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The role of spatial working memory in inhibition
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Inhibition of return (IOR) refers to a bias against returning attention to a location that has been re-
cently attended. In the present experiments, we examined the role of working memory in IOR by in-
troducing secondary tasks (in the temporal interval between the cue and the target) that involved a
working memory component. When the secondary task was nonspatial in nature (monitoring odd dig-
its or adding digits), IOR was present, although overall reaction times were greater in the presence of
the secondary task. When the task involved a spatial working memory load (remembering the direc-
tionality of arrows or the orientation of objects), IOR was eliminated. However, when the participants
had incentive to process the directionality of an arrow but did not have to use any memory system, [OR
persisted at peripheral locations. Overall, the results suggest that IOR is partially mediated by a spatial

working memory system.

The ability to search the visual environmentin order to
locate certain objects is a critical component of the visual
system. People need to conduct searches of the visual en-
vironment because the visual system cannot fully pro-
cess all of its input (Wolfe, 1994). One way to ensure that
visual search is efficient is to limit attention’ returning
to previously searched locations. Posner and Cohen (1984)
demonstrated that if attention is captured at a cued pe-
ripheral location and then moved to a different location,
the time to detect the presence of a target is delayed if the
target appears at the previously cued (i.e., attended) lo-
cation. This effect has been referred to as inhibition of
return (IOR), a label that captures the original notion that
attention is inhibited from returning to previously
searched locations (e.g., Posner & Cohen, 1984; Posner,
Rafal, Choate, & Vaughan, 1985). Although the atten-
tional explanation has received considerable support
over time (e.g., Berlucchi, Chelazzi, & Tassinari, 2000;
Tipper, Weaver, Jerreat, & Burak, 1994), motor-based
explanations (e.g., Rafal, Calabresi, Brennan, & Sciolto,
1989; Taylor & Klein, 1998) and combinations of motor
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and attentional explanations (e.g., Kingstone & Pratt,
1999; Taylor & Klein, 2000) have also been proposed, as
well as the notion that IOR occurs as a result of spatial in-
dexes that serve as location “pointers” that guide visual
search by constraining the search set (Wright & Richard,
1998, 2000).

Although a considerable amount of research has elu-
cidated many facets of IOR, the processes that determine
and maintain inhibition at cued locations, or objects, are
still not known. Presumably, some processes associated
with the visual system “tags” cued locations or objects,
which subsequently biases shifts of attention and/or motor
actions away from these peripheral locations. Since IOR
lasts as long as 3,000 msec (e.g., Vaughan, 1984), some
memory process must play a role in maintaining and up-
dating the information regarding cued stimuli and spa-
tial locations, allowing the visual system to carry out an
efficient search of the environment. Furthermore, this
memory process must be flexible enough to be updated,
because IOR has been found for cued objects that have
moved to novel (i.e., uncued) spatial locations (Tipper,
Driver, & Weaver, 1991; Tipper et al., 1994). One likely
possibility is that an active working memory system is
involved, similar to the one first proposed by Baddeley
and Hitch (1974; Baddeley, 1986), which records which
locations or objects have been previously attended. This
working memory system includes an articulatory store
and spatial stores, both of which maintain and update in-
formation that is currently being processed.

As was noted before, IOR lasts a relatively long time
and stays with moving objects, suggesting that IOR is not
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due solely to low-level visual processes. Moreover, studies
in which IOR at multiple cued locations has been exam-
ined have strongly suggested that there is a memory
componentin IOR. In their initial study on this issue, Pratt
and Abrams (1995) found IOR only at the last cued loca-
tion. However, they compared the IOR generated by a sin-
gle cue with the IOR generated by two successive cues,
using a display that contained only two locations. As was
noted by Tipper, Weaver, and Watson (1996), a lack of
IOR for the first two cues may have been found because
the system does allow for inhibition at all possible target
locations. Subsequent studies in which a greater number
of potential cue/target locations than of cues (e.g., three
successive cues distributed among four possible loca-
tions) has been used have shown IOR at more than the
last cued location (e.g., Abrams & Pratt, 1996; Danziger,
Kingstone, & Snyder, 1998; Snyder & Kingstone, 2000;
Tipperetal., 1996). Similarly, Wright and Richard (1998,
2000) have suggested that IOR involves some sort of
spatial indexing such that multiple “tags” at previously
attended locations lead to IOR and that this allows cued
locations to be encoded and maintained over time. It is
possible that this is similar to a system suggested by
Pylyshyn (1989), who proposed a resource-limited mech-
anism, called the finger of instantiation (abbreviated as
FINST), for individuating or indexing visual features in
a visual field. FINST is capable of mapping locations on
the basis of the retina location, such that FINST can keep
pointing to the “same” feature cluster as the cluster moves
across the retina. Taken together, these studies strongly
suggest that IOR involves some type of working memory
process that allows multiple spatial locations to be in-
hibited over a relatively long period of time.

