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Do we perceive where one object is relative to another
if we have not specifically attended to those objects as a
pair? Recent evidence suggests that we do not. In partic-
ular, data from visual search tasks suggest that the de-
tection of targets defined by the spatial relations between
objects may require the allocation of attention (Logan,
1994;O’Connell & Treisman, 1990; Palmer, 1994;Poder,
1999; Steinman, 1987). In the present paper, we are con-
cerned with the question of whether this conclusion ap-
plies to all spatial relations, or whether some types of re-
lations are privileged within the system so that they do not
require the same level of attentional processing. In partic-
ular, we consider the possibility that depth relations may
be extracted more efficiently than other spatial relations.

Evidence Concerning the
Apprehension of Spatial Relations

Using visual search performance as a diagnostic,
Logan (1994) tested the hypothesis that the apprehension
of spatial relations requires the allocation of attention.
Targets were defined by the spatial relations between
items within a pair. In one experiment, for example, the
target was a-dash-to-the-left-of-a-plus pair (2+) among
a-plus-to-the-left-of-a-dash distractor pairs (+2). In an-
other experiment, the target was a-dash-above-a-plus pair

among a-plus-above-a-dash distractor pairs. In multiple
experiments, Logan (1994) found that search for targets
defined by spatial relations was highly inefficient. In par-
ticular, slopes relating search time to the number of items
in the display were often greater than 30 msec per item for
trials on which the target was present and greater than
60 msec per item for trials on which the target was absent.
Search slopes of this magnitude suggest that the charac-
teristic that defined the target from the distractors—in this
case the spatial relation between items in a pair—was not
extracted easily from the display. They are even consistent
with the hypothesis that attention had to be allocated to
each pair in turn in order to extract the spatial relations.

In an effort to further test the hypothesis that the ap-
prehension of spatial relations requires attention, Logan
(1994) sought converging evidence from a cuing para-
digm. The task was again a visual search task in which
subjects searched for a target that was defined by the spa-
tial relations between items. In this case, however, one of
the pairs of items was presented in a color different from
that of the surrounding pairs. A validitymanipulationwas
introduced so that on most of the trials, the target was the
uniquely colored pair. Color then served as a cue to direct
one’s attention to that pair. If the detection of the target
depended on the allocation of attention, this cue should
have aided performance for those trials on which the tar-
get actually was the uniquely colored pair. Indeed, this
was just what was found, thereby providing converging
support for the conclusion that the apprehension of spa-
tial relations involves the allocation of spatial attention.

Spatial Relations Defined by Depth
As has been noted, Logan’s (1994, 1995) studies ad-

dressed the question of the apprehension of left–right
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and up–down relations. These spatial relations were all
defined between items that appeared on a single fronto-
parallel plane, the computer monitor. Depth relations, in
contrast, may be represented by the visual system differ-
ently than these other types of spatial relation, because
so much of the information about the structure of a scene
at least appears to depend on depth information. Figure–
ground segregation, for example, can be conceptualized
as the identification of which region is in front of the
other region (see Figure 1A). Similarly, the parsing of a
scene into objects when some objects occlude others ap-
pears to depend on the assignment of depth relations (see
Figure 1B). To the extent that the visual scene is orga-
nized into perceptual objects—candidates for selection—
it would seem that these objects would be established in
an efficient spatially parallel manner for all parts of the
scene simultaneously, rather than requiring the selective
allocation of attention to different parts of the scene.

Consistent with these intuitions regarding the special
status of depth information, Nakayama and Silverman
(1986) found that targets defined by the conjunction of
depth and color supported efficient visual search. Con-

junction targets vary in the efficiency of search that they
support, dependingon the salience of the features making
up the conjunction(Wolfe, 1994; Wolfe, Cave, & Franzel,
1989). That a conjunction involvingdepth yielded highly
efficient search suggests that depth may indeed be some-
thingof a privileged feature. Nakayama and his colleagues
(e.g., Nakayama, He, & Shimojo, 1995) have argued, in
particular, that one of the earliest and most efficient pro-
cesses within the stream of visual information process-
ing is the representation of the surfaces that make up the
scene. Attention, they argue, is then allocated separately
within a surface, thus accounting for the efficient search
that they observed for their depth 3 color conjunction
targets; subjects simply searched within a surface for a
uniquely colored item. With regard to the present hypoth-
esis, because surface information is usually dependent on
depth information, it may be that depth relations are pro-
cessed more efficiently than other spatial relations.

Overview of the Present Study
Our purpose in the present experiments was to test the

hypothesis that depth relations are different from other
types of relations and that targets defined by depth rela-
tions will support efficient visual search. Experiment 1
provided a replication of Logan’s (1994) basic up–down
and left–right conditions,but with somewhat more salient
stimuli. In Experiment 2, depth-relation targets were de-
fined by using a single monocular depth cue (occlusion).
This experiment yielded extremely inefficient searches.
In Experiment 3, a second monocular depth cue (size)
was added, but it failed to improve performance much.
Finally, in Experiment 4, depth-relation targets were de-
fined using binoculardisparity,which is a very strong cue
to depth (this was confirmed in Experiment 5). Still,
search was highly inefficient.

Thus, despite the use of increasingly salient and com-
pelling cues to depth, the present experiments provided
no evidence to support the hypothesis that depth rela-
tions can support efficient search more effectively than
other types of spatial relations.Some possible implications
of these findings within the context of the larger literature
on the preattentive processing of three-dimensional (3-D)
characteristics of visual scenes are discussed in the Gen-
eral Discussion section.

