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Attentional capacity is undifferentiated:
Concurrent discrimination of

form, color, and motion

DALEKATHLEEN LEE, CHRISTOFKOCH, and JOCHEN BRAUN
California Institute of Technology, Pasadena, California

Wereport a series of experiments on the concurrent discrimination ofform, color, and motion attri
butes. All tasks involved joint discrimination of attributes, and positions and were highly demanding
of attention. Wequantified interference between concurrent discriminations by establishing the attention
operating characteristic. Interference was indistinguishable for similar and dissimilar task combina
tions (form-form, color-color, motion-motion, and color-form, color-motion, motion-color, and motion
form, respectively). These results suggest strongly that different visual discriminations draw on the
same attentional capacity-in other words, that the capacity of visual attention is undifferentiated.

When two visual objects are presented briefly and si
multaneously, observers often readily discriminate one
object, but find it next to impossible to discriminate both
(Bonnel & Miller, 1994; Bonnel & Prinzmetal, 1998;
Bonnel, Stein, & Bertucci, 1992; Braun & Julesz, 1998;
Braun & Sagi, 1991; Duncan, 1984; Duncan, Ward, &
Shapiro, 1994; Fisher, 1984; Kahneman & Treisman,
1984; Kleiss & Lane, 1986; Sperling & Melchner, 1978;
Ward, Duncan, & Shapiro, 1996). The difficulty ofsimul
taneously discriminating two visual objects is thought to
reflect the "limited capacity" of visual attention (e.g.,
Broadbent, 1971; Kahneman, 1973; Neisser, 1967). Here
we ask whether attentional capacity limitations depend
on the similarity of the discriminations in question
specifically, whether it depends on whether they involve
similar or dissimilar stimulus dimensions (e.g., form,
color, or motion).

In nonhuman primates, neuronal sensitivities to stim
ulus dimensions such as form, color, or motion are con
centrated in different visual cortical areas (Felleman &
Van Essen, 1991; Van Essen & Gallant, 1994), and func
tional imaging studies have shown similar functional
specializations in the visual cortex of humans (Corbetta,
Miezin, Dobmeyer, Shulman, & Petersen, 1990; Cor
betta, Shulman, Miezin, & Petersen, 1995; Van Essen &
Drury, 1997). More than 20 years ago, it was suggested
that dimensions such as form, color, and motion are pro
cessed by separate subsystems ("perceptual analyzers")
and that simultaneous visual discriminations should be
problematic only if they engage the same subsystem, but
not if they involve different subsystems (Allport, 1971;
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Treisman, 1969). In other words, two form discriminations
or two color discriminations should interfere severely,
but one form and one color discrimination should not. A
more abstract formulation of this point ofview is that at
tentional capacity is "differentiated" (Sperling & Dosher,
1986) in that discriminations concerning different dimen
sions draw at least in part on different attentional capac
ities and are thus less liable to interfere than discrimina
tions concerning the same stimulus dimension. Many
current theories of attention are sympathetic to this posi
tion (e.g., Kinsbourne, 1981; Pashler, 1997).

Ofcourse, the fact that visual cortex is to some degree
functionally specialized does not mean that attentional
capacity is necessarily differentiated. It remains to be
seen whether the subsystems that process different stim
ulus dimensions are sufficiently independent to allow si
multaneous discrimination of, say, the form ofone visual
object and the color of another. In fact, Duncan and col
leagues have argued at length for a contrary point ofview
(Desimone & Duncan, 1995; Duncan, Humphreys, &
Ward, 1997). In their view, the neural responses to dif
ferent visual objects compete and "a gain in activity for
one object is accompanied by a loss in activity for oth
ers" (p. 255). Although the response to each object in
volves multiple subsystems, competition is integrated
"as a winning object emerges in one [sub]system, it tends
also to become dominant in others" (Duncan, Hum
phreys, & Ward, 1997, p. 255). Due to the strong inter
dependence of the subsystems that process different
stimulus dimensions, discriminating the form and color
of two visual objects, respectively, should be just as dif
ficult as discriminating the forms of both. In this view,
therefore, attentional capacity is "undifferentiated."

The question as to whether visual attention is differ
entiated or undifferentiated can be approached in a num
ber of ways. One approach is to study the discrimination
of different attributes of the same object (e.g., color and
form) and to take advantage of spontaneous fluctuations
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in the allocation of attention to the target attributes. If
success on one attribute and success on the other are pos
itively correlated, one may conclude that both attributes
are subject to the same fluctuations and, therefore, that
attention is undifferentiated (Bonnel & Prinzmetal,
1998; Monheit & Johnston, 1994). If attention were dif
ferentiated, one might expect the two attributes to be sub
ject to independent fluctuations and therefore to exhibit
no such correlation (Isenberg, Nissen, & Marchak, 1990;
Nissen, 1985). The drawback of this approach is that the
observed correlations are small and their existence dif
ficult to establish (Johnston, Ruthruff, & Monheit, 1997;
van der Velde & van der Heijden, 1997).

A more promising approach is to study the discrimi
nation of two separate objects (Duncan, 1993; Sperling
& Dosher, 1986). When attention is divided between two
objects, a practiced observer is generally able to "trade
off" performance on one object against performance on
the other. In other words, the observer can alter the divi
sion of attention and fare better with one task and worse
with the other. For some tasks, such voluntary changes in
attentional allocation produce large changes in perfor
mance, in some cases from chance to ceiling. As a re
sult, the dependence of the performance of one task on
performance of the other ("tradeoff function") is a sen
sitive measure of the extent to which two tasks compete
for attention. Armed with this measure, we can deter
mine whether visual attention is differentiated or undif
ferentiated. Ifattention is differentiated, two tasks should
interfere less when different attributes (e.g., color and
form) than when the same attributes are discriminated
(e.g., color and color, or form and form). If attention is
undifferentiated, however, the discrimination of same at
tributes and different attributes should lead to the same
degree of interference.

