
Perception & Psychophysics
1998, 60 (1), 1-23

Withdrawing attention at little or no cost:
Detection and discrimination tasks

JOCHEN BRAUN
California Institute of Technology, Pasadena, California

and

BELAJULESZ
Rutgers University, Piscataway, New Jersey

Weused a concurrent-task paradigm to investigate the attentional cost of simple visual tasks. As in
earlier studies, we found that detecting a unique orientation in an array of oriented elements ("pop
out") carries little or no attentional cost. Surprisingly, this is true at all levels of performance and holds
even when pop-out is barely discriminable. Wediscuss this finding in the context of our previous re
port that the attentional cost of stimulus detection is strongly influenced by the presence and nature
of other stimuli in the display (Braun, 1994b). For discrimination tasks, we obtained a similarly mixed
outcome: Discrimination of letter shape carried a high attentional cost whereas discrimination of color
and orientation did not. Taken together, these findings lead us to modify our earlier position on the at
tentional costs of detection and discrimination tasks (Sagi & Julesz, 1985). We now believe that ob
servers enjoy a significant degree of "ambient" visual awareness outside the focus of attention, per
mitting them to both detect and discriminate certain visual information. We hypothesize that the
information in question is selected by a competition for saliency at the level of early vision.

It has long been recognized that visual perception is in
fluenced by the observer's attentional state (Helmholtz,
1850/1962; James, 1890/1981). Psychophysical studies
show that attention enhances visual sensitivity for stim
uli that are relevant to the observer and his/her behavior
(e.g., Bashinski & Bacharach, 1980; Downing, 1988;
Muller & Findlay, 1987; Shaw, 1984) and, further, that
this effect is large for a single relevant stimulus but far
smaller for several relevant stimuli (Bonnel & Miller,
1994; Duncan, 1980b; Sperling & Melchner, 1978). The
latter results confirm the subjective impression that at
tention is most effective when it focuses on a single stim
ulus or location. The need to maximize sensitivity by fo
cusing attention also explains why visual performance is
often "serial," that is, why the presence of additional dis
play elements often prolongs the requisite viewing time
(Bergen & Julesz, 1983; Julesz, 1981; Sagi & Julesz,
1985; Treisman & Gelade, 1980).

However, attention does not benefit all types of visual
performance equally. For example, luminance detection
generally fails to exhibit an attentional sensitivity gain
(Bonnel, Stein, & Bertucci, 1994; Muller & Findlay, 1987;
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Shaw, 1984; but see Downing, 1988). Indeed, many de
tection tasks are performed in a "parallel" fashion-that
is, the requisite viewing time is not prolonged by addi
tional display elements (Bergen & Julesz, 1983; Julesz,
1981; Sagi & Julesz, 1985; Treisman & Gelade, 1980;
Treisman & Gormican, 1988). In general, performance is
parallel when a simple feature-luminance, color, mo
tion, disparity, orientation, size, and presence ofline ter
minators-distinguishes the target from other display el
ements (Braun, 1994a; Bravo & Nakayama, 1992; Dick,
Ullman, & Sagi, 1987; Enns & Rensink, 1990; Gurnsey
& Browse, 1987; Julesz, 1981, 1984; Nakayama & Mac
keben, 1989; Nakayama & Silverman, 1986; Sun & Per
ona, 1996; Treisman & Gormican, 1988; Williams & Ju
lesz, 1991; for overviews, see Julesz, 1991; Watt, 1991;
Wolfe, in press). This seemingly automatic and effortless
detection of unique features is often called "pop-out"
(Treisman & Gelade, 1980).

Here we investigate the extent to which pop-out and
related visual experiences occur "outside" the focus ofat
tention. Our point of departure is the intuition that the
richness ofvisual experience derives not only from a nar
row focus ofattention but also from an "ambient" visual
awareness of unattended parts of the visual scene, and
that pop-out is a major component of this ambient visual
awareness. This intuition is supported by previous ex
periments in which a typical pop-out detection was com
pared with a typical task requiring focused attention
(Braun & Sagi, 1990, 1991). Specifically, we compared
detection of a unique orientation in a dense array of ori
ented elements (Nothdurft, 1991; Sagi, 1990; Sagi & Ju
lesz, 1985, 1987) with discrimination of letter shape
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(Bergen & Julesz, 1983; Duncan, Ward, & Shapiro, 1994;
Krose & Julesz, 1989). Using brief presentation times
and perceptual masking, we found that independent dis
crimination of two (distant) letters requires approxi
mately twice the presentation time as discriminating a
single letter. Independent detection of two (distant) pop
outs, however, requires approximately the same presen
tation time as detecting a single pop-out. Most impor
tantly, discriminating a letter and detecting a pop-out
requires also approximately the same presentation time
as either task by itself. Similar results were obtained with
pop-out offeatures other than orientation (Ben-Av, Sagi,
& Braun, 1992; Braun, 1994a).

These findings suggest that pop-out is experienced
even while attention is engaged by a letter discrimination
elsewhere in the display, consistent with the idea that there
is some ambient visual awareness that is independent of
attention. However, the most straightforward interpreta
tion of these results-that the experience and voluntary
report of pop-out impose no attentional cost whatso
ever-is at variance with established views on attention.
Indeed, it is widely held that attention mediates all vi
sual experience that is sufficiently detailed to be volun
tarily reported (Bravo & Nakayama, 1992; Duncan,
1980b; Treisman, 1988, 1993). With respect to pop-out,
it has been proposed that attention spontaneously focuses
on any display element with a unique feature, and that
this involuntary focusing of attention is experienced as
pop-out (Koch & Ullman, 1985; Robinson & Petersen,
1992). In this case, pop-out should entail a substantial at
tentional cost, since attention would be temporarily pre
vented from focusing on other parts ofthe display (Treis
man, 1993). A more likely possibility is that partial
attention suffices for the experience ofpop-out (Bravo &
Nakayama, 1992; Nakayama & Mackeben, 1989; Treis
man, 1993). This would be consistent with the idea that
attention must focus narrowly on poorly discriminable
stimuli but may spread widely for more readily discrim
inable stimuli, such as, presumably, one with a unique
feature (Eriksen & St. James, 1986; LaBerge & Brown,
1989). In this case, pop-out would entail only a modest
attentional cost, since attention would remain partially
available in other parts of the display.

The first aim of the present study was to decide be
tween these alternatives by quantifying the attentional
cost of pop-out as well as possible. To this end, we em
ployed an improved concurrent-task paradigm in which
attention is engaged by a particularly demanding pri
mary task so that essentially no attention remains avail
able for a secondary task ("secondary task paradigm,"
Kahneman, 1973). We confirmed the effectiveness of
this paradigm by establishing the attention-operating
characteristic (AOe; Sperling & Dosher, 1986; Sperling
& Melchner, 1978) of the primary task with a secondary
task known to engage attention (letter discrimination).
Next we established the Aoe of the primary task with
the detection of pop-out as a secondary task. In contrast
to earlier studies (Braun & Sagi, 1990, 1991), we inves-

tigated pop-out over a wide range ofdiscriminability (by
varying the orientation difference between the target and
other display elements). The rationale is that if pop-out
entails an attentional cost, this cost should increase with
decreasing discriminability. This follows from the theo
retical arguments ofNorman and Bobrow (1975; see also
Navon & Gopher, 1979): As long as discriminability is
high, performance ofa psychophysical task may saturate
before there is a measurable demand on attention (data
limited regime). When discriminability is low, however,
comparable performance requires increased and, in the
extreme case, full attention (resource-limited regime).
The results showed that pop-out imposes little or no at
tentional cost at all levels of discriminability.

The second aim of our study was to investigate the at
tentional cost ofreporting simple attributes ofa pop-out,
for example, color or orientation. Accordingly, this part
of the study focused on discrimination rather than de
tection tasks. Specifically, we presented stimuli of vary
ing orientation and/or color in the visual periphery and
asked observers to discriminate these attributes in a con
current-task situation-that is, with attention focused at
the center of the visual field. An essential aspect of the
design was that the stimuli in question popped out from
the display. The results suggest that discriminating the
orientation and color ofup to two pop-out stimuli indeed
entails little or no attentional cost. This leads us to mod
ify our earlier view that only location, but not attributes
like orientation and color, are discriminable outside the
focus of attention (Sagi & Julesz, 1985; Braun & Sagi,
1990). The results also show, however, that complex at
tributes such as letter shape are discriminable only at
considerable attentional cost.

The discussion of these results takes into account our
previously reported finding that the attentional cost of
detection tasks is strongly influenced by the presence
and nature ofother stimuli in the display (Braun, 1994b).
Together, our concurrent-task results leave little doubt
that observers enjoy significant visual capabilities out
side the focus ofattention. Wehypothesize that this "am
bient vision" is intimately connected to the mechanisms
that underlie visual saliency (Koch & Ullman, 1985;
Robinson & Petersen, 1992).

Some of this work has been reported in preliminary
form (Braun & Julesz, 1992, 1994).

GENERAL METHOD

Subjects
Eighteen California Institute ofTechnologyundergraduates served

as subjects (B.E., B.R., C.C., C.H., C.O., D.A., D.S., GA, o.c,
IE., 10., L.N., M.G., M.I., P.G., SA, S.T., and T.S.). Each subject
enrolled for at least 15 daily sessions of I to 1.5 h and received pay
ment of$200. Subjects reported normal color vision and visual acu
ity (sometimes with corrective lenses), but underwent no tests in
this respect. All subjects received several days of practice before
data collection and were naive as to the purpose of the experiment.
Subjects were highly motivated and regarded the experiments (some
of which were very demanding) as a challenging arcade game.



Equipment
Stimuli were generated by a raster display system (Adage 3106)

with a Microvax II (Digital) as host computer and displayed on a
high-resolution color monitor (Hitachi). Monitor resolution was
512 X 512 pixels. Lightness and color of each pixel were deter
mined by 3 X 8 bit RGB values. The frame rate was 55.5 Hz, per
mitting display times to be varied in steps of 18 msec. Viewing was
binocular, from a distance of approximately 110 ern, resulting in a
display ofapproximately 14.5° X 14.5° ofvisual angle. Thus, a dis
tance of 100 pixels corresponded to approximately 2.83° of visual
angle (neglecting projective distortion). No chinrest was used. Be
fore each trial, subjects fixated a mark at the display center. Because
ofthe short duration ofthe trial, there was no need to otherwise con
trol eye position. Background luminosity differed among experi
ments, and ambient illumination was approximately 5 cd/rn-. Re
sponses were unspeeded and were entered on a computer keyboard,
with incorrect responses eliciting immediate auditory feedback.