EXPERIMENT 1

Experiment 1 was designed to be a replication and
small extension of Logan’s (1994) original experiments.
Logan (1994) used white plusses (+) and dashes (2) on
a black background to form his spatial-relation pairs. It
seemed possible that if the items were made more saliently
different from each other, the apprehension of spatial re-
lations between them might be easier and therefore allow
for efficient search. With this in mind, we used items that
differed from each other not only in form, but also in color
(and, because the colors were not equiluminant, in lumi-

Figure 1. Examples of the apparent need for the assignment of
depth relations in various perceptual organization processes.
(A) Figure–ground segregation: Interpreting the image as a vase
or two faces implies the assignment of which part, the white or
the black, is in front of the other part. (B) Amodal completion:
The completion of two rectangles behind the oval implies the as-
signment of relative depth positions—the oval in front of the hor-
izontal rectangle in front of the vertical rectangle.
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nance as well). We used purple plusses and green squares
to make up our spatial-relation pairs (see Figure 2).

Method
Subjects. Thirty individuals from the Pennsylvania State Uni-

versity subject pool were tested—15 in Experiment 1A and 15 in
Experiment 1B. All reported normal or corrected-to-normal visual
acuity and color vision, and all were naive as to the purpose of the
experiment before being tested. The subjects received extra credit
in a psychology course for participating in the experiment.

Equipment. Stimuli were presented on a 21-in. Nanao FlexScan
F2-21 color monitor controlled by a Number 9 Imagine Series 128
graphics board in a pentium-based computer and were viewed from
a distance of approximately 70 cm. The room was dimly lit with in-
direct incandescent lighting (7.30 cd/m2).

Stimuli. Displays consisted of one to eight pairs of purple
plusses (0.98º 3 0.98º) and green squares (0.98º 3 0.98º), which
were drawn with lines of 0.11º width. In Experiment 1A, the circles
and squares within a pair were separated by a 0.20º gap along the
x-axis and were aligned along the y-axis (see Figure 2A). In Exper-
iment 1B, they were separated by a 0.20º gap along the y-axis and
were aligned along the x-axis (see Figure 2B). Each pair was cen-
tered on one of eight equidistant locations along an imaginary cir-
cle that had a diameter of 11.20º. The position in which a given pair
appeared was determined randomly, with the exception that the tar-
get pair (defined in the Task section) appeared in each of the eight
locations an equal number of times within a block of trials.

Task. In Experiment 1A, the task was to search for a pair of items
in which the plus was to the left of a square among pairs in which
the square was to the left of the plus. In Experiment 1B, the task was
to search for a pair of items in which the plus was above the square
among pairs in which the plus was below the square. The subjects
responded on the “z” and “/” keys on the keyboard with their left
and right foref ingers, respectively. They indicated “target present”
by pressing the key with their dominant hand and indicated “target
absent” by pressing the key with their nondominant hand. The sub-
jects were asked to make their responses as quickly as possible
while maintaining an accuracy level of 95% or higher.

Design . A 2 (target: present, absent) 3 4 (set size: 1, 2, 4, 8)
within-subjects design was used. The first variable, target, referred
to whether the target pair was present within the display or absent.
The second variable, set size, referred to the total number of pairs
within the display. Both variables were manipulated pseudo-randomly
within blocks of trials. The subjects participated in eight blocks of
64 correct trials each (error trials were repeated at a random point
later in the block). This resulted in 64 observations in each of the
eight conditions.

Procedure. Each subject participated in a single 1-h session that
began with a set of written instructions that described the task. After
the instructions, the subjects completed a 64-trial practice block,
followed by the eight blocks from which the data were collected.

Each trial began with the presentation of a fixation cross. After
500 msec, the search display appeared and remained present until a
response was made. Following the response, the screen went blank
and remained so for 1,500 msec, at which point the fixation cross
for the next trial appeared. Trials on which the wrong button was
pushed or responses were longer than 5,000 msec or shorter than
150 msec were flagged as errors. Each error was followed by a 100-
msec 500-Hz tone. The mean reaction time (RT) and percent of tri-
als correct for a given block were displayed on the monitor follow-
ing each block. If the accuracy for a given block was lower than
95%, the following message accompanied the end-of-block feed-
back: “You are making too many errors. Please slow down and in-
crease accuracy.”

Results and Discussion
Figure 3 shows the mean correct RTs for the target-

present and target-absent trials as a function of set size
for Experiments 1A and 1B. Table 1 gives the slopes and
R2 values of the best-fitting lines (shown in Figure 3) for
target-present and target-absent trials separately. Overall,
the results provide a replication of Logan’s (1994) basic
finding. Targets defined by the spatial relationship be-
tween objects yielded highly inefficient search perfor-
mance, and making the items in the pairs more saliently
different from each other did not allow the spatial-relation
targets to be detected efficiently.

The RTs were submitted to separate 2 (target: present,
absent) 3 4 (set size: 1, 2, 4, 8) within-subjects analyses
of variance (ANOVA) for the two experiments, with alpha

T a r g e t D i s t r a c t o r

T a r g e t D i s t r a c t o r

Figure 2. Illustrations of displays used in Experiments 1A (A)
and 1B (B). (See text for details.)
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set at .05. All sources of variance were significant in Ex-
periment 1A [target, F(1,14) = 22.40, MSe = 17,210, p ,
.001; set size, F(3,42) = 43.14, MSe = 26,399, p , .001;
target 3 display size interaction, F(3,42) = 14.58, MSe =
6,385,p , .001]. All sources of variance were significant
for Experiment 1B as well [target, F(1,14) = 37.74,
MSe = 9,412, p , .001; set size, F(3,42) = 67.602, MSe =
10,248, p , .001; target 3 display size interaction,
F(3,42) = 26.35, MSe = 1,873, p , .001].

