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Abstract

Inhibition of return (IOR) refers to the slowing of reaction times to a target when a preceding
stimulus has occupied the same location in space. Recently, we observed a robust inhibitory effect
for color and shape in moderately complex displays: It is more difficult to detect a target with a
particular nonspatial attribute if a stimulus with the same attribute was recently the focus of
attention. Such nonspatial inhibitory effects have not generally been found in simpler displays. In
the present study, we test how location-based and nonspatial inhibitory effects vary as a function
of display complexity (8, 6, 4 and 2 locations). The results demonstrated that: (1) location based
inhibition effects were much stronger in more complex displays, whereas the nonspatial inhibition
was only slightly stronger in more complex displays; (2) Nonspatial inhibitory effects emerged at
longer SOASs than location-based effects; and (3) Nonspatial inhibition only appeared when cues
and targets occurred in the same locations, confirming that pure feature repetition does not
produce a cost. Taken together, the results are consistent with perceptual processes based on
object files that are organized by spatial location. Using somewhat more complex displays than are
most commonly employed provides a more sensitive method to observe the role of inhibitory
processes in facilitating visual search. In addition, using a relatively wide set of cue-target timing
relationships is necessary in order to clearly see how inhibitory effects operate.

Keywords
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As we navigate the world each day, we generate thousands of actions in response to
countless objects and features of those objects in our environment. Among the many objects
present at any moment, only a few are task relevant. The others are task irrelevant, and thus
potentially distracting. The ability to efficiently direct visual attention to target objects or
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features, and ignore distracters, is thus critical for efficient functioning. And, once we have
extracted information about a relevant object or feature, to ensure accurate and effective
perception, we need an attentional control mechanism to discourage attention from re-
orienting back to previously attended locations and features. The term Inhibition of Return
(IOR) has been used to describe such a mechanism: a bias against attending to visual stimuli
at recently attended locations (Posner & Cohen, 1984; Posner, Rafal, Choate, & Vaughan,
1985).

In Posner and Cohen's (1984) seminal study of IOR, subjects were presented with three
boxes: One to the left, one to the right and one at the center of a screen (Figure 1, left panel).
A trial began with the brightening of one of the peripheral boxes for 150 msec, which served
as a visual cue. Later a small dot appeared in one of the three boxes 0-500 msec following
the onset of the cue. This target appeared in the central box with probability 0.6 and in one
of the peripheral boxes with probability 0.1 (catch trials occurred with a probability of 0.2).
Subjects were required to hit a response button upon detection of the target. When the cue-
target interval (stimulus onset asynchrony, SOA) was less than 250 msec, responses were
faster to the visual targets that appeared at the cued location. However, this facilitation effect
disappeared and reversed when the SOA exceeded 300 ms: Responses were actually slower
at the cued location, as compared to the uncued location. Posner and Cohen proposed that
IOR reflected a build-up of inhibition after attention was disengaged from the cued location,
and the slowed responses were the result of a delay in attention returning to a previously
examined location (for alternative theoretical perspectives, see Dukewich, 2009; Klein &
Taylor, 1994; Lupiafiez, 2010).

Research has begun to clarify the mechanisms underlying IOR, and more generally, the
important principles that guide the visual system's selection and orienting processes (for
reviews, see Klein, 2000; Lupiafiez, 2010; Lupiafiez, Klein & Bartolomeo, 2006). For
example, the inhibitory effect is strongest at the location of the cue and falls off with
distance from that location (Bennett & Pratt, 2001; Maylor & Hockey, 1985; Samuel &
Weiner, 2001). The inhibition generally begins to appear 200-300 ms after the cue, and
tends to dissipate about 3000 ms later (for a review, see Samuel & Kat, 2003). From a
functional perspective, Klein (1988) has proposed that IOR facilitates foraging in tasks that
require attention-demanding serial examination by discouraging orienting toward previously
inspected regions and objects. Ivanoff and Taylor (2006) have suggested that IOR facilitates
an observer's ability to operate in dynamic environments because reducing attention to one
location or object may allow more efficient accrual of information about others (that have
not yet been processed).

Most studies of IOR have focused on where and when: Studies have delineated the spatial
distribution of IOR relative to where the cue was presented, and when the inhibition begins
and ends. Less research has been done on the what question: Exactly what is being
inhibited? There has been substantial work to test whether the inhibition applies to the
location per se, or to an object that occurred at the critical location (e.g. Tipper, Driver &
Weaver, 1991; Tipper et al., 1994). However, there has been relatively little research
looking for evidence that processing of particular properties might be inhibited. For
example, if a red triangle was the cueing event, is there reduced processing of red things, or
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of triangular things? One reason that there has not been a great deal of work on this question
is that most early studies of it yielded negative findings (Kwak & Egeth, 1992; Tanaka &
Shimojo, 1996), or very weak effects (Law, Pratt & Abrams, 1995; Taylor & Klein, 1998;
Fox & de Fockert, 2001; Riggo, Patteri & Umilta, 2004).