Perceptual Masking
The effective presentation time ofa stimulus was determined not

by the physical presentation time but by the time between onset of
the stimulus and onset of the mask, or stimulus onset asynchrony
(SOA): The onset of the mask limited visual persistence ofthe stim
ulus. SOA was adjusted individually for each task and subject under
single-task conditions (see below). This ensured that performance
was below ceiling even with attention fully focused on a task.

Stimulus displays were presented for 36 msec and mask displays
for 72 msec. The intervening interval of background luminosity
lasted from 18 to 256 msec, depending on task and subject. In ex
periments with multiple tasks, different stimulus regions were
masked at different times, resulting in different SOAs for the asso
ciated tasks.

Psychophysical Performance
All tasks involved the discrimination of two stimulus alterna

tives, A and B. Correct and incorrect responses were counted sep
arately for each stimulus alternative and two fractions ofcorrect re
sponses, fA andin, were obtained for each block oftrials. These two
fractions were combined to yield a representative performance
value,PA,B:

where F-I ( ) denotes the inverse function ofthe normal distribution
F( ). Note that, unlike the fractions correct fA and in, the represen
tative performance PA B is independent of the subject's criterion. In
fact, PA B is the discriminability d' ofsignal detection theory (Green
& Swets, 1966; Macmillan & Creelman, 1991) expressed in units
of percentage correct. In other words, PA B is the performance that
would have been obtained if the decision process had conformed to
signal detection theory and the criterion had been set exactly be
tween the mean signal levels of alternatives A and B.

Concurrent-Task Paradigm
Concurrent-task experiments (Experiments 2---6) were conducted

as described in Braun (1994b). Subjects were asked, in separate
blocks of trials, to carry out the one task, the other task, or both. The
display remained the same and always contained all stimuli. For
some blocks, subjects were asked to "concentrate" on one task and
to "disregard" the other, and to respond once after each trial. This
instruction permitted subjects to focus attention on one task and
produced one single-task performance value. In other blocks, sub
jects were asked to give one task ("primary task") priority over the
other ("secondary task"), and to respond twice after each trial. This
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instruction forced subjects to divide attention unequally between
the two tasks and produced two double-task performance values.
Whenever double-task performance of the primary task fell below
single-task performance ofthat task, the instructions regarding task
priority were repeated. In this way, we usually obtained almost iden
tical single- and double-task performance on the primary task.

AOCs and Performance-Resource Functions
In the concurrent-task situation, the subject can voluntarily alter

the way in which attention is divided between tasks. Thus, there is
a whole family ofpossible outcomes, one for every possible division
of attention. For this reason, concurrent-task results are best re
ported in the form ofan AOC, which describes how the performance
of both tasks varies with the division of attention. The AOC of a
task combination may permit certain inferences about the perfor
mance-resource functions (PRFs) of the tasks in question, which
describe performance as a function of the fraction of attention de
voted to a task (Norman & Bobrow, 1975; Sperling & Dosher, 1986;
Sperling & Melchner, 1978). To illustrate these notions, the PRFs
and AOCs ofseveral hypothetical task combinations are graphed in
Figure 1.

Variability of the Division of Attention Between Trials
Several steps were taken to monitor variability in the division of

attention between concurrent tasks. If the division varies from trial
to trial, one would expect success or failure of one task to be nega
tively correlated with success or failure of the other. Let nij be the
number of trials with outcomes i and j ofthe two tasks, respectively
(i,j = 1 for a correct response and i .i = 0 for an incorrect re
sponse). If the two tasks are performed independently, so that their
outcomes are not correlated, then the expected number of trials with
outcome i.], nij' is given by

Lnkj~:.n'l
k I

Lnkl
k,I

If the two tasks are not performed independently, and their out
comes are (negatively or positively) correlated, then the actual num
ber of trials with outcomes i.j will differ from the expected values.
In the case of a negative correlation, there will be fewer than ex
pected trials with identical outcomes on both tasks (noo< nooand
nil < nil) and more than expected trials with different outcomes on
both tasks (no l > nO I and n lO > nlO ) . The statistical significance of
any difference between actual and expected values is given by the
X2 measure ofassociation (I df; W. H. Press, Teukolsky, Vetterling,
& Flannery, 1992):

Variability of the Division of Attention Between Blocks
If the division of attention is approximately constant during

each block of trials, but varies between blocks, one would expect
the block performance ofone task to be (negatively) correlated with
the block performance ofthe other. Let Nu v be the number ofblocks
in which performance ofthe two tasks is u and v, respectively, where
U,v E (0.0,100.0). If the number of blocks is finite, Nuv will be zero
for most u,v. Hence, a nonparametric measure such as Kendall's T

must be used to determine the statistical significance ofany corre
lation between u and v (w. H. Press et al., 1992).

Compatibility Index
When two tasks are carried out concurrently, performance is often

lower than when each of the tasks is carried out by itself. One way
to quantify this reduction in performance is to directly compare
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single- and double-task performance of each task and to indepen
dently assess the statistical significance ofeach difference. A more
sensitive method is to define a compatibility index Ci ,

d~-CA d~-co
Ci = -=----+-=---- -I,

SA-cA so-co

0.25

Compatibility

,,,,,,

, ,,,,, ,
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competition for attention. The relation between the compatibility
index and the AOC is illustrated in Figure 2.

Practice Effects and Procedure
For many psychophysical tasks, a given subject's performance

will improve with practice, especially when the task is performed
daily for several weeks, as was the case in the present study. How
ever, not all types of tasks are equally susceptible to practice.
Among the tasks investigated here, the detection ofpop-out seemed
to be the most susceptible, and the discrimination ofletter shape the
least susceptible to improvement by practice. Interestingly, for
trained subjects, almost none ofthe improvement occurs within the
1-1.5 h of a single session, but most occurs only after 9-I2 h have
elapsed (Karni & Sagi, 1993; Karni, Tanne, Rubenstein, Askenasy,
& Sagi, 1994). Thus, performance tends to "jump" between one
session and the next, rather than to "creep up" continuously during
every session.

We took three steps to minimize practice effects in our concur
rent task experiments: (l) Subjects received two or three practice
sessions before data were collected. (2) Data on any given display
type and presentation time were collected as quickly as possible
with one to four dedicated sessions (except Experiment 2). (3) In
each session, subjects performed at least one block of each single
task as well as several blocks of the double task. Accordingly, even
ifperformance had improved between the first and the last sessions,
this would not have compromised the comparison of single- and
double-task performance. However, significant differences between
first and last sessions were almost never observed.

In Experiment 2, we used highly experienced subjects who had
previously participated in concurrent-task experiments involving
the letter task. These included experiments in which there was little
or no interference between tasks (compatibility index near unity).
In the present experiment, there was substantial inference between
tasks (compatibility index near zero). Thus the present results can
not be attributed to lack of practice.

In Experiments 3, 4, and 5, data were collected beginning with
more and ending with less discriminable displays. That is, subjects
began with orientation differences of45° and ended with orientation
differences of 15° in Experiments 3 and 4, and began with stronger
and ended with weaker hues in Experiment 5. As a result, any im
provement with practice would have led us to underestimate the dif
ference between more discriminable and less discriminable displays.
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Figure 1. Analysis of concurrent-task experiments. The rela
tionship between performance and resources (e.g., attention) de
voted to a task is the performance-resource function (PRF). Here,
performance is quantified as the fraction of correct responses
and chance performance is assumed to be .5. The amount of at
tention devoted to a task is quantified as a fraction of the total,
which is assumed to be constant. Ifattention is divided between
tasks, their PRFs jointly determine how performance of one task
varies with performance of the other. This relationship is the
attention-operating characteristic (AOC). (a) Tasks A and B de
pend equally on attention and have identical PRFs; the resulting
AOC is a diagonal line, indicating that only one task can be per
formed well at the same time. (b) Task B requires much less at
tention than does A, allowing attention to remain almost undi
vided on A. The resulting AOC forms almost a square, indicating
that both tasks can be performed well at the same time. (c) Tasks
A and B depend on attention to a comparable degree, but do not
have identical PRFs, resulting in an asymmetric AOC. Surpris
ingly, this case has never been observed.

where d~ and d~ are the respective performance oftasks A and B in
double-task block i, ~ and 50 are the respective average perfor
nances in all single-task blocks, and cA and Co are the respective
'evels of chance performance. A C, of unity indicates that double
md single-task performance are the same, implying no competition
'or attention. A C, ofzero indicates that, when one task is performed
It its best, the other task is performed at chance, implying maximal

Figure 2. Illustration ofthe compatibility index. To character
ize the degree to which two visual tasks pose conflicting demands
for attention, one can compute a compatibility index from the re
spective single-task and double-task performances (see General
Method). Essentially, this index parameterizes the shape of the
attention-operating characteristic (AOC), being unity for a square
AOC and zero for a diagonal AOC.
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The 3 subjects who participated in several experiments (J.O., M.l.,
S.A.) performed first in Experiment 6, next in Experiment 3, and
last in Experiment 5. Accordingly, the somewhat stronger interfer
ence between concurrent tasks exhibited by these and other subjects
in Experiment 5 is unlikely to have been caused by lack ofpractice.

EXPERIMENT 1
Letter Task Involves Serial Processing

Presented with a cluster of letters, subjects detect the
presence or absence of one "odd" letter (letter task). Vi
sual persistence was limited by masking, and performance
was determined as a function of letter number and SOA.

Method
The stimulus display (Figure 3a) contained one or more letter tar

gets in front of a dark background (luminosity approximately
5 cd/m-). Letter targets appeared at seven possible positions (r, 9)

relative to the center of the display (r = 0 or 34 pixels, 9 = 0°,60°,
120°, ... , 330°). Letter targets were T- or L-shaped and randomly
oriented. Component lines of the T and L were 16 pixels long and
2 pixels wide, and the maximal luminosity was 100 cd/m-, with
lower values along the edges to reduce aliasing. The mask display
consisted ofone or more F-shaped elements. These mask elements
were of identical dimensions and appeared at the same positions
(r, 9) as the letter targets, but were oriented differently (Figure 3a).

In the one-letter task, a single letter target appeared and subjects
responded with either "T" or "L." In the two-letter task, three-letter
task, and five-letter task, two, three, and five letters appeared and
subjects reported whether all letters were ofthe same type or whether
one letter differed from the others. The possible responses were
"same" or "different."