Further support for the notion that memory is involved
in IOR comes from separate sets of studies that have con-
cluded (1) that memory plays a role in visual searches
(Gilchrist & Harvey, 2000; Shore & Klein, 2000; but see
Horowitz & Wolfe, 1998,2001, for counterarguments) and
(2) that IOR plays a role in visual search tasks (Klein,
1988; Miiller, & von Miihlenen, 2000; Shore & Klein,
2000; Takeda & Yagi, 2000). Indeed, IOR has been
found with searches in which the number of locations
that are inhibited ranges from 8 through 12 (Ogawa,
Takeda, & Yagi, 2002; Peterson, Kramer, Wang, Irwin, &
McCarley, 2001) to as many as 20 (Takeda, in press).
Given that both memory and IOR have been implicated
in improving the efficiency of visual search, it seems
likely that the two processes interact with each other. In-
deed, similar to the findings from the multiple sequential
cue studies, these visual search studies suggest there is
working memory involvementin IOR, given that inhibi-
tion must be maintained at several previously examined
locations over the duration of the search.

Perhaps the best way to examine whether working
memory is involved in IOR is to use the dual-task para-
digm. It is generally agreed that working memory re-
quires attentional resources to function effectively (e.g.,
Cowan, 1995, 1999). It therefore follows that the intro-
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duction of a secondary task that also requires attentional
resources will reduce working memory performance.
Furthermore, if IOR depends on working memory, the si-
multaneous performance of a secondary task should re-
duce or eliminate the presence of IOR. To date, the effect
of introducing a secondary task in an IOR paradigm has
been examined in only one experiment that we know of.
Maylor (1985) conducted an experiment in which the no-
tion that a demanding secondary task would disrupt IOR
was examined. In this series of experiments, in addition
to responding to the presence or absence of a target in one
of two peripheral locations (a detection task), participants
also engaged simultaneously in one of four secondary
tasks. These secondary tasks involved the pursuit eye
tracking of a slowly moving dot inside the central box that
was present at the fixation area, and the four conditions
consisted of the dots moving horizontally, the dots mov-
ing vertically, horizontal to vertical motion after the cue,
and vertical to horizontal motion after the cue. While car-
rying out this task at fixation, the participants made de-
tection responses (the primary task) to either a cued or an
uncued target that appeared in one of two peripheral lo-
cations. The results showed no IOR to previously cued
locations when there was no earlier attentional facilita-
tion, suggesting that IOR is dependenton prior orienting.
However, these secondary tasks did not involve any mem-
ory component, so it is unclear whether or not a sec-
ondary task that involves a working memory component
would also reduce the effects of IOR. Furthermore, it is
well known that attention and eye movements are inti-
mately linked (e.g., Deubel & Schneider, 1996; Shepherd,
Findlay, & Hockey, 1986). Thus, secondary tasks that in-
volve pursuit eye movements are also likely to influence
the spatial allocation of attention, making it difficult to
interpret the findings from Maylor’s experiment.

In the present study, we sought to examine the role of
working memory in IOR. If IOR involves working mem-
ory, it should be possible to affect IOR with a divided at-
tention manipulation that involves a working memory
load. In order to study this, the allocation of resources was
manipulated by presenting to-be-remembered items at
fixation during the interval between the presentations of
the cue and the target. In the first experiment, a verbal
working memory load was used in which three digits
were presented between the cue and the target and the
participants reported the number of odd digits that ap-
peared, after responding to the target (Experiment 1). In
order to examine the effects of a spatial working mem-
ory load, in the next two experiments, the digits at fixa-
tion were replaced by a sequence of upward and down-
ward pointing arrows, and the participants were required
either to monitor and remember the direction of the arrows
(Experiment 2) or to ignore the arrows (Experiment 3).
In Experiment 4, we examined whether an intervening
shift of attention in response to an arrow can eliminate
IOR, and Experiment 5 replicated and extended the find-
ings from Experiment 2 with a different kind of spatial
working memory task.
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EXPERIMENT 1

The aim of Experiment 1 was to examine the effect of
introducing a divided attention task on IOR. If IOR re-
quires memory and attentional resources similar to those
required by the secondary task, this should reduce the
magnitude of IOR. The display consisted of two different
target locations and a central fixation area. One of the lo-
cations was briefly cued, and the target then appeared at
either the cued or the uncued location. In the divided at-
tention condition, a digit-monitoring task was used such
that the participants had to identify the number of odd dig-
its that were presented after the cue and before the target.
This type of task requires the recruitment of a working
memory system to maintain and update the numbers pre-
sented during the interval between the presentations of the
cue and the target. If IOR is dependenton a general work-
ing memory system, the introduction of a working mem-
ory task should reduce or eliminate IOR.

Method

Participants. Ten undergraduate students from the University of
Toronto participated in the experiment in return for course credit.
All had normal or corrected-to-normal vision and were naive with
regard to the purpose of the experiment. The participants did not
participate in any other experiment in the laboratory and were new
to the general procedure.

Apparatus and Procedure. The experiment took place in a
dimly lit sound-attenuate d room. The participants were seated
44 cm in front of a computer monitor. The viewing distance was
held constant with the use of an adjustable head-/chinrest, and the
computer keyboard was placed directly in front of the participants.
The sequence of events in Experiment 1 is shown in the left panel
of Figure 1, although all of the stimuli were presented in white on
a black background. The initial display was presented for 500 msec,
and consisted of two placeholder boxes located on the horizontal
meridian to the left and right of the fixation point. The boxes were
centered 5° from the fixation point and were 1° square. One of the
boxes was then cued by outlining the perimeter of the box for
100 msec. Then, in the divided attention condition, a random num-
ber was presented at the central fixation area for 300 msec, fol-
lowed by a 50-msec delay, a second random number for 300 msec,
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Figure 1. The sequence of events in noncatch trialsin Experiment 1 (left), Ex-
periment 2 (middle), and Experiment 3 (right).