A complicating factor is that the discrimination ofsome
stimulus attributes requires more attentional capacity
than that ofothers. Using concurrent tasks, we previously
found that discrimination of letter shape requires essen
tially full attention, while discrimination of triangular or
circular form and the discrimination of orientation are
significantly less demanding of attention, and the dis
crimination ofcolor is essentially free of attentional cost
(Braun, 1994, 1998; Braun & Julesz, 1998). A similar
ranking ofattentional cost emerges from studies ofvisual
search: Search for a unique letter shape exhibits steeper
search slopes than search for a unique orientation or
color. In general, the attributes whose discrimination re
sults in greater interference between concurrent tasks are
also those for which visual search exhibits steeper "search
slopes" (see, e.g., Enns & Rensink, 1990; Julesz, 1981,
1984; Treisman & Gelade, 1980; Treisman & Gormican,
1988; Treisman & Souther, 1985; Wolfe, 1994). Whether
attentional costs of different discriminations are distrib
uted on a continuum, or whether the distribution is bi
modal with some discriminations being indeed free of
attentional cost, is a matter ofcontinuing debate (see, e.g.,
Braun, 1998; Braun & Julesz, 1998; Joseph, Chun, &
Nakayama, 1997). What matters here is that the undis-

puted and sizable differences in attentiona1 cost need to
be taken into account in any quantitative comparison of
similar and dissimilar task combinations.

A number of previous studies have compared similar
and dissimilar task combinations, but with less than con
clusive results. Duncan and colleagues have studied the
discrimination of form attributes (letter form, size, ori
entation, length), surface attributes (color, brightness,
texture), and motion attributes (left- or rightward mo
tion) in various combinations (Duncan, 1993; Duncan &
Nimmo-Smith, 1996; Ward, Duncan, & Shapiro, 1997).
For each task combination, interference was assessed by
comparing performance of each task alone with perfor
mance ofboth tasks together. In general, similar and dis
similar task combinations exhibited comparable degrees
of interference-that is, comparable differences between
performance alone and performance together, although
some dissimilar combinations (especially those involv
ing color discrimination) exhibited little or no interfer
ence. Duncan and colleagues concluded that all discrim
inations, with the possible exception of color, draw on
the same attentional capacity. However, the degree of in
terference encountered even with similar task combina
tions was small and varied substantially between different
task combinations. (The difference between performance
together and performance alone ranged from "'5% to
"'15%, where chance performance is 50%).

The present study modified this paradigm in order to
obtain more conclusive results. First, we maximized task
interference by using discriminations with high atten
tional cost. We increased attentional cost by increasing
positional uncertainty and by requiring the joint discrim
ination of form, color, or motion and position. (As a re
sult, the difference between performance together and
performance alone ranges from ",28% to "'42%.) Second,
we established a complete tradeoff function for each task
combination. This allowed us to quantify the degree of
interference in each case and made it easier to relate our
findings to the substantial theoretical literature on "di
vided" attention (e.g., Navon & Gopher, 1979; Norman
& Bobrow, 1975; Sperling & Dosher, 1986; Sperling &
Melchner, 1978).

We previously investigated concurrent tasks of high
attentional cost in two studies (Braun, 1994; Braun & Ju
lesz, 1998), and concurrent tasks of lower attentional
cost in several other studies (Ben-Av, Sagi, & Braun,
1992; Braun, 1994; Braun & Sagi, 1990, 1991). In every
one of these studies, perceptual masking was a critical
aspect of the design, since without masking one cannot
be sure that the relevant visual information is indeed pro
cessed concurrently.

METHOD

Equipment and Procedure
Stimuli were generated by a Silicon Graphics Indigo? worksta

tion and displayed on a high-resolution color monitor (1,280 X

1,024 pixels, 3 X 8 bit RGB, 60-Hz frame rate). Viewing was
binocular, from a distance ofabout 120 ern, resulting in a display of
approximately 12.5° X 16° of visual angle, with I° corresponding



to 80 pixels. Background luminance was 26.6 cd/m-, luminance of
display elements was 28.4 cd/rn-, 26.3 cd/m- (Subject D.K.L.), or
29.5/m2 (Subject S.H.), and 91.5 cd/m- for red, green, and white
elements, respectively; the ambient illumination level was "'3 cd/m-.
Subjects fixated a mark at the center of the screen and initiated trials
by pressing the "space" key. After viewing a sequence of stimulus
and mask displays (see below), they responded by pressing assigned
keys on the computer keyboard. Incorrect responses were marked
by auditory feedback.

Two subjects participated in the experiment. One was the first
author (D.K.L.) and the other was a volunteer paid for her partici
pation (S.H.). Subjects were well trained and performed 9 (Sub
ject D.K.L.) and 15 (Subject S.H.) training sessions before data col
lection began. Both subjects were highly practiced and performed
234 (D.K.L.) and 240 (S.H.) blocks of 50 trials in ",,30 sessions over
the course of 4 months. Fourteen (D.K.L.) and 8 (S.H.) blocks oftri
als were rejected because of a significant response correlation and
are not included in these totals (see below). Each session was ded
icated to one particular experiment and included blocks of trials
with all three instructions (central task only, peripheral task only,
both central and peripheral tasks; see below for details). At least
two sessions were dedicated to each experiment, allowing us to dis
tinguish between the first session and subsequent sessions. In total,
we collected between 26 and 52 blocks of trials per experiment and
subject (on average « 34 blocks). These numbers include both sin
gle- and double-task blocks.

Performance of individual tasks was relatively stable and showed
little or no improvement over time (see Results section). However,
the performance of task combinations tended to improve somewhat
between the first and subsequent sessions dedicated to a particular
combination, as will be discussed.

Stimuli and Tasks
All displays featured a central and a peripheral component, which

posed two independent visual tasks. Depending on instructions, sub
jects performed the central task, the peripheral task, or both. The
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central component consisted of five elements that appeared at five
ofseven possible central locations-polar coordinates (r,9) = (0°,0°),
(0.875°,0°), (0.875°, 60°), ... , (0.875°, 300°), where r is in degrees
ofvisual eccentricity and 9is in degrees ofpolar angle. The periph
eral component was a single element at one of eight locations
polar coordinates (r,9) with r = 4.375° and 9 = 0°,45°, ... , 315°.
Although different experiments and tasks involved different types
of elements (form, color, and motion), only two alternative forms
of any element type were used. Central tasks involved reporting
whether one of the five elements differed from the other four or
whether all five elements were the same. Peripheral tasks involved
reporting which of the two alternative elements had been present.
The particular elements used here were chosen in pilot experiments
because they yielded comparable psychometric functions (similar
performance at any given presentation time for form, color, and mo
tion discrimination).

