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Visual Search for Size Is Influenced by a Background Texture Gradient
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Research on the perception of texture gradients has relied heavily on the subjective reports of
observers engaged in free-viewing. We asked whether these findings generalized to speeded
performance. Experiment 1 showed that an important aspect of subjective perception—size-
constancy scaling with perceived distance—also predicted the speed of pop-out visual search
for cylinders viewed against a texture gradient. Experiment 2 showed that this finding could
not be attributed to the local contrast between search items and the background texture.
Experiment 3 assessed the relative contributions of 2 separable dimensions of texture
gradients—perspective (radial spreading) and compression (foreshortening)—finding them to
be independent in the more rapid search conditions (long target among shorter distractors) but
combined in their influence in the slower conditions (short target among longer distractors).

When observers view the texture gradient shown in Fig-
ure 1A they usually report seeing a flat surface recede into
the distance, despite the fact that a two-dimensional (2-D)
image alone cannot specify the three-dimensional (3-D)
surface that gave rise to the projection. This study asked
whether the factors influencing the perceived slant of such
texture gradients also influences rapid visual search for
objects placed on their surface.

Although a large number of previous studies have exam-
ined the perception of slant in texture gradients (e.g., Flock,
1965; Gibson, 1950a, 1950b, 1979; Pizlo & Rosenfeld,
1992; Stevens, 1981, 1983a, 1983b; Todd & Akerstrom,
1987; Witkin, 1981), most have relied on the subjective
reports of observers. For example, observers in Gibson's
(195 Ob) pioneering work matched the slant of textured
surfaces in photographs by using their palms to show a
corresponding inclination. The more recent studies have
used variations on this method. We wondered whether the
findings obtained with these measures would generalize to a
performance-based measure.

This question arose quite naturally from our concern for
the larger issue of ecological validity. We noted that re-
searchers who use naturalistic stimuli to study perception
under ecologically valid conditions do not necessarily show
the same consideration for the observer's task. Observers
are typically given unlimited time to view the stimulus and
to produce a slant estimate. This task is not related in any
direct way to the everyday actions for which the visual
system is used, ranging from those that are essential for the
survival of an individual or the species (e.g., feeding, fight-
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ing, fleeing, and mating) to those that are engaged in largely
for pleasure (e.g., playing sports or video games). What
these tasks all have in common is that there is an advantage
to be gained by using vision rapidly to control actions (e.g.,
eye and head movements in visual exploration, hand move-
ments in grasping, and foot movements in locomotion).
From this perspective, studies based on observer reports tell
us only that the depicted distance in a texture gradient can
form the basis of a conscious percept under conditions of
focused attention.

There are now a handful of studies in which the percep-
tion of texture gradients has been assessed under stress of
time (Bennett & Warren, 1993; Leibowitz & Bourne, 1956;
Pringle & Uhlarik, 1982; Smets & Steppers, 1990; Uhlarik,
Pringle, Jordan, & Misceo, 1980). Of these, Bennett and
Warren (1993) came closest to the present goal. Observers
were shown displays of a textured hallway against which
shapes were presented in a same-different shape matching
task. For this task, differences in shape and size were
irrelevant, and it was in the observer's interest to ignore
them. Nonetheless, reliable influences on response time
(RT) were found for both environmental size (depth scaled)
and retinal size (visual angle) differences. However, the
challenging nature of the task (i.e., RTs in the shape-
matching task averaged 1-2 s) suggested that observers
scrutinized the shapes with focused attention.

Smets and Stappers (1990) presented observers with brief
exposures of a texture gradient—the task was to detect a
texture element oriented inappropriately in its immediate
context. Detection accuracy was clearly dependent on the
extent to which the gradient was disrupted, with the authors
interpreting this as evidence for very rapid processing of
slant from texture gradients. However, the possibility that
the task was accomplished using local 2-D cues could not be
ruled out. Furthermore, the task again forced observers to
attend to the texture elements in making their report, leaving
open the possibility that focused attention was involved in
the effects.

The task we used involved searching for a target cylinder
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Figure 1. Texture gradients consisting of a grid of lines. Super-
imposed on each gradient are 10 outline drawings of cylinders, one
of which (the target) is smaller than the others. (A) The gradient is
consistent with a surface slanted at 77° away from the frontopar-
allel plane of the viewer. (B) The texture is uniform, or slanted 0°
from the frontoparallel plane.

that was either larger or smaller than nontarget (distractor)
cylinders, as shown in Figure 1 A. If the apparent size of the
search items is influenced by the background texture gra-
dient, it should be easiest when retinal target size is incon-
sistent with its location in the image (e.g., a long target
shown in a "far" location or a short target shown in a "near"
location) and most difficult when retinal target size is con-
sistent with location (e.g., a long target shown in a "near"
location or a short target shown in a "far" location).

Experiment 1: Visual Search Is Influenced by a
Background Texture Gradient

The first experiment we report in detail benefited from
several preliminary tests (Aks, 1993). In one, the search
items were black bars of various lengths, designed to be
comparable to those used in other studies (e.g., Treisman &
Gormican, 1988). However, they yielded unreliable effects
across background location. The items seemed to be easily
segregated from the background texture, either because of
their 2-D appearance, or their lack of apparent contact with
the depicted surface, or both. We therefore tested items that
had both apparent volume and appeared to contact the
slanted surface.

In a second test, line-drawn cylinders were presented
against a textured surface that receded toward the top of the
display, as shown in Figure 1A. Search was indeed more
difficult when a shorter target cylinder was "far" (i.e., top of
the display) and a longer target cylinder was "near" (i.e.,
bottom of the display), but the same location effects were
observed, albeit reduced in magnitude, in the control back-
ground (see Figure IB). A possible reason is that observers
may have been influenced by the height of the target in the
picture plane, with height alone being interpreted as a depth
cue (Bennett & Warren, 1993, describe a similar effect).

A third test used the same stimuli shown in Figure 1,
except that the displays were rotated by 90° to control for
any possible contribution from the depth cue of height in the
plane. The slanted surface therefore appeared to be a wall
rather than a floor, which could slant either to the left or to

the right. This time, the control backgrounds revealed no
systematic bias for targets located on the right or the left.
However, the same targets viewed against the slanted back-
ground showed strong location dependency, with the mean
RT for the short target over 250 ms slower (and 21% less
accurate) in the far locations than in the near locations.
Conversely, mean RTs for the long targets were 378 ms
slower (and 29% less accurate) in the near versus far loca-
tions. RT slopes (mean RT as a linear function of display
size) averaged over 30 ms per item in each condition.

