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Visual Search among Items of Different Salience: Removal of Visual 
Attention Mimics a Lesion in Extrastriate Area V4 

Jo&en Braun 

California Institute of Technology, Division of Biology, Pasadena, California 91125 

In more than one respect, visual search for the most salient 
or the least salient item in a display are different kinds of 
visual tasks. The present work investigated whether this 
difference is primarily one of perceptual difficulty, or whether 
it is more fundamental and relates to visual attention. Display 
items of different salience were produced by varying either 
size, contrast, color saturation, or pattern. Perceptual mask- 
ing was employed and, on average, mask onset was delayed 
longer in search for the least salient ilem than in search for 
the most salient item. As a result, the two types of visual 
search presented comparable perceptual difficulty, as judged 
by psychophysical measures of performance, effective stim- 
ulus contrast, and stability of decision criterion. To investi- 
gate the role of attention in the two types of search, ob- 
sewers attempted to carry out a letter discrimination and a 
search task concurrently, To discriminate the letters, ob- 
servers had to direct visual attention at the center of the 
display and, thus, leave unattended the periphery, which 
contained target and distracters of the search task. In this 
situation, visual search for the least salient item was se- 
verely impaired while visual search for the most salient item 
was only moderately affected, demonstrating a fundamental 
difference with respect to visual attention. A qualitatively 
identical pattern of results was encountered by Schiller and 
Lee (1991), who used similar visual search tasks to assess 
the effect of a lesion in extrastriate area V4 of the macaque. 

[Key words: visual search, attention, texture, salience, sd- 
liency map, V4] 

Visual attention is one ofperhaps several mechanisms that mod- 
ulate the processing of visual information in the primate brain 
(for reviews, see Heilman et al.. 1990; Posner and Petersen, 
1990; Colby, 1991; Kinchla, 1992; Posner and Driver, 1992). 
Although it has been clear since Helmholtz (1850) and James 
(I 890) that visuaf attention accomplishes a perceptual selection, 
visual attention remains poorly understood in many respects. 
For example, numerous questions remain about what kinds of 
criteria visual attention can use to select a stimulus, or even 
about why selection by visual attention occurs in the first place. 

Several behavioral methods have been devised for the study 
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of visual attention, but the method that arguably has proven 
most informative is visual search (e.g., Neisser, 1967; Schneider 
and Shiffrin, 1977; Sperling and Melchner, 197X; Trcisman and 
Geladc, 1980; Nakayama and Silverman, 1986; Treisman, 1988; 
Duncan and Humphreys, 1989; Cave and Wolfe. 1990). In vi- 
sual search, several items are presented simultaneously and the 
observer attempts to detect a particular item (target) among 
those present. Depending on the types of items involved, the 
deployment of visual attention follows dimerent strategies: in 
some cases, visual attention scans the display item by item until 
the target is found, and in others, visual attention shifts directly 
lo the item being sought. evidently because this item hasalready 
been located with Ihe help of parallel, preattentive mechanisms 
(Treisman and Gelade, 1980; Julesz, 198 1). 

A good example of these two attentional strategies is provided 
by visual search among items of different salience (Treisman, 
1985; Treisman and Souther, 1985; Treisman and Gormican, 
198X). When the target of a search is kiss salient than the dis- 
tractors (“visual search for minimum of salience.” @nin). search 
times increase steeply with the number of distracters, implying 
sequential scanning by visual attention. However, when the 
target is more salient than the distracters (“visual search for 
maximum of salience,” $fi~as), search times are relatively in- 
dependent ofthe number ofdistractors. implying that the search 
task is solved primarily by prcattentive mechanisms. fnterest- 
ingly, which attentional strategy is used appears to be indcpen- 
dent of which stimulus feature causes the difference in salience 
(e.g., ilem size, contrast, or curvature). 

Visual search has also been used in the context of attempts 
to localize visual function by lesioning various parts of the visual 
system of macaque monkeys (Schiller et al.. 1986, 1990a,b; 
Schiller and Lee, 1991). In the course of such studies. Schiller 
and Lee (I 99 1) observed that .Sfinaxand $ftnin are differentially 
affected by a lesion in extrastriatc area V4: ablation of this area 
impaired Sfmin severely, but left $fwax relatively unaffected. 
This was observed no matter which stimulus dimension con- 
trolled the salience of search items: diCTiirenccs in the size, con- 
trast, color saturation, pattern, velocity of motion. or binocular 
disparity of the items of the search all produced the same out- 
come. 

Since visual attention is known to modulate neural activity 
in area V4 (Moran and Desimone, 1985; Haenny et al., 1988; 
Spitzer et al., 1988; Desimone ct al., 1990a), visual attention is 
probably among the processes that are disrupted by a lesion in 
area V4. If the lesion would spare parallel. preattentive mech- 
anisms, then its differential effect could be explained by the fact 
that .Yfinin and $finus involve different attentional strategies: 
.Sji~i,l. which requires muftiple shifts of visual attention, would 
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be affected more severely than SJmax, which relies on parallel, 
preattentive mechanisms. In other words, the findings ofSchiller 
and Lee (199 1) would be consistent with an anatomical segre- 
gation of attentive and preattentive visual mechanisms. 

However, the differential effect of the lesion can also be ex- 
plained in another way. Sfmax is generally an easier visual 
task-that is, it is performed with shorter reaction times and/ 
or lower error rates-than Sfmin (Julesz, 198 1; Beck, 1982; 
Treisman, 1985; Guernsey and Browse, 1987). Accordingly, if 
the effect of the lesion were proportional to the perceptual dif- 
ficulty of the search, as would be the case if the search mech- 
anism “degraded gracefully” when damaged, the observations 
of Schiller and Lee (199 1) could also be explained. 

To decide between these alternative explanations of the fmd- 
ings of Schiller and Lee (199 I), the present study aimed to 
determine whether S’max and Sfmin differ primarily with re- 
spect to perceptual difficulty, or whether the difference is more 
fundamental and relates to visual attention. Visual search tasks 
similar to those employed by Schiller and Lee (1991)-that is, 
search among items of different size, contrast, color saturation, 
and pattern-were investigated in two steps. The first step con- 
sisted of devising instances of Sfmin and Sfmax that exhibited 
comparable perceptual difficulty-as assessed by measurements 
of observer performance, signal-to-noise level, and stability of 
decision criterion. The second step consisted of removing visual 
attention from the target and distracters of the visual search, 
something that was achieved by requiring observers to carry out 
another visual task concurrently (Kahneman, 1973; Braun and 
Sagi, 1990). 

The method of posing a concurrent visual task in order to 
remove visual attention from other parts of the display, and of 
asking observers to attempt to report attributes of both the 
attended and unattended parts, has been used in other contexts. 
With the help of this method, it has been shown, for example, 
that visual texture is processed even in the absence of visual 
attention (Braun and Sagi, 1990, 1991; J. Braun and B. Julesz, 
unpublished observations), whereas Gestalt grouping (Wert- 
heimer, 1923; Kollka, 1935) requires allocation of visual atten- 
tion (Ben-Av et al., 1992; Braun and Bauer, 1993). 

Removing visual attention from Sfmin and Sfmax of com- 
parable perceptual difficulty should produce one of two out- 
comes: ifthe two types ofsearch differ fundamentally, removing 
visual attention will mimic the effect of a lesion in area V4 and 
impair .9fmin more severely than Sfmax. If they do not, re- 
moving visual attention will affect Sftnin and Sfmux compa- 
rably. Each outcome would favor one particular explanation of 
the findings of Schiller and Lee (199 I). 

Materials and Methods 
Visual tasks 
SCYUC/I tusks. Six pairs of visual search tasks were investigated, with 
each task pair involving the same two display elements. Figure 1 depicts 
all search tasks schematically, and Figures 2 and 3 reproduce the actual 
stimuli of some of the experiments involving search tasks. All search 
tasks were modeled on the tasks used by Schiller and Lee (1991). 

Target and distractor items of search tasks appeared in the periphery 
of the display, namely, at six locations forming a regular hexagon at 
4.3“ of eccentricity. The six locations were chosen from 24 possible 
locations in such a way that each of the four possible hexagons was 
equally probable. The six items consisted either of one target and five 
distracters, or of six distracters (and no target). Within the hexagon, 
target position was randomized. Observers were instructed to inspect 
the six items and IO report the presence or absence of a target. 