a second 50-msec delay, and a third random number for 300 msec.
The random numbers ranged from 1 to 9. In the control condition,
the participants were not presented with digits but were presented
with three visual events. After the cue in the control condition, the
fixation point remained on for 300 msec, followed by a 50-msec
delay, a fixation point twice the size of the previous point for
300 msec, a 50-msec delay, and the original fixation point for
300 msec. Following this sequence of fixation events, in the control
and the divided attention conditions, a target circle (0.7 °) appeared
in one of the two boxes (on 80% of the trials, whereas the remain-
ing 20% served as catch trials in which no target was presented). The
participants were asked to respond to the target as quickly and as ac-
curately as possible by pressing the space bar (regardless of the lo-
cation of the target) and to remain fixated throughout each trial. The
detection target remained in view until the participant made a response
or until 1,000 msec had elapsed, after which a tone sounded if the par-
ticipant did not respond (on noncatch trials). In addition, the par-
ticipants in the divided attention condition were also asked to de-
termine how many odd digits had appeared between the cue and the
target. After they had responded to the target, they were prompted
as to how many odd digits they had seen, and they entered this num-
ber on the keyboard. The participants were told that both the detec-
tion task and the odd-digit monitoring were equally important.
Design. The divided attention condition and the control condi-
tion were blocked, and both were completed in a single 1-h session.
The order of the conditions was counterbalanced across partici-
pants. Each condition consisted of 120 trials, with cues and targets
being equally likely to occur at the left and the right locations. The
participants were given a short break between the conditions.

Results and Discussion
The mean reaction times (RTs) for correct trials are
shown in the left panel of Figure 2. Trials were elimi-
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nated if an error occurred either in responding to the tar-
get or in making the odd-digits response. The data were
submitted to a 2 (trial type: cued or uncued) X 2 (condi-
tion: divided attention or control) analysis of variance
(ANOVA). There was a main effect of trial type [F(1,9) =
17.2, MS, = 237, p < .005], indicating that RTs were
slower when the target appeared at the cued location.
This is the typical finding of IOR. The main effect of con-
dition was also significant [F(1,9) = 17.7, MS, = 5,860,
p < .005], indicating that RTs under divided attention
were slower than RTs in the control condition. Impor-
tantly, the interaction between condition and trial type
was not significant [F'(1,9) < 1]. The lack of a significant
interaction revealed that the divided attention condition
did not interfere with the presence of IOR. Indeed, IOR
was present, in almost equal magnitude, in the divided
attention and the control conditions. These findings in-
dicate that, contrary to our expectations, working mem-
ory is apparently not involved in IOR.

In order to clarify the errors that can be made, we have
classified errors as detection errors (responding less
than 100 msec after the presentation of the target or fail-
ing to respond within 1,000 msec after the target has
been presented), catch trial errors (responding on trials
in which the target is not presented), and secondary task
errors (not providing the correct answer to the question).
The error rates are presented in Table 1. In order to ex-
amine any potential speed—accuracy tradeoffs in the
cued and uncued trials, the detection errors were sub-
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Figure 2. Mean reaction times (RTs) for correct trials in the divided attention con-
ditionsand the control conditions in Experiments 1, 2, and 3. Error bars indicate stan-

dard errors of the mean.
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Table 1
Mean Percentages of Detection Errors and Secondary Task
Errors (When Applicable) for Cued and Uncued Locationsin
All Five Experiments

Location
Condition Cued Uncued Mean
Experiment 1
Control 0.33 0.33 0.33
Divided attention 4.33 2.50 3.42
Secondary task 3.00 4.17 3.59
Experiment 2
Control 0.83 0.83 0.83
Divided attention 5.00 4.44 4.72
Secondary task 3.61 2.78 3.19
Experiment 3
Control 0 0 0
Experiment 4
Peripheral cue 0.59 0.30 0.45
Arrow cue 1.07 0.37 0.72
Experiment 5
Divided attention 3.67 4.83 4.28
Secondary task 8.33 9.67 9.00

Note—Detection errors are classified as occurring in either the control
condition or the divided attention condition, whereas secondary task
errors refer to errors made on the secondary task in the divided attention
condition.

mitted to a 2 (trial type: cued or uncued) X 2 (condition:
divided attention or control) ANOVA. There was a main
effect of condition [F(1,9) = 9.1, MS, = 2.89, p < .05;
showing that more errors were made in the divided at-
tention condition] but no main effect of trial type
[F(1,9) < 2.0, MS, = 1.50, p > .19] and no significant
interaction [F(1,9) < 3.1, MS_ < 1, p > .11]. Catch trial
errors were made on 4.8% of all the catch trials in the
divided attention condition and on 0.33% of all the catch
trials in the control conditions, and this difference was
found to be statistically significant [#(9) = 3.29, p < .01].
In the divided attention condition, errors on the digit-
monitoring task were committed on fewer than 8% of the
trials, and the numbers of errors were not significantly
different for cued and uncued trials [#(9) < 1.8, p>.11].
The error rate on the secondary task suggests that it does
demand a certain amount of attention but that the errors
committed on this task did not differ for cued and un-
cued trials, ruling out any speed—accuracy tradeoffs in
terms of detection RTs for cued and uncued trials.

The present findings suggest that IOR exists when
participants must process numerical information in
working memory.! If IOR relies on a more spatial com-
ponent of working memory, the introduction of a spatial
working memory task should disrupt IOR.