The present experiment began with the question of
whether these effects would also be observed when the
baseline search task was one of "pop-out," that is, when
focused attention is not required for target detection. This is
of interest because many theories of vision are premised on
a distinction between two subsystems: a rapid preattentive
system, which uses spatially parallel mechanisms, working
in a bottom-up fashion, to register image features in inde-
pendent topographic maps; and a later attentive system,
which takes advantage of flexible, but spatially serial, top-
down processes to conjoin features from shared spatial-
temporal locations (Beck, 1982; Julesz, 1984; Treisman,
1986; Treisman, Cavanagh, Fischer, Ramachandran, and
von der Heydt, 1990; Wolfe, 1994). These two subsystems
have often been distinguished operationally on the basis of
visual search RT slopes. Slopes that are less than 10 ms per
item define pop-out or parallel search, because it is believed
that the serial mechanisms of attention require more time to
be able to move from item to item (or alternatively, because
there is little decrease in the efficiency of spatially parallel
processes with increasing display size, see Ashby &
Townsend, 1986).

More recently, the consensus has moved to the position
that there is really a continuum of search slopes underlying
performance. This alone, however, has not been too unset-
tling to the theories, because most are able to accommodate
this range of performance while retaining the theoretical
distinction (cf. Ashby & Townsend, 1986; Duncan & Hum-
phreys, 1989; Treisman & Gormican, 1988; Treisman &
Sato, 1990; Wolfe, 1994; Wolfe, Cave, & Franzel, 1989).
Therefore, when we refer to two systems in this article, we
do so with the understanding that visual processes may
really be graded.

The more troubling data for conventional theories come
from reports showing that pop-out is sometimes possible for
complex spatial relations among simple features—espe-
cially when those relations signal important features in the
3-D domain, such as surface orientation, convexity, stereo-
depth, and direction of lighting (Aks & Enns, 1992; Enns &
Rensink, 1990a, 1990b, 1991; Kleffner & Ramachandran,
1992; Nakayama & Silver-man, 1986; Ramachandran,
1988). These findings strongly suggest that the mechanisms
of visual search have access to a level of representation that
has some information about 3-D object shape and surface
layout. In the present experiment we asked whether pop-out
search for items differing in a simple feature (i.e., size)
might also be sensitive to the depicted slant in a background
texture.
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Method

Stimuli and apparatus. Display presentation and data collec-
tion were controlled by a Macintosh computer running VScope
software (Enns & Rensink, 1992). The drawings of cylinders and
textured surfaces were generated by the DynaPerspective Design
and Modeling Program (Tatsumi & Okamura, 1988). Two exam-
ples of the displays are shown in Figure 1. The lines used to draw
the search items and the background grid were black (12.2 cd/m2)
against a white screen (158.9 cd/m2). The slanted background was
generated by taking the control background, which consisted of a
uniform square grid of lines (14° X 14°), and redrawing it at a 77°
slant relative to the normal of the line of sight. To control for
location-based differences in luminance contrast in the slant back-
ground, pixel density was controlled (i.e., every 2.25° X 2.25°
region of the display contained 20% black pixels).

Search items were randomly distributed over a 6 X 6 grid of
notional cells, with the constraint that the target item appeared
equally often in each of three equal-size vertical regions. For the
control background, these were simply the left-, middle-, and
right-thirds of the display. For the slant backgrounds, the same
regions corresponded to the relative distances of far, midrange, and
near. Observers were seated, with their eyes approximately 50 cm
from the screen.

Search items were also presented in one of two orientations:
horizontally oriented cylinders were drawn so that they appeared
to contact the surface of the gradient (i.e., the visible side of the
cylinder was oriented to recede along with the textured surface),
and vertically oriented cylinders were drawn so as to be viewed
from above and thus suspended free of the textured surface.

Design and procedure. In a preliminary phase of the experi-
ment, the size difference between target and distractor items was
determined separately for each observer. We used a staircase
procedure (Comsweet, 1962) to ensure that each observer per-
formed pop-out search (mean slope of 10 ms per item or less on
target-present trials) for the long target in the baseline measure.

The possible targets in the staircase procedure ranged in size
from 1.40° X 1.10° to 1.72° X 1.42° in .04° increments; distractors
were held constant at 1.29° X .92°. Testing began with the largest
(or smallest) target and was systematically decreased (or in-
creased) until the target-present search slope was inside (or out-
side) the preattentive range (0-10 ms/item). The direction of the
steps was then reversed, and testing continued until the search rate
had crossed the boundary. The average target size required to
achieve this pop-out criterion after 4 to 6 sets of 60 trials was taken
as the threshold for each observer. Differences in threshold size
ranged from 0.25° to 0.40° between observers. The item size
determined by this procedure was then used as the target in the
long target condition and as the distractor in the short target
condition of the texture-gradient experiment.

Observers made speeded bimanual responses to indicate whether
a target cylinder was present in the display. On a random half of
the displays, the target was present, with the total number of
cylinders also varying randomly between 2, 6, and 10.

Each trial began with a central fixation symbol (black dot) lit for
500 ms, followed by die display, which remained visible until the
observer responded. Following the response, visual feedback was
presented at the center of the screen ("+" for correct, "—" for
incorrect). Observers were instructed to maintain fixation through-
out the trial sequence, to respond as rapidly as possible, and to
keep errors below 10%.

Observers were tested in two 1-hr sessions, one for the long
target and one for the short target (target and distractor sizes were
reversed). Each session consisted of three sets of 54 trials in the

control condition and the same number of trials in the slant
condition, in a counterbalanced order. Because of the large number
of conditions, observers were further divided into four groups:
item orientation (horizontal, vertical) and direction of slant ("near"
on the right, "near" on the left).

Participants. Forty undergraduate students (24 female, age
range = 17-27 years) participated in two 1-hr sessions. None had
previous experience with visual search tasks, and all reported
normal or corrected-to-normal vision.

Results

Mean correct RT and percentage errors for target present
trials are presented in Table I.1 Preliminary analyses
showed that search was easiest when the target was located
in the middle region of both backgrounds. This was sup-
ported by a significant main effect of location—RT: F(2,
76) = 126.17, p < .001; errors: F(2, 78) = 28.37, p <
.001)—and significant comparisons between middle and
extreme locations for both RT and errors on each back-
ground (all ps < .05).

As shown in Figure 2, visual search for short targets in the
slant condition was 66 ms slower on average, ((78) = 8.60,
p < .001, and 4.4% less accurate, ((78) = 4.04, p < .001,
in the far than in the near location. Conversely, search for
long targets was 27 ms slower, ((78) = 3.63, p < .001, and
0.1% less accurate, /(78) = 0.01, in the near than in the far
locations. In the control condition, performance did not vary
significantly for left and right locations (all ps > .05). These
comparisons were supported in the overall analysis of vari-
ance (ANOVA) by the following significant interactions:
Background X Target Size X Location (RT: F[2, 78] =
34.67, p < .001; errors: F[2, 78] = 7.58, p < .01]; Target
Size X Location (RT [F(2, 78)] = 15.40, p < .001); and
Background X Location (RT: F[2, 78] = 8.37, p < .001;
errors: F[2, 78] = 4.20, p < .02).

