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Abstract Many activities necessitate the deployment of at-
tention to specific distances and directions in our three-
dimensional (3D) environment. However, most research on
how attention is deployed is conducted with two dimensional
(2D) computer displays, leaving a large gap in our understand-
ing about the deployment of attention in 3D space. We report
how each of four parameters of 3D visual space influence
visual search: 3D display volume, distance in depth, number
of depth planes, and relative target position in depth. Using a
search task, we find that visual search performance depends
on 3D volume, relative target position in depth, and number of
depth planes. Our results demonstrate an asymmetrical pref-
erence for targets in the front of a display unique to 3D search
and show that arranging items into more depth planes reduces
search efficiency. Consistent with research using 2D displays,
we found slower response times to find targets in displays with
larger 3D volumes compared with smaller 3D volumes.
Finally, in contrast to the importance of target depth relative
to other distractors, target depth relative to the fixation point
did not affect response times or search efficiency.
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The deployment of visual attention concentrates an observer’s
limited visual processing resources on potentially relevant in-
formation, while attenuating the influence of other nonrele-
vant information in the scene. An activity, such as searching
for an empty chair in a seminar room, requires the deployment
of attention to possible targets, such as chairs in a particular
region of the room, and filtering features of that attended re-
gion for information that will help guide target selection, such
as chair location and availability. Although there is a vast
literature examining visual search within 2D displays, such
as across a picture of a room (Carrasco, 2011; Cave &
Bichot, 1999), there is considerably less research exploring
how attention is deployed in 3D space.

Previous studies have reported that it is possible to deploy
attention to different depths (Downing & Pinker, 1985;
Marrara & Moore, 2000). Downing and Pinker (1985) were
the first to demonstrate that responses were slower for targets
at a different depth than fixation compared with targets at the
same depth as fixation, although both targets’ eccentricities
were the same. These slower responses found when switching
depths illustrates that target localisation does not rely only on
2D coordinates. Marrara and Moore (2000) also found effects
of cueing in depth, showing that attention can be shifted in
depth without the need for placeholders, objects, or surfaces
and is determined based on the perceptual organization of the
display. Researchers also have investigated the role of 3D
structure in visual search tasks, finding that not only is search
for a target uniquely located in depth efficient, but using depth
information to segment a display may improve search perfor-
mance (Finlayson, Retell, Remington, & Grove, 2013;
Nakayama & Silverman, 1986).

Although there has been research exploring the effects of
depth as a feature of search elements (Downing & Pinker,
1985; Marrara & Moore, 2000; Nakayama & Silverman,
1986; de la Rosa, Moraglia, & Schneider, 2008), we know
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less about the nature of a 3D search environment, and how
visual search is affected by 3D space. Enns and Rensink
(1990a; 1990b) demonstrated that scene-based properties im-
proved the efficiency of visual search where those properties
directly influence the saliency of the target. Specifically, Enns
and Rensink (1990a) showed that adding depth information to
the target improves search performance, such that a target is
found faster when searching for a 3D box compared with a 2D
shaded shape. Aks and Enns (1996) showed that search per-
formance can be modified by adding perspective texture cues
to the background of a search display, comparing search in
displays perceived as 2D versus 3D. We explore depth as a
spatial context within which visual search takes place.
Specifically, we investigate four parameters of 3D space and
how they affect visual search when irrelevant to the task.

Investigating the deployment of attention in 2D space,
Posner, Snyder, and Davidson (1980) first described the allo-
cation of attention as a “spotlight,” an analogy where attention
resources are concentrated on a particular area, similar to how
a spotlight illuminates a selected region of an otherwise dark
stage. The zoom lens model (Eriksen & St James, 1986) ex-
tended this analogy with the idea of scale adjustment, such
that the size of the spotlight can be adjusted according to the
task at hand. The attentional spotlight also has been described
as a volume extending in depth, based on measured reaction
times to targets flanked by distractors at different distances in
depth from the target (Andersen, 1990; Andersen & Kramer,
1993). Andersen and Kramer (1993) describe the attentional
spotlight as viewer-centered, concentrated between the ob-
server and the point of fixation, with attention dropping off
steeply beyond. Parks and Corballis’ (2006) data support the
idea of viewer-centered attention in depth, recording response
times and event-related potentials (ERPs) while participants
attended to near or far depths. They found an enhanced ERP
signal for attended versus nonattended stimuli for the far depth
but not the near depth, consistent with a viewer-centered
asymmetry. Our goal is to extend these qualitative descriptions
by systematically investigating the influence of four key attri-
butes of the distribution of objects in 3D space on visual
search performance. These key attributes are distance in
depth, 3D display volume, number of depth planes, and rela-
tive target position in depth. We define and discuss each in
turn below.