Target and distractor elements differed with respect to either size, 

Figure I. Schematic summary of visual search tasks, drawn with neg- 
ative contrast. Each search task is represented by one target and five 
distractor items, forming a regular hexagon around a fixation mark. 
Tasks involving identical elements are paired. u-e, The leji {ask in each 
pair constitutes $fmax, and the right Iask. Sfmin. a, Tasks based on 
larger and smaller elements(Size-Mar Size-Min). Actual elements were 
bright red on a dark background. b. Tasks based on lighter and darker 
elements (Confrast-Max. Confrasl-Min). Actual elements were white 
and gray on a dark background. c, Tasks based on elements of saturated 
and unsaturated hue (Colorsaturation-Max, Colorsarurarion-Min). Ac- 
tual elements were red (cross-hatching) and isoluminant white (solid) 
on a dark background. d and P. Tasks based on elements of coarse, 
intermediate, and fine pattern (Patfern-I-Max. Patfern-I-Mitt. Patrern- 
II-Max, Paftern-II-Min). J; Tasks based on triangular and circular el- 
ements (Triangle-in-Circles, Circle-in- Triangles). Actual elements were 
bright green on a dark background. 

contrast, color saturation, pattern, or shape. As a result, target and 
distractor elements usually exhibited different salience (see Results). For 
example, a larger display element was more salient than a smaller ele- 
ment, a higher-contrast (lighter) display element more salient than a 
lower-contrast (darker) element, and a display element of saturated hue 
(bright red) was more salient than a display element of neutral hue 
(equiluminous gray). Display elements of different patterns (“checker- 
boards”) also differed in salience; more coarsely checkered elements 
being more salient than the more finely checkered ones. Three different 
patterns were used: coarse (2 x 2). intermediate (4 x 4) and fine (6 x 
6) checkering. The exact parameters of all display elements are listed 
in Table I. 

Each visual search task was named to indicate (I) the way in which 
target and distractor items differed and (2) whether it constituted S/mux 
or sfmin. 

Five search tasks constituted Sftnax (visual search for a maximum 
of salience): search for a larger target among smaller distracters (named 
Size-Max), lighter target among darker distracters (Contrasr-Max), tar- 
get of saturated hue among distracters of neutral hue (Co/or saturuQon- 
MUX), coarsely checkered target among intermediate distracters (Pat- 
fern-l-Max), and intermediate target among finely checkered distracton 
(Pattern-II-Max) (see Fig. I). 

Five further search tasks constituted $fmin (visual search for a min- 
imum of salience): search for a smaller target among larger distracters 
(Size-Min), darker target among lighter distracters (Contrus!-Min), tar- 
get of neutral hue among distracters of saturated hue (Colorsafurufion- 
Min), intermediate target among coarsely checkered distracters (Put- 
Iern-I-Min), and finely checkered target among intermediate distracters 
(Pattern-II-Min) (see Fig. I). 

For visual search based on shape, two further search tasks involved 
display elements of different shape but equal luminosity and contrast. 
Since these elements exhibited comparable salience, the search tasks in 
question could not be classified as Sfmax or Sfmin. Search for a tri- 
angular target among circular distracters was named Triangle-in-Cw 
c/e.r. and search for a circular target among triangular distracters was 
named Circle-in- Triangles (see Fig. I). 
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Table 1. Parameters of display elements 

Descriplion Observers 

Letter-shaped 
LargL!r 

Smaller 

Lighter 

Darker 

Saturated 

Unsaturated 

coarse 
IntermedIate 
Fmc 
Triangular 

Circular 

all 

JB. HM 

AC, LS 
JB, HM 
AG, LS 
RK, AC 
JB 
RK, AG 
JB 
RK, AG 
JB 
RK. AG 
JB 
all 
all 
all 
all 
all 

Lumi- 
nance 

Ra- 
dius 

(cd/m:) Hue (min) Shape 

158 white 
52 red 
90 red 
52 red 
90 red 

138 white 

96 red 
42 white 
12 red 
90 red 
48 red 
88 white 
48 white 

WI58 white 
S/l 58 white 
5/158 white 

52 green 
52 green 

- 
20’ 

17’ 

IO’ 

9’ 

17’ 

17’ 

17’ 

17’ 

17’ 

17’ 

17’ 

17’ 

26’ 

26’ 

26’ 

26’ 

17’ 

L or T  

round 
round 
round 
round 
round 
round 
round 
round 
round 
round 
round 
round 
2 x 2 squares 

4 x 4 squares 
6 x 6 squares 
triangle 
circle 

For stimuli involving larger and smaller. lighter and darker, and saturated and 
unsaturated (obscrvcr JB) elements. the background luminance was 5 cd/m’. For 
stlmuh Involving elements of saturated and unsaturated hue (observers RK, AB). 
of coarse. fine. and Intermediate pattern, and or triangular and circular shape, 
background luminance was 30 cd/m’. Letter-shaped drsplay elements consisted 
of lines measuring 26 mjn in length and 5 min in width. 

Note that all noncircular display elcmcnts (i.e., triangular and check- 
crcd elcmcnts) were shown in random states of rotation. Specifically, 
each such element was independently rotated around its centerofgravity 
by one of eight possible angles: 22.5”, 67.5”. . , or 337.5”. 

All masking patterns for search tasks were constructed in the way 
shown in Figure 2: at 24 peripheral locations there appeared randomly 
one of the two display clcments relevant to the search task-that is. 
larger and smaller display elements in the case of SIX-MUX or Size- 
.Win. lighter and darker display elements in the case of Contrast-Max- 
and C’0nrrusr-Min. and so on. When the masking pattern called for 
noncircular elements. these were rotated individually and indepen- 
dently. 

Dcte~~im and disuimination tasks. To assess the detectability of in- 
dividual display elements in the ahscncc ofdistractors, the search stimuli 
were modified by omitting all distractor elements. The masking pattern 
was left unchanged. however. As a result. the stimulus contained (at the 
24 peripheral locations) either a single display element, or none at all, 
and therefore posed a detection task in which observers were instructed 
to report the presence or absence of that element. The stimuli of two 
experiments involving detection tasks are shown in Figure 3. 

Five detection tasks concerned mwre salient display clcments: the 
detection of a larger clement (named .Si;p-llr), a lighter clcmcnt (Con- 
!r~ts!-llr). an clement of saturated hue (C’olor saturution-Hi). a coarsely 
checkered element (P~tterrn~l-Hi), and an element of intermediate 
checkering (Pattern-II-III). Four detection tasks concerned less salient 
display elements: the detection of a smaller element (named .%ZC-LO), 

a darker clcmcnt (Cbntrus,-1.o). an element of neutral hue (<blur sat- 
uratlon-1o). and of a finely checkered element ((Pa!fcm~ll~Lo). (The 
seemingly missing detection task, Pattarn-l-Lo, would have been the 
same as Parrem-II-Hi.) 

A iinal task investigated the discriminability oftriangularand circular 
display elements in the absence of distracters. Exactly one display el- 
ement appeared (at one of the 24 peripheral locations), and its shape 
was triangular or circular with equal probability. .The maskmg pattern 
was the same as for the starch tasks involving triangular and circular 
elements. In this discrimination /ask. which was named ?ilang/e/Clrcle. 
observers were instructed to report the shape of the single display ele- 
mcnr. 

Lcffcr ras6. The letter task concerned T- or L-shaped elements near 

the center of the display. These clcmcnts could appear at seven posstble 
locations: the exact center of the display and six locations at I .o” ec- 
centricity, spaced evenly around the center. On any given trial.&, T- 
or L-shaped elements were distributed randomly over therr\‘c’n possible 
locations, as well as rotated randomly and indcpcndcntly, resulting in 
a large number of possible configurations. There appeared either five 
Ts, five Ls. four Ts and one L. or four Ls and one T. Observers were 
instructed to report whether all elements were the same (five Ts, five 
Ls) or whether one was different from the other four (four Ts and one 
L. four Ls and one 7). Stimuli of experiments involving the letter task 
arc shown in Figure 26 and in Figure 3a-d. 

Masking patterns for the letter task were constructed with r-shaped 
display elements. Five such elements appeared at the same locations as 
the five T-or L-shaped elements ofthe stimulus pattern. but in different 
states of rotation. An example of a masking pattern for the letter task 
is shown in Figure Z/J. 