For form discrimination, we used randomly rotated white T- and
L-shaped elements (Figure la). The central task was to inspect the
five central forms and to report "same" (five Ts or five Ls) or "dif
ferent" (four Ts and one L, or four Ls and one T). The peripheral
task was to inspect the single peripheral element and to report "T"
orHL."

For color discrimination, we used vertically bisected disks with
red and green halves (Figure Ib). The colors were isoluminant
(flicker photometry), and the color order was either green left and
red right (GR), or red left and green right (RG). The central task
was to inspect the five central disks and to report "same" (five RGs
or five GRs) or "different" (four RGs and one GR, or four GRs and
one RG). The peripheral task was to inspect the single peripheral
disk and to report "GR" or "RG."

For motion discrimination, we used white "dumbbell" forms ro
tating around their center (Figure Ic). The angular velocity ofeach
dumbbell was chosen randomly in the range from 1.5 revolutions
per second (rps) to 3.5 rps, and the rotation was either clockwise
(CW) or counterclockwise (CCW). The central task was to inspect
the five central dumbbells and to report "same" (five CWs or five

a b c
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Figure 1. Examples of stimulus displays (schematic, drawn to scale). Central and peripheral form (a), color (b), and motion (c) dis
crimination. Form elements are T- or L-shaped and randomly rotated. Color elements are vertically bisected disks with red and green
halves (indicated by hatching). Motion elements are dumbbell forms rotating either clockwise or counterclockwise around their cen
ter of gravity. In each case, there are five central elements and one peripheral element. With respect to the central elements, subjects
reported whether all five elements exhibited the same form, coloring, or motion, or whether one element differed from the other four
in form, coloring, or motion. With respect to the peripheral element, subjects identified the form, coloring, or motion. Central and
peripheral elements were masked at appropriate (and usually different) times to obtain performance levels between ",,80% and =90%
correct.
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Theoretical PRF and AOC Curves
To quantify concurrent task results, it is convenient to work with

PRFs and AOCs m an explicit, analytical form. For example, one
can assume sigmoidal PRFs of the form

Contingency Analysis
An important aspect of concurrent task experiments is whether

the division of attention is consistent throughout a block of trials,
or whether it varies across trials (Sperling & Dosher, 1986). This
can be decided by analyzing the joint probabilities of responding
correctly and/or incorrectly on each task (Braun & Julesz, 1998). If

source. The empincal justification is that when observers attend to
two tasks they can trade performance on one task off against per
formance on another. Thus we can nominally speak ofthe "fraction
ofattention" allocated to a particular task and can postulate a func
tion that describes visual performance as this fraction increases
from zero to unity ("performance-resource function" [PRF], Fig
ure 2). Although PRFs cannot be observed directly, they are con
strained by concurrent task results-that is, by how performance
on one task depends on performance ofthe other (tradeofffunction,
or "attention operating characteristic" [AOC]). If attentional ca
pacity is differentiated, the PRF of a given task will depend on the
task with which it is paired. Dissimilar task pairs will result in more
relaxed tradeoff curves and more rapidly saturating PRFs than will
similar task pairs. If attentional capacity is undifferentiated, how
ever, a given task will have the same PRF, regardless of which other
task it is paired with. In this case, similar and dissimilar task pairs
will result m the same PRFs.

if 0 :0; r:O; €I
2

If Sf < r:O; a,
2

P~!2(~f
per) = p(l) - P~I) ( 2(aa- r)r

p(1)

where per) is performance (as a fraction of the interval between
chance and ceiling, per) E [0, I]), r is the fraction of attention allo
cated to the task, (r E [0, I]), p( I) is performance with full attention
(i.e., single-task performance), and a and f3are parameters. As il
lustrated in Figures 2b and 2c, the parameter a (0 :0; a:O; I) deter
mines what fraction of attention suffices for optimal performance,
and the parameter f3 (f3 ~ I) determines whether the relation be
tween attention and performance is linear (f3 = I), quadratic (f3 =
2), and so on.

Given two tasks A and B, the AOC curve is obtained as the set of
all (PA (r), Ps( I - r)) with r E [0, I] (Figures 2a-2d). By varying the
PRF parameters aA, f3A' as, and f3s, a wide range ofdifferent AOCs
is obtained. If the tasks draw on pools of attentional resources that
overlap only partially, optimal performance will be reached at some
fraction ofattention aAand as that is smaller than uruty(Figure 2a).
As a result, there will be a certam performance range (smaller than
the full range) in which the two tasks compete for attentional re
sources (Figure 2d). Specifically, Task A will compete for attention
between g.f l - as) andPA(aA), and Task B will compete between
Ps(l - aA) and Ps(as)' The resulting AOC curve will lie above and
to the right of the linear tradeoff line, but its precise form will de
pend on f3A and f3s·

In the present series of experiments, the observed AOCs essen
tially follow the linear tradeoff line. This implies that optimal per
formance requires full attention (aA = as = I) and that the two
PRFs are the same (f3A = f3s). Note that the absolute value of f3re
mains undetermined.

Concurrent-Task Procedure
Experiments were conducted and analyzed as described before

(Braun, 1994; Braun & Julesz, 1998). In some blocks of trials, sub
jects were instructed to concentrate on one task and ignore the other
task, responding only once after each trial. This situation, which al
lows subjects to focus attention on one task, yields "single-task"
performance. In other blocks of trials, subjects were instructed to
perform both tasks and to respond twice after each trial. This situ
ation, which forces subjects to divide attention between tasks, pro
duces "double-task" performance. The order ofresponses has no not
iceable effect on double-task performance (Braun & Julesz, 1998).
Subjects can voluntarily affect the way in which they divide atten
tion between tasks, 'so that there is an entire family of possible dou
ble-task outcomes (one for every possible division ofattention). To
obtain the full range of outcomes, we used three variations of the
basic double-task mstruction: (I) "perform both tasks but give pri
ority to the central task," (2) "perform both tasks but give priority
to the peripheral task," and (3) "perform both tasks and give equal
priority to both tasks." Note that the display remained the same for
all instructions and always contained both central and peripheral
components.