Distance in depth

We define distance in depth to be the z-axis distance between
the initial fixation point and a target item. Research with 2D
displays suggested that attention takes longer to shift over
larger lateral distances (Tsal, 1983), but later evidence
demonstrated that attentional shifts are temporally in-
variant regardless of distance (Remington & Pierce, 1984).

Remington and Pierce (1984) showed that facilitation for a
centrally cued peripheral target developed at the same rate
for laterally near or far targets. Sperling and Weichselgartner
(1995) found similar results and concluded that the duration of
a shift of attention is independent of lateral distance and inter-
posed distractors. No research has examined whether or not
the distance in depth between the target and fixation affects
attention shift duration. However, as lateral shifts were shown
to be independent of eye movement characteristics, a similar
result could be expected for shifting attention in depth.
Therefore, in line with Remington and Pierce (1984), we pre-
dict that reaction times and search slopes will not be affected
by the targets’ z-axis distance from the fixation point.

3D display volume

The 3D display volume refers to the total 3D volume of a
display; specifically, the z-axis distance between the nearest
and the farthest depth plane in the display. In our manipulation
of 3D display values, target, and distractor items maintained
the same x and y coordinates regardless of their z-axis (depth)
position. In the 2D visual search literature, increasing the size
of the search area is associated with a decrease in the process-
ing efficiency of the search array (Castiello & Umilta, 1990;
Eriksen & St James, 1986). Eriksen and St James (1986)
found that as the 2D size of a cued area increased, reaction
time to targets also increased, indicating a reduced concentra-
tion of processing resources within the cued area, as fewer
resources are dedicated to each location when attention is
spread over a larger area. When attention is distributed over
a larger region of the visual field, there is a corresponding
degradation in processing efficiency for that attended region
(Carrasco, 2011). In line with these previous results, we pre-
dict that increasing the 3D display volume also will reduce
search performance, as measured by response times and
search slopes.

Number of depth planes

The number of depth planes refers to the number of discrete
depth planes that the target and distractor elements are distrib-
uted across within the 3D volume of the search display.
Previous literature generally finds that in 2D displays, in-
creased variation in an irrelevant search feature leads to re-
duced search performance (Farmer & Taylor, 1980; Treisman,
1982). Farmer and Taylor (1980) found that backgrounds with
greater color heterogeneity that were irrelevant to the task lead
to slower present/absent responses. Treisman (1982) exam-
ined 2D spatial layouts and found that participants were
slower to find targets when the items in the display were
presented in more numerous spatial groups compared to fewer
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spatial groups. To explore how increased variation in irrele-
vant depth information affects search performance, we manip-
ulated the number of depth planes that search elements were
distributed across within a given 3D volume. In accordance
with previous findings, we predict that increasing depth het-
erogeneity by spreading the search items over more depth
planes will increase both search times and search slope results.

Relative target position in depth

The relative target position in depth refers to the position of a
target in depth in reference to other search elements (e.g., in
front of or beyond). Previous studies have presented conflict-
ing evidence regarding the effect of target position in depth on
search performance. Some studies report asymmetrical re-
sults: faster responses to targets the closer they are to the front
of the display (O’ Toole & Walker, 1997; Reis, Liu, Haivg, &
Heft, 2011). Reis et al. (2011) used a real 3D display with
fixation initially on the far depth plane, and still participants
found targets on the near depth plane faster when searching for
a target defined by a single feature. On the other hand,
studies using both feature and conjunction search found
no response time differences for the manipulation of relative
target position in depth (Theeuwes, Atchley, & Kramer, 1998;
Dent, Braithwaite, He, & Humphreys, 2012; Finlayson,
Remington, Retell, & Grove, 2013). However, previous re-
search often only included target position in depth as a coun-
terbalance measure. In the present report, we systematically
examine the effect of target depth position on target selection
and predict that if the relative position of the target in depth
affects search in the same way as previously reported, we will
see faster reaction times as well as shallower search slopes for
targets in the front of the search array, compared with those at
the back of the array.