However, there were hints in the studies finding weak effects that inhibition of particular
stimulus properties might only be detectable when the test displays required a certain level
of processing complexity. The highly-simplified types of displays that were used by Posner
and Cohen (1984), and in much of the following work, may not provide conditions in which
evidence can be found for feature-based inhibitory effects. With that in mind, we conducted
a series of experiments using somewhat more complex displays, and found robust effects for
inhibition based on both color, and on shape (Hu, Samuel & Chan, 2011). Figure 1
illustrates the quite different displays used in the classic Posner and Cohen types of
experiments (left side) and the experiments that we reported (right side). Our displays had 8
regions that could each contain 0, 1, or 2 small objects, and each object could be one of two
colors; the classic displays have two relevant locations, and a simple detection target. In the
first use of these more complex displays, Samuel and Weiner (2001) reported location-based
(standard) 10OR effects that were about twice as large as those found with the more typical
two-location displays. Thus, displays that reflect a bit more of the complexity of the visual
world may allow us to see more of the operations that the attentional system performs to
deal with the visual world. A central goal of the current study is to examine the pattern of
location-based IOR and feature-based inhibition as a function of display complexity,
combining this what question with the more typical when and where questions. To be clear
about which effect we are discussing, we refer to the classic Location-based Inhibition of
Return as LIOR, and to the Feature Repetition Inhibitory Effect as FRIE.

In the current study, we compare the LIOR and FRIE patterns as we decrease the display
complexity from the 8-location displays used in our previous studies down to the simple 2-
location displays used in many prior studies. We will examine the two different types of
inhibitory effect (location vs feature) as a function of the complexity of the displays and the
delay between the initial cue and target appearance. The results clarify the extent to which
the classic IOR (LIOR) and newly-reported feature-based effects (FRIE) show common
properties, and the extent to which they diverge.

We have noted that several theoretical accounts posit that inhibitory effects can improve
foraging and visual search by preventing inefficient attentional allocation. These accounts
predict that IOR should be larger when search is difficult, and there is evidence that this is
the case (e.g., Klein & Maclnnes, 1999; Snyder & Kingston, 2007). Consistent with this,
Muller and von Muhlenen (2000) reported IOR effects for displays with 6 or 10 locations,
but not for displays with only 2. However, there are also several studies that found no effect
of display complexity on IOR (e.g., Klein, 1988; Takeda & Yagi, 2000; Thomas & Lleras,
2009; Wang & Klein, 2010). Pratt, Adam and McAuliffe (1998) actually found that when
the number of target locations increased, the overall IOR effect seemed to decline, though
work by Birmingham et al. (2007) indicates that this decline is probably a consequence of
greater distances between the cue and target in the displays with more locations.
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Collectively, the results from these studies are rather murky, and are limited to location-
based IOR. Presumably the inconsistent pattern across studies can be attributed to variation
in the methods used in different studies, both in terms of the placement of the target
location, and critically, in terms of the particular cue-target onset times. In the present study
we used a consistent procedure across multiple experiments, varying the display complexity
across experiments while using a rich and consistent sampling of cue-target onset times. As
the results will make clear, the inhibitory effects vary strongly across both complexity and
cue-target delays, and the effects can only be understood with an appropriately dense
sampling.

Our approach here is to start with displays of the same complexity that we used in our prior
work (8 locations) together with still-complex but slightly simpler ones (6 locations). After
establishing the inhibitory patterns with these complex displays in Section 1, we will then
compare these to the results for displays like those used in most I0R studies (2 locations),
and slightly more complex ones (4 locations) in Section 2.

Section 1: Inhibition Effects with Complex Displays

Method

Participants—?55 participants were recruited for Experiment 1 (8 locations) and a different
group of 56 participants were recruited for Experiment 2 (6 locations). All participants were
from Peking University, were right-handed, and were naive to the purpose of the
experiment. All reported normal or corrected-to-normal (color) vision. Each was tested
individually and was paid 15 RMB for participating.

Apparatus and procedure—All experiments were conducted on a Pentium IV computer
running E-Prime software (Schneider, Eschman, & Zuccolotto, 2002), with subjects viewing
the screen from a distance of approximately 63 cm. A computer keyboard was directly in
front of the subject and its space bar was used as the response device.