EXPERIMENT 2

Experiment 2 was designed to test whether a spatial
working memory task would disrupt the mechanisms that
govern IOR. However, the spatial working memory task
could not involve any peripheral events, since such events

would cause a shift in attention and, therefore, produce
a reduction in IOR. Thus, the spatial information in the
secondary task had to be incorporated into an event at
the central fixation location. To accomplish this, the par-
ticipants in this experiment were asked to monitor three
briefly presented vertical arrows to determine whether
the majority of the arrows were oriented upward or down-
ward. This task is similar to the previous divided attention
tasks butinvolvesa spatial component similar to the binary
decision that was made in Experiment 1 regarding the odd
digits. If the arrow secondary task uses spatial working
memory and if IOR has a spatial working memory com-
ponent, this secondary task should reduce IOR.

Method

Participants. Twelve new undergraduate students from the Uni-
versity of Toronto participated in the experiment in return for
course credit. All had normal or corrected-to-normal vision and
were naive with regard to the purpose of the experiment.

Apparatus and Procedure. The experiment took place in a
dimly lit sound-attenuate d room. The participants were seated
44 cm in front of a computer monitor. The viewing distance was
held constant with the use of an adjustable head-/chinrest, and the
computer keyboard was placed directly in front of the participants.

The sequence of events in Experiment 2 is shown in the middle
panel of Figure 1. The apparatus and basic trial sequence was sim-
ilar to those in Experiment 1, with the major difference being that
arrows were presented between the presentation of the cue and the
target. The three arrows were presented one after the other and were
either oriented upward or oriented downward. The arrows were 1°
in height and were presented at the center fixation area. The arrows
were presented for the same duration as the digits in Experiment 1.
The participant’s task was to identify the direction (either up or
down) of the majority of the three arrows on each trial. Thus, if two
arrows pointed down and one pointed up, the correct response
would be down. The participants answered the question by pressing
the key on the numeric keypad corresponding to an up arrow (the 8
key) or the key corresponding to a down arrow (the 2 key). As in
Experiment 1, the participant was given an unlimited amount of
time to answer the question, and once the participant made this re-
sponse, the next trial began 800 msec later. The control condition
was identical to that in Experiment 1, with the participants being
presented with three visual events (enlarging fixation point) be-
tween the presentations of the cue and the target. As in Experi-
ment 1, after the cue in the control condition, the fixation point re-
mained on for 300 msec, followed by a 50-msec delay, a fixation
point twice the size of the previous point for 300 msec, a 50-msec
delay, and the original fixation point for 300 msec. The participants
did not have to monitor the stimuli or make any response regarding
the stimuli. In the control condition, the next trial began 800 msec
after the participant responded to the target.

Results and Discussion

The mean RTs for correct detection responses are
shown in the middle panel of Figure 2. Only trials in which
the participant correctly answered the question regard-
ing the arrows were included in the analysis. The data
were submitted to a 2 (trial type: cued or uncued) X 2
(condition: divided attention or control) repeated mea-
sures ANOVA. The main effect of trial type was not sta-
tistically significant [F(1,11) =2.28, MS,=336,p <.16].
The main effect of condition was statistically significant
[F(1,11)=18.1,MS, = 2,855, p <.005]. Unlike Experi-
ments 1 and 2, the critical interaction between condition



and trial type was significant[F(1,11)=19.5,MS_ =113,
p <.002].

In the present experiment, three types of errors were
possible, as outlined in Experiment 1. The detection
error rates are presented in Table 1. In order to examine
any possible speed—accuracy tradeoffs in the cued and
uncued trials, the detection errors were submitted to a 2
(trial type: cued or uncued) X 2 (condition: divided at-
tention or control) ANOVA. There was a main effect of
condition [F(1,11) =5.71, MS, = 6.96, p < .05; showing
that more errors were made in the divided attention con-
dition] but no main effect of trial type [F(1,11) < 1] and
no significant interaction [F(1,11) < 1]. Catch trial er-
rors were made more often in the divided attention con-
dition (on 3.1% of all the catch trials) than in the control
condition [on 0.63% of all the catch trials; #(11) = 3.15,
p <.01]. In the divided attention condition, errors on the
arrow-monitoring task were committed on fewer than
4% of the trials, and the number of errors was not sig-
nificantly different for cued and uncued trials [#(11) < 1].

The finding of a significant interaction between con-
dition and trial type, as can be seen in Figure 2, strongly
suggests that IOR was not present in the divided attention
condition. Thus, it appears that processing and retaining
information about the arrows reduces or even eliminates
the biasing of attention to uncued or novel locations.
Since the participants made a decision regarding the di-
rectionality of the majority of the arrows, it is likely that
they used some form of spatial working memory to pro-
cess the arrows. During this processing period, informa-
tion about previously attended locations decayed, was
displaced, or became less accessible. This observation
provides initial evidence for a spatial working memory
component that guides IOR, so that when other spatial
information competes for spatial working memory ca-
pacity, memory for previously attended locations be-
comes less accessible.

An alternative explanation for the reductionin IOR in
the divided attention conditionis also possible, however.
It may be that the mere presence of the arrows caused the
participants to orient their attention in the direction of
the arrows. Evidence for such obligatory shifts has come
from a recent study by Hommel, Pratt, Colzato, and
Godijn (2001). If such intervening shifts of attention oc-
curred in the interval between the peripheral cues and the
peripheral targets, this might have contributed to the
finding of equivalent RTs to the cued and the uncued lo-
cations. In order to investigate this possibility, a control
experiment was carried out in which the arrows were
present but the participants did not need to monitor or
remember the directionality of the arrows (i.e., no mem-
ory component to the secondary task).