Current study

For a complete understanding of how humans deploy atten-
tion throughout their environment, it is necessary to under-
stand how attention is deployed in 3D space in addition to
how it is deployed across a 2D plane. The latter has been
extensively studied while the former has attracted consider-
ably fewer investigations. In this report, we systematically
examined target selection in 3D space, exploring two mea-
sures for examining the processes of visual attention; reaction
times and search slopes. Our experiment employed a visual
search paradigm to explore the 3D spatial parameters of dis-
tance in depth, 3D display volume, number of depth planes,
and relative target position in depth. We measured the re-
sponse times to find a target and varied distractor set size to
measure search slopes. Search slope results reflect the search
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efficiency; that is, the rate (ms per item) at which distractors
can be rejected and the target is selected, interpreted to occur
within the guidance stage of attentional processing (see
Wolfe’s Guided Search model; Wolfe, 2007). This guidance
stage uses input from early stages of visual processing,
prioritising salient attributes through a processing bottleneck
to later stages of response and decision-making. Response
time results reflect processes that occur either before guidance,
such as during perception and encoding, or after guidance,
during stages of decision making and response (Woodman,
Vogel, & Luck, 2001).

Method
Participants

Twenty-two volunteer participants were recruited from the
first-year participant pool at the University of Queensland.
Stercoacuity was measured using the Titmus Stereo test
(Stereo Optical Co., Chicago, IL), and all had acuities of
30 arc sec or less at 16 inches, with normal or corrected-to-
normal vision.

Apparatus and stimuli

Stimuli were drawn and scripted using Matlab (MathWorks,
Natick, MA) and the Psychophysics Toolbox extension
(Brainard, 1997; Pelli, 1997) and presented on two 24”
Macintosh Cinema displays (1680 x 1050 pixels) in a mirror
stereoscope. The viewing distance was 60 cm.

Participants searched a 3D volume for the presence of a
stereoscopically forward tilting bar among backward tilting
bars, and we inferred starting position of observers’ eyes and
attention through a Landolt C task as described below (Flom,
Weymouth, & Kahneman, 1963). We manipulated the number
of depth planes that the elements were arranged into, the dis-
tance between depth planes, and the depth plane occupied by
the target.

The search array consisted of 12 or 24 white bars (22.5 arc
min X 1.5 arc min) tilted top-backward in depth. The disparity
between the top and bottom of each bar was 6 arc min such
that the top of the bar had an uncrossed disparity relative to the
bottom of the bar. With a set size of 24, the elements were
arranged in a matrix consisting of six columns x four rows.
The center-to-center vertical separation between any two ele-
ments was 2.3°, whereas the horizontal distances varied (2.5°
to 2.1°). The set size of 12 consisted of elements arranged in a
matrix of four rows X three of the six columns used for set size
24, meaning that the horizontal spacing was doubled. The
elements were evenly distributed across two or four depth
planes and displayed on a black background. When present,
the target (a bar tilted top near) replaced one of the distractors,
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leaving 11 distractors with either 2 or 5 in the same depth
plane as the target, replacing a backward-tilting bar and equal-
ly likely to appear on each depth plane. The fixation point was
a white dot (3 arc min radius).

Each item could be presented in one of four stereoscopic
depth planes, simulated with binocular disparity. The disparity
magnitudes for the four depth planes were 18 arc min crossed
disparity (depth plane 1), 6 arc min crossed disparity (depth
plane 2), 6 arc min uncrossed disparity (depth plane 3), and 18
arc min uncrossed disparity (depth plane 4), relative to the
plane of the display.

In the search task there were four depth plane conditions.
First, the small-separation near condition consisted of two
depth planes situated in front of the plane of the display.
These were depth planes 1 and 2 described above, and stimuli
were equally divided between the two depth planes. Second,
the small-separation far condition consisted of two depth
planes situated beyond the plane of the display, depth planes
3 and 4 described above Stimuli were equally divided between
depth planes 3 and 4. Third, the large-separation condition
consisted of two depth planes with a large separation between
them, depth planes 1 and 4 described above. Stimuli were
equally divided between the two depth planes. Fourth, the four
depth planes condition consisted of stimuli equally divided
among depth planes 1, 2, 3, and 4.

