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Inhibition of return spreads across 3-D space
JAN THEEUWES
Vrije Universiteit, Amsterdam, The Netherlands
and
JAY PRATT
University of Toronto, Toronto, Canada
Focusing attention to a location in 3-D space operates much the same as in 2-D space. Attending a
location in 2-D space is followed by a selective inhibitory aftereffect known as inhibition of return
(IOR). Here, we report the results of two 3-D reflexive cuing studies in which depth was defined by
binocular disparity. As has been shown before, attentional cuing was specific for x-y-z locations. However, the present results show that IOR is not depth specific. After a specific location in x-y-z is cued,
IOR occurs for the depth plane in front of and behind the cued location. The finding that IOR spreads
across depth planes may be related to how inhibited locations are encoded in the superior colliculus.
We argue that the functional role of a depth-blind IOR is to bias attention against going back to any part
of a previously attended object.

In order to behave in a goal-directed manner, it is important that we orient to relevant events in the visual world.
When attention is oriented to a peripheral visual event
(e.g., an abrupt onset), there is first facilitation of processing of nearby stimuli. This facilitatory effect, called attentional cuing, is due to a reflexive orienting of attention
toward the source of stimulation (e.g., Posner, 1980). Following this brief period of facilitation, there is a long-lasting
inhibitory effect in which there is delayed responding to
stimuli presented at or near the subsequently cued location. This effect, termed inhibition of return (IOR; Posner
& Cohen, 1984; see Klein, 2000, and Taylor & Klein, 1998,
for reviews), usually begins approximately 300 msec after
the presentation of the peripheral event and lasts as long as
4,000 msec (see, e.g., Tassinari & Berlucchi, 1995). By biasing attention away from recently attended locations, our
orienting behavior is made more efficient.
The efficiency of attentional orienting not only holds in
2-D space, but also occurs in 3-D space. Several studies provide converging evidence that the visual system can focus
attention to a particular location in depth defined by binocular disparity (Atchley, Kramer, Andersen, & Theeuwes,
1997; Hoffman & Mueller, 1994; Nakayama & Silverman,
1986; Theeuwes, Atchley, & Kramer, 1998). For example,
Andersen (1990) and Andersen and Kramer (1993), employing an Eriksen flanker task, showed that the effect of
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incompatible flankers diminished as they were moved
away from the target in depth, which is comparable to the
effect of increasing retinal distance in 2-D (cf. Eriksen &
Eriksen, 1974). Hoffman and Mueller (1994), who also
used binocular disparity to induce depth, showed that the
brightening of a cue can capture attention and produce attentional cuing effects to a 3-D location (i.e., x-y-z coordinates) in a way similar to that which has been shown in 2-D
space (see, e.g., Theeuwes, 1991). Overall, there is considerable evidence that attention operates in 3-D much as in 2-D.
Even though it has been demonstrated that attention can
be oriented to a specific location in depth, it remains unclear
whether the facilitation of processing information at a particular location in depth is followed by a subsequent inhibition at a particular location in 3-D space. If orienting in depth
operates as efficiently as in 2-D, then one would expect facilitation of processing at a particular location in depth to be
followed by subsequent inhibition at that location.
EXPERIMENT 1
Experiment 1 was conducted to establish reflexive attentional orienting in 3-D. We used a variant to the classic
Posner (1980) cuing task presented in 3-D (i.e., two boxes
in the front plane and two in the back plane). The cue consisted of the brightening of one randomly selected premask. In order to assess cuing effects for x-y space independently of effects in z (depth), we used a paradigm in
which elements in the front depth plane were basically at
the same x-y coordinates as elements in the back depth
plane (see also Hoffman and Mueller, 1994).
Method

The trial sequence is shown in Figure 1. The fixation display consisted of a central cross with four gray figure-8 premasks (1.3º 3