EXPERIMENT 3

Experiment 3 was designed to rule out the possibility
that it was the presence of the arrows that eliminated IOR
in Experiment 2 because of obligatory shifts of attention

SPATIAL WORKING MEMORY AND IOR 975

(e.g., Hommel et al., 2001). Although the arrows were
never predictive of the location of the target (since they
pointed either up or down), it is still possible that the par-
ticipants shifted their attention according to the direc-
tionality of the arrows and that this eliminated IOR from
the peripherally cued location. The present experiment
used stimuli identical to those in Experiment 2, but in
this case the participants did not need to remember or re-
spond to the directionality of the arrows. If the elimina-
tion of IOR in the previous experiment was due to the
spatial working memory load, and not to the mere pres-
ence of the arrows, IOR should be found in the present
experiment.

Method

Participants. Six undergraduate students from the University of
Toronto participated in the experiment in return for course credit.
All had normal or corrected-to-normal vision and were naive with
regard to the purpose of the experiment.

Apparatus and Procedure. The present experiment was iden-
tical to the divided attention condition in Experiment 2, except that
the participants did not need to remember the directionality of the
arrows (the participants were told that the arrows were irrelevant to
the task of detecting the target). The participants responded only to
the presence of the target (see the right panel of Figure 1).

Results and Discussion

The mean RTs for correct detection responses are
shown in the right panel of Figure 2. Detection errors
were made on fewer than 1% of the trials, which was not
enough to analyze. The difference in RT to the two loca-
tions was found to be statistically significant [#(5) =
2.21, p < .05], indicating the presence of IOR.

In contrast to the lack of IOR in Experiment 2, the
finding of IOR in the present experiment suggests that it
is remembering the directionality of the arrows, and not
just their presence, that interferes with IOR. Thus, the
results from the present experiment support the notion
that the introduction of a spatial working memory load
disrupts IOR but that the presence of irrelevant spatial
information does not by itself interfere with IOR. How-
ever, there may have been a difference in the way in
which the arrows were attended to in Experiments 2 and
3 that may have been the cause of the presence and ab-
sence of IOR. This possibility was examined in Experi-
ment 4.

EXPERIMENT 4

An alternative interpretation of the results found in
Experiments 2 and 3 focuses on how the participants
processed the central arrows. In both experiments, the
arrows appeared as abrupt onsets, so it is likely that the
arrows were reflexively attended to in the two experi-
ments. However, in Experiment 2, the participants pre-
sumably also volitionally attended to the arrows, because
they had to determine whether they pointed mostly up or
down. This was not the case in Experiment 3, where they
were told to ignore the arrows. It may be that the lack of
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IOR found with the arrows in Experiment 2 was not due
to any working memory load but, rather, that volitionally
attending to the arrows produced shifts of attention that
interfered with the IOR generated from the peripheral
cues. Because there was no need to attend to the arrows
in Experiment 3, the arrows might not have produced
shifts of attention, and thus there was no interference of
IOR.

The present experiment was conducted to determine
whether volitionally attending to a central arrow and
then producing a volitional shift of attention in the di-
rection of that arrow would interfere with IOR. In this
experiment, the display consisted of four placeholder
boxes equidistant from each other and from the fixation
area, oriented so that two boxes were located along the
horizontal meridian (as in all the of the previous experi-
ments) and two were located in the vertical meridian.
Following a peripheral cue at one of the locations in the
horizontal meridian, a vertical arrow appeared at the
central fixation area and remained present until the end
of the trial. This arrow was predictive of where the tar-
get would appear, and the participants were made aware
of this in the instructions (the target was three times
more likely to appear in the location indicated by the ver-
tical arrow than in any of the other three locations). Be-
cause the arrow is informative, the participants should
shift their attention to the location indicated by the arrow.
If such an intervening shift of attention interferes with
IOR (it would occur after the peripheral cue and before
the onset of the target), no IOR should be found. How-
ever, if spatial working memory load was the cause of
the lack of IOR in Experiment 2, IOR should be found in
the present experiment.

Method

Participants. Ten new undergraduate students from the Univer-
sity of Toronto participated in the experiment in return for course
credit. All had normal or corrected-to-normal vision and were naive
with regard to the purpose of the experiment.

Apparatus and Procedure. The sequence of events in Experi-
ment 4 is shown in Figure 3. The initial display was presented for
750 msec and consisted of four placeholder boxes (1° square), with
two boxes located on the horizontal meridian and two boxes located
on the vertical meridian. Each box was equidistant (5°) from the
central fixation point, which was 0.1° in diameter. One of the pe-
ripheral boxes located on the horizontal meridian (left or right) was
cued by outlining the perimeter of the box for 100 msec in white.
After a 50-msec delay, a vertical arrow (1° in height), oriented ei-
ther up or down, was presented at the central fixation area and re-
mained present for the duration of the trial. After an 850-msec
delay, a target circle (0.7°) appeared in one of the four placeholder
boxes on 80% of all the trials (20% of the trials were catch trials).
The target was three times more likely to appear in the location that
the arrow pointed toward (either the top or the bottom box on the
vertical meridian), and the participants were told of this prior to the
experiment. Thus, trials in which the arrow predicted the target
(arrow-cued trials), as well as trials in which the arrow did not pre-
dict the target (arrow-uncued trials), were intermixed with trials in
which the target was presented in the same location as the periph-
eral cue (peripheral-cued trials), as well as trials in which the target
appeared in the uncued peripheral location (peripheral-uncued tri-
als). On all the trials, the participants were asked to respond to the
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Figure 3. The sequence of events in noncatch trials in Experi-
ment 4. In any given trial, the central arrow can appear pointing
either up or down, and the peripheral cues can appear at either
the left or the rightlocation. The target is three times more likely
to appear in the vertical location indicated by the arrow.