Ohf~inlng ramparable pwfornznnce. To obtain observer performance 
near the level ofS4%correct, or d’ = 2, (rrrten’un[,e~~:forr?lancc). a suitable 
SOA (slimulus onsr~ as.~~chron.~. the time between stimulus and mask 
onset) was chosen for every task and observer. It was assumed that SOA 
is one ofthe variables determining effective stimulus contrast. The SOA 
at which an observer achieves criterion performance was termed cri- 

terion .WA. Among the various tasks investigated here. criterion SOA 
ranged from approximately 30 mscc to approximately 180 msec. Among 
search tasks. criterion SOA ranged from approximately 75 msec to 
approximately I50 mscc (Fig. 4). 

Two control experiments investigated whelhcr measuring perfor- 
mance at different SOAs was sufficient to produce search tasks thal were 
comparable not only with rcspcct to performance but also with respect 
to other psychophysical measures of perceptual diff~culry. 

~~~~eatperiphem//ncations. To change theeffectivestlmuluscontrast 
in search tasks, identical sets of small (0.06” x 0.06”). bright (158 cd/ 
m’) dots were placed over the six target and distractor items of the 
search. Eight dots (for some observers, I2 dots) were placed randomly 
in a region of 0.6” x 0.6” over each item. A different dot configuration 
was generated for every trial. The superposition of thcsc dots was ex- 
pected to reduce the discriminability of target and dislractor items and. 
thus, to reduce effective stimulus contrast. Two examples for the stimuli 
used in these experiments are shown in Figure 3. ,f‘and il. 

Intmvixing (!I’stirnu/us fypc~. To affect the stability of the decision 
criterion in search tasks. different types of search were randomly inter- 
mixed, so that observers could no longer predict the type of target and 
distractor item that would constitute the next trial. This manipulation 
was expected to increase variability in the decision criterion and there- 
fore to lower performance. Starch tasks intermixed were in two groups 
of four: Size~Mu.~. Size-Min. 7’riangle-rn-C’ir[,ll~, and I ‘ircl+in- Triungk 
(first group), and Ltghtnm-.!4ux, Ligbtnm-.ifin. Pu~r~-rr-I-.ll~s. and 
Puttern-I-Min (second group). Observers were instructed to report the 
presence orabsence ofa uniquedisplay element (rather than the presence 
or absence of a particular type of target element). and performance was 
analyzed separately for each stimulus type. 

C’unrurrent execcurinn qf letter rash. To determine how visuat search 
is affected by concurrent execution of the letter task, a composite stim- 
ulus was constructed comprising the display elements rclevani for both 
tasks. Examples of such stimuli are shown in Figure 21) and in Figure 
30-d. central and peripheral display elements (relevant for letter and 
starch task. respectively) were entirely independent in all rcspccts in 
which they varied randomly-for example, the configuration (“same” 
or “dimerent”) of the T- and L-shaped central elements was independent 
of the presence or absence of a target item among Ihe peripheral elc- 
merits. Data were collected separately for three types of instructions: 

The first instruction required observers to carry out the letter task as 
well as possible while ignoting the display elements relevant 10 the search 
task. Observers responded as appropriate for the letter task; that is. they 
reported whether the central elements were the ‘*same” or “different.” 
This result was a baseline performance for the letter task, termed .W~V 
arulc priformance C$ the kltfr task. 

The second instruction was the opposite of the first and required 
observers to carry out the starch task as well as possible while ignoring 
the display elements relevant to the letter task. Obscrvcrs responded as 
appropriate for the search task: that is, they reported whcthcr a target 
was “prcscnt” or “absent.” A baseline performance for search task. 
namely, .wparate pc~lbrtnnnrr ofthe swrch I&. was the result. 
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a Mask 

Task: q present or absent? Task A: letters same or different? 
Task B: q present or absent? 

The third instruction constituted the experiment proper. It required 
observers to attempt both tasks as well as possible, although with un- 
equal priority. The letter task was designated primary, and observers 
were encouraged to reach baseline performance on that task. The search 
task was designated secondary, and observers were asked to perform 
only as well as possible without compromising the letter task. After each 
trial, observers reported on the letter task first (“same” or “different”) 
and on the search task second (“present” or “absent”). In this way, two 
performance levels were measured simultaneously, which were termed 
concurrent perJormance of the leurr task and concurrem performance of 
the search task. respectively. 

In evaluating the results, two comparisons were of interest. The com- 
parison of separate and concurrent performance of the letter task re- 
vealed whether the observers had attended fully to the letter task. The 
comparison of separate and concurrent performance levels of the search 

Figure 2. Trial sequences and tasks. 
a, In Experiment I, the stimulus (j-onr) 
was followed by a single mask (back). 
In the example shown, the observer 
searched for a coarsely patterned target 
among distracters of intermediate pat- 
tern. h. In Experiment 2, the stimulus 
C/ronf) was followed by a mask for pe- 
ripheral elements (middle) and, sepa- 
rately, a mask for central elements 
(back). With respect to central ele- 
ments, the observer canied out the /et- 
fer task (Task A). With respect to pe- 
ripheral elements, the observer searched 
for a lighter element among darker dis- 
tractors (Task R). 

task revealed theextent to which search performancedepended on visual 
attention. 

Analogous experiments were conducted with detection and discrim- 
ination tasks in the place of visual search tasks. 

Psychophysical analysis 
Performance measure. All results are repotted in terms of unbiased 
pqformance. Unbiased performance is defined as the discriminability, 
d’, expressed as percentage correct. The rationale for choosing this some- 
what unconventional performance measure is given below. 

Signal detection theory (Green and Swets, 1966) relates performance 
to a hypothetical signal-to-noise ratio by assuming that a stimulus gives 
rise to a scalar signal with normally distributed noise, that is, a signal 
characterized by a mean, M, and a variance, (r>. Ifthere are two alternative 

Figure 3. Example stimuli for Experiments 1 and 2. a, Search for a triangular element among circular elements (Triangle-in-Circles). b. Triangle- 
in-Circles with noise at peripheral locations. c, Search for a circular element among triangular elements (Circle-in-Triangles). d. Circle-in-Triangles 
with noise at peripheral locations. e. kAer task combined with detection of a large display element (Size-Hi).J Leffer task combined with search 
for a large target among small distracters (Size-Max). g. Lelfer task combined with detection of a small element (Size-Lo). h. Letter task combined 
with search for a small target among large distracters (Size-Min). 
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The advantage of d' is that it is independent of the decision criterion, 
8, which in practice is often biased toward either g I or E(,,. 

Alternatively, one may compute unhiasedpr~~:rlnun(.[,as the fraction 
of correct responses that would have been obtained if the decision 
criterion had been placed where it would have resulted in the smallest 
number of errors, namely, exactly between w, and P,~: 

In addition to being indcpcndent of the decision criterion, unbiased 
I I I I I I I I II I 

36 54 72 80 98 108 126 144 162 166 196 216 
performance has the advantage of being expressed in more intuitive 

SOA [ms] 
units, namely, percentage correct. In the present report. all results are 
given in terms of unbiased performance. 

Psychometric junctions. The monotonic increase of visual pcrfor- 
mance with SOA is called the ps~chornetric~fitnc‘tion. Partial psycho- 
metric functions (at least two SOA values) were established for all tasks, 
and more complete psychometric functions (at least four SOA values) 
were established for selected search tasks as well as for the letter task. 
Empirical psychometric functionsoftencxhibit an inflection point (max- 
imal first derivative) near 75% correct performance. To give a rough 
quantification of the observed psychometric functions, visual search for 
salience maxima (Size-, Lightness-, Cblorsaruratron-Sioux-) reached 75% 
correct performance at an average SOA of 94 i 7 msec, exhibiting an 
average slope of 0.7 f  0.2% msec I. In the case of visual search for 

, I I T II I I Ill 