RT slopes (linear regression lines fit to the mean RT over
display size) were not as sensitive to the texture gradients as
the mean RT averaged over differences in display size. As
expected, slopes showed no regional bias in the control
conditions (M = 5.3 ms per item for long, M — 10.2 ms per
item for short, all ps > .20). In the slant condition, there
were marginal differences in slope for short targets, but
these were opposite to the size-scaling prediction: near =
17.1 vs. far = 10.0 ms per item, ((38) = 1.86, p = .06.
Slopes were approximately the same for long targets across
near and far regions: 6.8 vs. 8.7 ms per item, ((38) = 0.50.

The most direct measure of the influence of size-scaling
on visual search was given by a combined size-consistency
score. This was obtained by first subtracting from each of
the two extreme locations in the slant background (i.e., near
and far locations) the corresponding data points in the

1 Statistical analyses were based only on target present trials
because absent trials are not differentiated by target location.
Missing data were observed in 0.69% of the cells in this design,
either because of a computer program failure or because there were
no correct RTs observed for a given observer. These cells were
filled by the group mean for statistical analyses, but in no case
were the reported significance levels affected by this procedure.
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Table 1
Mean Correct Response Time and Mean Errors in Experiment 1

Target
and

texture Display size

Target location Target location

Far Middle Near Far Middle Near

M SE M SE M SE M SE M SE M SE

Response time (ms)
Horizontal item orientation Vertical item orientation

Short
Slant

Control

Long
Slant

Control

2
6
10
2
6
10

2
6
10
2
6
10

750
753
843
653
671
747

595
628
653
594
598
620

23
23
31
32
16
18

21
26
27
20
18
18

627
626
680
624
593
697

592
569
604
535
540
559

17
13
16
20
14
25

26
22
21
16
16
19

665
682
812
628
690
746

645
680
701
555
582
615

17
21
20
13
18
22

24
31
34
15
15
18

752
754
764
626
679
712

597
579
612
563
555
598

35
38
31
21
26
30

22
14
14
10
11
16

610
629
654
597
602
685

539
535
584
515
531
551

22
22
20
21
19
26

20
13
18
11
19
14

646
673
746
668
710
733

566
580
628
558
584
557

19
20
22
28
47
33

17
16
18
11
19
11

Horizontal item orientation
Errors (%)

Vertical item orientation

Short
Slant

Control

Long
Slant

Control

2
6

10
2
6

10

2
6

10
2
6

10

12
8

14
5
2
7

5
5
4
5
3
5

2
2
2
2
1
2

2
2
2
3
1
2

3
3
I
4
2
4

4
2
9
1
1
4

1
1
1
1
1
2

1
1
2
1
1
2

5
3
9
4
9

13

5
6
8
3
2
4

1
2
2
2
2
3

2
2
3
1
1
2

13
6
5
7
7
5

8
5
9
9
4
7

2
2
1
2
2
2

3
2
3
3
2
2

3
4
3
2
7
3

4
3
3
3
3
4

1
1
1
1
2
1

2
1
1
2
2
1

7
4
9
5
3
7

6
4
7
3
5
8

2
1
2
1
1
2

2
1
2
2
2
3

control background (i.e., left and right locations). The
scores in the size-inconsistent conditions (i.e., short targets
in the near location, long targets in the far location) were
then subtracted from those in the consistent conditions (i.e.,
short targets in the far location, long targets in the near
location). The difference scores in Figure 3 thus reflect the
effect of apparent slant after all control factors have been
taken into account.

Note that almost all conditions yielded a significant size
consistency effect in RT. The two exceptions involved the
vertically oriented, long target items (2- and 6-item dis-
plays). An ANOVA revealed a marginally significant effect
of target size, F(l, 38) = 3.91, p < .06, reflecting the
generally stronger effects for short targets. Three interac-
tions were also significant: Target Size X Item Orientation,
F(1, 38) = 7.54, p < .01, reflected smaller consistency
scores for the vertical long targets (M = 8 ms) than for the
others (M = 73 ms for horizontal long, 99 ms for vertical
short, and 58 ms for horizontal short); whereas Target
Size X Display Size, F(2, 76) = 3.31, p < .05, reflected a
decline in consistency scores, with increasing display size
for short targets (Ms = 102, 96, and 38 ms, respectively) but

not for long targets (Ms = 46, 20, and 55 ms, respectively),
a trend that was most pronounced when items were oriented
vertically, Target Size X Display Size X Item Orientation,
F(2, 76) = 3.33, p < .05.

A size-consistency analysis of the error data was gener-
ally in agreement with the RT data, although only two main
effects reached significance: short targets resulted in
stronger effects than long targets, F(\, 38) = 7.03, p < .02,
and effects tended to diminish with increasing display
size; mean errors = 8.0%, 2.1%, and 1.9%, respectively;
F(2, 78) = 3.54, p < .05.

Discussion

These data show that pop-out visual search, based on a
simple feature such as size, can be influenced by the slant
that is depicted in a background texture gradient. Both
search speed and accuracy varied with the location of the
target on the texture surface—being best when the projected
size of the target was inconsistent with the depicted slant
(i.e., when the short target was near or the long target was
far) and worst when shown with consistent size-scaling (i.e.,
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Figure 2. Mean correct response time (RT) for selected target present trials in Experiment 1. Bars
in each group of three show display sizes of 2 (left bar), 6 (middle bar), and 10 (right bar).

the long target was near or the short target was far). A
control condition involving a background of uniform texture
also revealed a location effect (i.e., an advantage for targets
in the middle region), but this could not be attributed to
depicted depth. The clear implication is that the background
texture gradient affects the processes underlying visual

Short Target

Long Target

Item Orientation

I Vertical
PI Horizontal

10

Display Size

Figure 3. Size-consistency scores in Experiment 1. Bars in each
group of two show vertical (left bar) and horizontal (right bar) item
orientations.

search and that focused attention is not necessary for the
depicted slant to be processed.

The finding that the influence of the texture gradient was
more reliable for the horizontally oriented than for vertically
oriented cylinders further supports the hypothesis that pop-
out search is sensitive to depicted surface slant. Recall that
search items in this condition appeared to be attached to the
receding background surface, whereas those in the vertical
condition appeared to be suspended in front of the textured
plane. This suggests that the processes underlying visual
search were also sensitive to depicted "surface attachment"
(Butler & Kring, 1987).