616

IOR IN 3-D SPACE
2.5º) presented at 4.4º to the left and right sides. The figure-8s in the
back plane were slightly displaced laterally, by 0.4º horizontally and
0.3º vertically. All premasks were presented in gray. To induce a strong
perception of depth across the two depth planes, small (less than 0.1º)
gray dots were presented at random locations in the front and back
planes. The dots appeared everywhere except at the locations of the
premasks. In the 3-D condition, two figure-8 premasks were presented in the front plane (one to the right and one to the left), and two
figure-8 premasks were presented in the back plane (one to the right
and one to the left). The binocular disparity between the depth planes
was ±15¢ of arc relative to the fusion display at which the fixation cross
was presented. The 2-D condition was identical to the 3-D condition
except that all four figure-8s appeared at zero disparity— that is, at
the same plane as the fixation point. Binocular fusion of separate left
and right eyes was achieved by crystal shutter glasses (Stereographics
Corp.) that were synchronized with alternating frames (60 Hz per eye).
In both the 3-D and 2-D conditions, the participants wore the crystal shutter glasses. At the beginning of a trial, the participants fixated the center fixation cross. After 1,200 msec, one of the figure-8
premasks brightened for 33 msec. Following a 50-msec interstimulus interval (ISI), the target was presented by removing segments of
one of the figure-8s to produce either an H or an S. The target was
presented for 116 msec. The display went blank until the next trial
began. There was no relationship between the location of the cue and
the location of the target (i.e., cue validity was 25%). The time from
cue onset to display offset was 200 msec, a time frame that is considered to be too short to initiate vergence eye movements (Rashbass
& Westheimer, 1961). During a trial, the participants were instructed
not to make eye movements and to press the “Z” key for an H target
and the “?” key for an S target as quickly as possible. Each participant performed in both the 2-D and the 3-D conditions, and the order
was balanced across participants. Before each 2-D or 3-D condition,
the participants received 80 practice trials followed by 160 experimental trials. Within a block of trials, there was an equal number of
trials combining the following factors: cue location (4), target location (4), and target (S vs. H). These trials were presented in a random
order, creating four conditions: (1) cue and target at the same loca-
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tion and depth (valid condition), (2) cue on one side of the visual
field and target on the other side, but at the same depth plane (invalid
in x-y), (3) cue in one depth plane and target in other depth plane, but
basically at the same x-y coordinates (invalid in z), and (4) cue on
one side and target on the other side, both in different depth planes
(invalid in x-y and z).
The participants had to pass a screening test to determine whether
they were able to perceive depth on the basis of binocular disparity
(see Atchley & Kramer, 2001, for a description of the screening test).
Participants who committed more than 25% errors in the preliminary
practice sessions were excluded. In total, 10 young adults ranging in
age from 19 to 28 years were paid for their participation in the study.

Results and Discussion
Reaction times (RTs) longer than 1,000 msec were
counted as errors and accounted for a loss of 2.4% of the
trials. Mean RTs and errors were entered into separate
analyses of variance (ANOVAs) with depth (3-D vs. 2-D)
and validity (valid vs. invalid in x-y vs. invalid in z vs. invalid in x-y and z) as factors. There were main effects of
depth [F(1,9) 5 7.3, p , .05] and of validity [F(3,27) = 25.5,
p , .001]. The interaction was also reliable [F(3,27) 5
3.5, p , .05]. Table 1 gives an overview of the results.
Additional planned comparisons showed that RTs were
shorter for the valid condition than for the invalid-in-x-y
condition for both the 3-D (594 vs. 646 msec, p , .01)
and 2-D conditions (580 vs. 610 msec, p , .05). When the
target appeared at the same x-y location (invalid-in-z condition), RTs were significantly longer when the target and
cue appeared in different depth planes (3-D; 594 vs.
640 msec, p , .01) but not when they appeared in the
same depth plane (2-D; 580 vs. 593 msec, p 5 .18). These
findings suggest that the brightening of the cue produced

Figure 1. Sequence of frames on a given trial in the 3-D condition in Experiment 1. After 1,200 msec, one of the premasks was brightened for
33 msec (Frame 1). After an interstimulus interval of 50 msec (Frame 2),
the target (an S or an H) was revealed by a switch of the segments of the
figure-8 premask (Frame 3). The target display was presented for
116 msec. In this example, the cue is presented in the front depth plane
and the target (the letter S) is presented in the back depth plane (the invalid depth condition). The same basic sequence was used in Experiment 2, with the duration of Frame 2 being increased to 850 msec.
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Table 1
Experiment 1: Mean Correct Reaction Times (RTs,
in Milliseconds) and Percentage of Errors (% Error)
for Target Discriminations in the 3-D and 2-D Conditions
3-D