salience minima (S~ZP-. Lightness-, Color saturutian-.Win). the corre- 

36 54 72 80 98 108 126 144 162 160 196 216 sponding values were I I I f  16 msec and I. I f  0.3% msec I, respec- 

SOA [ms] 
tivcly. and for the fetter task the same values were I62 f  IO msec and 
0.4 * D,I% msec I. 

Flprr 4. Average SOA and performance for all tasks investigated. 
Different tasks were carried out at diffcrcnt SOAs in order to obtain 
performance near 84% correct. Tasks based on the same type ofdisplay 
elements are represented by the same type of symbol (a, n , or A). 
Symbols representing Sfmax and .S@n arc labeled Mnx and Mtn. re- 
spectively. Symbols representing the detection of a more or less salient 
clement are labeled HI and Lo. respectively. Symbols representing tasks 
with triangular and circular elements arc labeled as follows: Trim& 
rn-l’wcles (T-in-C’). Circle-in-Trianglm (C-in-r), and TrianglelC’ircle 
(7‘iT). The curved lines are representative psychometric curves (see 
Materials and Methods). The figure is divided into two parts to improve 
readability. a, Tasks involving larger or smaller elements(O), lighter or 
darker elements (n, and elements of saturated or unsaturated hue (A). 
h. Tasks involving elements of coarse or intermediate pattern (O), ele- 
ments of intermediate or fine pattern m, and elements of triangular or 
circular shape (A). The letter task is represented by the asterisk (*). For 
a given type of display element, the psychometric curve of Sfmax is 
consistently to the left of Sfmin. Similarly, the psychometric curve for 
the detection of a more salient element is generally to the left of the less 
salient element. 

stimuli, A and B, the observer is assumed to decide between two signals, 
P, and P,,, by adopting a decision criterion 0 E [p ,, ~~1, Given these 
assumptions. the relative signal levels of F I, 0, and p’ii can be inferred 
from the fraction ofcorrect rcsponscs to each of the two stimulus types, 

where IV;,-’ and N!$ are the number of correct and total responses, 
respectively, and F -I( ) is the inverse function ofthe normal distribution. 

Discriminabtlity, d, isdetined as thedistance between the mean signal 
levels. P, and P,,. in units of 6, and can be compu- 
ted as 

As is often the case (Green and Lute, 1975; Nachmias, 1981). the 
observed psychometric functions were of roughly identical shape when 
plotted as a function of Io&YOA). To capture this prowrty, it is nec- 
essary to assume a slightly different functional shape (which does not 
exhibit an inflection point at 75% correct performance), for example, 
the Weibull function (Weibull, 195 I), 

jvcwrw 
- = I ~ ~exp[~~~~]. ~“,,‘i 

The representative psychometric functions in Figure 4 wcrc computed 
from this function, with SOsi,, = 24 msec. 48 msec. and fi = 3.5. 
The value of p is typical for tasks with two alternative stimuli. 

Miscellaneous 

Observers. Ten experienced observers participated in the experiment. 
Nine were undergraduate students at Caltech (AG, BR, HM, LS, MA, 
RS, SW, SC, TI) and one was the author (JB). Not all observers partic- 
ipated in all experiments, but every condition was investigated with at 
feast two observers. Observers worked for I5 sessions over a period of 
3 weeks; some were recalled for a second set of I5 sessions. All observers 
had normal (or corrected to normal) vision. 

Apparatus. Stimuli were generated by a raster display system (Adage 
3 106) with a Microvax II (Digital) as host computer and displayed on 
a high-resolution color monitor (Hitachi). Monitor resolution was 5 12 
x 5 I2 pixels. Lightness and color of each pixel wcrc determined by 3 
x I-bit RGB values. The frame rate was 55.5 Hz, permitting display 
times to be varied in steps of IS msec. Viewing was binocular, from a 
distance of approximately I IO cm, resulting in a display of approxi- 
mately 14.5” x 14.5”of visual angle. No chin rest was used. Before each 
trial sequence, observers fixated a mark at display center. Because of 
the short duration of the trial sequence, there was no need to otherwise 
control eye position. Mean luminance was 5 cd/m’ for some experi- 
ments, and 30 cd/m’ for others (Table I). Ambient illumination was 
approximately 5 cd/m?. 

Trialsequence. To prevent planned saccades, the trial sequence began 
with an empty interval (mean luminance) of random duration (I 80- 
360 msec). Next, the stimulus was presented (36 msec), followed by an 
empty interval of fixed duration, and by the presentation of the first 
mask (72 msec). In experiments involving the letter task, there followed 
another empty interval of fixed duration and the presentation of the 
second mask (72 msec). The relatively short duration of the trial se- 
quence precluded a second hxation. Visible persistence(Coltheart, 1980) 
can be assumed to last from approximately the onset of the stimulus 
interval to approximately the onset of the relevant mask interval. This 
length of time is usually termed sfirnulus onwt asynchrony or SOA. 
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.Ntcr viewing the trial sequence. obscrvcrs responded by striking one Ifi and -Lo) and the detection of a d&lay clcmcnt of inter- 
of two keys on a camputcr keyboard. A mistaken response elicited 
irnrncdiatc auditory feedback. 

Order qfdo7cl ~v~//~YY~o~~. Although observers were practiscd. perfor- 
mancc ecncrallv continued lo imDrovc somewhat during data collection. 

mcdiatc or fine chcckcring P~~llrlr,l-II-l/j.anb -1,~)). all of which 
cxhibitcd comparable criterion SOAs. 

With rcspcct 10 triangular and circular display elements. the 
To c&e that hll critical compa&ons were based on &nDarablc states dctcction tasks showed comparable criterion SOAs (results not 
ofpractice. concurrent and sciaratc performance. perform&c with and 
without no&. and pcrformancc with and without intermixjngofstimuli 

shown). Apparently. the differcncc in shape did not entail a 

wcrc investigated during the same sessions for any given task. Data wcrc 
differcncc in salicncc. The discrimination of a single triangular 

collected in blocks of 100 trials. cxccpt in the experiment using inter- or circular display clcmcnt (~~i~lf~g/~l/C’in,/~l) exhibited a critc- 
mixed stimulus IVDCS. in which cast blocks of 400 trials were used. rion SOA near 80 mscc and the starch tasks based on these 

clement s (<‘ir&in- Triungle.~, 7iiarl~~l~~-,rr-~i~r~/~~.~) exhibited 
criterion SOAs of 105-I 10 mscc. The dircrcrcncc bctwcen cri- 
terion SOAs was somctimcs positive and sometimes negative. 

To obtain comparable levels ofpcrformancc for dif&cnt visual 
tasks. the SOA was adjusted forcach task and obscrvcr as nccdcd 
to obtain a pcrformancc ofapproximately 84% correct (c’ri/rrion 

/lc’/:Ji),.,lran~,r,: set Materials and Methods). The range of SOAs 
that had to be used in order to obtain comparable performance 
is shown in Figure 4. As diffcrcnccs between observers were 
generally small compared to differcnccs between tasks, the sym- 
bols in Figure 4 reprcscnt the obscrvcr average of the SOA at 
which each task was invcstigatcd, as well as the obscrvcr average 
of the resulting performance level of each task (roughly 84% 

but always small: two observers showed slightly lower criterion 
SOAs for 7iiarrS/~~-i/l-C‘iITIe~, and two others cxhibitcd lower 
criterion SOAs for C’irck-in- Triun,gh. 

The avcragc performance Icvel of $/i~u.\- and .!+~in was 84.1 
2 3.4% and 84.8 + 2.9% correct, rcspcctivcly (Table 2). This 
almost exact match was achieved by using an avcragc SOA of 
98 t I3 mscc and 133 * 24 mscc, rcspcctivcty. 

correct). Representative psychometric functions (curved lines Two control experiments mcasurcd the effect on .~$ULV and 
in Figure 4) wcrc used to estimate the intersect with the 84% .Sfi?l,nor of a decrease in (1) effective signal strength and (2) sta- 
correct lc\.el. which was termed c~ifrrinn S(I.1 (SOA at 84% dility ofdccision criterion. Effcctivc signal strength and stability 
correct: see Materials and Methods). Criterion SOA was used ofdecision criterion arc the two main variables which. according 
as an entirely empirical measure of the “perceptual difficulty” to signal detection theory (Green and Swcts. 1966). characterize 
of the task in question, a measure that intentionally confounds the dificulty of a pcrccptual task. Note that neither of the two 
all factors that might limit performance. manipulations is expected to disturb allocation of visual atten- 

Detection tasks-which mcasurcd the detectability ofa single tion (Sperling and Doshcr. 1986). 
target item in the ahsrwe of distractor items-cxhibitcd the One way to reduce effective stimulus contrast would have 
loucst criterion SOAs ofall tasks investigated (3CL50 mscc range; been lo simply dccrcase SOA. For reasons given in Materials 