To quantify the resulting psychometric functions, the data were
fit with a Weibull function (Weibull, 1951), which provided a bet
ter fit than an error function:

8
1-letter

DC]
2-letter

DO

5-letter

" .....•

Here, n = I, 2, 3, 5 is the number of letters, and an' P, and Ynare
the threshold, slope at threshold, and ceiling performance, respec
tively. To reduce the number of free parameters, an and Yn were re
lated to three parameters, a, Y, and 8:

Yn = I - y(n - I),

at = a+8 a z = 2.00a+ 8,

and

Results
Performance of the one-, two-, three-, and five-letter

tasks was established at several SOA values with 3 subjects
«;c., S.R., and o.c.,32,300 trials total; Figure 3c). There
were significant (p < .005) differences in the performance
ofdifferent tasks at the same SOA value, and of the same
task at different SOA values (Student t test). Differences
between subjects, however, were significant only for 1
subject and only at two SOA values. Therefore, we chose
to average performance of all subjects. The best fitting
set ofWeibull functions (Weibull, 1951) was found for a=
28 msec, f3 = 3.3, y= 0.1, and D= 31 msec (r = .97).

a 3=2.67a+8 a 5=3.90a+8.

The numerical factors were based on the assumption that letters are
examined one at a time and in random order, and that the search ter
minates as soon as a second type ofletter is encountered. In a ser
ial search of this kind, an average number of 2.00, 2.67, and 3.90
letters needs to be examined to solve the two-letter, three-letter, and
five-letter tasks, respectively. The remaining free parameters, a, P,
y,and 8, were fit with a least squares procedure to the performance
data in Figure 3c.

Both presentation time and task type (letter number) were blocked.
During one session, subjects proceeded systematically from higher
to lower presentation times (SOAs) for one task type. Each subject
devoted two or three sessions to each task type. Different subjects
performed the tasks in different order: two-, three-, five-, one-, and
two-letter tasks for Subjects c.c. and S.R.; one-, two-, three-, and
five-letter tasks for Subject G.c. Each data point in Figure 3 is
based on between 800 and 2,500 trials, with an average of approx
imately 1,600 trials per point. To control for practice effects, Sub
jects c.c. and S.R. performed the two-letter task both at the begin
ning and at the end ofthe experiment (which stretched over almost
2 months). No significant differences in performance were found.

198

m

162

s

90 126

SOA[ms]

b
~time

soa

54

3-letter

DE]

50'-----'-----'------'---.L-----'---'
18

C
100,---,---------,m----,------,-----,...----,

Figure 3. Display (schematic) and results of Experiment 1.
(a) Schematic of stimulus (s) and mask displays (m) for one-letter,
two-letter, and three-letter tasks (approximately central 4° x 4°)
and for five-letter task (entire 14.5° X 14.5°). (b) Temporal se
quence ofstimulus and mask display. (c) Performance as a func
tion of SOA, average, and standard error for 3 subjects. Dotted
lines predicted by serial search with a rate of approximately
30 msec per letter.
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gle), as well as several blocks of both letter and probe tasks (dou
ble task). Although the experiment lasted almost 2 months, single
task performance did not improve significantly over this period.

150107010 110 70 90
Letter task[%correctl

Figure 4. Display (schematic) and results of Experiment 2.
(a) Schematic of stimulus (s), probe mask (mp), and letter mask
(ml) displays. (b) Temporal sequence ofthe three displays. Letter
and probe tasks have different SOAs. (c) Performance of each
task as a function of performance ofthe other, shown separately
for each subject and SOA. Labeling identifies subject, letter-task
SOA, and probe-task SOA (from top). f--O-1 denotes average and
standard errors of single-task performance, and. denotes indi
vidual blocks ofdouble-task performance.

Results
Single-task and double-task performances of letter

and probe tasks were determined for two SOA values
with 2 subjects (C.H. and ns., 11,700 trials total; Fig
ure 4c). The two SOA values were chosen to obtain single
task performances of =70% (shorter SOA) and ",,90%
(longer SOA).

In the double-task situation, the probability of success
or failure in any given trial was slightly anticorrelated
between the two tasks (i.e., a correct response to one task
was accompanied more often by an incorrect response to
the other task than would have been predicted by chance).
The correlation was significant for Subject D.S. (4,500
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Here the five-letter task of the previous experiment
(henceforth called simply "letter task") was combined
with a probe task designed to be as undemanding as pos
sible while still requiring attention. To quantify the ex
tent to which the letter task engages attention, we estab
lished the Aoe for this combination of tasks.

Discussion
The outcome conforms well to that expected from a

serial, self-terminated search. Each additional letter
seems to require approximately 30 msec additional pro
cessing time, as indicated by the parameter values a =
28 msec and 8 = 30 msec. This shows that the letter task
is similar to other TIL search tasks, which have previ
ously been found to involve serial search (Bergen & Ju
lesz, 1983; Krose & Julesz, 1989; Kwak & Egeth, 1992;
Moore, Egeth, Berglan, & Luck, 1996).

The data seem to depart from those ofthe serial search
model in one respect: When three or more letters are
used, performance remains well below 100% even for
long SOAs. We suspect that this is a consequence of the
"fading" of visual persistence: The stimulus display is
presented for only 36 msec, so subjects have to rely on
visual persistence to examine the third, fourth, and fifth
letters.

Ofall four tasks, the five-letter task requires the long
est SOA for a given level ofperformance: approximately
130-170 msec for 70%-80% correct. This task was used
in all subsequent experiments to engage the observer's
attention.

EXPERIMENT 2
Letter Task Engages Most, and Possibly All,

of the Available Attention

Method
Target and mask elements of the letter task were unchanged. A

probe target (randomly oriented T or L, component lines 24 pixels
long and 3 pixels wide, maximal luminosity '" 100 cd/m-) appeared
at a position (r, 0) with r = 4.30 and 0 random. The probe target
was masked by a randomly oriented F of identical dimensions. The
probe task consisted of identifying the probe target as either "T" or
"L" (Figure 4a).

Data were collected in blocks of 100 trials. Subjects received dif
ferent instructions under the single- and the double-task conditions
(see General Method). In the double-task condition, subjects were
asked to vary the divisionofattention from block to block (while keep
ing it constant from trial to trial), favoring the letter task in some
blocks, the probe taskin other blocks, and neither task in yet other
blocks. The order in which subjects responded to the two tasks was
varied, but did not affect the outcome (not shown). In the two sin
gle-tasks conditions, subjects carried out only one of the two tasks.

The subjects for this experiment (C.H. and D.S.) were highly ex
perienced and had previously participated for several weeks in con
current-task experiments involving the letter task. In addition, each
received three practice sessions prior to data collection. Subject
C.H. performed eight sessions on the shorter and subsequently five
sessions on the longer presentation time. Subject D.S. performed
seven sessions on the longer and subsequently seven sessions on
the shorter presentation time. In each session, subjects performed
at least one block letter task (single) and one block probe task (sin-



trials, X2 = 69.3,/= l,p < .005) and Subject C.H. (7,200
trials, X2 = 4.50,/ = 1,P < .05). As a result of this cor
relation, probe-task performance was slightly lower in tri
als in which the letter response was correct and slightly
higher in trials in which the letter response was incorrect
(percentage correct 61.0% and 74.5%, respectively, for
Subject D.S., and 62.1 % and 64.6%, respectively, for
Subject C.H.).

The performance level in any given block was strongly
anticorrelated between the two tasks, as is evident from
the scatter graphs in Figure 4c. When letter-task perfor
mance was at its best, probe-task performance was at or
near chance, and vice versa. This correlation was signif
icant for all subjects and SOA values (Kendall's r =
-0.39 to -O.77,p < .0005).

The compatibility index (see General Method) ranged
from 0.14 to -0.25, with a mean of -0.03 ± 0.05 (see
Table 2) and did not depart significantly from zero for
any subject or SOA value.

Several other subjects performed the same tasks (e.g.,
M.G. and P.G.; 7,700 trials total) but received only one
instruction, namely to give absolute priority to the letter
task. For these subjects, probe-task performance was con
sistently near chance (results not shown).

During debriefing, subjects reported that they had
been unable to simultaneously form clear impressions of
both letter and probe targets, but that they had been able
to voluntarily choose whether to form a clear impression
of the one or the other. Inaddition, subjects reported that
treating both tasks equally was more demanding than fa
voring one task over the other.

Discussion
The results show that letter- and probe-task performance

are almost mutually exclusive: When one task is performed
at or near its best, the other task is performed at or near
chance. Subjects do produce intermediate outcomes when
so instructed; that is, they can also perform both tasks
below best but above chance. Together, these various out
comes determine the AOC of this combination of tasks.

The most striking feature of the AOC is its apparent
linearity and symmetry: As the division of attention be
tween letter and probe task varies, the respective perfor
mance levels of letter and probe tasks change by equal
but opposite amounts. This implies that any division ofat
tention that is of noticeable benefit to the probe task en
tails a noticeable decrease in letter-task performance.
From this we can infer that the letter task, if performed
at its best, engages most, and possibly all, of the attention
that is available for this type of task.

A linear and symmetric AOC is consistent with the
underlying PRFs (1) being identical for both tasks and
(2) having a functional form of.f(a) with.f(a) = 1 - f(l-aj'
where a is the fraction of attention devoted to the task.
It is not self-evident why the PRFs oftwo tasks would pos
sess these properties and, as far as we know, no explana
tion has been advanced (Navon & Gopher, 1979).
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EXPERIMENT 3
Reducing Discriminability of Pop-Out

Does Not Raise Attentional Cost

In addition to performing the letter task, subjects lo
cated a target that popped out from the display. Discrim
inability of the pop-out was varied by changing the ori
entation difference between target and background
elements. Current theories of attention (Navon & Go
pher, 1979; Norman & Bobrow, 1975) predict that low
ering signal strength should raise attentional cost. The
present results did not bear out this prediction.

Method
Target and mask elements of the letter task were unchanged. The

stimulus display (Figure 5) contained 242 Gabor elements on a hex
agonal grid with 247 positions (nearest neighbor separation of
35 pixels). Five positions were occupied by letter targets. The lu
minance distribution of a Gabor element was given by

r _ (2 xcose- ysine A.) (x2
+/)

J(xvl-cOS 1r +'1' exp ---- ,, A 20 2

where edetermines the orientation, Athe spatial period, 1/1 the phase,
and 0 the size ofthe Gabor element; ./ix.v) = 0 corresponded to a lu
minosity ofapproximately 50 cd/rn- (background luminosity), and

./ix.v) = I and./ix.vl = -I corresponded to approximately 100 cd/m
and approximately 30 cd/m-, respectively (no gamma correction
was used). The parameters used were A. = 14 pixels, 0 = 10 pixels,
and 1/1 = ±90° (1/1 varied from element to element). Gabor orienta
tion evaried in steps of 5°.

