

gets were always featurally identical, it is possible that what

Muller et al. took to be a general dimension-specific effect

is really a feature-specific effect confined to the color di

mension.

Since the dimensional specificity of the intertrial ef

fects is crucial to the dimensional weighting account of

Muller et al. (1995), Experiments I and 2 were designed

to allow a stronger test ofthis assertion. In Experiments I

and 2, targets were defined along one of two possible di

mensions (color or orientation), and each dimension could

contain one of two possible featural differences (red or

blue; left or right tilted). This allowed for a direct com

parison of intertrial effects when consecutive targets were

dimensionally and featurally identical (e.g., red followed

by red) with intertrial effects when consecutive targets

were dimensionally identical but featurally different (e.g.,

red followed by blue). If the intertrial effects are dimension

specific, as asserted by the dimensional weighting account,

they should not differ between these conditions.

Experiment 3 extended the predictions of the dimen

sional weighting account to a subitization task. It is well

established that subjects can enumerate (count) up to 4 items

in a display rapidly and with little cost associated with in

creasing numbers of items (Sagi & Julesz, 1985a; Trick &

Pylyshyn, 1993). Furthermore, Trick and Pylyshyn (1993)

demonstrated that subjects could rapidly enumerate target

items among distractor items, provided that the targets

were featurally distinct from the distractors. The displays

in Experiment 3 consisted ofa fixed number of25 items.

Among these were either 3 or 4 "target" items, which were

distinct from the remaining 22 or 21 identical background

(distractor) items. Subjects were required to determine

whether displays contained 3 or 4 targets. On half the tri

als, all targets were specified within the same dimension

(all color or all orientation); on the other half, targets were

specified on two dimensions (color- orientation mixture).

The dimension-weighting account predicts, somewhat

counterintuitively, that, with dimensionally identical tar

gets, the enumeration of 4 such items should be faster

than the enumeration of3 items. However, no such differ

ence should be apparent when targets are a mixture of

color and orientation items. The advantage for "4" re

sponses to dimensionally identical targets is expected, be

cause all response-relevant information is available in one

dimension. In contrast, "3" responses and mixture trial re

sponses incur a cost, owing to the necessity of checking

both dimensions.

EXPERIMENTS 1 AND 2

In Experiments I and 2, subjects' responses to the pres

ence ofa target were compared with their responses to the

target's dimensional identity. In both experiments, identi

cal targets were presented in identical displays in two

alternative forced-choice RT tasks, but the response re
quirements differed: In Experiment I, a positive response

could be based on simply detecting the presence of a tar-

get (absent/present discrimination task). In Experiment 2,

each display contained one ofthese four target items. Sub

jects were required to respond "color" or "orientation,"

depending on the dimensional identity of this target item

(color/orientation discrimination task).

Method

Subjects. The same 8 subjects (including one of the experimenters)

took part in both experiments. All subjects were right-handed. Some

of the subjects had prior experience with visual search tasks but

(with the exception ofthe experimenter) were naive as to the purpose

of the experiments. The subjects' ages ranged from 19 to 30 years,

and they all had normal or corrected-to-normal vision. All subjects

(except the experimenter) were paid £4 per hour. The subjects were

fully briefed about the task they were to perform.

Apparatus. Stimuli were presented on a high-resolution color

CRT monitor driven by a Silicon Graphics UNIX workstation. The

laboratory was dimly illuminated to prevent reflections on the CRT.

The brightness ofthe CRT was adjusted to a comfortable level and re

mained constant throughout the experiments. Responses were re

corded from a four-button response box (only the left- and right

most buttons were used). The subjects viewed the displays from a

distance of about 70 ern, with their heads supported by a chinrest.

Stimuli. The size ofeach display element (bar) was 0.45° X 0.06°

of visual angle. All displays were presented on a black background.

The luminance ofthe display items was approximately 5 cdlm 2 (i.e.,

the luminance was equated between the different items), and that of

the background brightness, 0.5 cd/rn-. The elements were arranged

in a grid-like pattern, with some spatial "jittering" to prevent the for

mation of collinear groups in the display. Distractor items were

white vertical bars. Target items could be a white bar tilted left (-45°

from vertical), a white bar tilted right (+45° from vertical), a red ver

tical bar, or a blue vertical bar and were randomly assigned to any

location in the array of items. Displays contained 4,9, or 16 items.

Elements were arranged in a grid of 2 X 2, 3 X 3, or 4 X 4 items.

The corresponding displays subtended areas ofapproximately 1.65°

X 1.65°,3.30° X 3.30°, and 4.90° X 4.90°.

Procedure. Trials were presented randomly in blocks of 50. At

the start of each block, a large red cross was displayed in the center

of the screen. The subjects initiated a block by pressing the space bar

ofa keyboard placed in front of them. Each trial began with a small

white fixation cross presented in the center ofthe screen, around which

the display elements would appear later. The subjects were instructed

to fixate the cross, which remained on for 1,000 msec. The cross was

followed by a short blank interval (of 400 msec), which was itself

followed by the display. At the end ofeach trial, the subjects received

visual feedback about their responses: a white plus sign for a correct

response, or a white minus sign for an incorrect response. After this

feedback, the screen went blank for 1,000 msec. Then the next trial

began (unless the end ofa block had been reached).

In Experiment I, 50% of the trial displays contained one target

item; the other 50% contained only distractors. The four possible tar

gets (see above) were equally likely on present trials. Subjects were

instructed to respond "absent" or "present" as fast as possible, while

keeping their error rates low (absent/present discrimination). One

experimental run consisted of 480 trials (presented in blocks of 50

trials, with the last block containing only 30 trials). Each subject per

formed two runs, giving a total of960 trials. Of these, half were ab

sent trials (160 at each of the three set sizes), and each target ap

peared in a total of 120 trials (40 at each of the three set sizes). Half

of the subjects responded present using the left button of the re

sponse box; the other half used the right button.

In Experiment 2, a target was always present in the display, with

the four possible targets (see above) being equally likely. The sub

jects had to decide, as rapidly as possible, whether the target was a

an odd-one-out color item or an odd-one-out orientation item (color!
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orientation discrimination). Half the subjects responded "color" by
using the left response button; the other half used the right button.
One run of Experiment 2 consisted of480 trials. Each target appeared

in 120 trials (40 at each of the three set sizes). Subjects again per

formed two runs, making a total of 960 trials.