The stimuli and the general procedures were very similar to those of Hu et al. (2011).
Figures 2 and 3 show the sequence of events on a trial in Experiment 1 (8 locations) and
Experiment 2 (6 locations), respectively. Each trial began with a white fixation cross (1°) on
a dark background displayed for 250 ms. This was followed by a display which consisted of
eight/six white circles (diameter: 3.79) presented for 750 ms. The white circles were
arranged in a circular fashion around the fixation cross (radius: 6.8%). Empty circles
alternated with filled circles, each of which contained two small (1°) disks. Each disk could
be red or blue. The cue (a red or blue disk) then appeared in one of the empty circles.
Finally, the target object was presented in the fourth display, with subjects instructed to
respond when they detected target onset. The cue-target SOAs were chosen to provide both
a dense sampling and to include longer intervals than many studies have used: 200, 350,
700, 1500, 2500, and 3500ms. Our previous work suggests that feature-based effects, in
particular, may require relatively long SOAs. To look for feature repetition inhibition, half
of the target disks matched the cue in color (feature repetition: red-red or blue-blue), and
half mismatched (red-blue or blue-red). In all experiments, trials were terminated by the
subject's response, or after a timeout period of 3000 msec.
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Targets were equally likely to be presented at each possible location. In this respect,
Experiment 1 was slightly different than the corresponding experiment in Hu et al. (2011).
In that study, 33.3% of the targets were presented in the SAME location as the cue, 33.3%
900 away (split equally across the clockwise and counterclockwise locations), and 33.3%
1800 away.

Experiment 1 consisted of three blocks, with each block including 192 target-present trials
and 16 target-absent trials. The 192 target-present trials represented the crossing of: 4
locations of the cue x 4 possible target locations relative to the cue x 6 SOAs x 2 color
repetition cases (match or mismatch of cue-target color). Subjects were told that two small
figures would be added to the initial display on each trial, and were required to push the
space bar when the second figure appeared. The 16 target-absent trials in each block were
catch trials in which a cue but no target appeared. Subjects were instructed to withhold
responses on trials without targets. We divided blocks into two passes, offering a rest period
after each pass. The subject was instructed to fixate on the central cross throughout the
experiment. Before this experiment, and before each of the following experiments, each
subject was given a practice block of 30 trials.

In Experiment 2, the 108 target-present cases represented the crossing of: 3 locations of the
cue x 3 locations of the target x 6 SOASs x 2 color repetition cases [match or mismatch of
cue-target color]). The 324 (3 x 108) target-present trials were broken into four passes. Each
pass consisted of 81target-present trials plus 8 catch trials.

In all of the experiments, approximately half of the subjects were run with displays in which
the cue remained present through the appearance of the target (cue on version); for the other
subjects, the cue was removed from the display 100 msec after it appeared (cue off version).
We included this manipulation based on Tipper et al.'s (1994) suggestion that because IOR
can be associated with objects, the removal of the cueing object could remove object-based
inhibition. While this prediction has been supported under some conditions (e.g. Klein &
Maclnnes, 1999; Maclnnes & Klein, 2003; Muller & von Muhlenen, 2000; Takeda & Yagi,
2000), it has not been supported under others (e.g. Lleras, Rensink, & Enns, 2005, 2007;
Thomas & Lleras, 2009). Because we found no effect of this manipulation in our
experiments, in all of the analyses we report here we have collapsed across the on and off
versions.

Results and discussion

In Experiment 1, the data from three subjects were removed because they did not correctly
follow the instructions (these subjects reported during debriefing that they were mentally
computing the rate of catch trials; their response times were extremely variable). One other
subject's data were excluded due to very long reaction times (most RTs were greater than
600 msec). The grand mean reaction time was 433 msec. In Experiment 2, all 56 subjects
performed well, with an overall mean reaction time of 436 msec. In both experiments,
missed targets occurred on fewer than 1% of the trials; these trials were not included in the
analyses. The false alarm rate on catch trials was under 2% in both experiments. Response
times less than 100 ms or greater than 1500 ms were removed as outliers prior to analysis
(less than 1%).
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Preliminary analyses for each experiment indicated that there were no systematic differences
between targets in the three (Experiment 1) or two (Experiment 2) Different location
conditions. Therefore, in each experiment we created a single Different location condition
by averaging across the Different locations. The top panels of Figures 2 and 3 present the
mean target detection times (from correct trials) broken down by the location of the target,
the SOA, and whether the target matched the cue in color.

For each experiment, the mean RTs were submitted to a 2 (Color Repetition: repeated vs
non-repeated) x 6 (SOA: 200, 350, 700, 1500, 2500 and 3500 ms) x 2 (Location: Same vs.
Different) analysis of variance (ANOVA). In both cases, all three main effects were
significant. For the most complex (8-location) displays: Color Repetition, F(1,50) = 18.693,
p<.001; Location, F(1,50) = 40.987, p <.001; SOA, F(5,250) = 24.841, p<.001. For the 6-
location displays: Color Repetition, F(1,55) = 7.341, p=.009; Location, F(1,55) = 72.443, p
<.001; SOA, F(5,275) = 22.416, p<.001. In Experiment 1, all three two-way interaction
effects were also reliable: Location x Color Repetition, F(1,50) = 15.749, p <.001; SOA x
Color Repetition, F(5,250) = 3.731, p = .003; and Location x SOA, F(5,250)=10.016, p <.
001. In Experiment 2, the Location x Color Repetition interaction (F(1,55) =16.254, p <.
001) and the Location x SOA interaction (F(5,275) = 9.049, p <.001) were significant, and
the interaction of Color x SOA was marginally significant, F(5,275) = 1.997, p =.079.
Finally, the three-way interaction effect was significant in both experiments, F(5,250) =
2.849, p =.016 (8-location), and F(5,275) = 2.527, p =.029 (6-location). The overall RT
patterns are extremely similar to the results Hu et al. (2011) reported under similarly
complex conditions.