All of the same analyses were conductedon the arcsine
transformations of the error rates (ERs, given in Table 2).
For Experiment 1A, more errors were made on target-
present trials than on target-absent trials [F(1,14) = 5.397,
MSe = 0.0108, p , .05]. In addition, errors increased
more steeply as a function of set size for target-present
trials than for target-absent trials, as was confirmed by
the significant interaction term [F(1,14) = 5.397, MSe =
0.0108, p , .001]. The same effects occurred in Experi-
ment 1B: More errors were made on target-present trials
than on target-absent trials [F(1,14) = 23.60,MSe = 0.0063,
p , .001], and errors increased more steeply as a function
of set size in the target-present conditionthan in the target-

absent condition [F(3,42) = 11.48, MSe = 0.0040, p ,
.001]. These effects are not surprising, because subjects
rarely make false alarms in visual search tasks. Instead,
the errors tend to be concentrated in the target-present
trials as misses. No other effects that were in a different
direction from those of the RTs were revealed, indicating
that the pattern of RT results was not obscured by a
speed–accuracy tradeoff.1

EXPERIMENT 2

Experiment 2 provided our first test of the hypothesis
that targets defined by a depth relation would allow for
efficient visual search. Depth was defined by a single
monocular cue–occlusion. Targets were plus-in-front-of-
square pairs and distractors were square-in-front-of-plus
pairs (see Figure 4). At the level of featural analysis, targets
differed from distractors only in terms of the color of the
intersecting regions.

Method
Subjects. Fifteen individuals from the Pennsylvania State Uni-

versity subject pool were tested. None had participated in Experi-
ment 1. All reported normal or corrected-to-normal visual acuity
and color vision, and all were naive as to the purpose of the exper-
iment before being tested. The subjects again received extra credit
in a psychology course for participating in the experiment.

Equipment. The equipment was the same as that in Experi-
ment 1.

Stimuli. Displays again consisted of one to eight pairs of green
plusses (1.7º 3 1.7º diameter) and purple squares (1.38º 3 1.38º).
In this case, however, the two items overlapped each other so that
the plus occluded part of the square or the square occluded part of
the plus (see Figure 4). To provide an increased area of overlap, the
lines were thicker than those used in Experiment 1 (0.22º). This re-
sulted in an area of overlap, regardless of which item was in front,
of four square regions, each 0.22º 3 0.22º in size. The ends of the
plus sign extended beyond the sides of the square by 0.32º. Each pair
was centered on one of eight equidistant locations along an imagi-
nary circle that had a diameter of 12.30º. Which position a given
pair appeared in was determined randomly, with the exception that
the target pair (defined in the Task section) appeared in each of the
eight locations an equal number of times within a block of trials.

Task. The task was to search for a pair of items in which the plus
sign was in front of the square among pairs in which the square was
in front of the plus sign. The subjects again responded on the “z”
and “/” keys on the keyboard, indicating “target present” with their
dominant hand and “target absent” with their nondominant hand.
As before, they were asked to make their responses as quickly as pos-
sible while maintaining an accuracy level of 95% or higher.

Table 1
Slopes (in Milliseconds per Item) and R2 for Experiments 1–5

Target Present Target Absent

Experiment Slope R2 Slope R2

1A 44 .944 79 .981
1B 36 .970 62 .990
2 130 .994 234 .999
3 36 .998 102 .999
4 61 .991 148 .998
5A 18 .999 60 .977
5B 7 .835 9 .867

Figure 3. Mean correct RTs for Experiments 1A (A) and 1B
(B). The best-fitting lines to the target-present and target-absent
data are shown in the figures. Slopes and R2s are given in Table 1.
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Design and Procedure. The design and procedure were the same
as in Experiment 1.

Results and Discussion
Depth relations defined by the single monocular cue

of occlusion clearly failed to support efficient visual
search. Figure 5 shows the mean correct RTs from Ex-
periment 2 for the target-present and target-absent trials
as a function of set size. Table 1 gives the slopes and R2s of
the best-fitting lines for target-present and target-absent
trials separately.

The RTs were submitted to a 2 (target: present, absent)
3 4 (set size: 1, 2, 4, 8) within-subjects ANOVA. All
sources of variance were significant [target, F(1,14) =
197.41,MSe = 12,153,p , .001; set size, F(3,42) = 822.82,
MSe = 11,614, p , .001; target 3 display size interaction,
F(3,42) = 212.18, MSe = 3,781, p , .001].

All of the same analyses were conducted on the arc-
sine transformations of the ERs (given in Table 2). As in
Experiment 1, more errors were made on target-present
trials than on target-absent trials [F(1,14) = 60.57, MSe =
0.0081, p , .001], and errors increased more steeply as a
function of set size for target-present trials than for target-
absent trials [F(3,42) = 10.86, MSe = 0.0058, p , .001].
No other effects that were in a different direction from
those of the RTs were revealed.

Post hoc analyses on the slopes across Experiments 1
and 2 confirmed that search performance was even less
efficient in Experiment 2 than in Experiment 1, in which
left–right and up–down relations were tested. In fact, the
slopes were so steep in Experiment 2 that they are consis-
tent with subjects’ having had to move their eyes and fix-
ate individual pairs of items in order to classify them as
targets or distractors.