The order ofthe Experiments 1 and 2 was counterbalanced across

subjects. To prevent any carryover effects (the experiment per

formed second required subjects to respond to some of the targets

with a different hand from that used in the previous experiment), the

experiments were conducted in two sessions, which were separated

by a period ofseveral days. Subjects were familiarized with the task

in (at least) 100 practice trials given prior to commencing each ex

periment. Three subjects were given extra practice (another 50-100

trials) before their second experiment until they felt comfortable

with the task.

Results
The RT and response error data for individual trials were

grouped according to trial type (left-tilted, right-tilted, red,

or blue target in both experiments, and target absent in Ex

periment 1)and set size (4, 9, or 16 items). RTs slower than

1,200 msec were excluded from the analysis (less than 2%

ofthe data were eliminated in this way). Table 1 shows the

(correct) RTs averaged across the 8 subjects (and associ

ated standard deviations) for each target condition in Exper

iments 1 and 2. Figure 1 presents the mean RTs for targets

averaged according to their dimensional identity (color or

orientation). The bars in Figure 1depict the error rates (error

rates for absent trials in Experiment 1 are not shown).

RT analysis. Two separate two-way analyses of vari

ance (ANOVAs) were performed for Experiments 1 and 2,

with set size (4, 9, or 16 items) and trial type (Experiment 1,

target absent plus 4 targets; Experiment 2, 4 targets) as

factors. In both experiments, RTs increased with increasing

set size [Experiment 1, F(2,14) = 6.65, MSe = 240.10,

P < .01; Experiment 2, F(3,21) = 4.77, MSe = 371.86,

p < .05]. But the slopes of the RT/set size functions (esti

mated in linear regression analyses) were all less than

2 msec/item. These values are clearly within the range taken

to be indicative ofparallel search. There were also signif

icant effects of trial type on RT [Experiment 1, F(4,28) =
6.33, MSe = 779.34, p < .01; Experiment 2, F(3,21) =

4.18, MSe = 970.53, p < .02]. The trial type X set size

interactions were not significant in either experiment

[F(8,56) = 1.03 and F(6,42) = 1.17, respectively].

One potential source ofthe significant trial type effects

is the dimension of the targets (color or orientation). This

was examined by grouping the RTs to the four targets ac-

cording to dimension (i.e., for each subject, RTs were av

eraged across left- and right-tilted targets and across red

and blue targets) and subjecting them to two further

ANOVAs (one for each experiment) with set size (4, 9, or

16) and dimension (color or orientation) as factors.

In Experiment 1, the exclusion ofabsent trials (and the

grouping by dimension) rendered the set size effect in

significant [F(2,14) = 2.57,MSe = 122.54,p > .10]. The set

size effect remained significant in Experiment 2 [F(2,14) =
5.11, MSe = 149.46,p < .025] (but the slope was shallow,

indicating parallel search). Both experiments showed sig

nificant effects of target dimension (color or orientation)

[Experiment 1, F(l,7) = 6.05, MSe = 480.45,p < .05; Ex

periment 2, F(l,7) = 5.71, MSe = 1284.80,p < .05].

The significant dimension effects were due to RTs' being

faster when displays contained a color target in compari

son with an orientation target (regardless of whether the

task required an absent/present or a color/orientation

discrimination).

Error analysis. The errors rates were also subjected to

set size X target dimension ANOVAs, to examine whether

the dimension effects on the RTs were caused by speed

accuracy tradeoffs.
In Experiment 1, more errors (misses) tended to be made

with orientation than with color targets [F( 1,7) = 4.59,

MSe = 11.42, .075 > P > .05]. This suggests that the RT

difference between orientation and color targets (longer RT

for orientation targets) underestimates the true difference

(compensating for the increased error rate with orientation

targets would increase the orientation RTs and, thus, the

difference to the color RTs).

In Experiment 2, there was no difference in errors be

tween orientation or color targets [F(l,7) = 0.03]. The set

size effect approached significance [F(2,14) = 3.26,

MSe = 1.72, .075> P > .05], but this was due to an over

all decrease in errors as set size increased. So the small set

size effect on the RTs may be due to subjects' responding

more accurately with larger set sizes.

RT comparison between Experiments 1 and 2. One

aim of Experiments 1 and 2 was to determine whether a

cost was associated with responding to the dimensional

identity of a target in comparison with responding to its

presence. This was examined by subjecting the (target

trial) RTs of Experiments 1 and 2 to a three-way ANOVA

with experiment, target dimension, and set size as factors.

This ANOVA revealed significant effects of experiment

Table 1
Group Mean Reaction Times and Associated Standard Deviations (Both in Milliseconds)

as a Function of Set Size and Trial Type in Experiments] and 2

Set Size

Experiment I (Absent/Present) Experiment2 (Color/Orientation)

4 9 16 4 9 16

M SD M SD M SD M SD M SD M SD

Left 412.3 60.0 428.9 79.0 433.4 71.5 469.6 57.8 461.8 52.1 476.6 64.3
Right 420.9 68.3 415.0 71.8 432.6 69.0 461.6 64.3 463.4 59.0 479.9 55.3
Red 407.9 60.3 403.1 6\.9 408.9 66.9 437.9 51.2 457.9 50.5 456.5 48.7
Blue 403.5 52.1 408.3 57.2 413.5 55.7 433.3 533 447.4 42.5 448.9 56.9
Absent 433.4 76.2 441.4 75.0 451.1 74.4
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Figure I. Mean reaction times (RTs), and error percentages, to color and orientation targets as a func

tion ofset size in Experiment 1 (absent/present task) (left graph) and Experiment 2 (color/orientation task)

(right graph). The left-hand graph also shows the target-absent RTs.

Table 2
Intertrial Dependencies in Experiments 1 and 2

Note-The table shows the group mean reaction times (RTs, in milli

seconds) to targets on trial n dependent on the identity of the target on

trial n - I (different dimension, same dimension/different feature, same

dimension!same feature). The intertrial facilitation (ITF) for same

dimension relative to different-dimension targets is shown in bold.

ferent dimension (e.g., a left-tilted target preceded by a red

target).

Same dimension, different feature. RTs to targets (on

trial n) with the preceding trial (n - I) containing a target

specified on the same dimension, but with a different fea

ture value on that dimension (e.g., a left-tilted target pre

ceded by a right-tilted target).

Same dimension, samefeature. RTs to targets (on trial n)

with the preceding trial (n-I) containing a target with the

same feature value on the same dimension (e.g., a left

tilted target preceded by a left-tilted target).