Differentiated and Undifferentiated Capacity
To formalize the distinction between differentiated and undiffer

entiated capacity, we treat attentional capacity as a divisible re-

CCWs) or "different" (four CWs and one CCW, or four CCWs and
one CW). The peripheral task was to inspect the single peripheral
dumbbell and to report "cw" or "CCw."

For form and color discriminatIon, the visual persistence ofstim
ulus elements was curtailed by masking, and stimulus onset asyn
chrony (SOA) was defined as the time between stimulus and mask
onset. For motion discrimination, no masking was used, as there
was no discernible Visual persistence of dumbbell rotation. Here,
SOA was defined as the time between stimulus onset and offset. For
each task and subject, the SOA was adjusted individually to obtam
a performance level of~80% correct when the task in question was
carried out alone. Since elements had been chosen so as to yield
comparable psychometric functions, SOAs for form, color, and mo
tion discrimination were comparable. Central task SOAs ranged
from 183 to 200 msec, and peripheral task SOAs from 67 to 100 msec.
Note that due to the difference in SOA, peripheral display elements
were masked earlier than central display elements.

All tasks in the present study were designed to place strong de
mands on attention. Although we have yet to study the issue sys
tematically, we tentatively attribute the attention-demanding nature
of the tasks in question to the fact that they involve Judging the rel
ative position of two features'(of vertical and horizontal bars for the
T- and L-shaped elements, Ofred and green for the bisected disks,
and of the respective directions of motion ofterminal points for the
rotating dumbbells). In the terminology of Treisman, the tasks in
question involve "conjoining" two features WIth two locations.

In spite of their somewhat complex nature, the discrimination
tasks would have been "easy" had they concerned a single element
at a known location: The necessary SOA to achieve 80% correct per
formance in discriminating a single T or L form, GR or RG disk, or
CW or CCW rotatmg dumbbell at fixation can be as short as 40 msec.
For the peripheral task, the necessary SOA was increased by visual
eccentricity and positional uncertainty of the discriminated ele
ment. For the central task, this value was increased because the task
involved more than one element and because these elements ap
peared at variable positions. Three elements would have been suf
ficient to obtain SOAs above 100 msec, but five elements were used
in order to allow direct comparison with earlier work (Braun, 1994;
Braun & Julesz, 1998).
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Figure 2. Attention-operating characteristic (AOC) and performance-resource functions (PRFs). (a) In the
most general case, Tasks A and D draw on somewhat different "pools" of attentional resources. To generate
AOCs, we assumed that attention can be divided arbitrarily between Tasks A and D, but that attention to A and
attention to Dalways sum to unity. (b) Performance A as a function of the fraction of attention allocated to Task A.
Three possible PRFs are shown, with a A = 0.5, 0.75, and 1.0 and PA = 2.00 (see Method section). (c) Perfor
mance D as a function of attention allocated to Task D.Three possible PRFs are shown, with as = 0.75 and Ps =
1,2, and 5. (d) AOC resulting from the PRFs drawn with a thicker pen in (b) and (c) (aA = 0.75, PA= 2, as =
0.75, Ps = 1). Since aA,as < 1, the AOC lies above and to the right of the linear tradeoff line. Linear tradeoff is
obtained if a A = as = 1 and PA = PS' Note that only (d) is experimentally observable.

the division of attention is constant, success or failure on one task
will be independent of success or failure on the other. If the division
varies, there will be a negative correlation.

To estimate the degree of attentional variation implied by an ob
served (negative) correlation, we can use the theoretical PRFs defined
above. Given reasonable parameter values (aA = aB = I, fiA =
fiB E [1,3]), we can compute performance for any particular divi
sion ofattention and, thus, the correlation resulting from a variable
division of attention (e.g., r = .43 in 50% of the trials, and r = .57
in the remaining trials). The theoretical curves in Figure 6 are based
on such a calculation.

RESULTS

Similar Task Combinations
The first series of experiments concerned concurrent

performance of similar task pairs. Three pairs of tasks
were investigated: central and peripheral discrimination
of form, color, and motion, respectively. These experi-

ments permit us to quantify the attentional cost of the
tasks involved.

The results, shown in Figure 3, were comparable for
both subjects and all task combinations. Each subject
performed between 26 and 52 blocks of 50 trials on each
task combination (average ==34 blocks). Generally,double
task performance was inferior to single-task performance.
Whenever double-task performance of one task ap
proached the single-task level, double-task performance
of the other task approached chance. Indeed, double-task
performance was characterized by a roughly linear trade
offbetween tasks: When either task was performed at its
best, the other task was performed at chance, and any im
provement in the performance of one task was at the ex
pense of a reduction in the performance of the other. In
some blocks of trials, double-task performance was well
below the linear tradeoff line, suggesting that subjects
did not efficiently allocate attention (in the sense that
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Figure 3. Displays and results for combinations of similar tasks. Stimulus and mask displays are not drawn to scale. Red/green color
is indicated by hatching. Results are presented in the form of an attention operating characteristic (AOC), with center task perfor
mance on the horizontal axis and peripheral task performance on the vertical axis. Open circles indicate single-task and filled circles
double-task performance. Each circle represents one block of 50 trials. Dashed lines indicate the theoretical extremes of the AOC. Sub
jects are identified by their initials (D.K.L. or S.H.). (a) Central and peripheral form discrimination. The stimulus display (st) is fol
lowed by a peripheral mask (pm) and a central mask (em). (b) Central and peripheral color discrimination. The stimulus display (st)
is followed by a peripheral mask (pm) and a central mask (em), (c) Central and peripheral form discrimination. The stimulus display
(st) is not masked, but the peripheral element is presented for less time than the central elements. In all three experiments, double
task performance follows the lower extreme of the AOC, indicating that optimal performance of either task requires full attention.

some ofthe available attention was not allocated to either
task). This aspect of the results is discussed further be
low. A contingency analysis was performed after the
blocks for each subject and task combination were pooled
to determine whether subjects had maintained a stable
division of attention. No significant (p < .05) response
correlation was found. Pooled results from all three task
combinations are shown in Figure 7.