Location repetition: LIOR—The classic location-based IOR effect is characterized by
slower detection of targets that occur at a cued location than targets appearing at uncued
locations, with the difference beginning to emerge after about 300 msec. The significant
Location x SOA interaction in both experiments confirms the presence of this LIOR:
Reaction times are much slower in the Same Location than in the Different Locations, but
not at the shortest SOA. At SOA = 200 ms, there was a weak facilitation effect (Same faster
than Different) in both experiments, t(50)= —1.449, p=.077 for the 8-location displays, and
t(55) = -.875, p =.193 for the 6-location displays. For SOAs of 350 ms or greater, a robust
LIOR effect was present, smallest t(50)=3.857, p <.001 for the most complex displays and
smallest t(55)=4.840, p <.001for the 6-location displays. Statistical tests for all SOAs, for all
experiments, are presented in the Appendix.

Feature (color) repetition: FRIE—Hu et al. (2011) reported that color repetition
produced an inhibitory effect on target detection, but only when the target occurred at the
Same location as the cue. As Figures 2 and 3 show, we observe the same pattern here, with
no effect of Color Repetition when the target was presented at a Different location (the two
curves plotted with triangles), but a large effect of Color Repetition for Same Location
targets (the two curves plotted with circles). As in the previous study, the FRIE develops
rather slowly. In both experiments, for the three longest SOAs (1500 ms, 2500 ms, and 3500
ms), color-based inhibition in the Same location was quite robust, smallest t(50) =2.606, p =.
006 for the most complex displays, and smallest t(55) =2.556, p = 0.007 for the 6-location
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version. The effect may emerge a bit earlier in the most complex displays, as the effect at
SOA =700 ms was small but significant (a 12 msec difference, t(50) =1.899, p =.032) in
Experiment 1, while it was not present in the 6-location case (t(55) = —.278, p =.391). In
Experiment 1 there was no hint of FRIE based on Color Repetition at the 200 ms or 350 ms
SOA:s. This was also true at 350 msec SOA in Experiment 2. There was actually a
significant effect at 200 msec for the 6-location displays, t(55)=2.637, p =.005, but that is
almost certainly spurious, given the rest of the data.

Section 1 Conclusion: The goal of Section 1 was to replicate the LIOR and FRIE patterns
observed by Hu et al. (2011), using equally complex displays (Experiment 1) and slightly
simpler ones (Experiment 2). The observed inhibitory effects here nicely match those
observed in the previous study, providing a basis for comparison when we reduce the
complexity of the displays towards conditions more like the simpler displays used in most
IOR studies. In both experiments, location repetition produced the classic pattern for
location-based I0OR: early facilitation followed by later inhibition. At the shortest SOA (200
ms), both experiments showed the usual facilitation, and both yielded reliable inhibition
beginning at the 350 msec SOA. Both of the experiments also produced the feature (color)
repetition inhibitory effect, and in each case the FRIE became apparent no sooner than 700
ms. After about 1 second, inhibition only remained for targets sharing features with the cue.
Consistent with previous reports (e.g., Hu et al., 2011; Kwak & Egeth, 1992), the feature-
based effect only appeared when the cue and the target occurred in the same location. The
late-developing FRIE reflects the fact that inhibition is long-lasting when the target fully
matches the cue but fades when there is featural mismatch.

Section 2: Inhibition Effects with Simpler Displays

In Section 2, we present two experiments to further investigate the effect of display
complexity on LIOR and FRIE. As we noted previously, it seems likely that the simple
displays used in many previous studies could potentially underestimate the degree to which
the perceptual system suppresses distracters precisely because such displays do not have a
great deal of distracting detail. In fact, Kat and Samuel (2003) reported that the location-
based 10R effects obtained with 8-location displays similar to those in Experiment 1 were
about twice as large as the typical effect found in most 2-location studies. Thus, we predict
that LIOR effects in Section 2 will be significantly smaller than those in Section 1.

With respect to feature-based inhibition, recall that the existing literature is rather small,
presumably because most early studies found little or no evidence for these effects. In our
previous work (Hu et al., 2011) and in Section 1, in contrast, robust FRIE was observed. We
hypothesize that the difference between the early failures and our more recent successes can
be traced to a combination of the more complex displays we have used, and the wider range
of cue-target SOAs. As we saw in Section 1, FRIE is only seen at quite long SOAs.
Moreover, there is a hint across those two experiments that there may be an interaction
between display complexity and the time needed for FRIE to emerge — greater complexity
may allow the effect to be seen somewhat earlier. Section 2 provides information about the
strength and time-course of both location-based and feature-based inhibitory effects in less
complex displays, displays like those used in most prior IOR studies.
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Participants—120 paid subjects from Peking University, with the same qualifications as
those in the prior experiments, participated. Half took part in Experiment 3, and half were in
Experiment 4.