Table 2 shows the group mean RTs for each of these

categories, separately for Experiments I and 2. RTs were

slower in the different-dimension category than in any of

the same dimension; that is, there was intertrial facilitation

(ITF). In both experiments, ITF tended to be greater for

same-dimension targets preceded by a featuraIly identical

target. Nevertheless, approximately three quarters of the

ITF was attributable to the dimensional identity of con-

Experiment I Experiment 2

RT ITF RT ITF

26.8

40.3433.0

446635.4

45,7

392.9

428.3 473.4

382.6

Different

dimension

Same dimension!

different feature

Same dimension!

same feature

[F(I,7) = 6.13, MSe = 7,091.39,p < .05], target dimen

sion [F(l,7) = 14.56, MSe = 668.95,p < .01], and set size

[F(2,14) = 11.08,MSe = 90.77,p<.0I].Noneoftheinter

actions were significant.

RTs to identical targets in identical displays were slower

overaIl in Experiment 2 than in Experiment I (see Fig

ure I). However, experiment did not affect the RT advan

tage for color over orientation targets. Note that the effect

of experiment on RTs was not due to a speed-accuracy

tradeoff. An equivalent ANaYA ofthe error rates failed to

reveal any difference between the two experiments

[F(l,7) = 0.51] (the only significant result uncovered by

the error ANOVA was a set size effect [F(2,14) = 5.50,

MSe = 1.26, p < .05], with errors decreasing overaIl as set

size increased).

The preceding comparison of Experiments I and 2 ex

cluded the absent responses in Experiment I. To.examine

whether RTs differ overaIl between the two experiments,

all correct responses (including absent responses in Ex

periment I) for each of the three set sizes were averaged

and compared in a two-way ANaYA with experiment and

set size as factors. This ANaYA failed to reveal a signif

icant effect of experiment [F(l,7) = 2.46, n.s.]. The set

size effect was stiIl evident [F(2,14) = 14.64,MSe = 65.67,

p < .01].

Intertrial facilitation. For both Experiments I and 2,

the effect on RT to a target on a given trial n was analyzed

according to the identity of any target present on the pre

vious trial n-I (trials on which an incorrect response was

given on the preceding trial were excluded from the analy

sis). The responses on consecutive target present trials

were categorized as foIlows:

Different dimension. RTs to targets (on trial n) with the

preceding trial (n-I) containing a target defined in a dif-
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secutive targets. A two-way ANOVA, with the factors ex
periment and category, revealed the category main effect

to be significant [F(2,14) = 31.79, MSe = 249.09, P <

.001]. There was also a significant main effect of experi

ment [F(1,7) = 8.48, MSe = 3,542.69, P < .025]. Com

parisons between pairs of categories in each experiment

(using the Tukey HSD test) showed that in both experi

ments, the two same-dimension RTs were significantly

faster than the different-dimension RTs.

Table 3 shows the intertrial effects analyzed separately

for the color and orientation dimensions in Experiments I

and 2. Category X dimension ANOVAs performed sepa

rately for each experiment revealed significant ITF (i.e.,

main effects of category) in both cases [Experiment 1,

F(2,14) = 14.26, MSe = 548.06,p < .001; Experiment 2,

F(2,14) = 26.12, MSe = 243.29, p < .001]. In addition,

Experiment 2 showed a marginally significant category X

dimension interaction [F(2,14) = 3.59, MSe = 255.89,

.075>P > .075]. There was also a significant main effect

ofdimension [F(I,7) = 7.18,MSe = 1,191.88,p<.05]

that is, overall faster RTs to color targets. In Experiment 1,

there was no significant extra ITF for same-dimension,

same-feature targets relative to same-dimension, different

feature targets, for either the orientation or the color di

mension. In Experiment 2, there was some evidence of

extra facilitation for the color dimension, but not for the

orientation dimension (marginal category X dimension

interaction).

Summary. In both Experiment 1 (present/absent dis

crimination) and Experiment 2 (color/orientation discrim

ination), the RT data were consistent with spatially parallel

processing ofthe display,with color targets being responded

to faster than orientation targets. Comparison of RTs be

tween Experiments 1 and 2 showed a cost for responding to

the dimensional identity of the feature targets relative to

responding to their presence. This cost was significant when

only the present RTs ofExperiment 1 were considered, but

not when the absent RTs were included in the comparison.

An analysis ofthe effect on RT to a given target (trial n)

of the identity ofa target on the preceding trial (n - 1) re

vealed significant ITF-faster RTs when the current tar

get was dimensionally identical to the preceding target

than when it was different. This was the case for both ex

periments and dimensions. In Experiment 2, the color di-

mension exhibited a tendency toward extra ITF when the

current (color) target was dimensionally and featurally

identical to the preceding (color) target relative to when it

was dimensionally identical, but featurally different.

Discussion
Does the detection ofa singleton feature target "re

quire" knowledge of its dimension? According to the

dimension-weighting account, responses in both experi

ments are based on a master map representation ofsummed

dimension-specific saliency signals (such as the "overall

map ofactivations" in GS; e.g., Wolfe, 1994). Peaks ofac

tivation on this map can be used to determine the presence

and location of salient feature differences (presumably up

to four differences simultaneously; see Sagi & Julesz,

1985a, 1985b; Trick & Pylyshyn, 1993).

Muller et al. (1995) reported evidence suggesting that,

when an unknown feature target can be present on one of

several (unpredictable) dimensions, responding to the pres

ence ofa target requires (implicit) knowledge ofthe source

dimension of the critical (target-distractor) difference.

Experiments 1 and 2 above showed a difference between

responses to the presence and dimension of a target that

was not predicted by a "strong" interpretation of the data

of Muller et al. However, when all responses (including

the absent responses of Experiment I) were taken into

account, this difference was not significant. Whether the

absent RTs in Experiment 1 should be taken into consid

eration in the comparison between the two experiments

depends on how "absent" responses are produced. "Ab

sent" responses may simply be a default (negative) response

elicited after failing to find an odd-one-out target (within

a set time limit) (see, e.g., Kaptein, Theeuwes, & van der

Heijden, in press; Wolfe, 1994). Alternatively, they may

be based on some (positive) signal indicating a homoge

neous field of items (see, e.g., Duncan & Humphreys,

1989, p. 449). In the first view, "absent" responses are not

very interesting theoretically, so they can be ignored in the

comparison between Experiments 1 and 2. In the second

view, the "absent" responses should be taken into account

because the task would truly involve present/absent dis

crimination (i.e., equivalent decision making and response

selection demands to color/orientation discrimination). The

fact that "absent" responses may be faster than "present"

Table 3
Intertrial Dependencies in Experiments 1 and 2, Analyzed Separately

for the Color and Orientation Dimensions in Each Experiment

Experiment I Experiment 2

Color Orientation Color Orientation

RT ITF RT ITF RT ITF RT ITF

Different 420.5 431.3 464.8 479.6

dimension

Same dimension! 384.5 36.0 402.5 28.8 436.4 28.4 458.0 21.6
different feature

Same dimension 374.4 46.1 392.5 38.8 411.0 53.8 454.8 24.8
same feature

Note-The table shows the group mean reaction times (RTs) and intertrial facilitation (lTF) (in milliseconds)

analogously to Table 2.
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responses (see Experiment 2 of Muller et aI., 1995) lends

some support to the second view. However, even when the

absent responses are included in the comparison, a (non

significant) RT difference (of some 35 msec) between Ex

periments 1 and 2 is still evident. This cost in responding to

the dimensional identity of a feature target relative to re

sponding to its presence should not be too readily ignored.