The initial position of observers’ eyes and attention was
controlled with a Landolt C task (Flom et al., 1963). This
attention fixation task consisted of a central square frame (6
arc min on each side) with the top or bottom side missing. A
circular frame (15 arc min radius) surrounded the square and
was flanked top and bottom with two vertical nonius lines (15
arc min long), drawn 18 arc min above and below fixation. All
of these elements were presented at 18 arc min uncrossed
disparity (depth plane 4). The far depth plane was chosen as
the initial fixation point to reduce any advantages for near
targets, as has been demonstrated in previous research
(O’Toole & Walker, 1997; Reis et al., 2011).

Procedure and design

On each trial (Fig. 1), a fixation dot was displayed at depth
plane 4 for 400 ms, followed by the first task, attention fixa-
tion. Participants were instructed to ensure that the nonius
lines were vertically aligned and then indicate whether the
top or bottom side was missing from the square fixation frame
with the up and down arrow keys respectively. Once a correct
response was provided, the second task, visual search, was
presented until the participant responded. Participants were
free to make natural eye movements during the search phase
of the task. Participants were instructed to search for a bar
tilted top near and indicate whether it was present or absent
by pressing the left or right arrow key respectively.

Participants completed 640 trials in total, with a rest half-
way through. Depth plane condition (small-separation near,
small-separation far, large-separation, four depth planes), tar-
get depth (1 nearest, 2, 3, 4 farthest), set size (12, 24), and
target presence (present, absent) were all randomized within
each experiment. There were equal numbers of trials in each
depth plane condition and the target had an equal probability
of appearing at each depth within a given condition. That is,
the target was presented on each possible depth plane on 50%
of target present trials for the two depth plane conditions, and
25% of target present trials for the four depth plane condition.
The target was present on 75% of trials, with target-absent
trials acting as catch trials, and the distractors were equally
divided among possible depth planes. This resulted in a min-
imum of 15 trials per condition, with double that in the con-
ditions that only had two depth planes, and took participants
from 30-60 minutes to complete.

Results

Data from one participant were removed due to accuracy rates
of less than 85% in the search task. Average accuracy for the
remaining participants was 94% with no sign of a speed-
accuracy trade-off. All error trials were removed from the data
set before analysis. Less than 1.1% of all trials had incorrect
responses to the Landolt C task, and these were also removed
before analysis. We calculated mean response times for target
present trials in each condition.

Figure 2 illustrates response times to find a target as a
function of depth plane condition and target depth. Although
the small-separation near and small-separation far conditions
are plotted separately in the figure, in order to investigate the
effect of target depth (i.e., the depth plane the target was pre-
sented on) across 3D volume and number of depth planes, we
use depth plane 1 from the “small-separation near” condition
and depth plane 4 from the “small-separation far” condition.
This allows us to compare search results for small and large
3D volumes containing the same number of depth planes
(two), by comparing the response times to the target in the
large-separation depth plane 1 (front) and 4 (back) directly
to the response times in the small-separation conditions at
depth plane 1 (front depth plane in small-separation near con-
dition) and depth plane 4 (back depth plane in small-
separation far condition).

The two small-separation conditions were presented at dif-
ferent distances relative to the fixation point; however, a three-
way ANOVA with set size (12, 24), target depth (front,
back), and depth condition (near, far) found that mean
target-present response times averaged across set size
and target depth did not differ significantly between the
small-separation near (M = 1990 ms) and small-separation
far (M = 2046 ms) conditions (£ 5o = 2.16, p = 0.157).
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Fixation

Attention task
(until response)

3D search task
(until response)

7/,,,@

Fig. 1 Cartoon diagram of a typical trial sequence. The participant fixated for 400 ms, then completed a Landolt C task to draw attention to depth plane 4,
and then completed the search task, illustrated here as a four-depth plane search condition, set size 12 (target present on the front depth plane)

Search slopes also did not differ significantly between the
small-separation near (M = 69 ms/item) and small-separation
far (M = 72 ms/item) conditions (¥ 50 = 0.21, p = 0.649), and
there was no three-way interaction (/5o = 0.31, p = 0.586).
Therefore, for subsequent analyses the small-separation near
and far conditions are referred to as small-separation. The
reason we do not collapse across depth planes into small sep-
aration front (depth planes 1 & 3) and small separation back
(depth planes 2 & 4) is to control for possible effects of abso-
lute disparity (i.e., distance in depth from the initial fixation
point). However, we note that averaging across the conditions

2800

2600

2400

2200-

Response time (ms)

2000-

1800

1600 -
4 (Farthest) 3

in this way leads to the exact same pattern of results for main
ANOVA and follow-up analyses.