Apparatus and procedure—The apparatus and procedure matched those of Section 1,
except that the displays now only included four or two large circles (see Figures 4 and 5). In
Experiment 3, filled circles and empty circles alternated, with two (red or blue) disks present
in the filled circles; in this respect, the method was identical to that in Experiments 1 and 2.
The filled circles were eliminated in the displays for Experiment 4, producing 2-location
conditions similar to those used in many IOR experiments. In both experiments, the cue
appeared in one of the two empty circles and the target then appeared either within the Same
circle or in the other originally empty circle (a Different Location trial). The target was
presented equally often in two locations (50% Same, 50% Different). Again, these
conditions are quite similar to those in classic IOR studies. There were 48 target-present
cases in both Experiment 3 and Experiment 4: 2 locations of the cue x 2 locations of the
target x 6 SOAs x 2 color repetition cases (match or mismatch of cue-target color); the 48
types were each presented eight times. These 384 trials were presented in 4 passes, with
each pass consisting of 96 target-present trials plus 10 catch trials.

Results and discussion

In both experiments, all subjects performed well, with miss rates under 1% and false alarm
rates under 2%. The average response time was 416 msec for the 4-location displays, and
429 msec for the 2-location version. Figures 4 and 5 present the mean target detection times
(from correct trials) broken down by target location, SOA, and the color repetition factor.
Comparison of the results here to the results in Section 1 suggests that both the LIOR
(circles versus triangles) and the FRIE (open versus filled circles) were reduced in these less
complex displays.

Response times less than 100 ms or greater than 1500 ms were removed prior to analysis
(less than 1%). In each experiment, the mean RTs were submitted to a 2 (Color Repetition:
repeated vs non-repeated) x 6 (SOA: 200, 350, 700, 1500, 2500 and 3500 ms) x 2 (Location:
Same vs. Different) ANOVA. In Experiment 3, all three main effects were significant: Color
Repetition, F(1,59) = 11.325, p=.001; Location, F(1,59) = 15.219, p <.001; SOA, F(5,295) =
57.640, p<.001. In Experiment 4, two of the main effects were robust (Color Repetition,
F(1,59) = 16.276, p<.001; SOA, F(5,295) = 27.651, p<.001), and the third was marginally
significant (Location: F(1,59) = 3.431, p = .069). In both experiments, the two-way
interaction of Location x SOA was significant (4-location: F(5,295) = 7.550, p <.001; 2-
location: F(5,295) = 5.091, p <.001), as was the interaction of Location x Color Repetition
(4-location: F(1,59) = 20.397, p <.001; 2-location: F(1,59) =14.961, p <.001) . The SOA x
Color Repetition interaction was not significant in either experiment (4-location: F(5,295)
=.741, p =.593; 2-location: F(5,295) = 1.276, p =.274). In both experiments, the three-way
interaction reached significance (4-location: F(5,295) = 5.691, p <.001; 2-location: F(5,295)
=3.787, p =.002).
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Location repetition: LIOR—The facilitation trend at the shortest SOA did not reach
significance in the 4-location version (t(59)= —1.144, p=.129), but was significant for the 2-
location displays (t(59)= -1.931, p=.029). Unlike the complex displays of Section 1, the
displays in Section 2 did not produce a reliable inhibitory effect at the 350 msec SOA (4-
location: t(59)= -.511, p =.306; 2-location: t(59)= —.939, p =.176). Beginning with the 700
msec SOA, LIOR was clearly present (4-location: t(59)=3.377, p =.001; 2-location:
t(59)=2.671, p =.005). For the 4-location displays, LIOR was robust at the three longest
SOAs (smallest t(59)= 2.819, p=.003). For the 2-location displays, LIOR was significant at
the 2500 and 3500 msec SOAs (smaller t(59)=1.842, p=.035), and was marginally
significant at an SOA of 1500, t(59)=1.515, p =.068. Thus, simpler displays support IOR,
but the effect is smaller and does not reach significance as quickly.

Feature (color) repetition: FRIE—As in Experiment 2, a color-based inhibitory effect
was not consistently observed for SOAs under one second. At the shortest SOA, the effect
was significant for the 4-location displays (t(59)=2.505, p=.008) but not for the 2-location
displays (t(59) = .983, p =.165). The effect was reliable at the 350 msec SOA in both
experiments (4-location: t(59)=2.779, p=.004; 2-location: t(59) = 3.694, p <.001), but failed
to reach significance at the 700 msec SOA in both cases (4-location: t(59)= -1.281, p =.103;
2-location: t(59)=.915, p =.182). For the three longest SOAs, color-based inhibition in the
Same location was robust in both experiments (4-location: smallest t(59) =3.317, p = .001;
2-location: smallest t(59) =1.905, p = .031).