Why was search easiest for targets in the middle location,
regardless of whether the background depicted a slanted or
a flat surface? There are several ready explanations, includ-
ing that the efficiency of search has often been noted to
increase with proximity of the target to the fovea (e.g.,
Carrasco, Evert, Chang, & Katz, 1995; Wolfe, 1994) and
that search is made more efficient by increased proximity
between the target and distractor items (Green, 1992; North-
durft, 1992; Poisson & Wilkinson, 1992; Sagi, 1990; Sagi &
Julesz, 1987). Both of these effects would be strongest in
the middle location in the present experiment.

The one unexpected finding was that texture gradients did
not influence search rates (i.e., RT slopes) as consistently as
they influenced overall search speed (i.e., mean RT). One
possible reason may have been the presence of a floor
effect. That is, the search task may have simply been too
easy in large display size conditions for the influence of the
texture to be observed in the slopes.

But there are also less trivial explanations. One is pre-
mised on the idea that it is easier to compare stimuli at the
same apparent depth than to compare across different depth
planes. In the present displays, the probability of such
comparisons increased directly with display size.2 Another
account appeals to the influence of item grouping. There are
several reports demonstrating the effects of item grouping at
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the earliest stages of vision (Callaghan, 1989; Callaghan,
Lasaga, & Garner, 1986; Duncan & Humphreys, 1989;
Humphreys, Quinlan, & Riddoch, 1989; Rensink & Enns,
1995; Treisman, 1982). Item grouping can be used both to
increase the speed of search, as occurs when all nontarget
items are homogeneous, or to decrease its speed, as occurs
when the target is embedded in a larger gestalt-like config-
uration. Here, two such operations may have been at work.
The first, a grouping of homogeneous distractors, should
have worked to speed up search disproportionately in large
display sizes, because under these conditions the items
could be segmented, as a group, more easily from the
background texture. The second operation, a grouping of the
search items with the background surface through apparent
attachment, should have worked to make size-consistent
search more difficult in the horizontally oriented item con-
ditions. Both of these effects were evident in the data.

Experiment 2: Controlling for Local Texture
Contrast Effects

The second experiment was designed to control for local
2-D contrast effects. This was motivated by the observation
that in our size-consistent conditions (i.e., short target in far
location, long target in near) the target item was presented
against a background that may have contributed locally to a
more difficult search (i.e., short target presented against a
fine texture, long target presented against a coarse texture).
Conversely, in our size-inconsistent conditions (i.e., short
target in near location, long target in far), the target item
may have been more conspicuous simply because of its
relation to the local background scale of texture (i.e., short
target presented against a coarse texture, long target pre-
sented against a fine texture).

To examine the possible contributions of such effects, we
replicated a substantial portion of Experiment 1 using a
larger set of control backgrounds, as shown in Figure 4.
Observers searched for a target among horizontally oriented
items in both the slant condition and three control condi-
tions that differed in background texture scale.

Method

Stimuli and apparatus. Visual search displays and items were
similar to those in Experiment 1, with the following exceptions.
First, the lines making up the search items and the textures (12.2
cd/m2) were placed on a square gray background (60 cd/m2) to
delineate a 14° X 14° texture viewing region. Second, to increase
the discrim inability of the search items even further, all items were
filled with a slightly darker gray (50 cd/m2). Third, control back-
ground displays consisted of three uniform-grid textures at differ-
ent scales, with examples of the fine and coarse scales shown in
Figure 4. These square grids correspond in shape to nonslanted
surfaces used in the control condition of Experiment 1. The square
grid elements matched the mean horizontal dimension of the far,
middle, and near texture elements on the slanted surface. Thus,
fine-control consisted of a 40 X 40 grid of lines each 0.05° wide,
medium-control consisted of a 20 X 20 grid in which lines were
0.10° wide, and coarse-control consisted of an 11 X 11 grid in
which lines were 0.10° wide. Pixel density of the lines was again
controlled (i.e., every 2.25° X 2.25° region of the display con-

Coarse Fine

Figure 4. Two of the three control textures tested in Experiment
2, along with 10 search items (1 short target and 9 distractors).

tained 20% black pixels). Fourth, target and distractor items sizes
were fixed for all observers at 1.67° X 1.24° for long items and
1.29° X .92° for short items. Finally, all search items were hori-
zontally oriented, because it was these items that yielded the most
consistent effects,

Design and procedure. Observers performed the same visual
search task as in Experiment 1, against a texture gradient (slant)
and the three uniform grids (fine, medium, coarse) in a random
order. Each observer was thus tested for three sets of 60 trials in
each condition. All other procedural details were identical to those
in Experiment 1.

Participants. Thirty undergraduate students from the Univer-
sity of Wisconsin (17 female; age range = 17-26) participated in
a 1 hr or two 1/2 hr sessions. Observers received course credit for
participating, and all reported normal or corrected-to-normal
vision.

Results

Mean correct RT and percentage errors are presented in
Table 2,3 with the specific conditions relevant to our hy-
potheses graphed in Figure 5. Preliminary analyses again
showed that search was easiest when targets were located in
the middle regions of all backgrounds—RT: F(2, 58) =
10.62,;> < .001; errors: F(2, 58) = 7.37, p < .01. However,
they also showed that target location (left, middle, right)
interacted with the scale of the texture (fine, medium,
coarse) in the control backgrounds— RT: F(4, 116) = 3.07,
p < .02; errors: f(4, 116) < 1. Specifically, there was a
smaller advantage for the middle location in the medium-
scale texture [16 ms, 1.6%] than in the fine [38 ms, 1.5%]
or coarse-scale textures [31 ms, 2.5%]. To control for loca-
tion and texture scale effects as much as possible, all sub-
sequent comparisons between slant and control conditions
were made with these variables held constant (e.g., near
left-side locations in the slant background were compared
with left-side locations in the coarse control background).