target as quickly and as accurately as possible by pressing the space
bar (regardless of the location of the target) and were told not to re-
spond if the target did not appear. The participants were asked to
remain fixated on the central fixation area throughout each trial.
The next trial began 1,000 msec after the participants made their re-
sponse or, on catch trials, 1,000 msec after the display disappeared.
There were 270 trials in the experiment, and the participants took a
short break after sets of 90 trials.

Results and Discussion

The mean RTs for correct detection responses are
shown in Figure 4. Trials in which the arrow indicated
the location of upcoming targets in the vertical plane are
termed arrow-cued trials, and trials in which the target
appeared in the same location as the peripheral cue in the
horizontal plane are termed peripheral-cued trials.

The data were submitted to a 2 (condition: target ap-
pearing in the vertical plane or target appearing in the
horizontal plane) X 2 (trial type: arrow cued or uncued
or peripheral cued or uncued, depending on the trial) re-
peated measures ANOVA. The main effect of condition
was statistically significant [F(1,9) = 15.86, MS, = 514,
p < .01]. The main effect of trial type was not statisti-
cally significant [because one effect was a cuing effect,
whereas the other was an inhibitory effect; F(1,9) = 1.47,
MS, = 1,123, p < .3]. The interaction between condition
and trial type was significant [F(1,9) =24.5,MS =512,
p < .01]. As can be seen in Figure 4, RTs were faster to
the arrow-cued location than to the arrow-uncued loca-
tion, indicating that the participants did shift their atten-
tion in accordance with the arrows. Importantly, RTs
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Figure 4. Mean reaction times (RTSs) for correct trials in Experiment 4. Error bars

indicate standard errors of the mean.

were slower to the peripherally cued locations than to the
peripherally uncued locations, indicating that IOR was
present despite an intervening shift of attention. Follow-
up ¢ tests confirmed these observations, with RTs for the
uncued position being shorter than those for the cued po-
sition for the peripheral cues [7(9) = 2.29, p < .05] and
RTs for the position in which the arrow pointed at being
shorter than those for the position that the arrow did not
point at [#(9) = 3.25, p < .05]. The number of detection
errors are presented in Table 1; these occurred on fewer
than 2% of all the trials and were not further analyzed.
The finding that IOR still exists in the presence of a
predictive endogenous spatial cue that does not require
working memory suggests that IOR can be found in tasks
that require one to attend to and process spatial infor-
mation. This is consistent with other findings reported
by Berger (1994, cited in Rafal & Henik, 1994), Berger
and Henik (2000), and Berlucchi et al. (2000). Further-
more, the present study rules out an attentional set ex-
planation in the previous studies, in which control and
divided attention conditions were blocked. If this block-
ing procedure led to an attentional set in the divided at-
tention condition and this is what led to the disruption of
IOR, one would not expect to find IOR in the present
study, in which predictive arrow cues were present in
each trial, along with peripheral cues. The present results
show that IOR is still observed under these circum-
stances, and this finding stands in contrast to those of
Experiment 2, in which having to remember spatial in-
formation regarding the arrows eliminated IOR.

EXPERIMENT 5

The results of Experiments 2, 3, and 4 indicated that
spatial working memory plays a critical role in IOR.

However, this conclusion was based largely on the inter-
action found in the arrow-monitoring memory task from
the second experiment. To provide a stronger test of the
conclusion, the present experiment used a different spa-
tial working memory task. Specifically, the participants
had to monitor and remember three objects (composed
of two adjacent colored circles) that were presented at
fixation (after the cue and before the target), in order to
compare these objects with a probe object presented
after the response to the peripheral target. This task had
a heavy spatial component because the probe object was
rotated 90° clockwise from the orientation of the three
memorized objects. This task was chosen because it
would involveboth a visual working memory component
(similar to those used by Woodman, Vogel, & Luck,2001)
and a spatial working memory component (since the par-
ticipants would have to remember the relative location
of the colored circles in order to carry out the rotation to
allow a comparison with the probe).

Method

Participants. Ten new undergraduate students from the Univer-
sity of Toronto participated in the experiment in return for course
credit. All had normal or corrected-to-normal vision and were naive
with regard to the purpose of the experiment.

Apparatus and Procedure. The experiment took place in a
dimly lit sound-attenuate d room. The participants were seated
44 cm in front of a computer monitor. The viewing distance was
held constant with the use of an adjustable head-/chinrest, and the
computer keyboard was placed directly in front of the participants.