A two (set size: 12, 24) by two (target depth: nearest, far-
thest) by three (depth plane condition: small-separation, large-
separation, four depth planes) repeated-measures ANOVA
conducted on the target-present response times revealed a
main effect of set size (I} 5o = 66.62, p < 0.001, np2 =0.77),
such that targets were responded to faster when in the smaller
set size (M = 1705 ms) compared with the larger set size (M =
2581 ms). We found a main effect of target depth (F 59 =
29.90, p < 0.001, np2 = 0.60), such that targets on the nearest

Four depth planes
-4 -Large Separation
—— Small Separation Near

—&— Small Separation Far

2 1 (Nearest)

Target Depth Plane

Fig.2 Mean response times for target present data with target depth plane on the x-axis and depth plane conditions in separate lines, collapsed across set

size. Error bars show standard error
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depth plane (M = 1993 ms) were responded to faster than
targets on the farthest depth plane (M = 2420 ms).

We found a significant main effect of depth plane condition
(Fr40=16.88, p <0.001, np2 = 0.46) and a significant inter-
action between target depth and depth plane condition (F; 49 =
4.73, p=0.014, np2 =0.19). Following up the main effect of
depth plane with paired ¢ tests Bonferroni corrected for three
comparisons (x = 0.017), the small-separation condition (M =
2065 ms) was significantly faster than either the large-
separation condition (M = 2288 ms, p < 0.001) or the four
depth plane condition (M = 2319 ms, p < 0.001), with no
significant difference between large-separation and four depth
plane conditions (p > 0.05). This same pattern of results was
reflected in the interaction, which averaged response times
across set size. Unpacking the interaction with ANOVAs for
each target depth, we found significant differences
across depth plane conditions for both depth plane 1
(Fr.40 = 5.87, p =10.006, 77,,2 = 0.23) and depth plane 4
(Fr.40 = 13.09, p < 0.001, npz = 0.40). Follow-up com-
parisons showed that targets in the small-separation condi-
tion were found to be significantly faster than either the large-
separation (o = —3.21, p = 0.004 & £,y = —3.67, p = 0.002
depth plane 1 and 4 respectively) or the four depth plane
condition (o = —2.37, p = 0.028 & t,0 = —4.29, p < 0.001,
depth plane 1 and 4 respectively). Response time results rep-
licated a prior pilot study.'

Furthermore, we found significant interactions between tar-
get depth and set size (£ 40 =5.79, p = 0.006, np2 =0.22),and
depth plane condition and set size (F;,0=7.17,p=0.014,
TIp2 = 0.26), but no three-way interaction (p = 0.210). We
followed up these set size interactions by comparing the
search slopes for the target depth conditions and the depth
plane conditions (Fig. 3). To calculate search slopes for each
participant, response times for set size 12 were subtracted

"In pilot work, 22 naive participants were tested, reporting
normal or corrected to normal binocular vision. The design
and procedure was exactly as in the experiment described
above, except set size was not manipulated, with only 12
elements in each search array. A two-way ANOVA (depth
plane condition by target depth) on response times revealed
a similar pattern of results as the current study. A main effect
of target depth (F[1,18] = 29.20, p < .001, np” = .62) showed
that targets on the nearest depth plane (M = 1446 ms)
were responded to faster than targets on the farthest
depth plane (M = 1758 ms), and a main effect of depth
plane condition (F[2,36] = 6.06, p = .005, np° = .25) showed
that targets in the small-separation condition were found sig-
nificantly faster than either the large-separation (p < .001) or
the four depth planes condition (p = .037), with no significant
difference between the large-separation and four depth planes
conditions (p = .543).

from those at set size 24 and divided by the difference in
number of items (24 — 12 = 12). Paired-sample ¢ tests,
Bonferroni corrected for three comparisons (x = 0.017), re-
vealed that for the target depth condition, the search slope for
the nearest targets (61 ms/item) was significantly shallower
than the search slope for the farthest targets (87 ms/item)
(t20=-2.68, p = 0.014). For the depth plane variable, both the
small-separation (69 ms/item) and the large-separation
(63 ms/item) search slopes were significantly shallower than
the four depth planes condition (90 ms/item) (z,o0 = —2.67,
p = 0.015 and t,p = —2.64, p = 0.016, respectively) but did
not differ from each other (£, = 0.88, p = 0.390).