Recall that Miiller et al. observed a similar cost (of some

20 msec) when responding present in across-dimension

feature search required explicit knowledge ofthe target di

mension (because a feature difference in one dimension

required a negative response; see their Experiment 2).

Muller et al. (1995) attributed the cost in responding to

feature targets defined on variable dimensions (across

dimension condition) to the need to shift dimensional

weight to the target dimension. If the target-defining di

mension is known in advance, this dimension receives a

strong weighting. Consequently, saliency signals from this

dimension are amplified relative to signals from other di

mensions, resulting in fast RTs. But when a target can be

present on one of several dimensions, the target dimension

cannot be weighted in advance. To produce pop-out ofthe

target, weight needs to be shifted between dimensions until

signals from the target dimension are strong enough to

produce an above-threshold peak ofactivation on the mas

ter map. In the across-dimension condition ofMiiller et aI.,

this process ofshifting weight to the target dimension may

have resulted in (implicit) knowledge of the target's di

mensional identity. However, the present experiments (to

gether with Experiment 2 of Muller et al.) suggest that

there may well be a cost associated with explicitly deter

mining the target dimension.s

Are the intertrial effects dimension specific? Al

though responses to the presence (Experiment I) and di

mension (Experiment 2) of a target may be different in

some way,the results ofthe intertrial analysis strongly sug

gests a common underlying process between the two tasks.

In both experiments, RTs were faster when the current tar

get was dimensionally identical to a preceding target than

when it was different. This was the case for both color and

orientation targets. In Experiment 2, this dimension

specific ITF could be viewed as an artifact of the color/

orientation response, since subjects used one hand to re

spond to color targets and the other hand to respond to ori

entation targets. However, in Experiment I, all responses

to targets were made with the same hand, ruling out a

response-based account. By implication, the similarity of

the intertrial effects in the two experiments argues against

a response-mapping account of the ITF in Experiment 2.

Thus, the ITF observed was largely dimension specific in

origin.

According to the dimensional weighting account,

dimension-specific ITF is characteristic of the weight

shifting process. The pattern of dimensional weighting

generated when one is responding to targets persists

across consecutive trials, so that the RT to a target on a

given trial is dependent on the dimensional identity of the

target on the preceding trial. If a target is preceded by a

target defined along the same dimension, the preexisting

weight pattern will reduce the amount of weight shifting

required to produce an above-threshold peak ofactivation

on the master map, in comparison with a preceding target

defined on a different dimension. Importantly, weight

shifting produces dimension-specific, rather than feature

specific, ITF.

To illustrate, when trial n contains a left-tilted bar, a

dimension-specific saliency signal will be generated (at

the target location) and transferred to the master map. If

the master map saliency signal produced by the target is

insufficient to elicit a response, weight must be shifted to

the orientation dimension to amplify the signal until the re

sponse threshold is exceeded. The pattern of dimensional

weighting thus generated will persist into the next trial. If

the next display also contains an oriented-bar target (no

matter whether left or right tilted), it should immediately

produce an above-threshold peak of activation on the

master map (since the orientation dimension is already

weighted). However, if the target on the next trial is a color

target, its master map saliency signal will not be suffi

ciently large to generate a response. To do so, dimensional

weight must be shifted from the orientation dimension to

the color dimension, incurring an RT cost.

The predicted dimension-specific intertrial costs and

benefits in RT were observed in Experiments I and 2. In

deed, the largest and most robust ITF was dimension spe

cific, attributable to the dimensional identity of consecu

tive targets. However, additional facilitation due to the

featural identity of consecutive targets was also evident,

though only for the color, but not for the orientation, di

mension (in Experiment 2). The implications ofthis feature

specific ITF with color targets will be discussed in the

General Discussion.

EXPERIMENT 3

Experiment 3 was designed to extend the dimensional

weighting account elaborated above to a subitization task.

It is known that subjects can enumerate (count) up to four

items in a display rapidly (e.g., Sagi & Julesz, 1985a),

even when the items are featurally distinct targets among

a set of distractor items (Trick & Pylyshyn, 1993). One

way ofaccounting for this finding is to assume that subiti

zation performance is based on the generation ofpeaks of

activation on some master (saliency) map which can be

counted rapidly (at least up to four).

In Experiment 3, subjects had to decide whether three

or four such targets were present in 22 or 21 homogeneous

distractor items (displays contained 25 items in total). Tar

gets could be defined in the same dimension-all color or

all orientation targets-or else, they could be specified in

two dimensions: mixture targets (furthermore, potential

targets could take on one of two feature values in each di

mension: color-red and/or blue; orientation-left and/or

right tilted). Pure and mixture trials were presented in ran

dom order (as were trials with three and four targets).

Theories according to which dimensions contribute

equally to the computation of the master map saliency rep

resentation predict no difference between pure and mix-
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ture trials. Also, "4" (four targets present) responses ~ r e

generally found to take longer than "3" respo?ses, WhICh

suggests that there is some small, but nonneglible cost as

sociated with counting each item (though see Folk, Egeth,

& Kwak, 1988).

In contrast, according to the dimension-weighting ac

count, a different pattern of RTs should be evident, de

pending on the number and dimension of targets in the

display. More specifically, the account predicts that (pure)

trials containing either four color or four orientation tar

gets will produce the fastest RTs. This is because displays

containing a mixture oftargets defined on both dimensions,

or displays containing only three targets, will requir~ t~at

information from both dimensions be sampled. ThIS In

volves the shifting of weight from one dimension to the

other, incurring an RT cost.

For example, when the display contains three orienta

tion targets, weighting the orientation dimension will pro

duce three peaks of activation on the master map. How

ever, this is not sufficient to permit a response, since it may

be the case that the display also contains a color target which,

because ofthe orientation dimension being weighted, did

not produce a peak on the master map (or only a small peak).