Fig. 4). For search tasks-which mcasurcd target dctcctability and Methods, it was not possible to establish pcrformancc sys- 
in the ~VYJ.SPUCC of distractor items-criterion SOAs were con- tcmatically at more than a few diffcrcnt SOAs. Accordingly, 
sidcrably higher (75-150 msec range). Even search tasks in- rcliablc psychometric curves wcrc’ established only for a fiiw of 
volving less salient distracters cxhibitcd consistently higher cri- the tasks in question. The available information suggests that 
tcrion SOAs than dctcction tasks, demonstrating that cvcn less dcpcndencc ofperformance on SOA (c.g.. the maximal slope of 
salient distracters were sufhciently salient to change the nature the psychometric curve) is comparable for .@?m.r and .T$hirr. if 
of the task from a detection to a search. The longest criterion one takes into consideration that the former type of visual search 
SOA of any task investigated here was that of the letter task tends to exhibit its maximal slope at shorter SOAs than the 
(approximately 180 msec). latter: avcragc slopes were 0.7 i 0.20/o msec I in the case of 

In general. the relative salience of display elements predicted Sliver and I. I i 0.3?0 msec I in the case of S’/iGrr. consistent 
the rclati1.c criterion SOAs of both dctcction and search tasks (p > 0.1) with the representative psychometric curves shown 
(Fig. 4). For cxamplc. the detection of a larger. lighter. or more in Figure 4. 
coarscty checkered display clcmcnt (S’iz-, C’on~t~~.s~-, Pufl~n- As an alternative way of obtaining information about the 
I-II/) exhibited shorter criterion SOAs than the detection of a cffcct of reducing effective stimulus contrast. tight instances of 
smaller, darker, or more finely checkered display efemcnt, re- visual search (Siz&, C’on~rusf-. Pulfrrn-I-Max, -.lfiin as well as 
spcctivcly (Siz-, C’onfru.V-, Pul[cw?-/-Lo). Bctwccn corre- 7‘rian~i~~-in-~irclr.~ and Circbin- Triutrgks) wcrc investigated 
sponding instances of .‘@ULV and .@7ir7. the criterion SOA dif- both with and without stimulus noise at peripheral locations 
fcrcd by approximately 55 msec (starch among larger and smaller (observers SC, SW. UR. MA). Examples of the stimuli used in 
display clcments: Six>-.Vu.v and Siz-.Viin), 40 mscc (search this cxperimcnt arc illustrated in Figure 3&1. and the outcome 
among lighter and darker clcments: Cbn~rus/-.lila.r and -Min), is shown in Figure 5. As cxpcctcd, the presence of noise at 
20 mscc (search among elements of saturated and unsaturated peripheral locations reduced search performance on all tasks. 
hut: C’olnr .satwation-Max and -:Min). 45 msec (search among Howcvcr, the investigated instances of Sfi,?as and $/kin were 
clcmcnts ofcoarsc and intermediate chcckering: Puu~YPz-/-~~~ux affected to comparable degrees: pcrformancc fell by an average 
and -.llrt7). and IO mscc (search among elements of intcrmcdiate of 13.6 + 6.6% correct (Size-, C’un!ru.s[-. and /‘urrc~rn-I-Silas). 

and fine checkcring: I’allrrn-Il-.C~~.~and -,lfin). In all such pairs and by an average of 9.5 ? 3.3% correct (Six-. Ligl1~17tw-. and 
of search tasks, the $/inu.r exhibited a shorter criterion SOA Pull~m-l-Min), respectively (Table 2). The diffcrcncc between 
than the Sfhitr. The only cases whcrc relative target salience these values did not reach significance (JJ > 0,l). 
did 170/ predict relative criterion SOA were the dctcction of a In addition to effective stimulus contrast, performance is de- 
displa), element of saturated or neutral hue (c’chr sufrrrurion- termined also by the decision criterion adopted by the observer. 
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Tri.-in-Cir. Cir.-in-Tri. 

Performance without ( 0 ) and with ( n ) noise 

F~gurc~ 5. Effect of noise at peripheral locations (observer averages). 
cr. search among larger and smaller elements (Size-Mu.u, Sizc~-.ZIin): h. 
clcmcnts of coarse and intermcdiatc pattern (Paffr~n-l-iZla~, -M(n); r. 
lighter and darker elements (C’ontrasr-Max. -Min); d. triangular and 
circular clcmcnts (7‘rian~/:lr-i,?-C’irc./tr. CM/P-in- Triongle.7). Each bar 
graph shows separate and concurrent performance for a particular task. 
Error bars represent the average standard error for all observers. The 
number of trials is given at the 10~. 

When confronted repeatedly with the same type of stimulus 
(“blocked” stimulus presentation), the observer is able to adopt 
tha decision criterion that minimizes the total number of mis- 
takes. Howcvcr. when the observer does not know which type 
of stimulus will appear next (“intermixed” stimulus prescnta- 
tion), the decision criterion will vary and performance will suffer 
(Spcrling and Dosher. 1986). 

To dcterminc the effect of an instable decision criterion on 
.Sfina.u and S$nin, eight instances of visual search were inves- 
tigated. in two groups of four (siz-Max and -Min. Triang/c- 
in-<‘it&s and Circle-in- Triangks, observers SC, SW; C’onlrasl-, 

Pu’LI~/w~~-I-Mar and -Min. observers BR, MA). Within each group, 
the fourdiKcrcnt stimulus types were randomly intermixed. The 
outcome ofthis cxpcriment is shown in Figure 6. Again, L‘(fnrnx 
and $finin were affected to comparable degrees: performance 
fell by an average of 20.2 i 6.5 (Sjzr-, Confrasf-, and Paliern- 

I-.\~us) and 12.2 i 5.4% (Size-. Cbnlrast-, and Pattevn-I-Min) 

respectively (Table 2). The diffcrcnce between these values was 
not significant (p > 0. I). 

C 1646 1658 

141'1 
Contrast-Max -Min 

d 1655 1651 

hI’r 
Tri.-in-Cir. Cir.-in-Tri. 

Blocked ( q ) and intermixed ( n ) pefiorrnance 

FIgwe 6. Effect of intermixing of stimulus types (observer avcragcs). 
a. search among larger and smaller elements (Size- MCIX. SCP-A4in): b. 
elements of coarse and intermediate pattern (Parrcrm-I-Max. -Min): C. 
lighter and darker elements (Conlrusr-Mar, -Mln): d, triangular and 
circular elements (Triangle-in-rirclr.~. C’irckr-in-7iianglr-s). See Figure 
5 caption for details. 

Visual attention can be removed from the target item(s) of a 
visual task by requiring the observer to concurrently carry out 
the letter task (see Materials and Methods). Twelve types of 
visual search, ten types of detection tasks, and one type of dis- 
crimination task were investigated in this way. The results are 
reported in two formats: data for two pairs of search tasks and 
one observer are presented in full. and data for all other tasks 
and observers are prcscnted in a more condensed format. The 
selection was made on the basis of trial number: the tasks/ 
observers reported in full were those with the largest number 
of trials. 

Figure 7 shows the outcome of’combining the lcttcr task with 
each of four starch tasks: Size-MUX. Sizt~-;Min (observer HM), 
C’okw .sa/ura~iw-Max, Chlor safuraiion-,2lin (obscrvcr JU). 
Scatter plots are used to illustrate the variability ofthe outcome 
between diffcrcnt blocks of trials pcrformcd by the same ob- 
server, each symbol representing pcrformancc in IO0 trials, As 
these task combinations were studied at three or more SOAs, 
separate scatter plots show the results for different SOAs. 

Table 2. Overall effect of manipulations 

Visual search for Visual search for 
maximum of salience minimum of salience 

Concurrent letter 84.1 f  3.4 - 74.4 t 3.7% 84.8 k 2.9 - 58.0 i 5.2% 
task (14600 trials) (I 2400 trials) 

Noise at peripheral 86.7 k 2.0 - 73.1 k 6.3% 83.8 f  2.3 - 74.3 2 2.4% 
locations (8600 trials) (8 100 trials) 

Intermixing of 87.7 -c 5.3 - 67.5 f  3.8% 86.9 * 5.0 4 73.7 * 2.0% 
stimulus types (4697 trials) (5034 trials) 

Dana are averages over all stimulus types and obscrvcrs. Entries describe the effect of a particular manipulation on a 
particular type of visual search. Each entry gives baseline performance, perkmnancc resulting from the manipulation. 
standard errors far both values. and overall tnal number. 
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Tasks executed separately ( 0 ) and concurrently ( l ). 

Figure 7. Effect of concurrent letter task (individual observers). For each task combination, several scatter plots show data obtained at different 
SOA values, in orthographic projection. The individual symbols in each scatter plot represent 100 trials. Letter task performance is represented 
along the “horizontal” axes; search task performance, along the “vertical” axes. Open symbols (0) show separate performance of a particular task 
and are positioned along the axes of the plot. So/id symbols (0) show concurrent performance of both tasks and occupy the plane of the scatter 
plot. Mean performance is indicated by broken lines. a, Letter task and Size-Max. b, Letter task and Size-Min. c, Letter task and Color saturation- 
Max. d, Letter task and Color saturation-Min. When the two tasks conflict, the solid symbols are found in the lower right corner of the scatter plot. 