2 We thank Jeremy Wolfe for this idea.
3 Missing data were observed in 0.0025% of the cells in this

design, either because an original data file was lost or because
there were no correct RTs observed for a given observer. As in
Experiment 1, these cells were filled by the group mean for
statistical analyses, but in no case were the reported significance
levels affected by this procedure.
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Table 2
Mean Correct Response Time and Mean Errors in Experiment 2

Target location
Target

size and
texture

Short
Slant

Control

Long
Slant

Control

Short
Slant

Control

Long
Slant

Control

Display*-^*u!r*fcv
size

2
6

10
2
6

10

2
6

10
2
6

10

2
6

10
2
6

10

2
6

10
2
6

10

Far

M

626
677
706
652
667
695

587
616
606
581
620
619

9
11
10
4
6
9

5
6
7
6
7

10

SE

27
26
28
28
21
24

30
21
18
18
23
19

2
2
2
2
1
2

2
2
2
2
2
2

Middle

A/

Response time

570
666
649
574
634
715

575
573
594
564
579
599

Errors (%)

6
8

11
7

10
3

5
7
9
5
8
8

Near

SE

(ms)

20
33
23
18
20
39

19
17
21
21
16
19

2
2
3
2
3
1

2
2
3
2
2
2

M

606
653
690
633
688
729

600
627
699
586
608
625

9
10
12
7

13
7

7
10
12
10
9
9

S£

22
23
20
21
24
31

19
21
36
17
20
22

2
3
2
2
3
2

2
3
2
3
2
2

As shown in Figure 5, search for short targets in the slant
condition was 21 ms slower, f(58) = 1.45, p < .10, and
equally accurate (mean difference < 1% error) in the far vs.
near location. This difference was significant when com-
pared with the fine versus coarse-scale textures in the con-

trol condition, which yielded a 12 ms difference in the
opposite direction, r(58) = 2.26, p < .05. Conversely,
search for long targets was 38 ms slower, f(58) = 2.60, p <
.05, and 3.8% less accurate, f(58) = 2.52, p < .05, in the
near than in the far locations. In the control conditions,

Slant Background

Short Target Long Target

Control Background

Short Target Long Target

Near Far Near Fine Coarse Fine Coarse

Target Location

Figure 5. Mean correct response time (RT) for selected target present trials in Experiment 2. Bars
in each group of three show display sizes of 2 (left bar), 6 (middle bar), and 10 (right bar).
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performance did not vary significantly for the fine versus
coarse texture (p > .05). These comparisons were supported
in the overall ANOVA by a significant interaction of Back-
ground X Target Size X Scale—RT: F(2, 58) = 3.37, p <
.04; errors: F(2, 58) = 1.11.

As in the previous experiment, RT slopes were not as
sensitive to the slant of the texture gradients as the mean RT
measure. In the slant condition, RT slopes for the long target
in the near location were significantly larger than in the far
location—12.4 vs. 4.3 ms per item, f(29) = 2.25, p < .05—
but slopes for the short target did not vary with location—
far = 10.0 vs. near = 10.5 ms per item, r(29) < 1. In the
control condition, the trend for short targets was in the
opposite direction to the predicted effects of local size
contrast (slopes were non-signlficantly larger for the coarse
texture, 10.7 vs. 5.4 ms per item, t[29] = 1.48, p > .10),
whereas slopes for the long targets were similar in the fine
and coarse conditions (4.7 vs. 4.9 ms per item, r[29] < 1).

The size-consistency RT scores, shown in Figure 6, were
significantly larger than zero for both target sizes—short:
/(89) = 1.77, p < .05; long: t(89) = 2.23, ;> < .05—but did
not differ significantly with target size or display size (p >
.05). Errors showed a similar pattern, although none of the
effects were significant (mean consistency score = 1.5% for
short, 1.9% for long).

Discussion

These data show that there is an influence of depicted
surface slant on visual search for item size even when the

<uts
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<7i
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0
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Short Target

Long Target

10

local contrast relations between the target and background
have been controlled. It is noteworthy that the size-
consistency scores were generally larger in Experiment 1, in
which local contrast was not controlled, than in this exper-
iment, in which it was controlled. This suggests that local
contrast may play a role in these visual search experiments.
The more important point, however, is that local contrast
effects may serve to enhance the perception of relative
object size in more naturalistic displays, in which local
contrast relations and relative depth cues are correlated
attributes. A second difference between experiments was
that short targets showed the most consistent effects of
background texture slant in Experiment 1, whereas these
effects were more evident for the long targets in Experiment
2. Because other differences between short and long targets
were found in Experiment 3, we will postpone discussion of
these effects to the General Discussion.

Experiment 3: Separate Contributions From
Perspective and Compression?

Which information in the texture gradient contributes
most to the differences in visual search speed? Cutting and
Millard (1984) have identified three possible sources, which
they refer to as perspective (decreases in the width of
textural elements along the direction of the greatest change
in depicted slant);4 compression (decreases in the height of
textural elements, along the direction of the greatest change
in depicted slant); and density (decreases in the distance
between textural elements and increases in the number of
texture elements per unit area).

Some have speculated that these dimensions play differ-
ent functional roles in vision. For instance, perspective
appears to be a more reliable and direct cue for surface
distance, whereas compression informs more directly about
local orientation changes that arise from surface curvature
(Cutting & Millard, 1984; Stevens, 1981, 1984; Witkin,
1981). Stevens (1984) even speculates that these properties
may map onto separate depth and orientation representa-
tions in human vision.

How do these dimensions contribute to the subjective
reports of apparent slant in texture gradients? The methods
used to test this question have typically involved isolating
one dimension, or pitting one against the other, and then
recording participants' subjective impressions of slant
(Braunstein, 1976; Braunstein & Payne, 1969). These stud-
ies report that perspective and density have a greater influ-
ence than compression on reports of perceived slant for flat

Display Size

Figure 6. Size-consistency scores in Experiment 2.

4 The texture gradients used (shown in Figure 7) were rotated
90°, relative to the conventional descriptions, in order to rule out
influences from height in the plane. Thus, the term width is still
used to refer to the size dimension that is orthogonal to the
direction of slant in the image, despite the fact that it now corre-
sponds to the vertical dimension on the page.
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surfaces. However, when the perception of curved surfaces
has been investigated, compression has been shown to be
more important (Cutting & Millard, 1984; Todd & Aker-
strom, 1987).

In this experiment, we examined only perspective and
compression, because in our displays it was not possible to
isolate density (i.e., by using grid-cells as texture elements,
element size and spacing were not separable). Examples of
the displays are shown in Figure 7. Our primary question
concerned the relative importance of these two dimensions
in predicting visual search, and we examined it in three
different ways. To foreshadow the results, each approach
pointed to a similar answer: Relatively slower search
(search for short targets among long distractors) was influ-
enced in a synergistic way by the combination of perspec-
tive and compression, whereas more rapid search (search for
long targets among short distractors) appeared to be gov-
erned by independent contributions from each dimension.

Data Analyses

A first analysis consisted of a straightforward ANOVA
comparison of the size-consistency scores in the three slant
conditions: combined dimensions, perspective only, and
compression only.