Section 2 Conclusion: Comparing Figures 4 and 5 to Figures 2 and 3, both LIOR and FRIE
magnitudes in the simpler displays were reduced relative to the effects in the more complex
displays. In Section 3, we conduct a more formal examination of the effect of display
complexity.

Section 3: A Comparison of Inhibition Effects Across Display Complexity

Section lincluded a pair of experiments that used displays similar to those we have used
previously (Hu et al., 2011; Samuel & Kat, 2003; Samuel & Weiner, 2001). These displays
are more complex than those used in most IOR research, and have revealed inhibitory
effects of feature repetition that had been rather elusive in most prior IOR studies. Section 2
presented two experiments that used less complex displays, ones that were designed to be
similar to those used in many prior IOR studies. To examine the effect of display
complexity, we will test whether LIOR and FRIE were in fact more robust in Section 1 than
in Section 2. In preliminary analyses of LIOR and FRIE, the 2- and 4-location cases were
statistically indistinguishable; the same was true for the 6- and 8-location cases. In contrast,
we found that LIOR was significantly stronger in the 6-location displays than in the 4-
location displays, F(1,114) = 29.742, p<.001. We are not suggesting that there is a
qualitative change between locations with four active locations versus those with six.
However, the analyses do indicate that it would be reasonable to test the role of complexity
by comparing the results for the two most complex cases to the two simplest ones.

Figure 6 provides a comparison of the overall patterns for the Complex displays (left panel:
data collapsed across Display Sizes 6 and 8) and for the Simple ones (right panel: data
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collapsed across Display Sizes 2 and 4). As would be expected, reaction times are generally
faster in the simpler displays than in the more complex ones. However, this difference is
clearly limited to targets that were in the Same location as their cues. For Different-location
trials, the curves are extremely similar across the two panels.

To directly test how display complexity affected location-based IOR and feature-based
repetition effects, we conducted two ANOVAs comparing the results from Section 1
(Complex) and Section 2 (Simple). One ANOVA tested for the effect of display complexity
on LIOR, and the other tested whether FRIE depended on display complexity (in each,
degrees of freedom were corrected for violations of the sphericity assumption using the
Huynh-Feldt procedure). Both ANOVAs included the factors of Display Complexity
(Complex vs. Simple) and SOA (700, 1500, 2500 and 3500 ms). The third factor in the
LIOR analysis was Location (cue-target Same versus Different). For FRIE, the third factor
was Color Repetition (Same versus Different), and as usual, in the FRIE analysis we only
included data for targets in the Same location as the cues.

Figure 7 shows the effects being tested in these ANOVAS, with the LIOR effect (left panel)
computed as the difference between Same and Different cue-target Locations, and the FRIE
(right panel) computed as the difference between Same Color and Different Color. As
Figure 7 shows, LIOR was much larger in the more complex displays, producing a
significant interaction of Display Complexity with Location, F(1,225) = 29.769, p<.001.
This difference was essentially constant between the 700 and 3500 ms SOAs, leading to a
non-significant three-way interaction, F(3,645) = 1.60, p=.190. Feature-based effects also
were more robust with the Complex displays than with the Simple ones, F(1,225) = 4.620,
p=.033. The FRIE was significantly larger at longer SOAs, F(3,669) = 6.443, p<.001,
reflecting its late development and thus small effect at the 700 ms SOA. Although there is a
trend toward larger Complexity effects at longer SOAs, the three-way interaction was not
significant, F(3,669) = 0.598, p=.612.

General Discussion

Our goal here has been to clarify the properties of location-based and feature-based
inhibitory effects, with a particular focus on whether these effects depend on the complexity
of the stimulus displays. Our design has allowed us to simultaneously assess location-based
and featural inhibition, and has provided evidence for different time-course patterns for the
two.

Location-based IOR and display complexity

Our primary focus is the role that display complexity has on the location and feature
repetition inhibitory effects. There is essentially no existing literature on this topic with
respect to feature repetition, but there are a number of relevant prior findings regarding
standard location-based IOR. For example, there is evidence that LIOR can co-occur at
multiple locations (e.g. Danziger, Kingstone & Snyder, 1998) and that LIOR is larger when
search is difficult (Klein & Maclnnes, 1999; Snyder & Kingston, 2007). However, there is
also a report that the strength of IOR declines with an increasing number of active locations
(Pratt, Adam & McAuliffe, 1998). Birmingham et al. (2007) pointed out that displays with
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more locations also generally have greater distances between the locations of cues and
targets than displays with fewer locations, and that we know IOR strength falls off with cue-
target distance (Bennett & Pratt, 2001; Maylor & Hockey, 1985; Samuel & Weiner, 2001).
In a clever set of experiments, Birmingham et al. isolated the distance factor, and
demonstrated that it was in fact responsible for the drop in IOR size with an increased
number of locations.