EXPERIMENT 3

So far there is no evidence to support the hypothesis
that depth relations are special and can be apprehended
more efficiently than other types of spatial relations. In
Experiment 2, however, occlusion was the only cue to
depth. It is possible that this was not a sufficiently salient
depth cue to support efficient search. In Experiment 3,
occlusion and size were used together to cue the depth
relations. As in Experiment 2, the target was a-plus-in-
front-of-a-square pair, and distractors were a-square-in-

front-of-a-plus pairs. In this case, however, when an item
was in front, it was larger than when it was in the back.
This monocularcue simulates the change in image size on
the retina as an object moves farther away from the ob-
server. The predictionswere the same as they were for Ex-
periment 2.

Method
Subjects. Sixteen individuals from the Pennsylvania State Uni-

versity subject pool were tested. None had participated in Experi-
ments 1 or 2. All reported normal or corrected-to-normal visual
acuity and color vision, and all were naive as to the purpose of the
experiment before being tested. The subjects received extra credit
in a psychology course for their participation in the experiment.

Equipment. The equipment was the same as that in Experi-
ment 1.

Stimuli. The stimuli were the same as in Experiment 2, except
that two different size plus signs (1.97 º 3 1.97 º and 2.18º 3 2.18º)
and two different size squares (1.56º 3 1.56º and 1.87 º 3 1.87 º)
were used (see Figure 6). The smaller version was used when it was
the back item in a pair. The larger version was used when it was the
front item in a pair.

Task, Design, and Procedure. The task, design, and procedure
were all identical to those in Experiment 2.

Results and Discussion
Adding the depth cue of size did improve search effi-

ciency in comparison with occlusion alone, but not to the
levels that would be considered suggestive of preattentive
analysis of depth relations. Figure 7 shows the mean cor-
rect RTs for the target-present and target-absent trials as
a function of set size for Experiment 3. Table 1 gives the
slopes and R2s of the best-fitting lines for target-present
and target-absent trials separately.

Table 2
Percentage Error Rates for Experiments 1–5

Set Size (Target Present) Set Size (Target Absent)

Experiment 1 2 4 8 1 2 4 8

1A 2.29 2.86 3.40 7.55 2.78 2.70 2.07 1.69
1B 2.35 2.69 2.58 6.19 2.86 1.99 0.98 1.29
2 1.99 4.96 7.88 8.93 1.39 1.46 1.25 1.38
3 4.59 2.40 3.08 4.76 3.61 4.08 1.81 0.87
4 – 3.48 4.46 8.40 – 2.08 1.52 0.93
5A – 1.85 3.17 2.90 – 2.21 0.92 1.06
5B – 1.87 2.50 3.18 – 3.34 1.71 0.92

T a r g e t D i s t r a c t o r

Figure 4. Illustrations of displays used in Experiment 2. (See
text for details.)
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The RTs were submitted to a 2 (target: present, absent)
3 4 (set size: 1, 2, 4, 8) within-subjects ANOVA. All
sources of variance were significant [target, F(1,15) =
63.07, MSe = 25,352, p , .001; set size, F(3,45) = 61.57,
MSe = 23,965, p , .001; target 3 display size interaction,
F(3,45) = 29.00, MSe = 11,518, p , .001].

All of the same analyses were conductedon the arcsine
transformations of the ERs (given in Table 2). As before,
more errors were made on target-present trials than on
target-absent trials [F(1,15) = 10.92, MSe = 0.0055, p ,
.01], and errors increased as a function of set size more
steeply for target-present trials than for target-absent tri-
als [F(3,45) = 7.67, MSe = 0.0081, p , .001]. No other
effects that were in a different direction from those of the
RTs were revealed, indicating that the RT results were not
obscured by a speed–accuracy tradeoff.

Although post hoc analyses across Experiments 2 and
3 confirmed that adding a size cue aided performance in
comparison with having just the occlusion cue, similar
comparisons across Experiments 1 and 3 revealed that, if
anything, search in Experiment 3 was slightly less effi-
cient than the right–left and up–down versions reported in
Experiment 1.

Regardless, the pattern in Experiment 3 is certainly not
one of efficient visual search. Thus, so far, there was still
no evidence to support the hypothesis that depth relations
are different from other types of spatial relations with re-
gard to their ability to support efficient visual search. Ex-
periment 4 provided a final attempt at seeking efficient
search performance for a target defined by depth relations.

EXPERIMENT 4

There is still no evidence, then, to support the hypoth-
esis that depth can be apprehended more efficiently than
other types of spatial relations. In a third and f inal at-
tempt to find evidence for such, in Experiment 4, depth
was defined by binocular disparity, which provides a

very salient and phenomenally compelling cue to depth
(e.g., Julesz, 1971; Wheatstone, 1838). Moreover, binoc-
ular disparity is the cue that Nakayama and Silverman
(1986) used in their study, in which they found efficient
search for a depth 3 color conjunction target. Therefore,
if any depth cue is going to allow for eff icient visual
search, then targets defined by binocular disparity ought
to do so.

Because we were interested in whether search for depth
relations, in particular, can be efficient, we presented the
pairs of items randomly across three depth planes instead
of just two. If only two depth planes were used (e.g., pre-
senting all of the front items in one plane and all of the
back items in another plane), the subjects might adopt the
strategy of limiting their search to a single depth plane
and look for an odd-item-out. For example, the subjects
might search within the front depth plane for a purple
plus among green squares. Given Nakayama and Silver-
man’s (1986) results, this situation should certainly yield
efficient search (which we confirmed in Experiment 5).
Such a finding, however, would not indicate anything
about search for a particular spatial relationshipbetween
items within a pair. To avoid this situation, displays were
created with three depth planes. Any given pair appeared
either with one item in the front depth plane and one in
the middle depth planes, or alternatively, with one item in
the middle depth plane and one in the back. Which of these
two alternatives applied to a given pair was determined
randomly. These displays discouraged the strategy of sim-
ply searching within a given depth plane.