The second analysis used Steinberg's (1969a, 1969b)
additive factors (AF) method to test the models of shared
versus independent information from the two dimensions
(see Aks & Enns, 1992, for a brief review of the relevant

assumptions and procedures). In this test, size-consistency
scores were analyzed as a function of perspective (presence,
absence); compression (presence, absence); target size
(short, long); item orientation (horizontal, vertical); and
display size (2, 6, and 10 items).

Finally, path analysis (PA) was used to test for depen-
dency among perspective and compression (Blalock, 1962,
1985; Wright, 1960). This analysis was based on the pattern
of simple and partial correlations among correct mean RTs
from the isolated perspective (P), isolated compression (C),
and combined dimension (PC) conditions.

Method

Observers, stimuli, and procedures were the same as in Exper-
iment 1, except for the addition of displays that isolated the
dimensions of perspective and compression. The six conditions
compared in this experiment are shown in Figure 7: (A) combined
gradient, (B) perspective gradient, (C) compression gradient, (D)
uniform grid (control for the combined gradient), (E) horizontal
grid (control for the perspective gradient), and (F) vertical grid
(control for the compression gradient).

Results

Size-consistency scores. Target present data from the
combined conditions (slant and slant control) have already
been presented in Experiment 1 (see Table 1). Table 3
(perspective alone) and Table 4 (compression alone) contain

\

—B-

LEL

Figure 7. Examples of the 10-item target-present visual search displays in Experiment 3. (A)
Combined dimensions gradient. (B) Isolated perspective gradient. (C) Isolated compression gradi-
ent. (D) Combined control gradient. (E) Perspective control gradient. (F) Compression control
gradient.



1476 AKS AND ENNS

Table 3

Mean Correct Response Time and Mean Errors for the Perspective Alone Condition in Experiment 3

Target
and

texture

Target location

Display
size

Far

M SE

Middle

M SE

Near

M SE

Far

M

Target location

Middle

SE M SE

Near

M SE

Response time (ms)
Horizontal

Short
Slant

Control

Long
Slant

Control

2
6

10
2
6

10

2
6

10
2
6

10

674
684
731
635
659
711

576
580
621
581
607
652

21
20
25
22
17
17

15
13
16
15
15
21

606
604
680
567
603
636

539
541
5X5
530
551
583

item orientation

17
18
18
12
16
13

11
13
15
11
16
16

669
685
758
634
673
715

606
623
675
602
585
630

19
27
26
12
19
23

18
17
24
20
14
16

641
638
683
602
634
671

557
575
602
557
538
558

Vertical item orientation

22
16
18
15
17
18

13
17
20
12
10
13

582
587
627
569
586
623

521
546
574
508
506
543

17
14
13
12
14
15

9
13
15
12
11
13

624 19
621 17
688 23
608 14
664 17
685 18

552 10
569 14
578 11
541 11
541 10
552 11

Horizontal item orientation
Errors I

Vertical item orientation

Short
Slant

Control

Long
Slant

Control

2
6

10
2
6

10

2
6

10
2
6

10

8
7

12
7
9

13

4
4
6
4
7
6

2
2
2
2
2
3

1
1
2
1
2
2

2
3
3
2
1
6

1
3
3
3
2
3

1 5
1 6
1 12
1 4
1 5
2 13

1 3
1 4
1 5
1 4
1 5
1 8

2
2
2
1
2
2

1
2
2
1
2
2

5
8
8
4
5

11

7
6
8
8
4
9

1
2
2
2
2
2

2
2
2
2
1
2

2
2

11
2
2
5

2
3
5
2
4
5

1
1
2
1
1
1

1
1
2
1
1
2

6
5

11
4
3
9

7
3
6
5
2
4

2
2
2

1
1
2

2
1
2
2
1
1

the corresponding data from the isolated texture dimensions

and their control backgrounds.

Figure 8 shows the relative strength of the three texture

conditions in producing a size-consistency effect. A signif-

icant main effect of texture type—RT: F(2,76) = 8.20, p <

.001; errors: F(2, 76) = 4.25, p < .02— reflected that the

combined condition yielded the strongest effect (60 ms,

4.0% errors), whereas the perspective (20 ms, -0.40%

errors) and compression conditions (16 ms, 1.15% er-

rors) each produced significantly smaller effects—perspec-

tive RT: f(76) = 3.32, p < .01; perspective errors: f(76) =

2.87, p < .01; compression RT: f(76) = 3.67, p < .01;

compression errors: t(76) = 1.86, p < .07. Short targets did

not differ from long targets overall—RT: F(l, 38) = 0.56;

errors: F(l, 38) = 1.07—but the Texture Type X Target

Size interaction was marginal in both measures—RT: F(2,

76) = 2.38, p < .10; errors: F(2, 76) = 2.92, p < .06—

reflecting the larger difference between combined and iso-

lated-dimension for short targets. As in Experiment 1 (see

Table 1), there was some evidence for larger size-

consistency effects for horizontal items, especially among

the long target conditions, Target Size X Orientation inter-

action: F(l, 38) = 3.47, p < .08.

Additive factors. The RT means used in this analysis are

shown in Figure 9. As is readily apparent, the most impor-

tant finding was a significant triple interaction of Perspec-

tive X Compression X Target Size, F(\, 38) = 7.33, p <

.01. Separating this interaction by target size revealed an

interactive influence of Perspective X Compression for

short targets, F(l, 38) = 9.61, p < .01, and an additive one

for long targets, F(l, 38) = 0.37. Both main effects were

also significant—perspective: F(l, 38) = 17.28, p < .001;

compression: F(l, 38) = 27.38, p < .001.

The error data supported this analysis in trend, although

not always in significance. The interaction of Perspective X

Compression X Target Size was significant, F(l, 38) =

4.70, p < .05, as was the main effect of compression, F(l,

38) = 6.92, p < .02. Most important, the difference in

interaction patterns between short and long targets was

consistent with the RT data, thereby ruling out the possi-

bility that these RT patterns reflected different speed-

accuracy trading relations.