When they do not, the solid symbols are located in the upper right corner of the plot. 

For the letter task, separate and concurrent performance were “floor” somewhat above chance. This outcome, which again 
comparable in all four task combinations (“horizontal” axes, held at all SOAs, showed that Sfmin was severely impaired in 
Fig. 7~2-4, demonstrating that attention was allocated normally the absence of visual attention. 
to the letter task, even though observers also reported on the The dramatically unequal effect of removing visual attention 
search task. In the case of visual search for maxima of salience just described was encountered also with other types of Sfmax 
(Size-Max, Fig. 7a, Color saturation-Max, Fig. 7c, “vertical” and Sfmin and with other observers. These results will now be 
axes), separate and concurrent performance were comparable described in a condensed format (Figs. 8, 9). In the figures, 
as well. This was true at all SOAs and showed that removing performance is given as the average taken over all observers 
visual attention left Sfmax largely unaffected. A very different who performed a particular task combination. The error bars 
outcome was obtained in the case of visual search for minima associated with performance were calculated in two steps: for 
of salience. Here, concurrent performance generally fell signif- each observer, a standard error was computed from the perfor- 
icantly below separate performance. For Size-Min (Fig. 76), mance obtained in different blocks of trials, and the error bar 
concurrent performance collapsed to chance level, whereas for was computed as the average of these standard error values. 
Color saturation-Min (Fig. 7d) performance was reduced to a In Figures 8 and 9, results are grouped by the type of display 



562 Braun * Removal of Attention Mimics Lesion in V4 

50 
Letter task 

b 9900 

z 90 

E 
5 
0 70 

s 

50 i 
Letter task 

Figure 8. Effect of concurrent letter 
task (observer averages). a, search 
among, or detection of, larger and 
smaller elements (Size-Hi, Size-Lo, 
Size-Max, Size-Min); b, lighter and 
darker elements (Contrast-Hi, -Lo, 
-Max, -Min); c, elements of saturated 
and unsaturated hue (Color saturation- 
Hi, -Lo, -Max, -Min). Each graph rep- 
resents separate and concurrent perfor- 
mance for a particular task. Error bars 
represent the average standard error for 
all observers. The number of trials is 
given at the top. 

C 

50 
Letter task 

8800 

1400 

‘I~ 
ze-Hi 

1600 

IL 

-Lo 

1700 1 ~ 1600 

II: 
Contrast-Hi 

;a 

1000 

I 
U-Hi -Lo 

-Max -Min 

1 2800 1 2600 

-Max -Min 

-Max -Min 

Separate ( 0 ) and concurrent ( n ) performance 

element that appeared at peripheral locations. For example, the 
top row of graphs in Figure 8 shows aggregate results for the 
four task combinations involving larger and/or smaller display 
elements: Size-Hi, Size-Lo, Size-Max, and Size-Min (Fig. 8a). 
Since concurrent and separate performance of the letter task 
were consistently comparable, it seemed legitimate to pool let- 
ter-task performance from all four task combinations. This 
pooled performance is shown in the leftmost graph of the row. 
The other four graphs in this row represent performance on the 
four detection (Size-Lo, -Hi, observers AG, LS) and search tasks 
(Size-Max, -Min, observers AG, HM, JB, LS). 

Tasks involving other types of display elements are treated 
similarly: Figure 8b shows results pertaining to tasks involving 
lighter and/or darker display elements (Contrast-Hi, -Lo, ob- 
servers AG, RK; Contrast-Max, -Min, observers AG, JB, RK), 
and Figure SC shows results pertaining to tasks involving display 
elements of saturated and/or neutral hue (Color saturation-Hi, 
-Lo, observers AG, RK, Color saturation-Max, -Min, observers 
AG, JB, RK). 

As mentioned, separate and concurrent performance of the 
letter task were comparable (Fig. 8a-c, leftmost graphs in each 
row). In the case of detection tasks, concurrent performance was 
often lower than separate performance (Fig. 8a-c, second and 
third graphs in each row). However, concurrent detection per- 
formance remained well above chance level for all display el- 
ements, including those of lower salience. In fact, concurrent 
detection performance was generally comparable for display 
elements of higher and lower salience. In the case of search 
tasks, however, the outcome often depended strongly on the 
relative salience of target and distractor items: Sfmax exhibited 

relatively high levels of concurrent performance (Fig. 8a-c, fourth 
graph in each row), whereas Sfmin languished at relatively low 
levels of performance (Fig. 6a-c, rightmost graph in each row). 
The asymmetry between Sfmax and Sfmin was particularly large 
in the case of search based on larger and smaller, or on lighter 
and darker, display elements. Only a small asymmetry was ob- 
tained with search tasks involving display elements of saturated 
and neutral hue (but see Fig. 5c,d). Two factors seemed re- 
sponsible for this less dramatic outcome: observer AG per- 
formed poorly on Color saturation-Max (note the large error 
bar), and all three observers performed Color saturation-Min 
well above chance level. 

Figure 9 summarizes the results concerning tasks involving 
display elements of different pattern (coarse, intermediate, and 
fine checkerboards) and shape (triangles and circles). Detection 
and search tasks involving display elements of coarse and in- 
termediate pattern (Pattern-Z-Hi, -Lo, observers RK, TC; Pat- 
tern-Z-MUX, -Min, observers AG, RK, TC) are reported in Fig- 
ure 9a, and tasks based on display elements of intermediate and 
fine pattern (Pattern-ZZ-Lo, observers RK, TC, Pattern-ZZ-Max, 
-Min, observers AG, RK, TC) in Figure 96. Note that Pattern- 
II-Hi is identical to Pattern-Z-Lo. Finally, results pertaining to 
discrimination and search tasks based on triangular and circuiar 
elements (Triangle/Circle, observers AG, RK, Triangle-in-Cir- 
cles, Circle-in-Triangles, observers JB, AG, RK) are shown in 
Figure 9~. 

Tasks involving patterned display elements (Fig. 9a,b) repro- 
duced the outcome reported above: the letter task was executed 
with comparable success under separate and concurrent con- 
ditions. The three detection tasks were little affected by the 



The Journal of Neuroscience, February 1994, 14(2) 563 

a 1 _ 8400 1 A1100 1 T 1500 

Letter task Pattern-l-Hi 

1100 

i 
Tri./Cir. 

1 2300 1 2000 

-Max -Min 

-Max -Min 

1 1800 1 1100 

ill, 111 
Tri.-in-Cir. Cir.-in-Tri. 

Separate ( 0 ) and concurrent ( n ) performance 

Figure 9. Effect of concurrent letter 
task, continued (observer averages). a, 
search among, or detection of, display 
elements of Coarse and intermediate 
pattern (Pattern-I-Hi, Pattern-I-Lo, 
Pattern- I-Max, Pattern- I-Min); b, ele- 
ments of intermediate and fine pattern 
(Pattern-II-Lo, -Max. -Mink c. ele- 
ments of triangular and circular shape 
(Triangle/Circle, Triangle-in-Circles, 
Circle-in-Triangles). See Figure 8 cap- 
tion for details. 

concurrent letter task. A substantial asymmetry was observed 
between Sfmax and Sfmin. Note that the search tasks in ques- 
tion included two search tasks employing identical distractor 
(and different target) items (Pattern-Z-Max and Pattern-II-A&n). 
The fact that dissimilar outcomes were obtained with these two 
search tasks (a small performance reduction with the former, 
and a large reduction with the latter) demonstrates that the 
outcome is not solely determined by the type of distractor item. 

Only one group of tasks, those based on triangular and circular 
elements, exhibited a different pattern of results (Fig. SC). For 
both search tasks (Triangle-in-Circles and Circle-in- Triangles) 
concurrent performance remained near chance level, suggesting 
that successful performance of either task requires visual atten- 
tion. This outcome was not due to insufficient discriminability 
of individual elements: in the absence of distracters, triangular 
and circular display elements proved discriminable even under 
concurrent task conditions (Triangle/Circle). Apparently, the 
presence of distracters (rather than the discriminability of in- 
dividual elements) was the decisive factor. 

The results concerning Sfmax and Sfmin can be summarized 
as follows (Table 2): concurrent execution of the letter task 
reduced performance of Sfmax and Sfmin by an average of 9.7 
2 5.0% and 26.8 f 6.0%, respectively. 

Discussion 
Search asymmetry 
The perceptual difficulty of a visual search can change dramat- 
ically when its target and distractor items are exchanged, a phe- 

nomenon that has been called “search asymmetry” (Treisman 
and Souther, 1985). For search asymmetry to occur, it appears 
to be necessary that target and distractor items are distinguished 