Method
Subjects. Fifteen individuals from the Pennsylvania State Uni-

versity subject pool were tested. None had participated in any of

Figure 5. Mean correct RTs for Experiment 2. The best-fitting
lines to the target-present and target-absent data. Slopes and R2s
are given in Table 1. Note increased RT range.

T a r g e t D i s t r a c t o r

Figure 6. Illustrations of displays used in Experiment 3. (See
text for details.)
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the preceding experiments. All reported normal or corrected-to-
normal visual acuity and color vision, and all were naive as to the
purpose of the experiment before being tested. The subjects re-
ceived extra credit in a psychology course for participating in the
experiment.

Equipment. Stimuli were presented on a different 21-in. Nanao
FlexScan F2-21 color monitor that was controlled by a Number 9
Verge 3D PCI graphics board in a pentium-based computer. View-
ing distance was approximately 70 cm. The room was dimly lit with
indirect incandescent lighting. Binocular disparity was introduced
using a Stereographics CrystalEyes II stereo display system. This
system presented separate left- and right-eye images using a set of
liquid crystal shutter glasses that were synchronized with the mon-
itor. The frame rate was 60 Hz per eye.

Stimuli. The stimuli were the same as in Experiment 3, except
that the perception of depth was induced through binocular dispar-
ity. In particular, the pairs of items were distributed across three dif-
ferent depth planes—one at the horopter (0 disparity), one in back
of the horopter (a virtual distance of 2.5 cm), and one in front of the
horopter (a virtual distance of 2.2 cm). The items within a pair were
presented at two different depth planes so that one was at the
horopter and one was in either the front or the back depth plane.
This resulted in a given pair’s never being separated by more than
one depth plane. Which pair of depth planes a given pair appeared
in was determined randomly for each pair of items. The resulting
displays consisted of pairs of items—mostly distractors (squares in
front of plus signs)—distributed sporadically across the three depth
planes (see Figure 8).

Task. The task was the same as in Experiment 3.
Design . A 2 (target: present, absent) 3 3 (set size: 2, 4, 8) within-

subjects design was used. This was the same as in Experiments 1–3,
except that three instead of four set sizes were used. The subjects
completed eight blocks of 48 trials each, resulting in 64 observations
in each of the six conditions.

Procedure. The procedure for this experiment was the same as
that in Experiment 3, except that the instructions were given orally,
rather than appearing in writing on the computer screen. In addi-
tion, all subjects were asked during practice whether they perceived
the depth in the displays. All reported that they did.

Results and Discussion
Even when using binocular disparity as a cue to depth,

no evidence was found to suggest that depth relations

allow for efficient visual search. Figure 9 shows the mean
correct RTs for the target-present and target-absent trials
as a function of set size for Experiment4. Table 1 gives the
slopes and R2s of the best-fitting lines for target-present
and target-absent trials separately.

The RTs were submitted to a 2 (target, present, absent)
3 3 (set size, 2, 4, 8) within-subjectsANOVA. All sources
of variance were significant [target, F(1,14) = 74.21,
MSe = 26,068,p , .001; set size, F(2,28) = 215.45,MSe =
56,686, p , .001; target 3 display size interaction,
F(2,28) = 59.47, MSe = 9,615, p , .001].

All of the same analyses were conductedon the arcsine
transformations of the ERs (given in Table 2). Again,
more errors were made on target-present trials than on
target-absent trials [F(1,14) = 47.08, MSe = 0.0053, p ,
.01], and errors increased more steeply as a function of
set size for target-present trials than for target-absent tri-
als [F(2,28) = 11.98, MSe = 0.0048, p , .001]. No other
effects that were in a different direction from those of the
RTs were revealed.

Given the salience of binoculardisparity as a depth cue,
there was mounting evidence that depth relations really
are incapable of supporting efficient visual search.

EXPERIMENT 5

In the final experiment,we assessed whether the binoc-
ular disparity that was used in Experiment 4 was suffi-

Figure 7. Mean correct RTs for Experiment 3. The best-fitting
lines to the target-present and target-absent data. Slopes and R2s
are given in Table 1.

T a r g e t D i s t r a c t o r

F r o n t - O n  V i e w  o f  I m a g e

D
e

p
t h

Figure 8. Illustrations of displays used in Experiment 4. (See
text for details.)
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ciently salient to support results analogous to those of
Nakayama and Silverman (1986). This assessment was
important, because, as was noted in the introduction to
Experiment 4, their experiment suggested the possibility
that depth relations might be special; if the binocular dis-
parity used here could not support their f indings, it
would still be possible that more salient depth relations
could support efficient search.

Experiment 5 was similar to Experiment 4, except that
instead of shuffling the pairs of items across three differ-
ent depth planes, they were presented at two depth planes.
This configuration allowed for the strategy of limiting
attention to one surface defined at a given depth plane
and searching for the odd item out within that surface. So,
for example, the task could be recast as being a search
for a near plus, rather than for a particular depth relation.
The logic was that, if the failure to obtain efficient search
performance in Experiment 4 was due to the depth’s being
insufficiently salient, then we should still obtain ineffi-
cient search performance in Experiment 5. If, however, the
depth was sufficiently strong, and the inefficient search in
Experiment 4 was due to something else, then the subjects
should be able to limit their search to the front (or back)
surface and conduct an efficient search.