2-D

Condition

RT

% Error

RT

% Error

Valid
Invalid in x-y
Invalid in z
Invalid in x-y and z

594
646
640
652

9.5
10.8
15.8
10.0

580
610
593
618

8.0
12.8
8.8
8.8

an automatic shift of attention to its x-y-z location. The
time to shift from one depth plane to another was about
46 msec, an effect similar to that reported by Hoffman and
Mueller (1994), who employed a similar paradigm.
In order to determine whether there were asymmetry effects in attending to the front or to the back plane, a separate cue (front plane vs. back plane) 3 target (front plane
vs. back plane) 3 x-y validity (x-y valid vs. x-y invalid)
ANOVA was conducted on the data from the 3-D condition. There was a main effect of x-y validity [F(1,9) 5
27.9, p , .001], and the interaction between cue and target was reliable [F(1,9) 5 22.5, p , .01]. More importantly, the three-way interaction was significant [F(1,9) 5
21.3, p , .002]. As can be seen in Figure 2, the cuing effect was largely restricted to the x-y-z location that was
cued. In other words, the shortest RTs were obtained when
both cue and target were in the front plane at a valid x-y location or when both were in the back plane at a valid x-y
location. The x-y-valid condition represents the condition
in which the cue and target were presented at the same
x-y location. The difference between the conditions target

in front and target in back for the valid x-y location represents the cuing-in-depth effect.
As is clear from Figure 2, attending to the front plane (left
panel) when the target appeared in the back plane produced
a 52-msec cuing-in-depth effect. Attending to the back plane
(right panel) when the target appeared in the front plane produced a cuing-in-depth effect of 40 msec. This difference in
depth cuing was not reliable (F 5 0.27), indicating that there
was no asymmetry effect in attending to the front or to the
back. It is worth noting that asymmetry effects have been reported in some studies (e.g., Andersen, 1990; Andersen &
Kramer, 1993) but not in others (e.g., Theeuwes et al., 1998).
Currently, there is no clear evidence as to what the mitigating factor might be, but our results clearly indicate no asymmetry in orienting attention between depth planes at a short
SOA. There was a depth 3 validity interaction on errors
[F(3,27) 5 4.4, p , .05]. Additional planned comparisons
showed that, in accordance with the RT data, more errors
were made in the invalid-z condition than in the valid condition for the 3-D depth condition.
EXPERIMENT 2
Since Experiment 1 established the typical reflexive attentional cuing in 3-D in a task that allowed independent
assessment of x-y and depth cuing effects, it was now possible to determine IOR in 3-D. In the present experiment,
we used the same basic methods as in Experiment 1, but
the ISI was increased from 50 to 850 msec (in the typical
range for many IOR experiments, e.g., Bennett & Pratt,
2001). Moreover, IOR has been reported for 2-D letter discrimination tasks (see, e.g., Lupiáñez, Milliken, Solano,

Figure 2. Experiment 1: Mean reaction times (RTs) for x-y cue validity in 3-D for
conditions in which the cue was either in the front plane or in the back plane and the
target was either in the front plane or in the back plane. Note that the cuing effect was
largely restricted to the x-y-z location that was cued. The fastest RTs were obtained in
conditions in which both cue and target were in the front plane (left panel) or both
were in the back plane (right panel) and valid in x-y space. The difference between the
target-in-front and target-in-back conditions for the valid x-y location represents the
cuing-in-depth effect.
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Table 2
Experiment 2: Mean Correct Reaction Times (RTs,
in Milliseconds) and Percentage of Errors (% Error) for
Target Discriminations in the 3-D and 2-D Conditions
3-D

2-D

Condition

RT

% Error

RT

% Error

Valid
Invalid in x-y
Invalid in z
Invalid in x-y and z

558
546
559
548

6.7
7.4
8.1
7.2

544
531
550
534

4.5
5.5
4.5
5.7

Weaver, & Tipper, 2001; Pratt & Abrams, 1999) similar to
the task used in the present experiment.
Method

The task was the same as the one used in Experiment 1 except that
the ISI between the presentation of the cue and that of the target was
850 msec. In order to ensure that attention was oriented back to the
center after peripheral cuing, the fixation cross was switched off
600 msec before cue presentation and switched on 250 msec after
cue presentation. There were 24 participants, ranging in age from 19
to 30 years.