In the present study, we manipulated number of display locations, and found larger LIOR
effects in the displays with more locations, despite the larger cue-target distance in more
complex displays than in simpler displays. Critically, our displays did not just increase the
number of locations, but also increased the complexity of the displays. That is, by
interleaving “busy” locations between the actively tested locations, and by having
multicolored displays, we increased the visual complexity of the scenes as display size
increased. The observed increase in LIOR strength with display complexity complements
prior results showing a similar effect of search difficulty. Both of these findings are
predicted by the view that the function of IOR is to facilitate foraging (Klein, 1988; Posner
& Cohen, 1984; Tipper et al., 1994).

We should add one caveat here. As Figure 7 showed, the LIOR effects for the more complex
displays were in the range of 20-25 msec, while those for the simpler displays were about
half as large. In absolute terms, the effects for the complex displays here are about the same
size as those in typical IOR studies (see Samuel & Kat, 2003, for a graphical summary),
rather than being larger. In contrast, in previous studies using similarly complex displays
(Hu et al., 2011; Samuel & Kat, 2003; Samuel & Weiner, 2001), the effects were in the 40
msec range, larger than in typical studies. We suspect that the larger effects in those studies
stem from the combination of the complex displays with more variability in the smaller
embedded stimuli (multiple colors, multiple shapes) than in the current study, but this
remains to be tested.

Feature repetition inhibitory effects and display complexity

Experiments 1 and 2 of the current study were similar to Hu et al.'s (2011) study of the
inhibitory effect of feature repetition in relatively complex displays. Hu et al. found that
there were indeed such costs, and the current study has clearly confirmed this. As we noted
in the Introduction, the absence of much prior work on this topic probably stems from the
mostly negative results that had been obtained in early studies. The current study provides
substantial new information about the operation of feature-based inhibition. The right side of
Figure 7 illustrates the major new findings, and shows two reasons why these effects were
not usually found in early work. First, substantial effects are not consistently seen for SOAs
under 1500 ms, and such long SOAs were rarely tested in prior IOR studies, let alone in
studies looking for feature-based repetition costs. In fact, in Samuel and Kat's (2003)
examination of 166 IOR tests in the literature, only 6 had SOAs this long (< 4%). Second, at
the shortest SOA (700 ms) showing the feature repetition cost, the effect only was found
with the complex displays (Sizes 6 and 8); such complex displays were not used in early
feature-based tests.
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Implications of the time-course of the two inhibitory effects

We have noted that the time-course of the LIOR and FRIE differ. The purely location-based
inhibition arises more quickly than the feature-based effect, especially in more complex
displays. This can be seen easily in the left panel of Figure 6: The two Same-Location
curves (plotted with circles) clearly separate from the two Different-Location curves (plotted
with triangles) by the 350 ms SOA, whereas the separation of the Same-Color (filled circles)
and Different-Color (open circles) cases for Same-Location stimuli is only clear beginning
at 1500 ms. In essence, targets that are extremely similar to cues (close location, same
features) remain difficult to detect through the course of the trial, whereas targets with a
featural difference from the cue become easier to detect. We should emphasize that accuracy
was virtually perfect in both cases, so what we are seeing in the reaction times is a
difference in processing difficulty, not a failure.

We suggested in our previous paper (Hu et al., 2011) that Lupiafiez *s (2010) model of IOR
could nicely explain the feature-based effects we observed, and this model is similarly well-
suited to account for the results of the current study. The model assumes that in a given
experimental situation, performance is determined by the effect of three factors on the
particular task (e.g., detection of a target). The appearance of a cue can potentially facilitate
performance due to two of the factors (spatial selection and spatial orienting), particularly at
short cue-target SOAs: the cue can aid the observer by providing information about the
target location on Same trials. However, the cue can potentially impair target detection due
to the third factor (detection cost). In the model, both cues and targets are assumed to be
represented in object files (Kahneman, Treisman & Gibbs, 1992). The detection cost is
driven by the possibility that the target may be absorbed into the object file of the cue,
impairing the ability to detect the target.

The model naturally accounts for the FRIE because sharing attributes should make cues and
targets more likely to be mapped onto a single object file (Hommel, 2004). In fact, the
pattern shown in Figure 6 is predicted if we assume that the likelihood of absorbing the
target into the object file of the cue depends on an inclusive definition of similarity. That is,
if similarity is a function of not only feature overlap but also of matching in time and in
space, then targets should get absorbed most often in the Same Location / Same Color
condition at short SOAs. The facilitative effect on spatial localization of the target initially
offsets this cost, but by 350 ms LIOR appears as the detection cost outweighs the
localization advantage. For SOAs of less than about one second the spatiotemporal overlap
appears to be the dominant factor in impairing detection; we see LIOR but not FRIE.
However, as the temporal separation of cue and target increases further, the featural overlap
becomes critical, with fully-matching targets continuing to suffer a large detection cost,
presumably because they continue to match the cue's object file parameters on all
dimensions except time. This leads to the separation of the curves for fully-matching targets
from those that differ in a feature, producing the FRIE.