It is clear from inspection ofFigure 3 that all task com
binations were characterized by a linear or nearly linear
performance tradeoff. This can be confirmed by gener
ating a family of theoretical AOC curves and computing
the likelihood that a given curve will produce the ob
served results. We carried out such an analysis and found

the likeliest values of the "attentional demand" param
eter ato range from 0.98 to 1.00for all tasks and observers
(see Method section for definition of a). Of course, the
individual block results are expected to scatter somewhat
simply because of the finite number of trials per block.
In general, the observed scatter was not significantly dif
ferent from the scatter expected from binomial sampling
of a linear tradeoff. This was true for all observers and
task combinations (X2 test, p < .0001), except the color
color combination ofObserver S.H. (who performed ex
ceptionally poorly on two blocks). However, individual
block results tend to fall somewhat more frequently
below than above the linear tradeoff line. For Observers
D.K.L. and S.H., the average distance of individual block
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results from the linear tradeoff line is -0.91 ± 0.49 and
-1.84 ± 0.74 percentage points, respectively (mean ±
standard error; negative values indicate positions below
the line). This small departure from strict linearity was
weakly significant (t test, p < .05).

Dissimilar Task Combinations
A second series ofexperiments established concurrent

performance ofdissimilar tasks. Four task combinations
were investigated: central discrimination of color com
bined with peripheral discrimination of form or motion,
and central discrimination of motion combined with pe
ripheral discrimination of form or color.

Results are shown in Figures 4 and 5. Each subject
performed between 29 and 35 blocks of 50 trials on each
task combination (average ",,33 blocks). As was the case
for similar task combinations, double-task performance
was generally inferior to single-task performance. When
ever double-task performance of one task approached
the single-task level, double-task performance of the
other task approached chance. However, in many blocks
of trials, double-task performance was well below the
linear tradeoff line, suggesting that subjects frequently
failed to efficiently allocate attention. A contingency anal
ysis was performed after the blocks for each subject and
task combination were pooled, but no significant (p < .05)

response correlation was found. Pooled results from all
four dissimilar task combinations are shown in Figure 7.

As is the case with similar task combinations, the re
sults from dissimilar task combinations are likely to re
flect a linear performance tradeoff. The most likely values
of a range from 0.95 to 1.00 for all tasks and observers.
The distribution of individual block results was not sig
nificantly different from the distribution expected from
binomial sampling ofa linear tradeoff (X2 test, p < .000 I)
except for the color-motion combination ofObserver S.H.
and the motion-color combination ofObserver D.K.L. In
both cases, the departure from the expected distribution
was due to exceptionally poor performance in a few
blocks of trials. However, individual block results fall
more frequently below than above the linear tradeoffline.
The average distance of individual block results from the
linear tradeoff line was significantly less than zero:
- 2.48 ± 0.79 percentage points for Observer D.K.L. and
- 2.92 ± 0.71 percentage points for Observer S.H. (t test,
p<.OI).

Contingency Analysis of Pooled Results
As mentioned, contingency analysis of data for indi

vidual subjects and task combinations revealed no sig
nificant response correlation, suggesting that subjects
maintained a consistent division ofattention during each
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Figure 5. Displays and results for combinations of dissimilar tasks. See Figure 3 caption. (a) Central motion and periph
eral form discrimination. The stimulus display (st) is followed by a peripheral mask (pm), (b) Central motion and peripheral
color discrimination. The stimulus display (st) is followed by a peripheral mask (pm), In both experiments, optimal perfor
mance of either task requires full attention.

block of trials. To see whether a residual response corre
lation would reach significance for an even larger data
set, we pooled the results of all experiments on similar
and dissimilar task combinations. In doing so, we con
sidered only blocks of trials in which double-task perfor
mance of both tasks was comparable (neither performance
above 70% of single-task level). The rationale was that
near the middle ofthe AOC curve (when attention is about
equally divided between tasks and performance compa
rable), a response correlation is more likely than at the
ends ofthe AOC curve (when attention is directed mostly
at one task and performance is disparate). Thus, by lim
iting the analysis to the middle ofthe AOC curve, we max
imized the chances of observing a response correlation.

To show how responses to one task depend on re
sponses to the other task, we plotted percentage correct
when subjects failed on the other task against percent
age correct when subjects succeeded on the other task
(Figure 6). As expected, performance was slightly better
when subjects failed on the other task. This was true for
both similar and dissimilar task combinations (3,950 and
4,450 trials, respectively). On average, the difference in
performance was less than 3 percentage points, large
enough to be significant (X 2 test,p < .005) in the pooled
data sets but too small to reach significance in individ
ual data sets.

Model calculations (see Method section) show that a
negative response correlation of this small magnitude is
expected if attention focuses completely on one task or

the other in == 15% of the trials but is divided equally in
the remaining ==85% ofthe trials (Figure 6). Another way
of obtaining such a correlation is to divide attention on
all trials, but to vary the exact division, favoring some
times one task and sometimes another. The necessary de
gree ofvariation depends on the form ofthe PRF-specif
ically, on the parameter /3. For /3 = 1, the division of
attention would have to vary between approximately
30%/70% and 70%/30% (if both are equally likely), for
/3 = 2 it would have to vary between approximately
39%/61 % and 61%/39%, and for /3 = 3 the variation
would have to be approximately 43%/57% to 57%/43%.

Earlier and Later Sessions
Pooled results for all task combinations are shown in

Figure 7. The distribution of double-task outcomes is
rather broad, especially for dissimilar task combinations,
and includes many blocks of trials well below the linear
tradeoff line, in which subjects failed to perform well on
either task. This poor performance is puzzling, since
subjects could have done better by simply ignoring one
ofthe two tasks. The most plausible explanation of these
data is that subjects failed to allocate attention to either
task, perhaps because they were overwhelmed by the
complexity of the double-task situation.