Thus, if subjects detect three master map peaks, they must

stilI check that the other dimension does not contain a tar

get as well. However, if the subjects detect four peak~,

they can respond without having to check that the other di

mension contains a target-since they know there cannot

be more than four targets in the display.

In summary, according to the dimension-weighting ac

count, responding "4" should be faster than responding "3"

when all of the targets are present on the same dimension

(all color or all orientation). However, on mixture trials, RTs

should not differ between three and three targets in the dis

play, since both dimensions must be checked to determine

the total number of targets. The RT cost associated with

this is essentially the same as that with across-dimension

search in the study of Muller et al. (1995).

Method

Subjects. Eight subjects (including one of the experimenters)

took part in Experiment 3. Most of the subjects had experience with

visual search tasks (5 had taken part in Experiments I and 2). But

(with the exception of the experimenter) they were naive as to the

purpose of the experiment. Subjects' ages ranged from 20 to 32

years; they all had normal or corrected-to-normal vision and were all

right-handed.

Stimuli, The stimuli were the same as in Experiments I and 2.

Displays contained 25 items arranged in a jittered 5 X 5 grid pattern,

subtending an area of approximately 4.80° X 4.80°. There were no

constraints on the positioning ofthree or four target items; they were

randomly allocated to any of the 25 display positions. Subjects

viewed the CRT from a distance of90 cm.

Procedure. Prior to the actual experiment, subjects performed a

short practice run of 40 trials. Experimental trials were presented

randomly in blocks of50 (with the last block consisting of38 trials).

Subjects initiated a block oftrials by pressing the space bar ofa key

board placed in front of them. An experimental run consisted of288

trials presented in a random order. Subjects performed six such runs,

giving a total of 1,728 trials.

In half of the trials, the targets were all specified within the same

dimension (pure trials); in the other half, displays consisted ofa mix-

ture of targets from both the color and orientation dimensions (mix

ture trials). Twenty-five percent of the pure (all color or all orienta

tion) trials contained targets that were featurally identical (all red, all

blue, all left tilted, or all right tilted). When displays contained three

targets, the mixture trials contained two targets from o~e dimension

and one from the other dimension. When displays contamed four tar

gets, the mixture trials could consist of either two targets from each

dimension, or three targets from one dimension and one from the

other dimension.

Subjects had to respond "3" or "4" (as quickly and accurately as

possible) to indicate the number of targets in the display. Half o ~ t h e

subjects responded "4" with their left hand and "3" with their fight

hand, and vice versa for the other half.

Results

Trials were grouped according to the number of targets

they contained (three or four) and whether targets were all

orientation-defined items, all color-defined items, or a

mixture of both. The correct group mean RTs and associ

ated error rates for each of these types of trials are shown

in Table 4. (RTs less than 150 msec or greater than

2,200 msec- overall less than 1% ofthe trials-were ex

cluded from the analysis.)

Table 4 shows that, when target items were either all

color or all orientation defined, subjects were faster to re

spond "4" than "3" (by about 55 msec, on the average).

However, this difference was not evident when targets were

a mixture ofcolor- and orientation-defined items (the dif

ference was only 12 msec, on the average).

The RT data were subjected to a two-way ANOVA with

the factors target number (three or four) and trial type (all

orientation, all color, or mixture). This ANOVA revealed

significant main effects of target number [F( 1,7) = 5.60,

MSe = 3,507.04, P < .05J and trial type [F(2,14) = 8.09,

MSe = 1,468.73,p < .01]. The target number X trial cat

egory interaction was also significant [F(2,14) = 5.09,

MSe = 491.1, p < .05]. "3" (targets present) .respons.es

were overall slower than "4" responses, and mixture tnal

RTs were slower than pure (all color and all orientation)

trial RIs. Furthermore, "4" responses were significantly

faster than "3" responses for all color and all orientation tri

als (simple main effects: p < .001 for both comparisons),

but not for mixture trials (n.s.).

The error rates were subjected to a similar target num

ber X trial type ANOVA. The main effects were not sig

nificant nor was the interaction. Thus, the faster RTs for

"4" than for "3" all color and all orientation targets were

not caused by speed-accuracy tradeoffs.

In Experiments 1 and 2, the RT to a target (trial n) was

facilitated when preceded by a target on the same dimen-

Table 4
Group Mean Reaction Times (RTs, in Milliseconds)

and Error Percentages in Experiment 3

All Color All Orientation Mixture

3 4 3 4 3 4

RT 726.2 674.8 754.5 696.3 760.8 749.0

Error 4.86 6.! 6 6.04 3.94 5.54 6.84

Note-The data are grouped accordingto the number (three or four)and
compositionof the targets (all color, all orientation, mixture) on a trial.
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Table 5
Group Mean Reaction Times (RTs, in Milliseconds)

and Error Percentages for Trials With Four Featurally
Homogeneous or Heterogenous All-Color and

All-Orientation Targets in Experiment 3

Discussion
In summary, Experiment 3 showed that, when targets

were all defined within a single dimension (all color or all

orientation), enumerating four such targets was signifi

cantly faster than enumerating three. Importantly, there

sion (trial n-I). In addition, there was some evidence of

extra feature-specific facilitation, in particular for color

targets (see Experiment 2 above). To examine the effect of

the featural identity of targets in Experiment 3, the effect

on RT of targets' being featurally homogenous (e.g., all

red) or featurally heterogeneous (e.g., reds and blues) was

examined for all color and all orientation trials. Only tri

als containing four targets were analyzed, since the re

sponses could be based on information available within a

single dimension (trials containing three targets would in

volve the added component ofchecking the alternative di

mension, according to the dimensional weighting ac

count). The results of this analysis are shown in Table 5.

The data were subjected to a two-way ANOVA with the

factors dimension and homogeneity. This ANOVA re

vealed a significant main effect of dimension [F(l,7) =

7.62, MS
e

= 952.91,p < .05], due to overall faster color

RTs, and a significant dimension X homogeneity interac

tion [F(l,7) = 20.62, MS
e

= 269.91, P < .005]. This in

teraction was caused by responses to homogeneous color

targets' being faster than responses to heterogeneous color

targets, while responses to orientation targets were little

affected by within-dimensional target homogeneity. This

pattern is consistent with the tendency for an extra same

dimension/same-feature (i.e., feature-specific) advantage

for color targets in Experiment 2.