The 241 Gabor elements of the background exhibited uniform
orientation, either 77.5° = 90.0° - 12.5° or 102.5° = 90.0° +
12.5°,chosen randomly for every trial. The target element appeared
at one of24 array locations (r, e), with 4.3°::; r s;4.5° and echosen
so that the target was at least 0.9° above or below the horizontal mid
line. Thus the target of this experiment appeared at the same eccen
tricity as did the probe target in Experiment 2. The target element
differed from background elements in orientation by an amount that
remained fixed during each block of trials and varied in the range
of 15° ::; lie::; 45°. The difference in orientation was either clock
wise or counterclockwise, chosen randomly for every trial. The lo
calization task consisted ofreporting whether the target appeared in
the "upper" or "lower" half of the display. This "crude" localization
is essentially a detection task.

The first mask display contained 242 Gabor elements of varying
orientation on a hexagonal grid with 247 positions (five positions
remained empty; Figure 5). Gabor parameters were identical to those
used in the stimulus display except that contrast was higher (lumi
nosity ranged from 5 cd/rn- to approximately 160 cd/m-). The sec
ond mask display consisted of five F-shaped elements.

The use ofGabor elements was an important aspect of the design.
This choice ensured that pop-out was based exclusively on the dif
ference in orientation between target and background elements.
Other types of texture elements (e.g., line elements) would have
tended to form additional differences with respect to other features
for example, local luminance, spatial frequency, and emergent fea
tures formed by perceptual grouping (see, e.g., Julesz, 1984). This
might have allowed the nature ofthe pop-out to change in the course
of manipulations of attention and discriminability.

The critical range of orientation contrast between a peripheral
target element and surrounding background elements is approxi
mately 15°-45° (Nothdurft, 1991). Above 45°. localization perfor
mance changes little with onentation contrast. Below 15°.even prac-
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Figure 5. Displays of Experiment 3 (schematic). (a) Stimulus (s), texture mask (mt), and letter mask (ml)
displays. Each Gabor element is represented by a black and a white ellipse placed side by side. In the ac
tual stimulus, the localization target "pops out" (here it is in the lower-left quadrant ofthe display). (b) Tem
poral sequence ofthe three displays. Letter and localization tasks have different SOAs.

ticed observers are unable to localize the target with peripheral vi
sion-that is, without resorting to eye movements. To obtain above
chance and below-ceiling performance throughout the critical
range, we partially compensated for reduced orientation contrast by
increasing SOA. As a result, task "difficulty" for different orienta
tion contrasts had to be measured not only in terms of performance
but also in terms of SOA.

Data were collected in blocks of 100 trials. In the single-task con
dition, subjects carried out either the letter task or the localization
task. In the double-task condition, subjects carried out both tasks
concurrently, giving priority to the letter task. In each session, sub
jects performed at least one block letter task and one block local
ization task, as well as several blocks ofboth letter and probe tasks.
Each subject devoted between one and four sessions for each dis
play (orientation difference 15°-45°) and presentation time (SOA).
No significant practice effects were observed during this small num
ber of sessions.

Results
Single- and double-task performance ofletter and loc

alization tasks was determined for localization targets of
different orientation contrast. Six subjects performed the
tasks, sometimes at more than one SOA value (RR.,
c.o., IE., M.I., S.A., and ST.; 20,700 trials; Figure 6).
Different orientation contrasts resulted in dramatic dif
ferences in performance, as is evident from Table 1 and
Figure 7. The smallest orientation contrast investigated
(dO = 15°) is at the limit of visual sensitivity for orien
tation contrasts at ",,4° of eccentricity (not shown; see
also Nothdurft, 1991).

Single- and double-task performances were compared
separately for each subject, dO, and SOA (22 data sets,
Student t test). No significant difference was found in

14/22 (18/22) data sets for the localization task (letter
task). A weakly significant (p < .05) reduction in double
task performance was found in 4/22 (4/22) data sets. A
significant (p < .005) reduction in double-task perfor
mance ofthe localization task was found in 3/22 data sets
(Subject e.O., dO = 45°, SOA = 54 msec; Subject M.I.,
dO = 30°, SOA = 54 msec; Subject S.T., dO = 20°,
SOA = 180 msec) and a significant increase in 1/22 data
sets (Subject IE., dO = 15°, SOA = 270 msec).

The compatibility index varied considerably across
subjects, ranging from 1.12 to 0.41 with a mean of0.90 ±
0.14 (Table 2). In 20/22 data sets, the compatibility index
was significantly (p < .0005) greater than zero, in l/22
data sets, the difference was significant (p < .005), and
in l/22 further data sets, the difference was weakly sig
nificant (p < .05). However, there was no significant cor
relation between the compatibility index and orientation
contrast (Kendall's or). The average compatibility index ob
served for Subjects RR., c.o., IE., M.I., S.A., and S.T.
was 0.68 ± 0.09, 0.84 ± 0.06, 0.80 ± 0.10,0.54 ± 0.10,
1.09 ± 0.05, and 0.88 ± 0.07, respectively.

In the double-task situation, no significant trial-by
trial correlation was found between the outcomes oflet
ter and localization task for any data set, any dO, or any
subject (X2 measure ofassociation). Significant block-by
block correlations were not observed either.

We summarize two additional experiments (stimuli
and data not shown) in which the localization target was
rendered salient by brightness or hue. For the localiza
tion of a bright target among less bright distractors (1.B.
and S.R.; 5,100 trials total; five data sets) and the local-
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Figure 6. Results of Experiment 3. The orientation contrast of the localization target was 15·,20·,25·,30·, or 45·, Performance
ofthe localization task as a function of performance ofthe letter task, and vice versa, shown separately for each subject and SOA.
Labeling identifies subject, letter-task SOA, and localization-task SOA. f-O-1 denotes average and standard errors of single-task
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Table 1
Performance and SOA of Visual Tasks

% Correct SOA (msec)

Type of Task M SD M SD Data Sets

• Letter task 84.0 7.0 238 57 13
• Probe task 87.5 5.5 138 38 6

Localization 15° 57.5 8.0 225 45 2
Localization 20° 78.5 8.5 166 29 5
Localization 25° 80.0 0.0 180 0 I
Localization 30° 85.0 8.5 115 50 8
Localization 45° 90.0 7.5 81 20 6
Sfmax (Braun, I994b) 84.1 3.4 98 13 16

• Sfmin (Braun, 1994b) 84.8 2.9 133 24 13
Tilt discrimination 15° 90.5 6.5 94 26 10
Tilt discrimination 30° 83.0 5.5 81 27 2
Tilt discrimination 45° 86.5 6.0 118 22 II
Twoweak hues 75.5 5.0 90 18 4
Twostrong hues 93.5 4.0 72 0 4
One strong hue 91.0 6.0 94 18 5
Twoobjects 84.5 9.0 114 8 6
One object 97.0 1.0 126 0 2

Note-The· denotes tasks of high attentional cost (see Table 2).

limit of visual sensitivity for peripheral orientation con
trasts (Nothdurft, 1991) and was correctly localized in
only ",60% of trials in spite of a presentation time of
more than 200 msec. Localization ofeven smaller orien
tation contrasts (1'18 = 10°) was performed at chance
even under conditions ofcontinuous viewings (as long as
the subject did not resort to eye movements). Accord
ingly, it would seem that target discriminability ap
proaches zero near 1'18 = 15°. It is interesting to compare
the localization task with the probe task in Experiment 3.
In terms of performance and SOA, the localization task
at 1'18 = 15° is significantly more demanding than the
probe task. Indeed, the probe task is comparable to the
localization task at 1'18 = 25° to 30° ( Table 1). These con
siderations leave little doubt that localization and probe
tasks place dramatically different demands on attention.

EXPERIMENT 4
Discrimination of Pop-Out Orientation

Entails Little Attentional Cost

100

~
80 8

=lg
60

+•

4045

1~ •

(:: +------------J

~ 0.4

0.2

0.0-'---,--,---,---..---,.....--,.---,-,
35 30 25 20 15 deg
Orientation contrast

Figure 7. Summary of results of Experiment 3. Compatibility
ofletter and localization tasks (average and standard errors, ~)
and single-task performance of localization task (dashed line) at
45°,30°,25.,20., and 15· orientation contrast. Target localization
entails little or no attentional cost at all levels of task difficulty.

We explored the possibility that stimulus attributes
other than presence and location can be reported "out
side" the focus of attention. Subjects attempted to dis
criminate the orientation of a target that pops out in the
visual periphery while focusing attention on the center
of the display.

Method
Target and mask elements of the letter task remained unchanged.

In addition, the display contained 89 Gabor elements on a hexago
nal grid (Figure 8). These elements were larger and more widely
spaced than were the Gabor elements in the previous experiment
(it = 15 pixels, (J = 14 pixels, nearest neighbor separation of 50
pixels), and some elements near the center of the display were
wholly or partly obscured by letter targets. Luminosity and contrast
were the same as in the previous experiment. All Gabor elements
except one exhibited approximately horizontal orientation, () = ± 2o

(background elements). The exceptional Gabor element (Gabor tar
get) appeared at one of 18 array positions (r, ()) with 3.8° :0; r:O;
4.3°-that is, at approximately the same eccentricity as the periph
eral targets in previous experiments, and was tilted either to the left
orto the right ofvertical «()= 90°). Target orientations ofeither ()=

90° ± 15°, () = 90° ± 30°, or () = 90° ± 45° were used in separate
blocks oftrials. The task (tilt discrimination) consisted ofreporting

ization of a chromatic target among isoluminous but
achromatic distractors (E.R., S.R., and G.C.; 8,000 trials
total; eight data sets), no significant differences between
single- and double-task performance were observed in
any data set.

During debriefing, subjects reported forming a clear
impression of the targets of both letter and localization
tasks. In addition, subjects reported being aware of at
tributes ofthe localization target other than location, such
as orientation, contrast, and so on. The letter task was
experienced as requiring more "effort" than the local
ization task even at low orientation contrast.