We report two versions of Experiment 5 (A and B), be-
cause the initial version yielded intermediate results. In
particular, although search slopes were substantially re-
duced in Experiment 5A in comparison with those in Ex-
periment 4 and the earlier experiments, they were not re-
duced by as much as we expected them to be, given the
very efficient searches observed by Nakayama and Sil-
verman (1986). In Experiment 5B, we separated the pairs
of items (squares and pluses) so that they were no longer
occluding each other, forming tightly grouped pairs.
This made the search displays more similar to those of
Nakayama and Silverman, in which there was no occlu-
sion among search items. Search was indeed much more

efficient in the second version. Some possible reasons
for the difference in performance across Experiments 5A
and 5B are discussed below.

Method
Subjects. Thirty individuals from the Pennsylvania State Uni-

versity subject-pool were tested—15 in Experiment 5A and 15 in
Experiment 5B.2 All reported normal or corrected-to-normal visual
acuity and color vision, and all were naive as to the purpose of the
experiment before being tested. The subjects again received extra
credit in a psychology course for participating in the experiment.

Equipment. The equipment was the same as in Experiment 4.
Stimuli. The stimuli were the same as in Experiment 4, except

that the front item in each pair appeared in a plane in front of the
horopter at a virtual distance of 2.2 cm, and the back item in each
pair appeared at the horopter. In Experiment 5B, the stimuli mak-
ing up the pairs were also separated within the depth plane by a
0.57 º (edge to edge) so that no item occluded any other item. Which
item was to the left and which was to the right was randomly deter-
mined for each pair.

Task, Design, and Procedure. The task, design, and procedure
were the same as in Experiment 4.

Results and Discussion
Binocular disparity was a sufficiently salient cue to

depth for our purposes. The results provide a conceptual
replication of Nakayama and Silverman’s (1986) finding
of efficient search performance for a depth 3 color con-
junction target. Even though it was not their explicit task,
the subjects presumably searched for and found the odd
item out in the front (or back) depth plane, thus ac-
counting for the relatively efficient search performance.
Figures 10A and 10B show the mean correct RTs for the
target-present and target-absent trials as a function of set
size for Experiments5A and 5B, respectively. Table 1 gives
the slopes and R2s of the best-fitting lines for target-
present and target-absent trials, separately.

The RTs for Experiments 5A and 5B were submitted to
separate 2 (target: present, absent) 3 3 (set size: 2, 4, 8)
within-subjectsANOVAs. For Experiment 5A, all sources
of variance were significant [target, F(1,14) = 17.63.01,
MSe = 86,917,p , .001; set size, F(2,28) = 18.315,MSe =
23,290, p , .001; target 3 set size interaction, F(2,28) =
25.20, MSe = 5,105, p , .001]. For Experiment 5B, both
main effects were significant [target, F(1,14) = 10.01,
MSe = 20,763, p , .01; set size, F(2,28) = 6.55, MSe =
2,865, p , .01]. The interaction, however, was not sig-
nificant [F(2,28) = 2.78, MSe = 1,428, n.s.].

All of the same analyses were conductedon the arcsine
transformations of the ERs (given in Table 2). There were
no reliable effects that were in a different direction from
those of the RTs.

In order to compare performance across Experiments
4, 5A, and 5B, a follow-up 2 (target: present, absent) 3 3
(experiment: 4, 5A, 5B) mixed-design ANOVA was con-
ducted on RT 3 set size slopes, with experiment as the
between-subjects variable. All sources of variance were
significant [target, F(1,42) = 82.7, MSe = 642, p , .001;
experiment, F(2,42) = 31.8, MSe = 2,520, p , .001; tar-
get 3 experiment interaction,F(2,42) = 18.3, MSe = 642,

Figure 9. Mean correct RTs for Experiment 4. The best-fitting
lines to the target-present and target-absent data. Slopes and R2s
are given in Table 1. Note the increased RT range.
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p , .001]. Another follow-up 2 (target: present, absent)
3 2 (experiment: 4, 5A) mixed-design ANOVA compar-
ing Experiment 5A with Experiment 4 confirmed that
Experiment 5 yielded less steep slopes and a smaller dif-
ference between target-present and target-absent slopes
than did Experiment 4 [target, F(1,28) = 80.7, MSe =
879, p , .001; experiment, F(1,28) = 18.4, MSe = 3,680,
p , .001; target 3 experiment interaction,F(1,28) = 5.91,
MSe = 487, p , .05]. A final follow-up 2 (target: present,
absent) 3 2 (experiment: 5A, 5B) mixed-design ANOVA
confirmed that Experiment 5B yielded still less steep
slopes and a reduced difference between target-present
and target-absent slopes than did Experiment 5A [target,
F(1,28) = 26.30, MSe = 487, p , .001; experiment,
F(1,28) = 9.79, MSe = 1,810, p , .004; target 3 experi-
ment interaction, F(1,28) = 13.5, MSe = 487, p , .001].