Discussion

This report is the first systematic attempt to characterise target
selection in 3D space as a function of the target irrelevant
characteristics: distance in depth, 3D display volume, number
of depth planes, and relative target position in depth. The
differential response times to detect targets in each of the 3D
display conditions indicate that attentional deployment is in-
fluenced by the 3D spatial layout of the search array. We
manipulated the 3D display parameters not directly related
to the search elements and discuss the effects of each of the
four chosen 3D space parameters on visual search perfor-
mance in turn below. Revisiting the theoretical interpretations
of the measures, variations in the response time to find the
target reflect time to shift attention around the 3D array as
affected by the different parameters, and search slopes reflect
the efficiency of these attention shifts, in this case considered
to be affecting the guidance of search items (Wolfe, 2007).

Our first prediction, relating to distance in depth, was that
reaction times and search slopes would be unaffected by the
target’s proximity in depth to the fixation point. Consistent
with this hypothesis, we found no difference in response times
or search slopes between the near and far small-separation
conditions, indicating that the relative position of the display
in relation to initial fixation did not affect search performance.
We infer that attention shifts are invariant across depths, con-
sistent with previous research in 2D displays (Remington &
Pierce, 1984; Sperling & Weichselgartner, 1995).

Next, we predicted that increasing the 3D display volume
would reduce search performance, as measured by response
times and search slopes. We found that response times to find
the target were faster on average in the small-separation con-
dition compared with the large-separation condition, which
compared the 3D volume of the search display after control-
ling for number of depth planes. We also found that when
targets were on depth plane 1, responses were faster in the
small-separation condition compared with the large-
separation condition. Because participants’ attention was con-
trolled to start each search trial at the back depth plane, when
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12 ) 24 12 . 2
Set size Set size

Fig. 3 Search slope results shown for mean response times for target
present data with set size on the x-axis, for (a) Target Depth, where the
target appeared in the nearest (i.c., depth plane 1: filled black circles)
versus the farthest (i.e., depth plane 4: unfilled white circles) depth

the target was on depth plane 1 the participants were shifting
their attention over the same distance in depth. However,
when targets on depth plane 1 were presented in a larger
search volume (i.e., large-separation condition compared with
small-separation condition), their search performance was re-
duced (i.e., longer response times). We see the same pattern
for targets on depth plane 4.

Looking at our search slope findings for this second pre-
diction, we found no differences in search efficiency results
between the small-separation and large-separation conditions.
Our search slope findings indicate no set size effects for dif-
ferent 3D volumes of the search array. However, we demon-
strate that search within a larger 3D volume (such as the large-
separation compared with small-separation condition) re-
quires more time per time find the target. The response time
advantage for smaller 3D volumes is consistent with previous
research with 2D displays (Castiello & Umilta, 1990; Eriksen
& St James, 1986), which found that increasing the 2D search
display size increased response times. However, because we
found no difference in search slope results between the small
and large search volumes, we infer that the 3D search volume
affects search performance outside of the guidance mecha-
nisms. It is possible that searching through a larger compared
with smaller 3D space adds a perceptual constant when view-
ing the display. Alternatively, the 3D volume of the display
may affect the response and decision making process. We
cannot specify whether the increased time to find targets oc-
curs before or after guidance. However, we speculate that a
larger 3D volume reduces search performance by adding per-
ceptual noise into the search process, as expected with more
visual input.