To determine whether the RT differences were com

promised by speed-accuracy tradeoffs, the error rates

were subjected to an equivalent ANOVA. This revealed

significant main effects of dimension [F(l,7) = 5.90,

MS
e

= 9.38, p < .05] and homogeneity [F(l,7) = 9.69,

MS
e

= 6.85, P < .025], the interaction was not significant

[F(I,7) = 0.95]. More errors were made with orientation

targets and with homogeneous displays. The insignificant

interaction leaves the possibility that the RT advantage for

homogeneous over heterogeneous color displays was due

to an error difference between these conditions. This pos

sibility was ruled out by a t test which failed to reveal the

error difference between homogeneous and heteroge

neous color displays to be significant [t(7) = 0.87, n.s.];

in fact, 3 of the 8 subjects made more errors with hetero

geneous displays.

Color Orientation

Homogeneous Heterogeneous Homogeneous Heterogeneous

was no difference between enumerating three and four

targets on trials containing a mixture of targets from each

of the two dimensions. This pattern of effects is as pre

dicted by the dimension-weighting account.

According to this account, search for singleton feature

targets across several dimensions involves a cost due to the

differential weighting ofdimension-specific saliency sig

nals onto an overall (master) saliency map on which detec

tion responses are based (see, e.g., Experiment 1ofMiiller

et aI., 1995). Experiment3 extended this proposal to a subiti

zation task that required subjects to count (either three or

four) feature targets against a homogeneous background

ofdistractors (color targets, red or blue; orientation targets,

left or right tilted). The dimension-weighting account as

sumes that subitization performance, too, is based on the

master map representation. Strong peaks of activation on

this map produced by salient feature differences can be

used to determine the presence and location of targets in

the display. Counting the number of such peaks can oper

ate rapidly for up to about four items. If subitization perfor

mance does indeed rely on the same representation as tar

get detection, the enumeration of multiple feature targets

defined in different dimensions should show a similar

(cross-dimensional) cost in comparison with the enumer

ation oftargets all defined within the same dimension. Such

a cost was indeed observed in Experiment 3. RTs were sig

nificantly faster to displays containing four targets rather

than three, provided the four targets were all defined

within a single dimension (all color or all orientation).

Subjects in Experiment 3 knew that displays would con

tain either three or four targets. Thus, when four peaks of

activation were detected on the master map, subjects could

immediately respond "4" (as this was the maximum num

ber oftargets). However,when three (or fewer) peaks were

detected on the master map, subjects could not respond

"3" without shifting weight to the other task-relevant di

mension to determine whether it, too, contained any tar

gets. This redistribution of dimensional weight produced

the RT cost for three-target and mixed-target trials. Only

displays containing four targets all specified within a sin

gle stimulus dimension did not require weight redistribu

tion, permitting fast enumeration responses.

Trials that contained a mixture ofcolor and orientation

targets would produce one, two, or three peaks of activa

tion on the master map, depending on the dimensional

composition of the targets and on which dimension was

weighted. Similarly, trials that contained three color or

three orientation targets would generate three peaks ofac

tivation on the master map, provided that the appropriate

dimension was weighted. Since mixture trials containing

four targets could also produce three master map peaks,

the detection and enumeration of three peaks alone was

not sufficient to permit a correct response to be made (the

same applied to the detection ofone or two peaks). Rather,

the response had to wait until the other task-relevant di

mension was weighted to determine whether or not it gen

erated any other master map peak(s).

Normally, the enumeration of items up to four incurs a

cost of some 40-120 msec for each item (see, e.g., Trick

692.5

4.80

703.6

8.95

688.8

3.33

647.1

5.05

RT

Error
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& Pylyshyn, 1993). However, Folk et aI. (1988) have
shown that, when subjects make a two-alternative forced
choice response (e.g., three or four targets, as in Experi
ment 3), responding to the larger number of targets, "4,"
can be faster (if they are presented within a texture array

of distractor items). Folk et ai. attributed this RT advan

tage to the uncertainty experienced by subjects upon de

tecting three targets that an additional target may still lurk

in the display; there is no such uncertainty upon detecting

four targets (since this is the maximum number). It is im

portant to note that this does not compromise the inter

pretion of the results of Experiment 3 in terms of dimen

sional weighting (see above). The critical result is that the

RT advantage for "4" responses was dependent on the di

mensional composition of the targets (significant inter

action). When the targets were dimensionally mixed, the

"4" response advantage was only 12 msec; but when they

were dimensionally homogeneous, the advantage was

55 msec. This interaction cannot be explained simply in

terms ofgreater uncertainty associated with "3" responses.

One further result of Experiment 3 was that, when the

all-color and all-orientation trials were analyzed accord

ing to whether they were featurally homogenous or het

erogeneous, there was an asymmetry between targets de

fined in the color and orientation dimensions. For

orientation targets, no RT advantage was evident for ho

mogeneous trials (e.g., all right tilted) relative to hetero

geneous trials (some right and some left tilted). However,

homogeneous color targets (e.g., all blue) exhibited a sig

nificant RT advantage over heterogeneous targets (some

blue and some red) (although this may be somewhat com

promised by a speed-accuracy tradeoff). This asymmetry

had an analogue in the patterns ofITF observed in Exper

iment 2, namely: there was significant feature-specific fa

cilitation (in addition to dimension-specific facilitation)

only for the color, not for the orientation, dimension.

GENERAL DISCUSSION

The Dimension-Weighting Account

According to the dimension-weighting account, the

transmission of dimension-specific saliency signals to a

master saliency map is modulated by a process that weights

(scales) the dimension-specific signals. Responses can be

based on the master map representation of weighted and

integrated dimension-specific saliency signals (see Koch

& Ullman, 1985, and Wolfe, 1994, for a similar proposal).

Above-threshold peaks of activation on this map can be

used to determine the presence and location of salient fea

ture differences. The master map signal indicates that there

is a difference in the display and where it is, but not what

it is. This assumption accounts for the dissociation be

tween target detection/localization and target identifica

tion (e.g., Nothdurft, 1992; Sagi & Julesz, 1985a, 1985b).

The master map representation underlies the rapid re

sponses to single feature targets and the efficient enumer

ation ofup to four feature targets presented simultaneously

(e.g., Trick & Pylyshyn, 1993). This proposal is broadly in

line with GS (e.g., Wolfe, 1994). However, it makes the

additional assumption that master map peaks ofactivation
can lead "directly" to response, without involving "focal

attention" and the object recognition system (see below).