A question arises at this point as to why the subjects
apparently failed to adopt the strategy that they used here
in the previous experiments. In all of the previous ex-
periments, the subjects could, in principle, have limited
their attention to the front (or back) surface and looked for
the odd item out. A possible explanation is suggested by
contrasting Experiments 5A and 5B, which differed in the
proximity and alignment of items within pairs relative to

that between pairs. In particular, the extreme proximity
and alignment of items within a pair (i.e., “right on top
of each other”) and the relatively large separation be-
tween pairs may have forced the subjects in Experiments
2, 3, and 5A to perceive items within a pair as strongly
grouped with each other, rather than with other items on
the same surface in depth. In other words, strong pairwise
grouping of this sort could have prevented a search-within-
a-surface strategy by overriding the alternative surface-
based grouping.This situationmay have been particularly
likely in Experiments 2 and 3, in which depth was depicted
only through monocular cues that were probably less ef-
fective in supporting strongly separated surface repre-
sentations than was binocular disparity.

In addition to preventing the more eff icient search-
within-a-surface strategy, strong pairwise grouping
within these search displays may have had another con-
sequence. Results reported by Wolfe and Bennett (1997)
suggest that access to a within-group or within-object
structure requires the allocationof attention. If the pairs of
items were forced into a grouped representation,accessing
the spatial relationship between items (group structure)
may have required the allocation of attention, thereby
leading to the observed inefficient search performance.
Such an account is consistent with Logan and colleagues’
(Logan, 1995;Logan & Compton, 1996; Logan & Sadler,
1996) explanationfor why the apprehensionof spatial re-
lations, in general, requires the allocation of attention.

GENERAL DISCUSSION

Despite the use of what should have been sufficiently
salient cues to depth in the present experiments, no evi-
dence was found to support the hypothesis that depth re-
lations are available for the early guidance of efficient
visual search. Search time for targets defined by depth
relations consistently increased with the increasing num-
bers of distractor pairs in the displays. How do these find-
ings fit within the context of previous results concerning
the preattentive processing of 3-D characteristics of the
visual scene?

As described earlier, Nakayama and Silverman (1986)
provided results that suggested that search can be limited
to one of several surfaces defined in depth by binocular
disparity, thereby leading to efficient search for a conjunc-
tion target defined by depth and color (see also Nakayama
& He, 1995). That this occurred suggests that the repre-
sentations of the surfaces in those 3-D scenes were es-
tablished early, perhaps without recourse to the selective
allocation of attention within the scene. That these sur-
faces were defined on the basis of depth in turn suggests
that depth information was represented in a similar early,
efficient, and possibly preattentive way. What this study
does not speak to, however, is whether relative depth in-
formation was represented this early and efficiently. As
we have noted, the subjects in Nakayama and Silverman’s
task could simply segregate the scene into distinct surfaces
and then limit their search to one of the surfaces. They

Figure 10. Mean correct RTs for Experiments 5A (A) and 5B
(B). The best-fitting lines to the target-present and target-absent
data. Slopes and R2s are given in Table 1.
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therefore need not have had any representation of which
surface was in front of which other surface.

Another study, however, suggests that even relative
depth information may be represented preattentively.
Using binoculardisparity cues to depth,He and Nakayama
(1992) showed that an L-shaped target was very difficult
to find among mirror L distractors when a square that
abutted the L appeared to be in front of it. In contrast,
when the square appeared behind the L, the L popped out
of the mirror L distractors (see Figure 11). Presumably
this was because when the square appeared in front, the
L-shaped regions were perceptually completed to form
squares, and the target and distractor stimuli differed
only in the relative placement of the front square on top
of the black square. This is a left–right /up–down spatial
relation, which Logan (1994) has shown to yield ineffi-
cient search. In contrast, when the squares appeared be-
hind the Ls, the Ls were not completed, and the L to mir-
ror L contrast could yield a fairly efficient search. The
fact that the L-shaped regions were perceptually com-
pleted (i.e., extended beyond their explicit contours)
when the black square was in front suggests that the two
regions were assigned relative depths. In particular, it
suggests that the black regions were, at some point in
processing, tagged as occluding (i.e., in front of ), and the
white regions were, at some point in processing, tagged
as occluded (i.e., behind).That the L-shaped regions were
not perceptually completed when the black squares were
behind similarly suggests that the two regions were as-
signed relative depths. In this case, the white regions were,
at some point in processing, tagged as occluding and the
black regions as occluded. Finally, that the latter condi-
tion yielded efficient visual search and the former yielded
inefficient search further suggests that the relative depth

assignments occurred sufficientlyearly to support efficient
search.3

Even if depth relations can be assigned early, however,
this would not require that representations of those rela-
tions be accessible to search processes. One reason for
this is that later representations of the scene can override
earlier representations of the scene, and visual search
often appears to have access only to the later representa-
tions (e.g., He & Nakayama, 1992; Rensink & Enns,
1995, 1998). In fact, a major point of He and Nakayama’s
study was to demonstrate this, not with regard to depth
relations, but with regard to the L shapes in their displays.
The L shapes in the black-squares-behind conditionwere
clearly sufficient to support efficient visual search. The
same L shapes in the black-squares-in-front condition,
however, were insufficient to support eff icient visual
search. Presumably this is because in the latter condition,
the representations of the white regions as completed
white squares hindered access to the uncompletedL shape
that was present in the image. Rensink and Enns (1995)
argue that visual search processes can access early repre-
sentations of the scene (e.g., contours, hues, etc.) only if
those representations have not been “preempted” by later
interpretations of the scene. Thus, they refer to the pre-
emption of earlier representationsby later representations
with regard to access to visual search processes.

In light of this analysis, it is possible that depth rela-
tions were extracted early, but that those representations
were preempted by later representations of the display,
thereby rendering them inaccessible to the visual search
system. As we have considered in the Discussion section
following Experiment 5 of the present study, for example,
it is possible that strongly grouped representationsof pairs
of items preempted representations of individual items,
thereby rendering the structure within the pairs inacces-
sible to early search processes (Wolfe & Bennett, 1997).