This interpretation is strengthened when the results of
earlier and later sessions on any given task combination
are considered separately (i.e., sessions in the first and
second half ofall sessions on any particular task combi-
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Figure 6. Contingency analysis of pooled results. For a given task, we
computed performance separately for trials in which subjects responded
correctly and incorrectly on the other task, and plotted the two values
against each other. Open circles show results for similar task combina
tions (the open square represents the mean), and filled circles show results
for dissimilar task combinations (the filled square represents the mean).
On average, performance was about 3 percentage points lower when the
other response was correct. For comparison, we show the expected con
tingencies if in t S% of the trials attention had focused on one task or the
other instead of being divided (I), if this had happened in all trials (2),
and if attention had been divided in all trials but the exact division varied
from trial to trial (sometimes 30%170% and sometimes 70%/30%) (3).

nation). Blocks of trials in which subjects failed on both
tasks occurred almost exclusively in the earlier sessions.
In later sessions, subjects were consistently better, ap
parently because they had learned to efficiently allocate
attention to one or both tasks so that no attention was
wasted. Considering only data from later sessions, the
distribution of individual block results does not depart
significantly from the linear tradeoff line for either sim
ilar or dissimilar task combinations (X2 test, p < .0001).
The average distance from the linear tradeoff line was
-0.26 ± 0.98 percentage points for similar and -0.23 ±
0.88 percentage points for dissimilar task combinations.
Neither value was significantly different from zero (t test,
p<.OOOI).

DISCUSSION

Attention is widely considered to be first and foremost
a means of controlling the flow of information between
different levels of processing. Stimuli selected by atten
tion gain access to higher levels of processing that in
clude recognition, awareness, memory, and the genera
tion of voluntary responses, whereas stimuli rejected by

attention are denied such access. This contrasts with
lower levels ofprocessing, which represent all stimuli in
discriminately, whether selected by attention or not.
Lower processing levels arc presumed to have spatially
parallel architecture and.to be free ofcapacity limitations
("early vision"). A strong implication ofthis view is that
effects of attention are more evident at higher than at
lower levels of processing (e.g., Broadbent, 1971; Kah
neman, 1973; Kahneman & Treisman, 1984; Nakayama
& Joseph, 1998; Neisser, 1967; Pashler, 1997).

A somewhat different possibility that has recently been
gaining ground is that attention affects all levels of pro
cessing. In this view, attention has the direct consequence
of enhancing or attenuating responses at lower levels of
processing and the indirect consequence of facilitating
access to higher levels of processing. This view is easier
to reconcile with the neurophysiological finding that at
tention modulates neural responses throughout visual
cortex (for a review, see Desimone & Duncan, 1995; see
also Maunsell, 1995). Attention has been observed to
modulate visual responses in inferotemporal cortex (Che
lazzi, Miller, Duncan, & Desimone, 1993; Miller, Li, &
Desimone, 1993; Ungerleider, 1995), in extra striate cor-
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Figure 7. Pooled results from earlier and later sessions with any given task combination, both subjects. See Figure 3 caption. Most
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linear tradeoff line, suggesting that subjects learned to allocate attention efficiently. "Nominal percentage correct" values were com
puted separately for each task by mapping the interval from chance performance to average single-task performance onto the inter
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tex (Moran & Desimone, 1985; Motter, 1994; Treue &
Maunsell, 1996), and to some extent even in striate cortex
(Motter, 1993). Another fact that points to a modulation
of lower processing levels is that in many cases attention
enhances stimulus discriminability d', suggesting an al
tered sensory representation (see, e.g., Bonnel & Miller,
1994; Braun, 1994; Downing, 1988; Lee, Koch, & Braun,
1997a, 1997b; Nakayama & Mackeben, 1989).

An important implication ofthis modified view is that
certain stimuli may reach higher levels ofprocessing even
without being selected by attention: The necessary and
sufficient condition for access to higher levels is not se
lection by attention but simply a suitably strong response
at lower levels. Of course, most stimuli elicit a suitable
response only as a result of being selected by attention.

However, when a visual scene contains stimuli that are
"salient" (Koch & Ullman, 1985; Robinson & Petersen,
1992), observers are subjectively aware of, and able to
respond to, such stimuli even when attention is engaged
by a demanding task elsewhere in the scene (Braun, 1994;
Braun & Julesz, 1998; Braun & Sagi, 1990). Thus it
would appear that "salient" stimuli elicit a suitably strong
response to reach higher levels of processing even with
out being selected by attention.

Its "limited capacity" is the characteristic of attention
that is most central to the present study. Although it is
well established that only a limited number of stimuli
can benefit from attention at anyone time, it is far from
evident why this should be so (Pashler, 1997, pp. 226 ff.).
A reason often cited is that the limitation does not reflect



so much attention but rather the higher levels of pro
cessing to which attention provides access (e.g., Kins
bourne, 1981). In this view, attention can (and occasion
ally does) select a large number of visual stimuli, but the
results are counterproductive: Visual performance suf
fers because higher levels of processing are equipped to
handle only a few stimuli at a time. An alternative pos
sibility is that the limitation is inherent in the process of
selection, which may be so constituted as to allow only a
certain number of stimuli to be selected at anyone time.
Perhaps selection involves the formation ofvisual objects
and is limited by Gestalt rules (see, e.g., Kanwisher &
Driver, 1992). Although the present study does not di
rectly address the reason for the limited capacity of at
tention, its results have some bearing on the matter.

Choice of Paradigm
Over the years, various paradigms have been employed

to measure interference between concurrent visual tasks.
In many cases, an important consideration was the abil
ity to distinguish attentional limitations from the well
known limitations of short-term memory (e.g., Potter,
1976; Sperling, 1960). For example, one can compare
discrimination oftwo stimuli that are presented either si
multaneously or successively. Since memory limitations
are expected with both modes of presentation but atten
tional limitations only with simultaneous presentation,
the comparison should distinguish between limitations
of memory and limitations of attention (Duncan, 1980;
Duncan et aI., 1994; Fisher, 1984; Kleiss & Lane, 1986;
Shiffrin & Gardner, 1972; Ward et aI., 1996).

Another way of identifying attentional interference be
tween concurrent discriminations has been used in ex
periments involving same or different visual objects (Dun
can, 1984; Treisman, 1969; Vecera & Farah, 1994). In
these experiments, observers discriminate either two at
tributes of one object (ignoring the other object) or one
attribute of each object (ignoring the other attributes).
Interference is found only in the latter case-the discrim
ination ofone attribute ofeach object -leaving little doubt
that interference originates at the visual level (i.e., the
level of attention). Incidentally, these results also high
light the intimate connection between attentional selec
tion and visual objects (Kanwisher & Driver, 1992).