The sequence of events in Experiment 5 is shown in Figure 5.
The apparatus and basic trial sequence were similar to those in Ex-
periments 1, 2, and 3, with the major difference being that objects
(as opposed to digits or arrows) were presented between the pre-
sentations of the cue and the target. The three objects were com-
posed of two adjacent circles (0.4° in both height and width, mak-
ing the entire horizontal object 0.4° in height and 0.8° in width) and
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Figure 5. The sequence of events in noncatch trials in Experi-
ment 5. The figure is not to scale (see the Method section for exact
dimensions).

were oriented either with a red (17 cd/m?2) circle on the left and a
green (22.5 cd/m2) circle on the right or vice versa (i.e., there were
no objects that had two green circles or two red circles). The three
objects were randomly presented one after the other (300 msec
each, with a gap of 50 msec between presentations) and were pre-
sented at the center fixation area. The objects were presented for the
same duration as the digits and arrows in Experiments 1, 2, and 3.

As with Experiment 2, the participants were told that perfor-
mances on the detection task and the object-matching task were
equally important. The detection task was the same as that in the
previous experiments, and the participants were instructed to press
the space bar as soon as they detected the target and to withhold
this response if the target did not appear (i.e., on catch trials). They
were also told to monitor and remember the objects that were pre-
sented at fixation, in order to compare the objects that appeared on
the majority of presentations with the probe target (which they were
told was rotated 90° clockwise relative to the presented objects),
which appeared after the participants had responded to the target (or
after 1,200 msec on catch trials). For example, if two objects ap-
peared with a red circle on the left and a green circle on the right

and the probe object was a red circle above a green circle, the par-
ticipants should respond same. The participants answered the ques-
tion by pressing the 8 key on the numeric keypad for same or the 2
key for different. As in Experiments 1 and 2, the participant was
given an unlimited amount of time to answer the question, and once
the participant made this response, the next trial began 800 msec
later. As in the previous experiments, the participants were told that
they should maintain fixation at the center during each trial and that
they should not make any eye movements. The participants com-
pleted 120 trails in a single session, which took place in a single
1-h session. As before, catch trials occurred on 20% of all the trials.

Results and Discussion

The mean RTs for correct detection responses were
calculated using the trials in which the participant cor-
rectly answered the question regarding the objects. The
mean RTs are displayed in Figure 6, and were analyzed
using a two-tailed ¢ test, which did not show a reliable
difference in RTs for targets at cued locations relative to
targets at uncued locations [#(9) < 1.5, p > .18]. This
finding of no IOR (in fact, the nonsignificant effect was
in the opposite direction) strongly suggests that moni-
toring and remembering the spatial component of ob-
jects presented at fixation disrupts IOR. The error rates
in the present experiment are displayed in Table 1. In
order to examine for speed—accuracy tradeoffs, the per-
centages of errors made in cued and uncued conditions
were compared and were not found to be statistically dif-
ferent [#(9) < 1.8, p > .05]. Thus, as was found in Exper-
iment 2, when participants must process and remember
spatial information in working memory, IOR is dis-
rupted, suggesting that IOR relies on a visual spatial
working memory mechanism to inhibit previously cued
locations.

GENERAL DISCUSSION

The results from the present study provide new in-
sights into the processes involved in IOR. The first ex-
periment showed that IOR exists even when numerical
information must be processed and maintained after the
presentation of a cue. Thus, it appears that the IOR task
and the digit tasks recruited different cognitive or neural
resources; even though RTs were greater in the divided
attention condition, IOR was still present. In Experi-
ment 2, when spatial information had to be processed
and remembered, the inhibition associated with previ-
ously cued locations was disrupted. Experiments 3 and 4
showed that this disruption of IOR occurred only when
the spatial information had to be fully processed and
held in memory. Experiment 5 demonstrated that IOR is
disrupted when participants must remember orientation
informationregarding an object in spatial working mem-
ory. The present series of experiments extends the initial
finding by Maylor (1985) by having participants conduct
working memory tasks that do not involve shifts of at-
tention or pursuit eye movements and that allow for the
specific examination of the attentional and memory
components of IOR.
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Figure 6. Mean reaction times (RTs) for correct trials in Experiment 5. Error
bars indicate standard errors of the mean.

There are at least two possible explanations for the
disruption of IOR when the intervening arrows and ob-
jects were processed and held in working memory in Ex-
periments 2 and 5. One explanation is that the process-
ing of the peripheral cue and the information presented
at fixation may share common mechanisms, leading to
similarity-based interference, a notion that was tested in
Experiment 4. Along these lines, Berger (1994, cited in
Rafal & Henik, 1994) and Berger and Henik (2000) con-
ducted experiments using a central arrow cue (which in-
dicated the most likely target location) and a peripheral
cue (which was uninformative) and found IOR that re-
sulted from the peripheral cues. Notably, this pattern of
results was not affected by the order in which the two
cues were presented. Moreover, Berlucchi et al. (2000)
reported similar findings when the central cue consisted
of a number indicating the most likely target location.
Given these findings and the finding from Experiment 5,
it seems unlikely that the processing of peripheral and
central spatial cues in close temporal proximity would
be sufficient to disrupt IOR.