by one “critical” feature (Treisman, 1985; Treisman and Gor- 
mican, 1988). As an example, consider search among C- and 
O-shaped items (Treisman and Gormican, 1988; Williams and 
Julesz, 199 1). Here, the critical feature is thought to be the open 
ends of the contour of the C. Search for a C-shaped item is 
generally easier than search for an O-shaped item although, 
individually, both types of items are equally detectable and thus 
would be considered equally salient. On the basis of findings of 
this type, Treisman and her collaborators have postulated that 
search asymmetry reflects the difference between search for the 
presence or absence of a critical feature (Treisman, 1985; Treis- 
man and Souther, 1985; Treisman and Gormican, 1988). 

Another type of search asymmetry is observed in texture seg- 
regation tasks, especially when a smaller region of one texture 
is embedded in a larger region of another texture (e.g., Guernsey 
and Browse, 1987). In this situation, search asymmetry appears 
to reflect the fact that the border between regions tends to be 
obscured by any discontinuities that may be present within 
regions, especially discontinuities within the larger region (Malik 
and Perona, 1990; Rubenstein and Sagi, 1990). 

The present study concentrated on search tasks involving items 
that, individually, were differentially detectable against an emp- 
ty background, and thus would be considered differentially sa- 
lient. The intent was to limit the investigation to a set of iden- 
tifiable situations, and to reproduce as closely as possible the 
search tasks investigated by Schiller and Lee (199 1). 
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Balancing perceptual d$iculty 
The difficulty of a visual task often depends on several factors. 
One factor is effective stimulus contrast, another is whether the 
task lends itself to a consistent decision criterion, and further 
factors enter when the task involves a limited resource of some 
kind, for example, visual attention, or memory (Green and Swets, 
1966; Norman and Bobrow, 1975). Accordingly, if two tasks 
are performed equally well, it does not follow that they are equal 
with respect to any of these factors; for example, performance 
of one task may reflect low effective contrast, while performance 
of another may reflect its high demands on memory. 

In the present study, the issue of perceptual difficulty arises 
because perceptual difficulty is one respect in which Sfmax and 
Sfmin differ (Julesz, 1981; Beck, 1982; Treisman, 1985). To 
determine whether there also exists a more fundamental differ- 
ence, it was necessary to devise visual search tasks ofcomparable 
perceptual difficulty. To do so, the stimulus was varied (in a 
way that will be discussed presently) until the task was per- 
formed correctly in approximately 84% of the trials. Next, the 
two main factors determining perceptual difficulty-effective 
stimulus contrast and stability of decision criterion (Green and 
Swets, 1966)-were compared empirically. This was done by 
introducing a certain amount of stimulus noise and, separately, 
by reducing the stability of the decision criterion by a certain 
amount. Both manipulations turned out to have comparable 
effects on Sfmax and Sfmin. Thus, the effective stimulus con- 
trast and stability of decision criterion appeared comparable, 
demonstrating that the investigated instances ofsfmaxand Sfmin 
posed comparable perceptual difficulties. 

Performance was adjusted by varying the delay between stim- 
ulus and mask, a procedure that resulted in an average criterion 
SOA of 98 f 13 msec for Sfmax and 133 * 24 msec for Sfmin. 
It appears unlikely that this procedure affected the involvement 
of visual attention. In other instances, the role ofvisual attention 
correlates with task type, not criterion SOA. For example, Ge- 
stalt grouping (Wertheimer, 1923; Koflka, 1935) depends on 
visual attention at a criterion SOA of 40 msec (“easy” grouping, 
Ben-Av et al., 1992) as well as 150 msec (“difficult” grouping, 
Braun and Bauer, 1993). Similarly, texture segregation (Julesz, 
198 1) does not require visual attention between criterion SOAs 
of 36 msec (conspicuous texture border) and > 180 msec (in- 
conspicuous texture border) (Braun and Julesz, 1992; Braun and 
Julesz, unpublished observations). The case of texture segre- 
gation seems particularly relevant, as this type of visual task 
may well rely on similar mechanisms than Sfmax (see below). 

Removing visual attention 
In a concurrent task situation, an observer directs visual atten- 
tion at one part of a display, leaving other parts unattended but, 
nevertheless, attempts to report attributes of both attended and 
unattended parts. This approach can be used to determine 
whether or not a particular visual task relies on visual attention 
(Kahneman, 1973; Braun and Sagi, 1990, 199 1; Ben-Av et al., 
1992). In the present report, visual attention was engaged by 
the letter task, which concerned a cluster of letter-shaped items 
near the center of the display. Successful execution of this task 
prevented the observer from attending to the target and dis- 
tractors of the search task, which appeared in the periphery of 
the display. A quantitative assessment of the extent to which 
the letter task engages visual attention was reported elsewhere 
(Braun and Julesz, 1992; Braun and Julesz, unpublished obser- 
vations). The main results were as follows. 

The letter task is based on the discrimination of T- and 
L-shaped elements, which is known to require visual attention 
(Bergen and Julesz, 1983; Krijse and Julesz, 1989). In fact, the 
letter task constitutes a visual search whose criterion SOA in- 
creases rapidly with element number. The degree to which per- 
formance of the letter task removes visual attention from the 
periphery of a display can be quantified with the help of a probe 
task. Using the discrimination of a single T or L as a probe task, 
the letter and probe tasks were found to be mutually exclusive: 
optimal performance on one task entailed chance performance 
on the other, and vice versa, implying that optimal performance 
engages visual attention completely. The length of time for which 
the letter task engages visual attention can also be quantified. 
When the appearance of the probe was delayed by 90 msec, 
probe performance recovered from chance to approximately 
25% ofnormal. A delay of 180 msec brought probe performance 
to approximately 50% of normal. Accordingly, performance of 
the letter task appeared to render visual attention essentially 
unavailable for roughly 90 msec, and approximately 25% avail- 
able for roughly another 90 msec. 

Effect on Sfmax and Sfmin 
Removing visual attention by requiring observers to carry out 
the letter task concurrently proved to have markedly different 
effects on Sfmax and Sfmin (see Table 2). While Sfmax was 
only moderately affected- performance decreased on average 
by 9.8 * 5.0%-Sfmin was severely impaired-performance fell 
on average by 26.8 ? 6.0% correct. In fact, concurrent perfor- 
mance of Sfmax remained relatively reliable at 74.4 -t 3.7% 
correct, whereas performance of Sfmin approached chance level 
at 58.0 + 5.2% correct. 

There were indications that it was the relative salience oftarget 
and distracters, not the absolute salience of either target or dis- 
tractors, that determined the effect of removing visual attention. 
Whenever two tasks involved the same target but either more 
or less salient distracters, opposite outcomes were obtained (e.g., 
Size-Min and Size-Lo, or Pattern-I-A4in and Pattern-II-Hi). In 
the one instance in which two tasks employed identical dis- 
tractors but different targets, opposite outcomes were obtained 
as well (Pattern-Z-Max and Pattern-ZZ-Min). 

The small but nevertheless significant performance reduction 
suffered by Sfmax in the absence of visual attention admits two 
explanations. Perhaps Sfmax was not entirely independent of 
visual attention. Another possibility is that the decision criterion 
was more stable in the presence of attention but that stimulus 
discriminability was the same. This would explain why more 
experienced observers experienced a smaller performance loss 
(compare Fig. 7a,c and Fig. 8a,c). 

That performance of Sfmin remained above chance even in 
the absence of visual attention also admits two explanations. 
Perhaps the stimulus remained somewhat discriminable even 
without attention. More likely, the residual discriminability re- 
flected a residual availability ofvisual attention. Note that Sfmin 
was carried out, on average, at longer SOAs and therefore might 
have benefited from the 25% availability of visual attention after 
roughly 90 msec (see above). Thus, stimulus discriminability 