Besides memory and attention, yet another potential
source of interference between concurrent tasks is re
sponse selection (Johnston, McCann, & Remington, 1995;
Pashler, 1991, 1994). It is readily distinguishable from
attentional interference, since it is independent of the
exact timing of stimulus presentation, occurs even when
two tasks concern different modalities, and is highly sen
sitive to the characteristics of the response (e.g., order,
timing, complexity). Another difference may be that the
resources of response selection cannot be shared in a
graded fashion between two concurrent tasks (Pashler,
1997,pp. 311ff.). Indeed, interference at the response level
may involve subcortical rather than cortical structures
(Ivry, Franz, Kingstone, & Johnston, 1998; Pashler,
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Luck, O'Brien, Mangun, & Gazzaniga, 1995). These
factors have led Johnston and colleagues to argue for two
distinct types ofattention-"input attention" and "central
attention"-which produce interference at different lev
els (Johnston et aI., 1995).

The present experiments were designed to measure
task interference at the level of visual attention. Central
and peripheral targets formed two distinct visual objects,
which were presented simultaneously and masked, while
responses were unspeeded. Responses involved one or
two binary choices, well below the capacity of visual
short-term memory (see, e.g., Luck & Vogel, 1997). Con
trol experiments have shown that interference disappears
when central and peripheral targets appear successively
rather than simultaneously, and that interference is inde
pendent of response order (Braun & Julesz, 1992, 1998).
This indicates that any interference obtained with this
paradigm does not reflect limitations at the level of mem
ory or response selection.

The most surprising finding with this paradigm is that
widely disparate outcomes are obtained with seemingly
similar task combinations. As discussed below, some
task combinations produce little or no interference,
whereas other, similar task combinations produce severe
interference (Braun, 1994; Braun & Julesz, 1998). Thus,
the linear tradeoff curves reported here are not necessar
ily typical. For example, there is little or no interference
(I) between central form discrimination (i.e., the task
used in the present study) and peripheral localization of
a uniquely oriented Gabor element ("pop-out"), or
(2) between central form discrimination and two periph
eral hue discriminations. In both cases, the peripheral
task is carried out comparably well with and without the
central task. In other instances with the same outcome,
the peripheral tasks involved up to four binary choices,
which demonstrates among other things that the task
combinations studied here fall well within the capacity
of short-term memory.

Attentional Capacity Is Divisible
Our results show that observers divide attention be

tween tasks in almost every trial, rather than simply al
locating attention sometimes to one task and sometimes
to the other. This follows from the relatively small re
sponse correlation we observed: The average accuracy of
one response was only about 3 percentage points better
when the other response was incorrect rather than correct.
The most likely cause of this small correlation is some
degree of variability in the division of attention. De
pending on the form of the PRFs, and especially the
value of f3, a relatively modest degree of variability
would be sufficient to account for the observed response
correlation (for f3 = I, 2, 3, the division ofattention would
have to vary by approximately ±20%, ± II %, or ±7%,
respectively).

Of course, a major unsolved question is how the divi
sion of attention is accomplished. Two possibilities are
evident. One is that attention concurrently "selects" the
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stimuli relevant to both tasks, but does so only "par
tially." The how and why of such a "partial selection" is
far from obvious. The other possibility is that attention
shifts from one task to another at some point during the
trial. In this case only one set ofstimuli is selected at any
one moment, but each set is selected for only about half
the time. The problem with this possibility is that atten
tion would have to shift essentially without delay be
tween the two sets of stimuli. Current evidence does not
rule out either ofthese possibilities (Braun, 1998; but see
Duncan et aI., 1994; Ward et aI., 1996). When subjects
are as highly practiced as they were in the present study,
a "rapid shift" certainly seems no less likely than a "par
tial selection."

Attentional Capacity Is Undifferentiated
The outcome of the present study could hardly have

been clearer. Both similar and dissimilar task combina
tions resulted in an almost exactly linear performance
tradeoff. This was true for three similar tasks combina
tions that involved two discriminations ofform (T vs. L),
color (red-green vs. green-red), and motion (clockwise
vs. counterclockwise), respectively, and for four dissim
ilar combinations that involved discriminations of color
and form, color and motion, or motion and form. A more
detailed analysis showed only minor differences between
similar and dissimilar combinations. One of these dif
ferences concerned the first session with each task com
bination, during which observers sometimes performed
poorly on both tasks. This happened more often with dis
similar than with similar task combinations, suggesting
that the initial difficulty of dividing attention may have
been greater for dissimilar than for similar tasks. Another
minor difference was the distribution of the most likely
tradeoff curves to account for the observed concurrent
task performance. For dissimilar task combinations, this
distribution was narrower, and thus the evidence for a
strictly linear tradeoff was somewhat better than that for
similar task combinations.

We conclude that similar and dissimilar tasks draw on
exactly the same attentional capacity-in other words,
that attentional capacity is entirely undifferentiated. Al
though the same conclusion has been reached in previ
ous studies (Duncan, 1993; Duncan & Nimmo-Smith,
1996), we have considerably strengthened the evidence
for it. By virtue ofusing tasks with high attentional cost,
and by quantifying this cost, our paradigm was suffi
ciently sensitive to reveal intermediate outcomes (i.e., a
partly differentiated capacity). The fact that the actual out
come was extreme, rather than intermediate, must there
fore count as highly significant. Our results do not sup
port the suggestion (Duncan & Nimmo-Smith, 1996) that
the discrimination of color enjoys a special status. We
observed the same tradeoffcurves for task combinations
with and without color discrimination. Color discrimi
nation probably yielded such different results for Dun
can and colleagues because the particular discrimination

they used carries little or no attentional cost (Braun &
Julesz, 1998).

If a price had to be paid for the sensitivity of our par
adigm, this price was the somewhat complex nature of
our discrimination tasks. Twoaspects of the design were
responsible for the high attentional cost ofour tasks. The
first aspect was positional variability. Although this is
not often emphasized, a long roster of divided attention
studies shows that performance decrements (i.e., atten
tional costs) increase with positional variability (Braun
& Sagi, 1991; Duncan, 1980, 1993; Duncan et aI., 1994;
Shiffrin & Gardner, 1972). In the present case, positional
variability was achieved for central tasks by presenting
the five central targets in 35 distinct configurations (not
counting rotational states), and for peripheral tasks by
presenting the peripheral target at one of eight possible
positions. The second aspect of the design that ensured
high attentional cost was a requirement for joint dis
crimination ofform (or color, or motion) and position. To
report the form of a (randomly rotated) T or L, the ob
server has to discriminate both orientation and position
of two component lines. Similarly, to distinguish red
green and green-red disks, the observer has to discrim
inate both the color and the position of two half-disks,
and to distinguish clockwise and counterclockwise mo
tion, he/she has to discriminate both the direction ofmo
tion and the position of two terminal points.