Another possibility regarding the representations of
depth relations in the present study, as well as in He and
Nakayama’s (1992) study, is that they never were estab-
lished early and, for this reason, were unavailable to sup-
port efficient search. Rensink and Enns (1998) reported
a study similar to that of He and Nakayama. In this case,
monocular cues to depth were used so that instead of ma-
nipulating which region was occluded and which was
occluding by manipulating the depth of the regions via
binocular disparity, they manipulated whether the two
regions abutted or not. In the abutted case, the interpre-
tation of a completed figure behind an occluding figure
was supported, whereas in the nonabutted case no com-
pletion was supported. The results from their first ex-
periment were analogous to those of He and Nakayama’s.
Despite finding evidence of early completion, however,
Rensink and Enns (1998) found no evidence that “surface
stuff ” or boundaries were represented behind the occlud-
ing regions. Thus, it is possible that unlike our interpre-
tation of He and Nakayama’s results, the early completion
of occluded figures does not depend on the assignment of

Figure 11. Illustration of displays used by He and Nakayama
(1992). When the black squares were presented through binocu-
lar disparity in front of the white Ls, the Ls were perceptually
completed into squares, and search was highly inefficient. In con-
trast, when the Ls were presented in front, they were not com-
pleted, and search was efficient.
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relative depths, but rather on image-based characteristics
of the display, such as T junctions (for a related discus-
sion, see Enns, 1992). Indeed, under this interpretation,
rather than representations of depth relations giving rise
to perceptual completion, it is possible that perceptual
completion gives rise to depth relations. This interpreta-
tion seems more difficult to apply to the He and Nakayama
displays, because the images of the two different versions
of the displays—one in which completion occurred and
one in which completion did not occur—were nearly
identical.On the other hand, comparison between the two
studies is complicated by the fact that overall response
time (i.e., the y-intercepts of the search functions) was
much greater in the He and Nakayama study than in the
Rensink and Enns (1998) study.

A final possibility for why depth relations may have
been unavailable for the early guidance of visual search in
the present study, even if they were represented early, con-
cerns the fact that different processes might require dif-
ferent types of representation of the same environmental
information. The type of representation that is sufficient
for purposes of perceptual completion behind occluding
surfaces, for example, may be different from the type of
representation that is needed for guidance and explicit re-
port within a visual search task. Thus, representations of
depth relations (or indeed other types of spatial relations)
may be established early and in parallel across the visual
field, and that information may be available to early per-
ceptual organization processes, such as completion. De-
spite being available to these perceptual organization
processes, however, the nature of these early representa-
tions may not be of the type that is needed for the pro-
cesses that support the guidanceof attentionduring search
or for the explicit recognition of the relations.

An explanation of this sort can account for the pattern
of results across the studies described here. It also fits well
with Logan’s (1994) interpretationof his data and with the
models that he and his colleagues developed from them
(Logan, 1995; Logan & Compton, 1996; Logan & Sadler,
1996). Specifically, they sought to draw a link between
the visual apprehension of spatial relations and the ex-
plicit linguistic constructs involved in describing spatial
relations between items. This link would be required when
the explicit report of those relations was needed, but not
necessarily when it was not. Finally, a different-types-of-
representation explanation of this sort also fits well with
recent findings that concern the role of attention in early
perceptual organization processes. Specifically, Mack,
Tang,Tuma, Kahn, and Rock (1992) reported results show-
ing that patterns formed by Gestalt grouping by similar-
ity are unavailable for explicit report when the to-be-
grouped stimuli fall outsideof the focus of attention.Using
an implicit measure, however, Moore and Egeth (1997)
found that the grouping patterns even in unattended re-
gions of the display were established sufficiently to feed
into and support other perceptual processes. Thus, without
attention, representations of the stimuli were available for

processes of perceptual organization, despite being un-
available for explicit report.

Conclusions
The main finding of this study is that, despite several

different attempts, no evidence was obtained to support
the hypothesis that targets defined by depth relations can
support efficient visual search. These f indings place
depth relations in the same category with other spatial
relations, such as up–down and left–right relations (e.g.,
Logan, 1994; Palmer, 1994). Whether representations of
depth relations are nonetheless established and available
for other early perceptual organizationprocesses, despite
being unavailable to the visual search system, remains
unclear.
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NOTES

1. Because RT was the main dependent measure, and subjects were
instructed to make their responses as quickly as possible, the purpose
of the ER ANOVAs was to provide assurance against drawing conclu-
sions from patterns in the RT data that could have been due to a

speed–accuracy tradeoff. We therefore present F and t values for the ER
analyses only when there is a significant effect in the opposite direction
of that in the RTs.

2. Owing to equipment failure while running these experiments, we
were forced to throw out nearly as many subjects as were kept, because
we could not be absolutely certain that they were experiencing depth,
though they may have been. To be safe, however, we replaced the data
for any dubious case. There was no pattern to the elimination (i.e., no
more subjects were replaced for Experiment 5A than for Experiment 5B).

3. We wish to emphasize that this interpretation with regard to depth
relations is not something that He and Nakayama (1992) concluded, but
rather is something that we extracted as a further suggestion from their
results. They were concerned with whether the establishment of surface
representations, as reflected throughevidence of perceptual completion,
occurred early and in parallel.

(Manuscript received April 29, 1999;
revision accepted for publication July 14, 2000.)