The master map sums dimension-specific saliency sig

nals in parallel, but greater weight is assigned to input from

the dimension that is known (or very likely; see Experi

ment 3 ofMiiller et aI., 1995) to contain a target. As a result,

saliency signals from this dimension are amplified rela

tive to signals from other dimensions, generating a strong

peak of activation on the master map which forms the

basis ofa rapid response. But when a target can be present

on one ofseveral dimensions, the target dimension cannot

be weighted in advance with any degree of certainty. In

this case, weight must be shifted between dimensions until

signals from the target dimension reach sufficient strength

at the master map level to induce a response. This weight

shift causes the cost in the search for singleton feature tar

gets across dimensions (Miiller et aI., 1995).

The weight pattern generated in the weight-shifting pro

cess persists across consecutive trials, producing charac

teristic intertrial dependencies. If a target is preceded by a

target defined along the same dimension, the preexisting

weight pattern will reduce the amount of weight shifting

required for response compared with a preceding target

defined along a different dimension (lTF). Experiments I

and 2 permitted dimension-specific ITF to be dissociated

from feature-specific facilitation. The analysis ofthe inter

trial effects showed that, to a large extent, the ITF is indeed

dimension specific (rather than feature specific) in nature,

as predicted by the dimensional weighting account.

Miiller et ai. (1995) considered the possibility that, when

an unknown feature target can be present on one ofseveral

(unpredictable) dimensions, pop-out requires knowledge

of the source dimension of critical difference. However,

Experiments I and 2 showed evidence ofa difference be

tween responding to target presence and target dimension

("present" responses being faster than "dimension" re

sponses), which cautions against a strong interpretation of

the data of MiilIer et ai. The faster RTs to target presence

suggest that (at least explicit) knowledge ofthe dimensional

identity of a feature target is not a necessary condition for

its detection. Although responding to the dimension of a

singleton feature target involves some additional process

compared with simply responding to its presence (see

note 6), the similar patterns of intertrial effects (in partic

ular, the dimension-specific facilitation) in Experiments I

and 2 argue that dimensional weighting underlies perfor

mance in both tasks.

Experiment 3 provided a strong test of the dimensional

weighting account in a subitization task (determining

whether a display contained three or four salient feature

targets). According to this account, the master map repre

sentation forms the basis not only ofrapid responses to sin

gle feature targets, but also of performance in the subitiza

tion task. If so, enumeration RTs depend on whether or not

the targets are specified within a single dimension. In par

ticular and counterintuitively, when all targets are speci

fied within a single dimension, responding "3" should be

slower than responding "4." The results of Experiment 3
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did indeed show the expected cost (of approximately

50 msec) for "3" responses on dimensionally homoge

neous target trials. No such cost was evident on trials con

taining a mixture of color and orientation targets, also as

predicted by the dimension-weighting account.

Current models ofvisual search have difficulty account

ing for this pattern ofresults (as weIlas the across-dimension

search cost observed by Muller et al., (995) unless they are

augmented to incorporate dimensional weighting. Models

such as revised FIT and GS, which postulate an overall

saliency map with dimensionally segregated input, could

easily be modified to account for these results. In fact, the

revised version ofGS (Wolfe, (994) already assumes scal

ing of dimension-specific saliency signals prior to their

summation onto the master map. The dimension-specific

ITF observed in Experiments I and 2 would additionally

require retention of the coefficients for scaling dimen

sion-specific saliency signals into the next trial.

Physiological Evidence of Dimensional Weighting
It is interesting that the results ofa recent PET (positron

emission tomography) study by Corbetta, Miezin, Dob

meyer, Shulman, and Petersen (1990, 1991) are consistent

with the dimensional weighting account advocated here.

The subjects ofCorbetta et a!. had to perform discrimina

tion tasks, either within a single prespecified dimension or

across several dimensions, while their cerebral blood flow

patterns were scanned by means of PET. Subjects were

presented with two frames, each lasting 400 msec, sepa

rated by a 200-msec blank interval. The first frame dis

played a randomly arranged field of small identical bars

moving coherently either from left to right or from right to

left. In the second frame, the shape, color, or velocity of

all the elements might independently change. The subjects

were required to respond "same" or "different," depending

on whether a change had or had not occurred between the

two frames. The subjects performed two conditions: the

selective- and divided-attention conditions. In the selective

attention condition, they were required to respond to a

change only in a single prespecified dimension (e.g.,

color). On some trials, changes occurred on the other di

mensions, but the subjects were instructed to ignore these

changes and respond "same." In the divided-attention con

dition, changes in any of the dimensions required a dif

ferent response. Corbetta et al. found that subjects were

better at performing the same/different discrimination task

in the selective-attention condition than in the divided

attention condition. The results of PET scans taken dur

ing task performance showed that performance in the

selective-attention condition was accompanied by an in

crease in cerebral blood flow to the task-relevant cortical

area (e.g., the inferior parietal cortex in the case of veloc

ity). This (blood flow pattern) is consistent with the idea

proposed above that, when known, the task-relevant di

mension can be weighted in advance, allowing rapid re

sponses in comparison with when the task-relevant di

mension is not known.

Interestingly, Corbetta et al. ( 1991 ) also found that the

two conditions involved "the use of different premotor or

response selection pathways. In the divided task, dorso

lateral frontal activation was coupled with activation of

the anterior cingulate, while in the selective task, extra

striate enhancement was coupled with activity in insular

cortex and inferior premotor cortex." In other words, the

task in the selective-attention condition can be performed

efficiently, on the basis of "the use of nonfrontal ["early"

posterior] processors and a [direct] premotor-insular out

put pathway" (p. 2397). In contrast, the divided-attention

task was more complex, "involving a coupling of frontal

and anterior cingulate activity," which has also been ob

served in, for example, the conflict condition of a Stroop

task (see, e.g., Pardo, Pardo, Janer, & Raichle, 1990). This

is also consistent with the idea proposed above that per

formance of the across-dimension task involves a top

down component that actively redistributes weight among

the various task-relevant dimensions.