Thus, the discriminations used here are not "pure" dis
criminations of form, color, and motion, but are always
"mixed" discriminations ofform, color, motion, and po
sition. It can be argued that this fact limits the generality
of our conclusions, since it is possible that mixed dis
criminations engage different attentional capacities than
do pure discriminations. To address this question, it is
necessary to compare similar and dissimilar combina
tions of pure discrimination tasks. Of course, the atten
tional cost of such discriminations will be lower, and our
ability to characterize their PRFs correspondingly poorer.
Nevertheless, such experiments are feasible and are cur
rently under way.

If attentional capacity is undifferentiated, this fact
may provide some clues as to the nature of this capacity.
As mentioned, it has never been evident what limits at
tentional capacity in the first place. Many writers have
assumed that the limitation has nothing to do with atten
tion proper-that is, the process of selecting some stim
uli and rejecting others-but that it is a limitation at the
level ofclassification or recognition, which can deal with
only a limited amount ofinformation (e.g., Mozer, 1991).
However, classification and recognition presumably in
volve different cortical sites, depending on the stimulus
being recognized or classified, and it is difficult to see
why all of these sites should be subject to the same ca
pacity limitation. In other words, if the limitation arises
at higher levels of processing, one would expect atten
tional capacity to be at least partially differentiated. It is
easier to understand the results of the present study if ca-



pacity limitations arise from the step of selection itself.
Ifattention can select only a limited number of stimuli at
anyone time, it follows that attentional capacity will be
as undifferentiated as we have observed. An important
consequence ofthis is that cortical sites representing dif
ferent stimulus dimensions will be tightly coupled by at
tention, so that any stimulus selected at one site will also
be selected at the others (Duncan, Humphreys, & Ward,
1997). Weconclude that the present results are more con
sistent with capacity limitations of selection than ofsub
sequent levels of processing.

None of these considerations address the more funda
mental issue as to whether capacity limitations have a
functional role or simply reflect physical limitations.
Our guess is that capacity limitations serve a useful func
tion in connection with the Gestalt principles governing
the formation of"visual objects." We surmise that selec
tion involves an interaction between attentional and
grouping processes, and that the result of this interaction
is necessarily a single "attended" visual object. However,
this remains mere speculation.

Finally, it is worth mentioning that different sensory
modalities seem to draw on different attentional capaci
ties. Concurrent words or syllables are more readily dis
criminated when they are presented in different modali
ties (e.g., visually and aurally) rather than in the same
modality (Duncan, Martens, & Ward, 1997; Treisman &
Davies, 1973). Similarly, an attentionally demanding vi-
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sual tracking task can be carried out concurrently with
an auditory, but not a visual, word recognition task (Wen,
Koch, & Braun, 1995). Although instances of compara
ble inter- and intramodal interference have been reported
as well (Lindsay, Taylor, & Forbes, 1968; Massaro &
Warner, 1977), these seem to be more in the nature of
exceptions to the rule (Pash1er, 1997, pp. 157ff.).

Attentional Cost of Discrlmination
The paradigm of the present study has also been used

in two previous studies to measure the attentional cost of
discrimination tasks (Braun, 1994; Braun & Julesz, 1998).
When one compares the results, one is struck by large
differences in the attention cost of different tasks. One
way to conduct this comparison is to use the parameter a
as a measure of attentional cost-that is, the fraction of
attention at which peripheral performance reaches ceil
ing. After reanalyzing the results of previous studies ac
cordingly, one obtains a » 0.3 for the discrimination of
triangular and circular forms, a '" 0.2 for the discrimi
nation of subtle hues, and o:» 0.25 for the simultaneous
discrimination of color and orientation (Figure 8). Of
course, a", 1.0 for all discriminations used in the pres
ent study.

Why this large difference in attentional cost? The tasks
of the present study are certainly not more "demanding"
than those of previous studies, inasmuch as they were
performed comparably well at comparably long SOAs.
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Figure 8. Attentional cost of discrimination tasks. Comparison of six dis
crimination tasks whose attentional cost was measured with the same para
digm (i.e., by engaging attention with a letter discrimination at display center).
Attentional cost is expressed in terms ofthe parameter Q: (see Figure 2). (a) Dis
crimination of form (triangular/circular; Braun, 1994). (b) Discrimination of
hue (orange/pink and turquoise/green; see Figure 2). (c) Simultaneous dis
crimination of orientation (horizontal/vertical) and color (red/green/blue/
yellow; Braun & Julesz, 1998). (d) Discrimination ofletter form (rotated T or
L). (e) Discrimination of coloring of bisected disks (red-green/green-red).
(f) Discrimination ofsense of rotation (clockwise/counterclockwise).
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The three tasks used here were performed between 82%
and 90% correct at SOAs between 60 and 100 msec, and
the three tasks studied previously were performed be
tween 85% and 91% correct at SOAs between 72 and
126 msec. One possibility is that the present tasks are
more "complex" than those used previously, in that they
involve the discrimination of two target components
(i.e., two line elements, two half-disks, or two terminal
points). Another possibility is that the increased atten
tional cost is due to the need to jointly discriminate attri
butes and their positions (i.e., the orientation and position
of two lines, the color and position of two half-disks, or
the motion and position of two terminal points). The latter
possibility is particularly attractive since recent single
unit recordings in area V4 ofthe awake macaque suggest
that attention helps encode the relative position of stim
ulus attributes (Connor, Preddie, Gallant, & Van Essen,
1997; Salinas & Abbott, 1997). This is clearly an issue
that deserves further study.

Summary
We investigated three types of tasks with high atten

tional costs and quantified the extent to which they inter
fered when observers attempted to perform them con
currently. We found that similar and dissimilar task
combinations resulted in exactly the same degree of in
terference. This shows that all tasks investigated here en
gaged precisely the same attentional capacity, strongly
suggesting that there is only one such capacity. In other
words, attentional capacity is undifferentiated.
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