Discussion
The results show that a target that "pops out" from an

otherwise uniform visual texture can be crudely local
ized even when attention is engaged elsewhere in the dis
play. Localization performance is roughly comparable in
single- and double-task situations, although double-task
performance was somewhat lower than single-task per
formance in a minority ofcases (7 of22). Ofcourse, some
performance decrement is expected whenever two de
manding tasks are performed concurrently (Allport, 1980;
Duncan, 1980a; Pashler, 1994). Thus, a modest decrement
does not necessarily imply a conflict over a specific re
source such as attention, but may reflect factors other than
attention-for example, having to maintain two sets of
goals or having to encode two responses. The more tell
ing aspect ofthe results would seem to be that some sub
jects (4 of 6) exhibited almost no decrement in localiza
tion performance (compatibility index> 0.8). When the
localization task involved a contrast in brightness or
color (rather than orientation), an even more clear-cut
outcome was obtained.

The most surprising result, however, is that the out
come does not depend on signal strength. The smallest
orientation contrast investigated (1'18 = 15°) is at the



Table 2
Compatibility Index for Various Task Combinations

Task Combination Range M SD Data Sets

Letter probe (no delay) 0.14 to -0.25 -0.03 0.05 4
Letter & localization (15°) 1.12 1.12 I
Letter & localization (20°) 0.91 to 0.69 0.78 0.04 5
Letter & localization (25°) 1.02 1.02 I
Letter & localization (30°) 1.09 to 0.41 0.76 0.07 8
Letter & localization (45°) 1.06 to 0.45 0.84 0.09 6
Letter & tilt (15°) 0.92 to 0.28 0.57 0.06 10
Letter & tilt (30°) 0.90 to 0.63 0.77 0.13 2
Letter & tilt (45°) 0.91 to 0.07 0.52 0.06 14
Letter & two weak hues 1.05 to 0.62 0.84 0.18 4
Letter & two strong hues 0.84 to 0.62 0.75 0.05 4
Letter & two objects 1.03 to 0.62 0.83 0.10 6

the approximate orientation ofthe Gabor target ("left" or "right" of
vertical). We expected that performance would depend on the ori
entation difference between the two target alternatives (± 15°,±30°,
or ±45°), but this did not turn out to be the case.

The first mask display contained 89 elements on a hexagonal
grid (some elements near the center of the display being partly or
wholly erased; Figure 8). Mask elements consisted oftwo superim
posed Gabor elements. One ofthese was oriented ±2°, and the other
was oriented 90° ± 15°, 90° ± 30°, or 90° ± 45°, depending on tar
get tilt in the stimulus display. Luminosity ranged from approxi
mately 5 cd/m? to approximately 160 cd/m-.

Data were collected in blocks of 100 trials. In the single-task con
dition, subjects carried out either the letter task or the tilt discrimi
nation task. In the double-task condition, subjects carried out both
tasks concurrently, giving priority to the letter task. In each session,
subjects performed at least one block letter task and one block tilt
discrimination, as well as several blocks of both letter task and tilt
discrimination. Each subject devoted between one and four sessions
for each display (target orientation ± 15°, ±30°, and ±45°) and pre
sentation time (SOA). No significant practice effects were observed
during this small number of sessions.

Results
Single- and double-task performance ofletter task and

tilt discrimination tasks was determined with 6 subjects,
some of whom performed at more than one SOA value
(H.E., D.A., G.A., i.o., M.l., and S.A.; 31,800 trials; Fig
ure 9). In separate blocks of trials, target orientations of
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±15°, ±30°, and ±45° resulted in average single-task per
formance/SOA of 91%/94 msec, 83%/81 msec, and
87%/118 msec, respectively (Table 1). Thus, all target
orientations were about equally discriminable.

Single- and double-task performances were compared
separately for each subject, target orientation, and SOA
(26 data sets, Student t test). No significant difference
was found in 6/26 (19/26) data sets for the tilt discrimi
nation (letter task). A weakly significant (p < .05) re
duction in double-task performance was found in 7/26
(5/26) data sets. A very significant (p < .0005) reduc
tion in double-task performance was found in 13/26
(2/26) data sets. Of these latter data sets, 8/26 (2/26) de
rived from 3 subjects (D.A., ro., and M.l.).

The compatibility index varied substantially across
subjects, ranging from 0.92 to 0.07, with a mean of
0.62 ± 0.10 (Table 2). In 25 of 26 data sets, the compat
ibility index was very significantly (p < .0005) greater
than zero (the exception was subject RE., /18 = 45°,
SOA = 126 msec). There was no significant correlation
between the compatibility index and target orientation
(Kendall's r). The average compatibility index observed
by Subjects RE., D.A., G.A., i.o.. M.l., and S.A. was
0.18 ± 0.05, 0.51 ± 0.05,0.63 ± 0.05, 0.31 ± 0.01,0.49 ±
0.04, and 0.85 ± 0.03, respectively.

In the double-task situation, no significant trial-by
trial correlations were found between letter task and tilt
discrimination responses for any data set, target orienta
tion, or subject (X 2 measure of association). No signifi
cant block-by-block correlations were found, either.

Discussion
The results show that the orientation ofa salient stim

ulus in the visual periphery remains somewhat discrim
inable with attention focused on the center of the visual
field, confirming subjects' reports with respect to sub
jective visual experience "outside" the focus of atten
tion. However, the discriminability of orientation in
creases noticeably when the center of the visual field is
ignored and attention becomes available. This dual-task

•••IIt;. ••••••••••••• ••••••••••••••• ••••••••••••••••• •••••••••.....~.... ............ '"••••,t"-l,••• ....' ••••• tr",
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Figure 8. Displays of Experiment 4 (schematic): stimulus (s), texture mask (mt), and letter mask (ml)

displays. Each Gabor element is represented by four ellipses, two black and two white, placed side by
side. In the actual stimulus, the tilt discrimination target "pops out" (here it is in the upper-right quad
rant of the display). The elements of the texture mask were generated by superimposing two Gabor
elements.
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Figure 9. Results of Experiment 4. The orientation ofthe tilt discrimination target was ±15°, ±30°, or ±45° from vertical. At
tention-operating characteristic (AOC) for each subject and SOA. Labeling identifies tbe subject, letter-task SOA, and probe
task SOA. f-O-1 denotes average and standard errors of single-task performance, and. denotes individual blocks of double
task performance.



decrement seems too large and consistent to be explained
solely by factors other than attention, such as the need to
maintain two separate goals, and so on (Duncan, 1980a).
Rather, it seems that there is a genuine difference in visual
sensitivity (d') for target tilt with and without attention.
The absence of a negative correlation in the double-task
situation suggests, however, that this residual perfor
mance does not place a strong demand on attention.

It seems surprising that discriminability is comparable
for tilts of ±15°, ±30°, and ±45°. Note, however, that the
orientation difference distinguishing target and back
ground (75° ± 2°,60° ± 2°, and 45° ± 2°, respectively) was
large enough to let the target pop out from the display
(see previous experiment). Thus it seems that target de
tection, rather than discrimination of target orientation,
was the performance-limiting step. This assumption
would also explain the results reported below with re
spect to hue discrimination.

EXPERIMENT 5
Discrimination ofthe Hues ofTwo Pop-Outs

Entails Little or No Attentional Cost

Subjects attempted to discriminate the respective hues
oftwo targets that popped out in the visual periphery while
focusing attention at the center ofthe display. Targets as
sumed one offour chromatic hues, calibrated to render tar
gets equally salient as well as equally luminous. This en
sured that discrimination performance would reflect the
perception of hue, rather than of salience or luminosity.

Method
Nine isoluminous hues were used-more saturated pink, orange,

turquoise, and green (stronger hues); less saturated pink, orange,
turquoise, and green (weaker hues); and white. Hues were calibrated
separately for each subject. Luminosity was matched to the white
by flicker photometry. Salience was matched by measuring, for
each hue, performance in the following "localization task": The
stimulus display consisted of 247 disks on a hexagonal array (disk
diameter of 20 pixels, center-to-center spacing of 35 pixels, lumi
nosity approximately 50 cd/m-, background luminosity approxi-
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mately 30 cd/m-). One disk exhibited the hue in question (target),
and all others were white. The mask display consisted of a similar
array, except that more disks (33%) exhibited the hue in question.
The target element appeared at I of 24 array locations (r, 9), with
4.30 ~ r ~ 4.50 and 9 chosen in such a way that the target was at least
0.90 above or below the horizontal midline. Subjects reported whether
the target appeared in the "upper" or "lower" halfof the display. Lo
calization performance was established at several SOA values, and
the saturation ofeach hue was adjusted (without altering luminosity)
until comparable psychometric curves were obtained for all stronger
hues and (separately) all weaker hues.

In the main experiment (Figure 10), target and mask elements of
the letter task were unchanged. The stimulus display contained the
same array as the calibration experiment just described, except that
five disks near the center of the display were obscured by letter tar
gets, and two chromatic disks (upper and lower chromatic targets)
appeared at positions (r, 9), with 4.30

~ r ~ 4.50 and 9 chosen in such
a way that chromatic targets were at least 0.90 above or below the
horizontal midline. One chromatic target (pink or orange) appeared
in the upper half, and another chromatic target (green or turquoise)
appeared in the lower half of the display. The hue discrimination
consisted of reporting the respective hues of the upper ("pink" or
"orange") and lower ("green" or "turquoise") chromatic target.

The first mask display consisted of an array of 242 disks (five
positions near the center remained empty). Thirty-three percent of
the disks were pink, orange, green, or turquoise, and the remaining
disks were white (Figure 10).

Data were collected in blocks of 100 trials. In the single-task con
dition, subjects carried out either the letter task or the hue discrim
ination. In the double-task condition, subjects carried out both tasks
concurrently, giving priority to the letter task. In each session, sub
jects performed at least one block letter task and one block hue dis
crimination, as well as several blocks ofboth letter task and hue dis
crimination. Each subject devoted three sessions for each display
for which data are reported (weak and strong hues). No significant
performance improvement was observed between the first and the
last sessions. Each subject had earlier received four practice ses
sions and, in addition, performed between four and eight sessions
on similar displays for which data are not reported (see below).

Several variants of the experiment were conducted, all with sim
ilar outcomes, only one of which is reported below. Among the
variants not reported was one in which only one chromatic target
was used, and one in which both chromatic targets exhibited either
an orange or pink hue. In yet another variant, subjects discriminated
only the upper (lower) peripheral target. Because ofthe lengthy cal
ibration procedure, only 2 subjects performed each variant.
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Figure 10. Displays of Experiment 5 (schematic): stimulus (s), color mask (me), and letter mask (ml) displays. Hue

is represented by hatching. In the actual stimulus, isoluminous white or chromatic disks appeared in a dark back
ground. The stimulus contains five letter targets near the center of the display and one chromatic target each in the
the upper and lower halves ofthe display.