TEXTURE GRADIENTS 1477

Table 4

Mean Correct Response Time and Mean Errors for the Compression Alone Condition in Experiment 3

Target location

Target
and

texture

Far Middle
DisolavUl.lf/luj

size M SE M ffi

Near

M SE

Far

M

Target location

Middle

SE M SE

Near

M SE

Response time (ms)

Short
Slant

Control

Long
Slant

Control

2
6

10
2
6

10

2
6

10
2
6

10

714
668
732
636
633
714

584
622
648
579
595
618

Horizontal

24 569
18 612
22 649
23 573
15 579
21 641

13 573
25 553
19 609
12 539
14 532
16 570

item orientation

12
15
18
15
12
14

19
12
20
13
13
14

630
650
756
643
623
712

620
635
686
569
577
635

20
16
23
17
15
19

19
27
25
15
12
18

658
657
691
657
693
710

574
563
573
575
556
598

Vertical item orientation

24
20
22
26
28
22

13
11
11
16
12
14

594
591
653
605
612
664

521
530
545
538
554
562

20
15
20
21
18
19

11
12
12
16
16
13

630 20
672 25
741 32
666 21
669 23
706 26

560 11
562 14
579 13
556 16
549 11
575 13

Errors (%)

Short
Slant

Control

Long
Slant

Control

2
6

10
2
6

10

2
6

10
2
6

10

8
7

12
5
7
9

4
4
6
4
5
7

Horizontal

2 1
2 3
2 3
2 4
2 2
2 3

1 5
1 2
2 4
3 3
2 3
2 3

item orientation

1
1
1
1
1
1

2
1
1
2
1
1

2
3
9
4
7
7

7
6
9
2
4
8

1
1
2
1
2
2

2
2
2
1
2
2

5
3

11
6
6
8

6
3
6
4
3
5

Vertical item orientation

1
1
2
2
2
2

2
1
2
2
1

1

2
3
5
4
3
6

4
4
2
4
1
6

1
1
2
1
1
2

1
1
1
1
1
2

4 1
3 1

12 2
4 1
2 1
8 2

6 2
4 1
4 1
6 2
4 1
1 1

Path analysis. The pattern of simple correlations for

long targets indicated that perspective was the only signif-

icant predictor of combined dimension performance,

r(38) = .43, p < .01. The nonsignificant correlation be-

tween perspective and compression, r(38) = .22, p < .17,

indicated that the individual dimensions, if indeed both

were coded, were done so in parallel. However, the absence

of a significant correlation between compression and com-

bined, r(38) = .08, indicated further that the temporally

parallel model (independence) could be reduced to one in

which perspective was the only significant predictor of

performance in the combined condition, as shown hi Figure

10.
The pattern of simple correlations for short targets indi-

cated that each of the dimensions was a significant predictor

of the combined condition— perspective: r(38) = .37, p <

.01; compression: r(38) = .45, p < .01—as well as being

correlated with one another, r(38) = .40, p < .01. This

suggests a dependence between the two dimensions. An

assessment of the partial correlations—perspective, with

compression controlled: r(38) = .22, p < .20; compression

with perspective controlled: r(38) = .35, p < .05—

indicated that perspective predicted the combined condition

reliably only in the context of the compression variable.

This pattern of correlation is thus consistent with the pro-

cessing order P — > C — > PC for the short targets, as

shown in Figure 10.

Discussion

The three analyses in Experiment 3 each pointed to an

interesting difference between search for short and long

targets. In the comparison of size-consistency effects, the

combined textures had a greater influence on search for the

short targets than on search for the long targets. The additive

factors analysis also revealed an interdependence in the

influence of the two dimensions on search for short targets,

but it showed independence in the influence of these same

dimensions on search for long targets. Finally, the path

analysis suggested a synergistic relation between the two

texture dimensions for short targets, possibly the conse-

quence of a sequential processing of perspective followed

by compression. For long targets, however, only perspective
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Figure 8. Size-consistency scores in Experiment 3.

contributed significantly to visual search against the com-
bined texture.

What might account for the tendency to observe additivity
(or independence) in the influence of the texture dimensions
for long targets, while at the same time observing an inter-
action for short targets? The most obvious correlate of this
difference is baseline task difficulty. Long targets were
found both more rapidly (89 ms) and accurately (2% dif-
ference in errors) than were short targets overall—RT: F(l,
38)= 82.56, p < .001; errors: F(l, 38) = 10.63, p <
.01—as would be predicted from previous reports of search
asymmetries for size (Treisman & Gormican, 1988). This
suggests that the interaction between texture dimensions
only occurred when the search task was relatively time
consuming.

This observation suggests a straightforward interpreta-
tion. Perhaps it takes some amount of time (or alternatively,
attention must become spatially focused to some degree)
before the information from each of the two texture dimen-
sions can be combined. For example, at the earliest stages of
vision there may be modules that analyze the information
separately for the two texture dimensions. If the search task
is completed before information from these modules has
been integrated, then one would indeed not expect their
combination to produce synergistic effects. However, if the
search task is slowed for some reason (in this case because
the short target is simply not as discriminable against
the long distractors as is the reverse arrangement), then
these modules may have sufficient opportunity to share
information.

General Discussion

These visual search experiments were conducted to de-
termine whether factors that influence the subjective per-
ception of slant in texture gradients also influence speeded
search for objects that appear to lie on such gradients. Our
conclusion is that there are strong parallels between these

two domains. However, there also appear to be some inter-
esting differences in the way in which the separable dimen-
sions of a texture gradient are processed in the earlier versus
later stages of vision.

Experiments 1 and 2 showed that an important aspect of
subjective texture gradient perception—size-constancy scal-
ing of objects with perceived distance—predicted the speed
of pop-out visual search for cylinders viewed against a
texture gradient. Search was especially difficult when long
targets appeared in near locations of the texture gradient and
when short targets appeared in far locations. Control con-
ditions (and pilot tests) showed that this effect could not be
attributed to biases in the direction of scanning, nor to other
monocular depth cues such as height in the plane, nor to
local effects of size contrast between the scale of the search
item and the scale of the background texture.

This is an important result, because it suggests that some
aspects of the texture gradient were being processed invol-
untarily (i.e., intruding) into a stage of visual processing that
is relatively rapid, spatially parallel, and automatic (Enns &
Resnick, 1991; Treisman, 1986). The slow down in search
caused by the texture gradients showed further that their
influence was not simply to speed up processing because a
texture is somehow more "ecologically valid" than a flat
background. Radier, it makes the more important point that
the representations at these stages are already informed by
3-D organizational principles—access to 2-D information is

c
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Figure 9. Additive factors method: Size-consistency scores in
Experiment 3, shown separately for short and long targets, as
a function of the presence versus absence of perspective and
compression.
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r = .29* r = .35'

Figure 10. Path analysis: Significant partial correlations in Experiment 3, shown separately for

long and short targets, with the derived paths of influence (arrows). P = Perspective; C =

Compression; PC = Perspective and compression combined.

therefore difficult and may even be preempted (He & Na-
kayama, 1992; Rensink & Bnns, 1995; Wolfe, 1994).

Experiment 3 used three different statistical techniques to
assess the relative contributions of two separable dimen-
sions of the texture gradients—perspective and compres-
sion. These tests all showed that there were separate influ-
ences of perspective and compression in the most rapid
search conditions (long targets) but that their interaction
increased as the search task became more difficult (short
targets).