Results
RTs longer than 1,000 msec were counted as errors and
accounted for a loss of 1.2% of the trials. A depth 3 validity ANOVA revealed a main effect for validity only
[F(3,69) 5 8.4, p , .01]. Table 2 gives an overview of the
results. Additional planned comparisons showed that when
the target appeared at the cued location (valid condition),
the participants were significantly slower than when it appeared on the other side of the visual field (invalid in x-y)
both for the 3-D condition (558 vs. 546 msec, p , .05)
and for the 2-D condition (544 vs. 531 msec, p , .05), indicating the presence of the classic IOR effect in 2-D. To
determine whether there was a specific 3-D IOR effect, for
the 3-D conditions we compared the valid condition with
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the invalid-in-z condition. These conditions did not differ
(valid 5 558 msec, invalid in z 5 559 msec, F , 1), suggesting that the inhibition was just as strong at the cued location as at the same location in x-y but at a different depth.
To determine whether the IOR effect for depth was
asymmetric, a separate cue (front plane vs. back plane) 3
target (front plane vs. back plane) 3 x-y validity (x-y valid
vs. x-y invalid) ANOVA was conducted on the data from
the 3-D condition. There was a main effect of target
[F(1,23) 5 24.4, p , .0001], with responses to targets in
the front plane being faster than responses to targets in the
back plane. This is because the front plane placeholders
partially occlude the back plane targets, making the identification of the back plane targets more difficult. There
was also a main effect of x-y validity, with responses to
targets at valid locations in x-y space being slower than
those to targets at invalid x-y locations [F(1,23) 5 6.9,
p , .05]—the previously noted IOR effect. Importantly,
the factor of cue (front plane vs. back plane) did not interact with either target or validity, nor was there a three-way
interaction (Fs , 1). This indicates that the 3-D IOR effect
was symmetric: The same amount of IOR was produced in
the invalid depth plane for both front and back cues. This
symmetric IOR effect for depth can be seen in Figure 3.
There was a main effect of depth (2-D vs. 3-D) on errors [F(1,23) 5 10.6, p , .01], indicating that the participants made more errors in the 3-D condition (7.4%) than
in the 2-D condition (5.0%).
CONCLUSIONS
The present results indicate that both the facilitatory
and inhibitory consequences of orienting attention to a
specific location are not limited to two spatial dimensions
but occur in 3-D space. Experiment 1 provides further evidence that attentional cuing effects are found for specific

Figure 3. Experiment 2: Mean reaction times for x-y cue validity in 3-D for targets
in the front plane and targets in the back plane. Note that the IOR effect was not mitigated by cuing in depth.
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x-y-z locations, a result that converges with the findings of
several other studies (Atchley et al., 1997; Hoffman &
Mueller, 1994; Nakayama & Silverman, 1986; Theeuwes
et al., 1998). Furthermore, the symmetrical cuing effect
(i.e., no differences between front and back cues) is consistent with Theeuwes et al. (1998).
More importantly, the present results also indicate that
IOR occurs in 3-D space. Specifically, if a location in x-y
space is inhibited, the depth plane in front of and behind
the cued location is inhibited as well. In other words, IOR
appears to spread not only in x-y space (see, e.g., Bennett
& Pratt, 2001) but also in depth. The finding that IOR is
not limited to the previously cued depth plane has implications for how attention is allocated in visual space as a
consequence of a peripheral cue. One such implication is
that these results add to a growing set of findings that suggest that later IOR effects are not simply mirror images of
earlier cuing effects. For example, Pratt, Hillis, and Gold
(2001) have shown that cues of different physical properties produce a variety of cuing effects (ranging from weakly
inhibitory to strongly facilitatory), whereas all produce reliable IOR effects.
Another implication regards how cuing effects and IOR
are generated. There is considerable evidence that the
abrupt onset of a peripheral object (i.e., a cue) results in
the programming of a saccadic eye movement to the corresponding location. Presumably, such an eye movement
is programmed to a specific x-y-z location in space (since
eye movements are typically thought to be programmed
in environmental coordinates; see Sparks & Mays, 1990).
There is also considerable evidence that attention is oriented to the saccade location before the saccade is initiated or if the saccade is cancelled (e.g., Deubel & Schneider, 1996; Godijn & Theeuwes, 2002; Rafal, Calabresi,
Brennan, & Sciolto, 1989). Thus, it is likely that this
movement of attention is also programmed in x-y-z space,
and this results in the attentional cuing effects at a specific
location and at a specific depth. However, the present
study shows that attentional cuing to a location in 3-D
space is not followed by a depth-specific inhibitory aftereffect. Rather, IOR spreads across depth planes. One speculation as to why IOR is not depth specific may be related
to the makeup of the superior colliculus (SC), a midbrain
oculomotor structure that plays an important role in IOR
(Klein, 2000). Some recent evidence suggests that the superior colliculus has a topographic map of visual space that
codes in retinal coordinates (Klier, Wang, & Crawford,
2001). This would imply that the SC is basically depth
blind (i.e., it does not code depth), and this could be the
reason why IOR spreads across 3-D space.
From a functional point of view, it is useful that IOR
spreads in depth. The function of IOR is to bias orienting
away from recently inspected locations, thereby facilitating visual search (see, e.g., Klein, 2000). When we search
an object, it is useful that once we attend one portion of the
object (e.g., the front), IOR biases attention from going
back to any part of the object. A depth-blind inhibitory effect that spreads over x-y-z space would provide this functional foraging capability.
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