14 BRAUN AND JULESZ

Results
Single- and double-task performances ofletter and hue

discrimination tasks were determined for stronger and
weaker hues with 2 subjects (T.S. and L.N.; 7,100 trials;
Figure 11). Average performance/SOA was 94.5%/
72 msec for discriminating the stronger hues of two tar
gets, and 91.0%/94 msec for discriminating the stronger
hues of one target (Table 1). Average performance for
discriminating the weaker hues of two targets was 76%/
90 msec.

Single- and double-task performances were compared
separately for each subject and set of hues (four data sets,
Student t test).No significant differences were encountered
in 3/4 data sets. In 1/4 data sets, double-task performance
for hue discrimination was significantly (p < .05) lower
than single-task performance (Subject T.S., stronger hues).

The compatibility index was uniformly high, ranging
from 1.05 to 0.62, with a mean of 0.78 ± 0.06 (Table 2).
In all four data sets, the compatibility index was signifi
cantly (p < .0005) larger than zero. The average compat
ibility index for the upper and lower hue discrimination
was 0.78 ± 0.08 and 0.80 ± 0.09, respectively. The aver
age compatibility indices for Subjects L.N. and T.S. were
0.71 ± 0.07 and 0.86 ± 0.16, respectively.

In addition to discriminating the hues of two targets,
we established psychometric functions for discriminat
ing the hue of only one target (e.g., the one in the lower
quadrant; T.S. and L.N.; 1,400 trials; four data sets). Per
formance for one and two targets was not significantly
different at either of the two presentation times.

When asked about their experience in the double-task
situation, subjects reported clearly perceiving the colors
ofboth chromatic targets. No significant trial-by-trial or
block-by-block correlations were observed between let-

ter task and hue discrimination responses in the double
task situation (not shown). Correlation data between up
per and lower hue discriminations were not recorded.

Discussion
The results show that discriminating the hue ofsalient

stimuli that pop out in the visual periphery entails little or
no attentional cost. Performance improves only slightly
when the center of the field is ignored and attention be
comes available. It seems likely that this small increase
can be attributed to factors other than attention, namely
the intrinsic difficulty ofencoding three responses (Dun
can, 1980a). The failure to observe a significant anticor
relation in the respective performances ofletter task and
hue discrimination points to the same conclusion. The
fact that the hues of two targets were discriminated just
as reliably as the hue ofone target suggests that hue dis
crimination was performed in parallel, consistent with
the conclusion that hue discrimination in this display en
tailed little or no attentional cost. These results confirm
subjects' subjective impression about their visual expe
rience outside the focus ofattention and support the no
tion of an ambient awareness that is independent of
where and how attention is deployed.

EXPERIMENT 6
Discrimination of the Colors

and Orientations of Two Pop-Outs
Entails Little or No Attentional Cost

Subjects attempted to discriminate the respective col
ors and orientations of two stimuli that popped out in the
visual periphery while focusing attention at the center of
the display.

weaker hues stronger hues
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Method
Target and mask elements of the letter task were unchanged.

Upper and lower target objects appeared at positions (r, 9), with
r = 4.3" and 9 chosen in such a way that objects were at least 0.90

above or below the midline (Figure 12). Background luminosity
was approximately 5 cd/m2. Eight objects were used, distinguished
by color (red, green, blue, and yellow) and orientation (horizontal
and vertical). The four colors were isoluminous but not isosalient,
The object-identification task consisted of reporting the respective
color and orientation of the upper and lower target objects. To re
duce the number of responses, subjects identified color and orien
tation by reporting the object's nickname ("poppies," "carrot,"
"wheat," "banana," "grass," "zucchini," "lake," or "eggplant"; see
Figure 12).

The first mask display consisted of 18 mask elements arranged
on a ring around the display center (radius of 4.3 0

; Figure 12). Two
types of mask elements were formed by placing a red and a blue (a
green and a yellow) object alongside each other. To minimize ap
parent motion between stimulus and mask displays, we used 18
mask elements (rather than two).

Data were collected in blocks of 100 trials. In the single-task con
dition, subjects carried out either the letter task or the object iden
tification. In the double-task condition, subjects carried out both
tasks concurrently, giving priority to the letter task. In each session,
subjects performed at least one block letter task and one block ob
ject identification, as well as several blocks of both letter task and
object identification. Each subject devoted between two and three
sessions to the experiment. No significant performance improve
ment was observed between the first and the last session. Each sub
ject had earlier received two practice sessions.

Results
Single- and double-task performances of letter- and

object-identification tasks were determined with 3 sub
jects (J.O., M.L, and S.A.; 3,700 trials total; Figure 13).
Object-identification performance was analyzed with re
spect to correct identifications of (l) both color and ori
entation, (2) orientation regardless of color, and (3) color

LITTLE OR NO ATTENTIONAL COST 15

regardless of orientation. No significant differences be
tween single- and double-task performance of the letter
task were found for 2 subjects, and a weakly significant
(p < .05) difference was found for the 3rd (10.). No sig
nificant difference between single- and double-task per
formance of the object identification was found for 1
subject (M.L), and a weakly significant (p < .05) differ
ence was found for another (S.A.). For the 3rd subject
(10.), there was insufficient double-task data to deter
mine significance.

The compatibility index ranged from 1.03 to 0.62,
with a mean of0.83 ± 0.10 (Table 2). For identifying ori
entation (regardless of color) and color (regardless of
orientation), the mean compatibility indices were 0.83 ±
0.09, and 0.83 ± 0.1 I, respectively. For the upper and
lower objects, the mean compatibility indices (color and
orientation) were 0.90 ± 0.06 and 0.82 ± O. 11, respec
tively. Neither difference was significant. For Subjects
lo., M.L, and S.A., the mean compatibility indices were
0.63 ± 0.04, 0.87 ± 0.03, and 0.97 ± 0.06.

When asked about their experience in the triple-task
situations, subjects reported forming a clear impression
of the color and orientation of both target objects. No
significant trial-by-trial or block-by-block correlations
were observed. Correlations between upper and lower ob
ject responses were not recorded.

Discussion
Subjects successfully reported a total offour indepen

dent attributes of two peripheral stimuli while focusing
attention at the center of the display. Although the re
ports were aided by memorized object names, the third
response (lower object identification) tended to be less
reliable than the second (upper object identification),
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Figure 12. Displays of Experiment 6 (schematic). (a) Stimulus (s), color mask (me), and letter mask
(ml) displays. Hue is represented by hatching. In the actual stimulus, equiluminous upper and lower
targets ofthe object discrimination task appeared in front of a black background. (b) Mnemonics used
in the object-identification task (vertical targets are identified with vegetables, horizontal objects with
nature scenes).
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perhaps because ofa certain decay of short-term memory.
Nevertheless, object-identification performance was com
parable in the single- and double-task situations, and the
small concurrent-task decrement obtained may well have
derived from factors other than attention. The results fur
ther strengthen the notion that subjects enjoy an ambient
awareness of visually salient stimuli and attributes (e.g.,
presence, location, color, and orientation) independently
of where and how attention is deployed.

GENERAL DISCUSSION

We have introduced an improved concurrent-task par
adigm to measure the attentional cost of detection and
discrimination tasks. In spite of the demonstrated sensi
tivity of the paradigm, we find that a number of such
tasks entail little or no attentional cost. Specifically, this
seems to be true for tasks involving stimuli that pop out
from the display and stimulus attributes that are rela
tively simple, such as position, color, and orientation. We
hypothesize that competitive interactions at the level of
early vision render certain stimuli and attributes visually
salient, and that this salient information enters visual
awareness independently of attention.

Engaging Attention With a Concurrent Task
Experiments 1-2 investigated the extent to which per

formance of the letter task would succeed in withdraw
ing attention from the periphery ofthe display. When per
formed at its best, the letter task appears to engage most
or all of the available attention, since little or no attention
seems to be left for a probe task, which is performed at
chance. The outcome can be summarized in terms ofour
(inverse) measure ofattentional cost, the compatibility in
dex, which is essentially zero. Although we cannot con
clude that no attention whatsoever remains for secondary
tasks, we can conclude that what remains is too little to
benefit the particular probe task we have used. Since the
probe task was designed to be as undemanding as possi
ble while still requiring attention, it seems that this cost
is very small indeed. In sum, the evidence suggests that
the letter task forces observers to focus attention almost
entirely on the letter targets and to leave other parts of the
display almost entirely unattended.

The only way to avoid this conclusion is to postulate
the existence of different forms of attention. For exam
ple, one might suppose that letter discrimination engages
one form of attention whereas color discrimination en
gages another, motion discrimination yet another, and so .
on. However, we know ofno firm evidence that attention
is "differentiated" (Sperling & Dosher, 1986) in this way
and that the concurrent discrimination ofsimilar stimulus
attributes poses a more severe conflict than that of dis
similar attributes. For example, Duncan (1993) found that
conflict over attention depends not on the similarity or
dissimilarity but simply on the number of the required
discriminations. Among the present results, the lack of
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conflict between two similar discriminations in Experi
ments 5 and 6 constitutes two clear counterexamples. In
addition, there are several examples of highly dissimilar
tasks that severely conflict with one another (Braun,
1994b; Braun & Koch, 1995; Wen, Koch, & Braun, 1995).

In general, the undifferentiated nature ofattention can
be shown by demonstrating the transitivity ofconcurrent
task interference. For example, if two color discrimina
tions interfere with each other, and two letter discrimina
tions do the same, then the color and letter discriminations
in question should also interfere with each other. More
formally, if Task A interferes with Task B, and B inter
feres with Task C, then A should also interfere with C.
Moreover, if A does not interfere with Task D, then B
should also not interfere with D. In other words, it should
be possible to sort tasks into nonoverlapping sets, with
tasks that rely on attention forming one set and tasks that
rely on pop-out forming another. Further experiments
that test these predictions are currently under way.

Attentional Cost of Detection Tasks
Experiment 3 investigated the extent to which the de

tection' of pop-out requires attention. We used a well
known pop-out situation involving a unique orientation
in a dense array oforiented elements (Braun & Sagi, 1990;
Julesz, 1981; Nakayama & Mackeben, 1989; Nothdurft,
1991; Sagi, 1990; Sagi & Julesz, 1985). When pop-out
was detected as a secondary task with the letter task as a
primary task, detection performance remained far better
than chance. Indeed, performance was comparable with
and without the primary task; that is, it was comparable
with attention fully available and with attention heavily
engaged elsewhere. The modest performance difference
exhibited by some subjects would seem to be attributable
to factors other than attention. In a concurrent-task situ
ation, subjects need to maintain two sets ofgoals and en
code two responses, and this is expected to reduce per
formance somewhat compared with when each task is
carried out alone (Allport, 1980; Duncan, 1980a; Pash
ler, 1994).