In this section we discuss the implications of these find-
ings for theories of surface perception and for theories of
rapid vision. However, we first address ourselves to two
unexpected aspects of the data,

Unexpected Findings

RT slope (search rate) was not reliably influenced by
texture gradients. We originally chose visual search in-
stead of a simpler task (e.g., same-different discrimination
or object detection) because it appeared to promise more
information. Not only would we be able to measure simple
discrimination time (i.e., RT on 2-item displays), but we
would be able to measure the speed with which attention
could be directed to the target item (i.e., the RT slope as a
function of the number of display items, or search rate).
Furthermore, the very nature of the task (i.e., uncertainty
about the spatial location of target and number of candidate
items) ensured that observers began each trial with their
attention distributed as widely as possible. Unfortunately,
the slope data were too equivocal to permit a strong con-
clusion. There was a tendency for the size-consistency ef-
fects to diminish with increasing display size in Experiment
1, and the opposite tendency (i.e., for these effects to in-
crease with display size) was seen in Experiment 2.

Nonetheless, we were still left with strong effects in mean
RT, both when baseline measures (i.e., display size = 2) or
overall measures (i.e., collapsed over all display sizes) were
considered. Most important, these effects of the texture
gradient were observed under conditions in which observers
are otherwise able to perform pop-out visual search. Future
experiments will be needed to resolve the issue of whether
RT slopes are also influenced under some conditions or
whether the background texture gradient simply serves to
influence the amount of processing "overhead" that must be
completed before the search for the items is initiated.

Size-consistency effect was influenced by apparent con-

tact between item and background. A second design de-

cision we made was to disassociate the sizes of the search
items from the sizes of the texture elements through the use
of uniform-sized distractors. Any influence on search per-
formance therefore had to be attributed to an involuntary
processing of a task-irrelevant stimulus dimension, as is the
case in the well-known Stroop effect (e.g., McLeod, 1991).
That is, the effects did not depend on observers' focusing
attention on the elements of the texture gradient itself (cf.
Bennett & Warren, 1993, and Smets & Stappers, 1990).

In retrospect, it is possible that this undercut the useful-
ness of the search rate measure (RT slopes) for comparing
conditions. As pointed out in the discussion of Experiment
1, large numbers of same-sized distractor items (i.e., in the
6- and 10-item displays) may have produced a grouping
effect that actually assisted observers in being able to ignore
the texture gradient. Our subjective impressions of these
displays, as well as the data, are consistent with the idea that
the search items were more likely to appear suspended in a
frontoparallel plane, rather than in the apparent texture
plane, as the number of search items was increased. This
was especially true for vertically oriented search items.

Implications for Theories of Surface Perception

This study extends J. J. Gibson's (1950a, 1950b, 1979)
work on surface perception by exploring the underlying
mechanisms involved in perceiving slant from texture gra-
dients. Although it is not uncommon for theories of surface
perception to propose an initial independent coding of var-
ious depth cues (e.g., Attneave, 1972; Cutting & Millard,
1984; Marr, 1982; Stevens, 1981, 1983b), these proposals
have largely been based on measures of subjective percep-
tion rather than on performance under stress of time. The
present visual search data therefore provide performance-
based support for these proposals. In addition, these data
point to some interesting directions in which these theories
could be extended.

The visual search data suggest that the perspective dimen-
sion has a more reliable influence on size discrimination
than the compression dimension. This is seen most strongly
in the easiest search conditions (i.e., long target); as the
search task becomes more difficult (i.e., short target), the
compression dimension becomes more influential. The path
analysis suggests that this is because the analysis of com-
pression is building on information already contributed by
perspective.

How compatible is this story with existing models of
surface perception? The most well known of these is Marr's
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(1982) three-stage model, which in the intermediate 2 1/2-D
sketch stage, includes a distinction between surface distance
and surface shape. Local surface shape (orientation) is
coded by the direction of a vector, whereas surface distance
is indicated by the length of each vector. Thus, although
computationally separable, orientation and distance are rep-
resented in an integrated fashion at the 2 1/2-D sketch.
There is nothing in the theory that predicts the primacy of
one of these forms of information over the other.

Why then should perspective have primacy over compres-

sion in the most rapid search conditions? Stevens (1981,
1983b, 1984) outlined efficient ways to extract the surface
properties of distance and slant from the image. In doing so,
he provided strong arguments for the greater ecological
validity, reliability, and computational simplicity of per-
spective over compression. In brief, perspective conveys

information only about changes in surface distance, whereas
compression contains information relevant to changes in
both surface distance and surface orientation. In the present
visual search task, item size was the diagnostic feature for
the observer. Because surface texture always signaled a
constant surface orientation (i.e., flat), only surface distance
was relevant to the size-discrimination made by the ob-
server. If the visual system indeed performs an analysis such
as Stevens suggested, then the distance information con-
tained in the isolated perspective condition and in the com-
bined texture should be readily available and easy to use.
However, in the isolated compression condition, this dis-
tance information would only be available indirectly, that is,
through the more complex information signaling surface
orientation (see Stevens, 1981). The present results are thus
clearly consistent with this account, although they did not
test it directly.

Implications for Theories of Rapid Vision

Evidence for a sensitivity to texture gradients in a pop-out

search task has implications for the representations that are
formed in rapid vision. One longstanding issue in this area
is whether the representations accessible by psychophysical
tasks correspond more closely to the retinal image or to the
external objects that gave rise to the retinal projection
(Palmer & Rock, 1994). As recently as 10 to 15 years ago,
most visual search theorists adhered to the former view
(Beck, 1966; Julesz, 1984; Treisman & Gelade, 1980),
proposing that visual search was based on measurements of
simple geometric properties (e.g., color, orientation, size,
motion) in a retinotopic representation. However, with the
growing number of reports that visual search is sensitive to
some aspects of 3-D structure (Aks & Enns, 1992; Enns &
Rensink, 1990a, 1990b, 1991; He & Nakayma, 1992; Klef-
fner & Ramachandran, 1992; Nakayama & Silverman,
1986; Ramachandran, 1988), this has begun to change. For
example, Treisman and Sato (1990) and Wolfe (1994) ac-
knowledged that preattentive processes have access to rep-
resentations with some 3-D information.

From this perspective, the present data are yet another
example of the sensitivity of visual search mechanisms to
3-D information—size-constancy scaling based on texture

gradients. However, caution should be used in interpreting
this result. In itself, the demonstration of sensitivity to a
texture gradient does not tell us how complete the repre-
sentation actually is, nor how closely the size-constancy
scaling approximates that studied under conditions of fo-
cused attention. The challenge to future models of rapid
vision will be to provide biologically plausible accounts of
how the beginnings of a postconstancy representation can
be instantiated early in the visual stream.
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