Responses Based on the Master Map
In all three experiments, it was assumed that subjects

can base responses more or less directly on some repre

sentation such as the "master map ofactivations/locations"

(coding the locations of objects to be attended and re

sponded to) without waiting for complete object knowl

edge to become available. This proposal is at variance

with GS and, perhaps, with revised FIT, which mainly

focus on the role ofattention for object recognition. How

ever, it is consistent with the view there are two main vi

sual processing streams: the occipitoparietal where path

way, which mediates knowledge of the whereabouts of

objects, and the occipitotemporal what pathway, which is

concerned with object recognition (see, e.g., Desimone &

Ungerleider, 1989; Ungerleider & Mishkin, 1982). In

deed, the where system is thought to playa role in the

selection ofobjects for further processing by the capacity

limited recognition system (see, e.g., LaBerge, 1990;

LaBerge & Brown, 1989). Some form of master map is

likely to reside in the parietal cortex, which is also known

to mediate directed motor actions such as eye and hand

movements (see Goodale & Milner, 1992, for a review). It

is therefore plausible that at least some types of response

to objects (e.g., to the presence of an odd-one-out item)

can be initiated directly from the master map representa

tion, while further processing of the object of interest

(what is it?) is still going on. This would be ecologically de

sirable- for example, in situations in which an object ap

proaches the observer at speed, requiring him/her to take

evasive action and/or orient toward the object (head and

eye movements) before knowing precisely what that object

is. Although the suggestion of responses' being directly

driven from the master map representation is at variance

with GS and revised FIT, it is not fundamentally incom

patible with these models. They could easily be extended

to provide direct links to the response output systems.

The assumption of direct links to response would not

necessarily conflict with GS and revised FIT. It is possi

ble that some kind of object file system (Kahneman, Treis

man, & Gibbs, 1992) is involved in setting the-trigger con

ditions under which direct responses are released. Object
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files code information such as the time, location, spatial
and temporal relations, identity, name, and so forth, ofob
jects in the display. There is now ample evidence indicat

ing that some types of information (such as object loca

tion) may become available before others (such as object
identity) (e.g., Atkinson & Braddick, 1989; Johnston &

Pashler, 1990; Muller & Rabbitt, 1989; Sagi & Julesz,

1985a, 1985b). It is therefore possible that direct responses

are released (disinhibited) as soon as the relevant informa

tion (transmitted via the attentional system) is recorded in

the object file. This way,not all responses have to wait until

the information that is derived slowest becomes available.

Differential Preattentive Processing of Color
and Orientation

Both Experiments 2 and 3 exhibited a significant feature

specific effect confined to targets specified in the color di

mension. In Experiment 2, significant feature-specific

ITF was observed for color targets, but not for orientation

targets. This differential effect is consistent with Muller

et al. (1995), who found no ITF with orientation targets

(within-dimension condition). In Experiment 3, "4" re

sponses were significantly faster when targets on all color

trials were featurally homogeneous (all red or all blue)

rather than heterogeneous (red and blue targets); no such

difference was evident on all orientation trials.

Similar feature-specific effects have recently been re

ported byNothdurft (1993) and Wolfe,Chun, and Friedman

Hill (1995). For example, Nothdurft's subjects were pre

sented with brief displays (terminated by masks) of an

array of 11 x 11 items which contained either 3 or 4 items

that were featurally distinct from the other (background)

items. In particular, each of the featurally distinct items

had the same local contrast to the surrounding background

items, but these distinct items could vary in their actual

featural values. Nothdurft separately examined a number

of dimensions along which items could differ (orienta

tion, motion direction, and color). For the orientation di

mension, the featural similarity of the distinct items had

no effect on subjects' detection performance (see also

Nothdurft 1991, 1992). However, for the color dimension,

performance was improved when the featurally distinct

items were featurally identical. Nothdurft (1992) inter

preted this finding as indicating that "grouping of color

items is not exclusively based on feature contrast but de

pends to some extent also on the features themselves"
(p.1952).7

An alternative interpretation of this feature-specific

color effect in terms of dimensional weighting would be

to conceptualize the color dimension as further subdi

vided into subdimensions representing broad categories of

color (such as red, green, and blue). That is, the dimen

sional weighting account would also apply within the en

compassing color dimension. One possible reason for the

semiindependent representation ofprimary colors is likely

to be found in the fact that color is the result of compar
isons. The color ofa surface is determined not only by the

wavelength composition of the light reflected from it, but

also by that reflected from surrounding surfaces. This re-

quires the lightness information to be coded in separate

(narrow-band) channels before being submitted to a com

parison stage (see Land, 1977; Zeki, 1993).
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NOTES

I. Treisman and Gormican (1988) defined a dimension as a set ofmu

tually exclusive values for any single stimulus attribute. So, for example,

although a line can be both red and vertical (values of different dimen

sions), it cannot be both vertical and horizontal (mutually exclusive val

ues on the same dimension).

2. Similarity comparisons within a dimension are scaled by the dis

tance between two items. So the saliency signal for two dissimilar items

will be greater when they occupy nearby locations than when they are

farther apart.

3. A pilot study had shown that search for the five different targets pre

sented in the within- and across-dimension conditions was equally effi

cient when the target identity was fixed.

4. Experiment 3 of Muller et al. (1995) manipulated the likelihood of

the three targets in the across-dimension condition. Subjects were in-

formed that, on present trials, the target would be a right-tilted line on

80% ofthe trials and a large or a black bar on only 20%; there was a sim

ilar manipulation of target probabilities in the within-dimension condi

tion. Subjects' RTs to the right-tilted line were as rapid in the across

dimension condition as in the within-dimension condition, with responses

to the other (large and black) targets being slower by over 100 msec. The

benefit for the likely dimension suggested that determining the target

dimension was top-down penetrable. There was no appreciable cuing

effect in the within-dimension condition, consistent with the idea that

responses in this condition could be given without knowledge of the tar

get's featural identity.

5. Recall that, in Experiment 2 of Muller et al. (1995), which required

explicit elimination ofpotential target dimensions, the across-dimension

condition did show a cost of some 20 msec relative to the control condi

tion (and, unusually in visual search experiments, the present RTs were

slower than the absent RTs). Although small, this cost cautions against

a "strong" interpretation of the data of Muller et al.

6. There are several possible reasons for this added cost. One is that

target detection requires only minor shifting of dimensional weight,

whereas determining the target's dimensional identity requires a greater

weight shift to home in on the target dimension. Alternatively, the weight

shifts required are equivalent, but the additional cost may be due to the

extra need to check the across-dimensional weight pattern to discern the

source dimension of the target signal on the master map.

7. The differential homogeneity effect between all-color and all

orientation targets in Experiment 3 might simply be due to the similarity

between the color features being lower than that between the orientation

features, thereby disrupting their collective selection. However, incon

sistent with such an account is the absence of an RT advantage for ho

mogeneous over heterogeneous all-orientation targets (in fact, RTs to ho

mogeneous all-orientation targets were, if anything, slower than RTs to

heterogeneous all-orientation targets; see Table 5). Since there is no sup

port for a quantitative, similarity-based, explanation from the data within

the orientation dimension, it is implausible to provide an account for the

differential homogeneity effect between the color and orientation di

mensions. It is preferable to interpret this effect as reflecting a qualita

tive processing difference between color and orientation features.
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