This interpretation is strengthened by the most sur
prising aspect of these results-namely, that the (small)
concurrent-task decrement does not grow as the discrim
inability ofpop-out is reduced. We varied the orientation
difference between target and background elements from
45°, where discriminability is high (d' "" 1.8 at SOA ""
80 msec), to 15°,where discriminability is marginal (d' ""
0.3 at SOA "" 225 msec). Throughout this range, detec
tion performance remained comparable with and without
the primary task. This is illustrated in Figure 7, which
shows that the compatibility index for the combination
ofletter and pop-out detection tasks is uniformly high. If
the attentional cost had been masked because performance
was "data limited" for highly discriminable pop-out, then
attentional cost should have increased as performance
became "resource limited" for marginally discriminable
pop-out (Navon & Gopher, 1979; Norman & Bobrow,
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Figure 14. Examples ofdisplays used by Braun (1994a). In gen
eral, subjects are asked to perform the letter task and to carry out
a visual search among six peripheral stimuli. The target of the
search differs from the distractors in size, brightness, color, or
pattern. In the example shown, the target is (a) larger than the
distractors or (b) smaller than the distractors. Displays were pre
sented briefly and masked, and the SOA was adjusted to obtain
comparable performance on both types of visual search in the
single-task situation. However, concurrent performance of the
letter task revealed that the two types ofvisual search entail dra
matically different attentional costs.

1975). The fact that no such increase was observed sug
gests that the attentional cost of pop-out detection was
effectively zero.

However, we do not claim that the attentional cost of
pop-out detection is exactly zero. What we can say is
that, having applied the most sensitive paradigms cur
rently available, we did not find unambiguous evidence
for such a cost. In any case, the difference between "ex
actly" zero and "effectively" zero is small from a practi
cal point of view: In either case significant visual capa
bilities are independent of where and how the bulk of
attention is deployed.

Influence of Distractors
It is instructive to contrast the present results with

those of another study employing the same concurrent
task paradigm (Braun, 1994b). In the present experiment,
only one element popped out from the display, whereas
in Braun (1994b) there were several such elements. One
of these elements was the target of a visual search task,
and the others were distractors. The aim ofthe study was
to determine how the attentional cost of visual search is
influenced by the presence and nature of distractors.

Target and distractors differed with respect to size, lu
minance, chromaticity, or pattern, and, as a result, also
differed in their respective intrinsic detectability.? Two
types of situations were investigated: (1) The target ele
ment was intrinsically more detectable than the distrac
tor elements, and (2) the target element was intrinsically
less detectable than the distractor elements. This is il
lustrated in Figure 14.

In general, the two types of situations just mentioned
are known to give rise to search asymmetries (Treisman
& Gormican, 1988; Treisman & Souther, 1985) in the
sense that visual search tends to be more difficult when
the target is intrinsically less, rather than more, detect
able than the distractors. In the study at issue (Braun,
1994b), however, search performance was comparable in

both types of situations, at least as long as attention was
fully available. In other words, no search asymmetry was
evident in single-task performance. However, a dramatic
search asymmetry was obtained in the concurrent-task
situation-that is, when attention was engaged by the pri
mary task and visual search was the secondary task. Search
performance collapsed to near-chance level for targets that
were intrinsically less detectable than the distractors, but
remained at or near its single-task level for targets that
were intrinsically more detectable than the distractors.

In sum, the attentional cost of detection in a general
situation (i.e., visual search) depends not only on the target
to-be-detected but also on the presence and nature ofother
stimuli in the display; that is, it depends on context. Specif
ically, attentional cost does not depend on the absolute
level of target detectability but on the relative level of
the intrinsic detectabilities of target and potential dis
tractors, respectively. This pattern of results strongly
suggests that attentional cost is governed by competition
among the various stimuli in a display.

Competition for Saliency
Competition between stimuli is not a new idea and has

long been postulated to account for "visual saliency." In
one influential model (Koch & Ullman, 1985), a stimu
lus must "win" a competition with other stimuli in the
display in order to become visually salient. As a result, vi
sual saliency depends as much on other stimuli in the dis
play-that is, on context-as on the salient stimulus it
self. Further evidence for a competition for saliency
comes from the behavioral effects of cortical and sub
cortical lesions in nonhuman primates: Stimulus detec
tion in the visual region affected by the lesion tends to be
impaired only ifother stimuli are present outside this re
gion (Desimone, 1992; Desimone & Duncan, 1995; Rob
inson & Petersen, 1992; Schiller & Lee, 1991). A simi
lar phenomenon is sometimes observed in humans after
parietal injury ("extinction"; Bisiach & Vallar, 1988;
Kinsbourne, 1993).

From a theoretical point of view, there seems to be a
consensus that visual saliency depends largely on stim
ulus factors and is the result of three levels of parallel
processing: (1) Feature-selective filters register visual in
formation in parallel across the visual field ("feature
maps"; Koch & Ullman, 1985; Treisman, 1988, 1993;
Wolfe, 1994); (2) lateral inhibition of limited spatial
range enhances singularities and discontinuities in the
distribution of features (Malik & Perona, 1990; Naka
yama, 1991; Nothdurft, 1990; Rubenstein & Sagi, 1990;
Sagi, 1990; Sagi & Julesz, 1987); and (3) competitive in
teractions of larger spatial range further enhance the
strongest singularities and discontinuities in the visual
field (the "saliency map" of Koch & Ullman, 1985; the
"master map" ofTreisman, 1988, 1993; see also Desimone
& Duncan, 1995).

Taken together with the present results, these findings
suggest that the attentional cost of detection depends on
the outcome of a competition for visual saliency among
the various stimuli in the display. Specifically, attentional

•
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little or no attention. This seems to be the case for hue
discrimination, which is performed almost as well with
a concurrent task as without a concurrent task (compat
ibility '" 0.8). In fact, the performance decrement for hue
discrimination is comparable to that observed with de
tection tasks (compatibility » 0.8-1.0; see Figure 7), and
thus may well be due to the intrinsic difficulty of the
concurrent-task situation rather than to a conflict over at
tention (Allport, 1980; Duncan, 1980a; Pashler, 1994).

Lack of attention may result in a partial loss of dis
criminabi1ity if multiple "signals" are relevant to a dis
crimination but only some of these fall into the domain
of early vision (e.g., signals sensitive to orientation and
complex shape, respectively). In this case, withdrawal of
attention will leave the observer to respond on the basis
of fewer signals and thus will reduce performance with
out eliminating it entirely. This may be the case for the
discrimination oforientation in Experiment 4, which ex
hibited an intermediate attentional cost.

We again emphasize that these predictions apply only
to attributes of stimuli that pop out from the display. If
pop-out is compromised by the presence of other promi
nent stimuli in the display, attentional costs may be sig
nificantly higher. In addition, there may well be other fac
tors that influence discriminability ofunattended stimuli
that are not yet fully understood. A case in point is ori
entation discrimination, which under some conditions
exhibits a small attentional cost (compatibility "'" 0.8 in
Experiment 6), under others an intermediate attentional
cost (compatibility » 0.5-0.8 in Experiment 4), and
under yet other conditions a large attentional cost (Braun
& Sagi, 1990; Sagi & Julesz, 1985).

One factor that may account for this dramatic differ
ence in attentional cost is target size, since in the studies
in question attentional cost increased with decreasing
target size." Perhaps early vision produces a coarser rep
resentation of the visual field than attentive vision, so
that only the orientation ofrelatively large stimuli can be
discriminated without attention. Another important fac
tor is the presence and nature of stimuli near the target.
In Experiment 6 and in Braun and Sagi (1990), there were
no such stimuli, whereas in Experiment 4 and in Sagi
and Julesz (1985) the target was embedded in a uniform
background array. If the margins of a background array
are visually salient themselves, as seems likely, then the
different outcomes of Experiment 4 and Sagi and Julesz
(1985) could be due to the fact that in Sagi and Julesz,
the target was much farther from the array margin than
in Experiment 4. However, the difference between Ex
periment 6 and Braun and Sagi cannot be explained in this
way. We are currently trying to clarify these issues by
comparing orientation discrimination thresholds in the
presence and absence ofattention for sinusoidal gratings
of different spatial frequencies and luminance contrasts
(Wen, Koch, & Braun, 1996).

Another interesting aspect of our results is that sub
jects discriminated two distinct stimuli outside the focus
of attention. At first glance, this may seem at odds with
the notion of a competition for saliency, since it implies
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cost will depend on whether the stimulus to be detected
"wins" or "loses" the competition for saliency among the
various stimuli in the display. "Winners" enter ambient
visual awareness and thus are detected at essentially no
attentional cost. "Losers" are barred from ambient aware
ness and thus are detected only when attention is not oth
erwise engaged. A related prediction is that the presence
of distractors will be felt most keenly when attention is
somehow compromised-for example, as the result of a
lesion or ofperforming a concurrent task (Braun, 1994b;
Schiller & Lee, 1991). When attention is functioning nor
mally and is freely available, the presence of dis tractors
will be of little consequence.

Attentional Cost of Discrimination Tasks
Our results on the attentional cost of discriminating

various attributes of stimuli that pop out from a display
are summarized in Figure 15. Whereas discrimination of
letter shape requires essentially full attention (compati
bility with letter task » 0.0), discrimination of triangular
and circular shape (Braun, 1994b), discrimination ofori
entation, and discrimination ofcolor are significantly less
demanding ofattention (compatibility» 0.4-0.8). These
results confirm the widely held notion that discrimina
tion of some stimulus attributes is more costly in terms
of attention than that of others (see, e.g., Cheal & Lyon,
1994; Julesz, 1984; Treisman & Gormican, 1988). We note
that among the attributes investigated, only the discrim
ination of letter shape requires full attention. It is proba
bly no coincidence that this is also the one attribute that
does not pop out in a visual search situation and is not
thought to be processed at the level of early vision (Ber
gen & Julesz, 1983; Krose & Julesz, 1989). All other inves
tigated attributes, including triangular and circular shape,
do pop out in a visual search situation and are thought to
be processed by early vision (Julesz, 1981, 1984, 1991).