might have been exactly zero had visual attention been entirely 
absent. 

Unlike other instances of Sfmin, Color saturation-A4in was 
performed well above chance level even without attention. Per- 
haps observers did not approach this task as an Sfmin, but rather 
as a search for a neutral hue. This internretation would be con- 
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sistent with the observation that hue discrimination can be in- 
dependent of visual attention (Braun and Julesz, 1992). 

Two instances of search among items of identical salience 
were investigated (Triangle-in-Circles, Circle-in- Triangles). Both 
tasks proved essentially impossible when visual attention was 
removed. Interestingly, the discrimination of a single triangular 
or circular item (in the absence of distracters) continued to be 
performed reliably. Apparently, the discriminability of trian- 
gular and circular shapes was independent of visual attention 
as long as the display did not contain distracters. 

Two functional systems? 
The results presented so far are most naturally understood by 
assuming that Sfmax and Sfmin are fundamentally different 
types of visual tasks and that their execution relies on distinct 
functional systems. 

The functional system implicated in Sfmin is visual attention. 
Tasks that require allocation of visual attention include, besides 
Sfmin, shape discriminations such as the letter task (Braun and 
Julesz, 1992; Braun and Julesz, unpublished observations) and 
Gestalt grouping (Ben-Av et al., 1992; Braun and Bauer, 1993). 
If one speculates what these tasks might have in common, a 
disruptive background appears to be part of the answer. In Sfmin, 
the target is obscured by distracters of greater salience. In shape 
discrimination, the distinguishing features are usually hidden 
among many irrelevant ones. In Gestalt grouping, each element 
can usually be grouped in several ways, only one of which con- 
forms to the overall perceptual organization. 

A similar role of visual attention was inferred from the effect 
of lesions thought to disrupt visual attention. After lesions to 
the superior colliculus or pulvinar of macaque monkeys, target 
discrimination in the affected part of the field of view was im- 
paired only when the unaffected part of the visual field contained 
a distractor (Desimone et al., 1989, 1990a). In other words, the 
presumed disruption of visual attention made itself felt only in 
the presence of distracters. Perhaps Sfmin, which is character- 
ized by the presence of salient distracters, represents the para- 
digmatic situation requiring allocation of visual attention. 

The functional system implicated in Sfmax are the mecha- 
nisms that process visual texture (Julesz, 198 1, 1984). These 
mechanisms register local differences with respect to a number 
of stimulus dimensions (e.g., orientation, spatial frequency, col- 
or) (Malik and Perona, 1990; Rubenstein and Sagi, 1990; Sagi, 
1990; Nothdurft, 199 1) and do not require allocation of visual 
attention (Braun and Sagi, 1990, 1991; Ben-Av et al., 1992; 
Braun and Julesz, 1992; Braun and Julesz, unpublished obser- 
vations). Although the perceptual role of these mechanisms re- 
mains unclear, it has been suggested that textural discontinuities 
provide a provisional segmentation of the field of view (Julesz, 
1981; Beck et al., 1983). Another suggestion is that the repre- 
sentation of textural discontinuities may constitute a “saliency 
map” (Koch and Ullman, 1985) or “master map” (Treisman, 
1988) that can guide visual orienting (eye movements, shifts of 
selective visual attention). 

Filter-based, computational models account quite well for 
human performance on detecting textural discontinuities (Malik 
and Perona, 1990; Rubenstein and Sagi, 1990). If Sfmax in- 
volves the same mechanisms as detecting a textural disconti- 
nuity, then these computational models should also account for 
human performance on Sfmax. They should fail, however, to 
account for Sfmin, since this type of search appears to rely on 
altogether different mechanisms. 

The proposal advanced here-visual attention and the pro- 
cessing of visual texture as separate functional systems-is con- 
ventional in many respects. For example, it is consistent with 
the view that information about “where” is computed separately 
from information about “what” (Ungerleider and Mishkin, 1982; 
Sagi and Julesz, 1985). However, the proposal departs from the 
received view in one respect: rather than the usual succession 
of preattentive and attentive processing (Treisman and Gelade, 
1980; Julesz, 198 1; Duncan and Humphreys, 1989; Nakayama, 
1990; Crick and Koch, 1990) it postulates that nonattentive 
and attentive processing occur side by side. For example, when 
an observer reports concurrently on attended and unattended 
objects, it is clear that some objects reach visual awareness 
independently of visual attention. In recognizing that visual 
awareness can be dissociated from visual attention, the proposal 
implies a more restrictive view of the perceptual role(s) of visual 
attention, and a more expansive view of the role(s) of mecha- 
nisms that are independent of attention. 

Effect of a lesion in area V4 

Extrastriate area V4 occupies an intermediate place in the oc- 
cipitotemporal cortical pathway (Maunsell and Newsome, 1987; 
Desimone and Ungerleider, 1989; Van Essen et al., 1992) and 
represents stimulus properties, such as form and color, impor- 
tant for object recognition (Zeki, 1980; de Monasterio and Schein, 
1982; Tanaka et al., 1986; Desimone and Schein, 1987; Schein 
and Desimone, 1990; Gallant et al., 1993). Neural activity in 
area V4 is modulated by visual attention (Fischer and Both, 
1981; Moran and Desimone, 1985; Mountcastle et al., 1987; 
Spitzer et al., 1988) and by expectancy with respect to future 
stimuli (Haenny and Schiller, 1988; Haenny et al., 1988; Maun- 
sell et al., 199 1). 

Several groups have lesioned area V4 and assessed the con- 
sequences with behavioral tests. Some tests involved discrim- 
ination of wavelength or hue (Wild et al., 198.5), while others 
probed a wide range of functions (Heywood and Cowey, 1987; 
Desimone et al., 1990b; Schiller and Logothetis, 1990; Weber 
and Fischer, 1990). From this work, it appears that lesions in 
area V4 impair the perception of both color and form, while 
having relatively little effect on the perception of binocular dis- 
parity and motion (Schiller and Logothetis, 1990). 

An apparently unrelated pattern of deficits was revealed when 
the effect of a lesion in area V4 was assessed by means of Sfmax 
and Sfmin (Schiller and Lee, 1991). Although the salience of 
the items to be searched was varied in several ways (difference 
in size, contrast, hue saturation, velocity of motion, binocular 
disparity), the effect of the lesion appeared to be determined 
simply’by the relative salience of target and distractor items: 
Sfmax was only moderately affected by the lesion while Sfmin 
was severely impaired. 

The present work was motivated in part by the results of 
Schiller and Lee (1991) and employed comparable stimuli. In 
particular, comparable instances of visual search among items 
of different size, contrast, color saturation, pattern, and shape 
were used in both studies. In spite of the considerable difference 
in methodology-surgical lesion versus the psychophysical ma- 
nipulation of imposing a concurrent task-the two studies pro- 
duced qualitatively identical results. 

Two anatomical systems? 
Schiller and Lee (199 1) interpreted their results cautiously, 
pointing out the different computational nature of Sfmax and 
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Sfmin, and suggesting that “basic, reflexlike” mechanisms might 
be sufficient for the former, while “areas Vl, V2, V4, and the 
temporal lobe” might be required for the latter. The present 
results reinforce this suggestion by raising the possibility that 
the lesion disrupted visual attention but spared the nonattentive 
processing of visual texture. 

What further observations could confirm that visual attention 
and the processing of visual texture rely on separate anatomical 
systems? Clearly, a lesion in area V4 would have to affect tasks 
that resemble neither Sfmin nor Sfmax in proportion to the 
extent to which they require allocation of visual attention. For 
example, the lesion would have to disrupt Gestalt grouping 
(Ben-Av et al., 1992; Braun and Bauer, 1993) and spare texture 
segregation tasks (Braun and Sagi, 1990, 199 1; Braun and Julesz, 
1992). Finally, it is conceivable that a lesion in cortical or sub- 
cortical structures other than area V4 would exhibit the opposite 
effect and impair Sfmax more severely than Sfmin. 
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