Third, we predicted that increasing depth heterogeneity by
spreading the search items over more depth planes would
increase both search times and search slope results.
However, we found no response time differences when
searching an array separated into two (i.e., large-separation
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planes, and for (b) Depth Plane condition, for small-separation (triangle),
large-separation (square) and four depth plane (circle) conditions. Search
slope values are reported next to each slope as increase in ms per item
added to the display

condition) compared with four depth planes (equal 3D vol-
umes). We did find shallower search slopes for the large-
separation condition compared with the four depth planes
condition, after controlling for display volume and target
depth, indicating reduced search efficiency for increased depth
heterogeneity (as indexed by number of depth planes). As
such, it appears that search arrays arranged into fewer depth
groups have an advantage over arrays with more depth groups
in target selection. We found that the number of depth planes
affects search efficiency, suggesting that depth heterogeneity
affects the guidance stage of attentional processing, likely
through bottom-up salience of the search items. Our findings
are broadly similar to previous studies, which found that var-
iation in color (Farmer & Taylor, 1980) as well as 2D spatial
groups (Treisman, 1982) both resulted in slower target selec-
tion compared with homogenous displays. These studies indi-
cate that when search array items are heterogeneous in an
unrelated feature or spatial grouping, search times increase,
whereas our study only found reduced search efficiency for
increasing depth heterogeneity. Whereas there also is evidence
opposing the negative effects of irrelevant distractor heteroge-
neity (Pashler, 1988), Duncan and Humphreys (1989) pro-
posed that the important factor was target-distractor dis-
criminability, such that distractor heterogeneity only af-
fects search times when targets are similar to distractors.
Our findings of reduced search performance with in-
creased depth heterogeneity are consistent with this ar-
gument, as we see fairly steep search slopes in our
results indicating low target-distractor discriminability.
It should be noted that with only two and four depth
planes we have limited predictive power, with insuffi-
cient heterogeneity to fully explore response times for
3D search array organization, and with greater depth
heterogeneity it is possible that we also would see an
effect on search times. We do see a trend towards this
with a larger set size (Fig. 3b).
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Finally, we confirmed our prediction of faster response
items and shallower search slopes for targets in the front of
the search array compared with those at the back of the array.
Notably, looking at the small-separation near and far condi-
tions, we see equivalent response times for targets at the rela-
tive “front” of each display, despite the “front” depth plane
being depth plane 1 for the small-separation near condition
and depth plane 3 for the small-separation far condition, and
we found no significant difference between these two condi-
tions. These data indicate the importance of relative position
over distance from the initial fixation depth plane, demonstrat-
ing a target selection advantage for elements at the relative
front of a 3D display. In contrast and as described above, we
found that distance of a target from initial fixation does not
appear to play an important role in search performance, at least
not under the limited distances used in our study.

Past research exploring target depth has yielded varied re-
sults, finding no differences between front and back targets
(Theeuwes, Atchley, & Kramer, 1998; Dent, Braithwaite, He,
& Humphreys, 2012; Finlayson, Remington, Retell, & Grove,
2013), but also results consistent with ours showing an advan-
tage for front targets (O’Toole & Walker, 1997; Reis et al.,
2011). However these investigations have tended to employ
target depth as a counterbalance measure, and often the search
was restricted to one of the multiple depth planes present. Our
results suggest that searching the display from front to back
could be an automatic strategy that participants adopt, despite
their attention starting at the back of the display. Additionally,
elements closer to an observer may attract attention first due to
being more immediately relevant to their behaviour, as these
front objects are more likely to require an avoidance action
than objects further away. This follows from the behavioural
urgency hypothesis (Franconeri & Simons, 2003; Finlayson,
Remington, & Grove, 2012), which predicts attentional cap-
ture by stimuli that indicate the potential need for immediate
action, and in this case enable a perceptual processing primacy
for near objects through the attentional selection system. More
specifically, the improved search efficiency we found for front
targets suggests guidance via bottom-up salience prioritisation
and enhancement of the signal of objects closer to an observer.

Conclusions

Our data demonstrate that target selection in a 3D search array
is predicted by 3D display volume, number of depth planes,
and relative target position in depth, but not by distance in
depth from the initial fixation plane. We demonstrate that the
depth of the target relative to the other distractors is more
important for search tasks than its depth relative to the fixation
point, with a target at the relative “front” of a display being
easier to find than one at the “back.” Furthermore, we show
that search is faster in smaller 3D volumes and that spreading

search items across more depth planes reduces search efficien-
cy but does not appear to affect response times. This system-
atic investigation of four parameters specifying object layout
in 3D space provides a foundation for future 3D visual atten-
tion research.
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