Accordingly, we predict that only the discrimination
ofattributes that are not processed in parallel at the level
of early vision requires full attention. Attributes that are
processed by early vision should be discriminable with

Figure 1S. Summary ofconcurrent task results on discrimina
tion tasks. Compatibility with letter task (average and standard
errors, ~) as a measure of the attentional cost of various dis
crimination tasks, all involving salient stimuli. From left, discrim
ination of letter shape (Experiment 2), triangle/circle (Braun,
1994b), orientation (Experiment 4), hue of two targets (Experi
ment 5), and color and orientation of two targets (Experiment 6).
All attributes except letter shape are significantly discriminable
"outside" the focus of attention.
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that two stimuli are visually salient at the same time.
However, this is exactly what one would expect if the
perceptual function of the competition for saliency is to
provide an ambient awareness ofthe visual environment.
Only in the context of guiding eye movements or shift
ing the focus of attention is there a need to determine a
single, most salient location. Accordingly,we propose that
the competition for saliency admits multiple winners,
rather than the single winner proposed previously (Koch
& Ullman, 1985), and that the number of winners is lim
ited by the spatial range of the underlying interactions.

The fact that subjects discriminate two distinct stim
uli with little or no attention further suggests that early
vision is capable ofsolving at least a mild instance ofthe
"binding problem" (Damasio, 1987; Rummelhart & Me
Clelland, 1986). Neuronal populations in different visual
cortical areas exhibit significantly different response prop
erties (see, e.g., Felleman & VanEssen, 1990; Van Essen
& Gallant, 1994), so different attributes ofthe same stim
ulus are to some extent represented by activity at anatom
ically distinct sites. It has been proposed that focal atten
tion is needed to reassemble the various attributes into a
perceptual unit, namely, into one visual object ("feature
integration theory," Treisman, 1988, 1993; Treisman &
Gelade, 1980). The present results suggest that this is not
strictly true, and that early vision is able to associate at
tributes such as color and orientation with the correct stim
ulus even when there is a second stimulus at a distant vi
suallocation. Indeed, visual search studies provide some
converging evidence for this possibility (Mordkoff, Yan
tis, & Egeth, 1990; Pashler, 1987).

Other Concurrent-Task Studies
Taken together, our results suggest that the attentional

cost of simple visual tasks depends on two factors, both
equally important: (1) the task-relevant stimulus must be
visually salient; that is, it must be intrinsically not less
detectable than other prominent stimuli in the visual
field, and (2) the task-relevant attribute must be pro
cessed in parallel at the level ofearly vision. Ifboth con
ditions are met, the task entails little or no attentional
cost, and its performance is largely independent ofwhere
and how attention is deployed. If one or both conditions
fail to be met, the task requires full attention. Intermedi
ate outcomes are obtained when early vision processes the
task-relevant attribute less completely than attentional
vision, as seems to be the case for orientation. It follows
that attentional cost depends neither on the nature of the
task-that is, on whether it involves detection or discrim
ination-nor on the absolute level of performance, that
is, on discriminability d',

When one surveys the dual-task literature, one finds
very little evidence at variance with these predictions.
Several dual-task studies of the discrimination of letter
shape have encountered substantial dual-task penalties,
consistent with a significant attentional cost of of this
kind of discrimination (Duncan, 1984; Duncan et aI.,
1994; Sperling & Melchner, 1978). In a widely noted
study, Duncan (1980b) encountered significant dual-task

penalties for the discrimination of attributes of similar
complexity. A more recent set ofdual-task studies has in
vestigated discrimination ofline length (Bonnel & Miller,
1994; Bonnel, Possamai, & Schmitt, 1987). Specifically,
a pair of parallel and closely spaced lines was presented
on either side offixation, and subjects discriminated small
differences in length within each pair. This would appear
to be a case in which discrimination may be based on sev
eral redundant features, only some processed at the level
of early vision. Indeed, a significant dual-task penalty
was observed.

A similar study was carried out with respect to detec
tion or discrimination ofluminance increments or decre
ments (Bonnel et aI., 1994). No dual-task penalty was
found for independent detection of two luminance incre
ments, consistent with automatic and effortless process
ing of luminance increments by early vision (see, e.g.,
Julesz, 1981; Shaw, 1984).However, there was a dual-task
penalty for independent discrimination ofluminance in
crements and decrements, an outcome interpreted by the
authors in terms of altered task requirements (discrimi
nation vs. detection) rather than in terms ofaltered phys
ical stimulation (decrements vs. increments). However, it
seems quite possible that early vision is differentially sen
sitive to luminance increments and decrements (see, e.g.,
Bashinski & Bacharach, 1980). This interpretation is
strengthened by the observation that the attentional cost
of visual search rises dramatically if negative-contrast
target and distractors are used instead of their positive
contrast equivalents (Braun, 1996). This is clearly an
issue that deserves further study.

Neural Basis
The notion that competitive interactions select infor

mation that is perceived independently of attention fits
well with recent findings of primate neurophysiology.
Throughout visual cortex, neuronal responses to a pre
ferred stimulus tend to be inhibited by the presence of
similar stimuli nearby (Allman, Miezin, & McGuinness,
1985; Desimone, Schein, Moran, & Ungerleider, 1985;
Knierim & Van Essen, 1992; W. A. Press, Knierim, &
VanEssen, 1994). This surround inhibition between sim
ilar stimuli is generally thought to contribute to visual
saliency and pop-out (Desimone & Duncan, 1995; Koch
& Ullman, 1985; Nakayama, 1991; Robinson & Petersen,
1992). Presumably, this inhibition attenuates neuronal
responses to all stimuili except those with odd or unusual
attributes not shared by other stimuli nearby. Global
competition, for which there is some evidence in infero
temporal cortex (Miller, Gochin, & Gross, 1993; Sato,
1995), could further inhibit neuronal responses until
only the most prominent stimuli in the visual field-those
that are visually salient and pop out-elicit a strong neu
ronal response (Desimone & Duncan, 1995; Koch & Ull
man, 1985). This would be consistent with a recent re
port that visual cortical responses to complex visual scenes
are surprisingly few and far between (Gallant, Connor, &
Van Essen, 1994). Accordingly, visual experience out
side the attentional focus maysimply bedetermined by the



strength of neuronal responses after surround inhibition
and global competition have taken effect.

Inside the attentional focus, neuronal responses are
likely to be governed by a different set ofrules. It is known
that attention modulates neuronal responses at almost all
cortical levels (Desimone & Duncan, 1995; Maunsell,
1995). In cortical areas V2, V3, and V4, as well as in
inferotemperal cortex, visual responses to a stimulus
are stronger (in up to half the neurons) when the stimu
lus is relevant to behavior than when the stimulus is
viewed passively (Chelazzi, Miller, Duncan, & Desi
mone, 1993; Haenny, Maunsell, & Schiller, 1988; Maun
sell, 1995; Moran & Desimone, 1985; Motter, 1994;
Spitzer, Desimone, & Moran, 1988). A puzzling aspect
ofthese results is that the attentional effect is often rather
small. More robust effects seem to be obtained only
when the task-relevant stimulus is joined by task-irrele
vant stimuli nearby (Moran & Desimone, 1985; Motter,
1993; Reynolds, Chelazzi, Luck, & Desimone, 1994;
Reynolds, Nicholas, Chelazzi, & Desimone, 1995).
Indeed, with a dense array of many similar stimuli, at
tentional modulation of neuronal responses can be
demonstrated even in area VI (Motter, 1993; W A. Press
et al., 1994).

The apparent correlation between the size of atten
tional effects and the presence of "competing" stimuli
has not escaped notice (Desimone & Duncan, 1995; Mot
ter, 1993). Perhaps attention modulates neuronal responses
mostly indirectly, by suppressing surround inhibition and
global competition at the attended location. In this way
attention could "protect" (Reynolds et aI., 1995) the re
sponse to attended stimuli from the inhibitory influence
of unattended stimuli. The possibility that attention sup
presses surround inhibition and global competition is
consistent with the psychophysical finding that stimulus
competition is weaker in attended than in unattended
parts of the visual field (Braun, 1994b).

Conclusion
We have used a sensitive concurrent-task paradigm to

investigate what determines the attentional cost of de
tection and search tasks. To test the importance of dis
criminability d', we varied target contrast over a large
range while maintaining the target at a competitive ad
vantage with respect to other stimuli in the display. We
observed no change in attentional cost. In a complemen
tary study (Braun, 1994b), we placed the target at either
a competitive advantage or disadvantage with respect to
other stimuli in the display while maintaining discrim
inability d' at the same level. We observed a dramatic
change in attentional cost. Thus it appears that the atten
tional cost of detection or search is determined not by
discriminability d' but by competitive advantage or dis
advantage with respect to other stimuli in the display.
These findings are consistent with the existence ofa "com
petition for saliency" that permits detection of salient
stimuli independently of attention.

LITTLE OR NO ATTENTIONAL COST 21

Further, we have applied the same concurrent-task
paradigm to study the discrimination ofvarious attributes
of salient stimuli-for example, color, orientation, and
shape-in the near absence of attention. Consistent with
many previous studies, we find that letter shape is es
sentially indiscriminable under concurrent-task conditions.
However, we also find that color and, to a lesser extent,
orientation, is readily discriminated under concurrent-task
conditions. This positive result overrides earlier studies
with negative outcomes (Braun & Sagi, 1990; Sagi & Ju
lesz, 1985) and suggests that, under some conditions,
certain attributes of salient stimuli are discriminated in
dependently of attention. That the discriminative ability
in question extends to multiple attributes ofmultiple stim
uli only strengthens this conclusion. We hypothesize that
the extent to which stimulus attributes are discriminable
without attention coincides with the extent to which such
attributes are processed by early vision.

Our interpretation of these findings is that visual
awareness is not limited to the currently attended region
but extends to selected information from unattended re
gions of the field of view. We suspect that the selection
of this information is accomplished by the mechanisms
that underlie visual saliency. We envisage two levels of
neural interactions-surround inhibition and global com
petition-which jointly determine the stimuli and attri
butes that elicit a strong neuronal response and, thus, the
stimuli and attributes that reach visual awareness inde
pendently of attention.
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NOTES

I. We ignore here that the task in question involved not only the de
tection but also the crude localization of a pop-out.

2. The intrinsic detectability ofa stimulus can be defined as the de
tectability that is measured when the stimulus is removed from its con
text and presented in an otherwise empty display. Larger, brighter, more
chromatic, or more coarsely patterned stimuli tend to be intrinsically
more detectable than smaller, dimmer, less chromatic, or more finely
patterned stimuli, respectively.

3. Target size was was 1.4°in Experiment 6,79° in Experiment 4, 0.14°
0.50° in Braun and Sagi (1990), and 0.48° in Sagi and Julesz (1985).
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