A second possible explanation for the disruption of
IOR, and the more likely one on the basis of the present
experiments, focuses on the role of visual spatial work-
ing memory in IOR. This explanation suggests that the
inhibited locationis held in a form of visual spatial work-
ing memory, such that intervening tasks using the same
working memory processes disrupt the trace of the in-
hibited location. Recall that in Experiments 3 and 4, IOR
was not disrupted by the mere appearance of the inter-
vening arrows but was disrupted only when the spatial
information about the arrows had to be remembered, as
in Experiment 2. This pattern of results was also found
when location information regarding objects had to be
remembered in order to compare them with a rotated

probe object. These observations raise the question of
the capacity of the spatial working memory system that
appears to mediate IOR. There is evidence that spatial
working memory has a relatively limited capacity, per-
haps capable of processing only single units of spatial
information (Baddeley & Logie, 1999). In the present
case, it may be that the spatial information associated
with arrows forms a unit of information that interferes
with the processing of the unit of spatial information as-
sociated with the peripheral cue. It is important to note
that in the present series of experiments, two different
kinds of spatial working memory task both resulted in
the disruption of IOR, providing converging evidence
suggesting that a form of visual spatial working memory
is involved in IOR. The idea that spatial working mem-
ory processes are involved in IOR has been alluded to by
Klein (2000), who noted that IOR is unlikely to be due
to inhibitionin the superior colliculus (SC) itself (on the
basis of work by Dorris, Taylor, Klein, & Munoz, 1999)
but, rather, may be due to reduced inputs to the SC from the
parietal cortex. Klein suggested the parietal cortex as the
possible locus of IOR because of its role in the reflexive
orienting of attention, manual responding, and spatial
working memory. Thus, the SC may best be viewed as an
endpoint for IOR processing, and IOR may be viewed as
reflecting the operation of several cortical processes, and
not strictly as a subcortical, reflexive phenomenon.

The notion that spatial working memory plays a role
in IOR has implications for a variety of issues regarding
the deployment of attention across the visual field. One
such issue concerns the number of peripherally cued lo-
cations that can be inhibited. Initially, Pratt and Abrams
(1995) failed to find evidence for IOR at multiple loca-
tions. However, this appears to have been due to their
method, which used only two possible cue/target loca-
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tions. Subsequent work (Abrams & Pratt, 1996; Tipper
et al., 1996) in which four possible cue/target locations
were used showed IOR at more than one location. More
recently, Snyder and Kingstone (2000; see also Danziger
et al., 1998) showed that IOR may be found at as many
as six or seven locations, consistent with the notion that
IOR improves the efficiency of visual searches. Both
studies found that IOR declines with increasing numbers
of cues (i.e., the largest amount of IOR at the last cued lo-
cation, the smallest amount of IOR at the initially cued
location). Surprisingly, it is not yet known whether the
reduction in IOR is due to interference from subsequent
cues or simply occurs with the passage of time. Given
the limited capacity of spatial working memory, com-
bined with the relatively brief duration of the sequence
of cues, it seems likely that interference from subsequent
cues is the dominant factor in reducing IOR in such ex-
periments. The present finding is also consistent with
work done by Wright and Richard (1998, 2000), who
suggested that IOR evolves from a goal-directed inhibi-
tion procedure that encodes and tags previously attended
locations in order to bias search to novel locations.
Another important consideration for the role of spatial
working memory in IOR concerns the notion that IOR
improves the efficiency of visual searches. Logan (1978,
1979) has shown that the maintenance of verbal working
memory does not interfere with visual search, whereas
Woodman et al. (2001) have shown that visual search re-
mains efficient even when visual working memory is at
capacity. However, this does not rule out a role for visual
spatial working memory in visual search, and recent ev-
idence has shown that spatial working memory load im-
pairs visual search efficiency (Oh & Kim, 2002). In
terms of IOR and visual search, Horowitz and Wolf
(2001; see also Horowitz & Wolfe, 1998) suggested that
IOR and memory play a minimal role in visual search.
However, other recent studies have confirmed Klein’s
(1988) original finding of IOR in an attentive serial vi-
sual search task, but not in a preattentive parallel search
task (Miiller & von Miihlenen, 2000; Shore & Klein,
2000; Takeda & Yagi, 2000). Also, IOR has been found
in visual search tasks that require saccadic eye move-
ments to find targets in complicated visual displays
(Gilchrist & Harvey, 2000; Klein & Maclnnes, 1999).
Gilchrist and Harvey also suggested that the number of
refixations to previously cued locations in a visual
search may indicate a limited functional capacity for
memory of spatial locations. This would be consistent
with the results from multiple-cue experiments (e.g.,
Snyder & Kingstone, 2000) and with Baddeley and Lo-
gie’s (1999) suggestion that visual temporary memory
may be able to hold only a single pattern. However, re-
cent research has shown that many locations may be in-
hibited (as many as 20 specific locations; Takeda, in
press), which may suggest a very large capacity of the
spatial working memory system that underlies IOR.
Taken together, these experiments provide a strong case
for IOR (and spatial working memory) in visual search

tasks. However, as was pointed out by Horowitz and
Wolfe (2001), the presence of IOR may depend on the
nature of the visual search, with IOR being less likely in
searches that allow for very rapid shifts of attention.

In summary, the present series of experiments show
that IOR can exist in the presence of other tasks that re-
quire memory and attention but that, when such tasks de-
mand a form of visual spatial working memory capacity,
IOR is eliminated. These results and other findings from
the literature suggest that IOR may rely on a visual spa-
tial working memory system that functions to improve
the efficiency of visual searches.
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NOTE

1. An experiment similar to Experiment 1 was also carried out using
a different verbal working memory load. This experiment was identical
to Experiment 1, except that the participants were asked to add the three
intervening digits and report the total after responding to the peripheral
target. As in Experiment 1, equal magnitudes of IOR were found in both
the control and the working memory load conditions.
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