For the current findings regarding display complexity, it seems reasonable to assume that
such erroneous convergent mapping would happen more often in more complex displays,
producing stronger LIOR, and potentially stronger FRIE. In fact, as shown in the right panel
of Figure 6, the LIOR and FRIE patterns in the simpler displays are essentially dampened
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versions of what is seen in the complex ones. The initial rise in reaction times for both
feature-matching and feature-mismatching targets in the Same location is smaller than the
corresponding rise in the complex displays, i.e., LIOR is reduced. And, because this initial
elevation is smaller, the size of the drop in reaction times for the feature-mismatching case
(down to the level of the Different location results) is correspondingly reduced: the FRIE is
smaller.

From a theoretical perspective, an attractive feature of the Lupiafiez (2010) model is that it
explicitly specifies multiple processes that reflect the complexity of attentional allocation in
the complex visual environment in which we operate. Thus, certain aspects of a visual
display can simultaneously produce positive effects (e.g., in helping to localize where an
object is) and negative ones (e.g., by potentially matching an existing object file enough to
be captured by it). Navigating the world is an extremely complex task, and presumably the
neurocomputational processes that have evolved to accomplish this task will reflect this
complexity. We believe that to fully engage these processes it is necessary to present the
visual system with inputs that have enough in common with the real world. Clearly, there is
a tension between this pressure and the need for strong experimental control. In the current
study we have addressed this tension by systematically varying display complexity, and the
results suggest that doing so can indeed provide further insights into how the perceptual
system deals with the tremendously difficult problem that it successfully solves every day.
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Appendix: T-test values for each experiment

Section | (Expl. Size 8)

LIOR tests [RT: Same Location— Different Location]

Mean tvalue df p
SOA200 -6.423 -1.449 50 0.077
SOA350 20.077 4802 50 0.000
SOA700 29.804 9.011 50 0.000
SOA1500 17.061  4.468 50 0.000
SOA2500 19.664 3.857 50 0.000
SOA3500 22.958 4127 50 0.000

FRIE tests (from the “Same” Location condition) [RT: Same Color — Different Color]
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Mean tvalue df p
SOA200 -6.153 -0.967 50 0.169
SOA350 1.632 0.264 50 0.397
SOAT700 11.591 1.899 50 0.032
SOA1500 17.667 2.606 50 0.006
SOA2500 33.523 4.250 50 0.000
SOA3500 22.661 2.776 50 0.004

Exp2. Size 6
LIOR tests [RT: Same Location— Different Location]

Mean t value df p
SOA200 -4.617 -0.875 55 0.193
SOA350 21.67 5.519 55 0.000
SOA700 32.038 6.690 55 0.000

SOA1500 23.163 4.840 55 0.000
SOA2500 26.907 6.249 55 0.000
SOA3500 28.309 5.548 55 0.000

FRIE tests (from the “Same” Location condition) [RT: Same Color — Different Color]

Mean tvalue df p
SOA200 18.921 2.637 55 0.005
SOA350 -3.877 -0.551 55 0.292
SOAT700 -2.449 -0.278 55 0.391
SOA1500 16.709 2.556 55 0.007
SOA2500 19.834 2.627 55 0.006
SOA3500 22.04 2.995 55 0.002

Section Il (Exp3. Size 4)

LIOR tests [RT: Same Location— Different Location]

Mean tvalue df p
SOA200 -3.865 -1.144 59 0.129
SOA350 -1.416 -0.511 59 0.306
SOA700 10.646 3.377 59 0.001
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SOA1500 10.31 3.614 59 0.000
SOA2500 16.08 5171 59 0.000
SOA3500 9.69 2.819 59 0.003

FRIE tests (from the “Same” Location condition) [RT: Same Color — Different Color]

Mean tvalue df p
SOA200 7.893 2.505 59 0.008
SOA350 9.937 2.779 59 0.004
SOA700 -4.785 -1.281 59 0.103
SOA1500 14.519 3.536 59 0.000
SOA2500 14.509 3.317 59 0.001
SOA3500 17.966 4.292 59 0.000

Exp4. Size 2
LIOR tests [RT: Same Location— Different Location]

Mean tvalue df p
SOA200 —-7.884 -1.931 59 0.029
SOA350 —-3.404 -0.939 59 0.176
SOA700 8.537 2.671 59 0.005
SOA1500 5.585 1.515 59 0.068
SOA2500 12.304 3.524 59 0.000
SOA3500 9.116 1.842 59 0.035

FRIE tests (from the “Same” Location condition) [RT: Same Color — Different Color]

Mean tvalue df p
SOA200 5.297 0.983 59 0.165
SOA350 19.920 3.694 59 0.000
SOA700 4.656 0.915 59 0.182
SOA1500 18.648 5.042 59 0.000
SOA2500 15.818 4.073 59 0.000
SOA3500 10.506 1.905 59 0.031
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Fixation

00«

Target Target

Figure 1.
Left panel: the sequence of events in a typical trial of Posner and Cohen (1984); Right panel:

Schematic procedure used in the spatial cueing task (Samuel & Weiner 2001). Each trial
begins with the Fixation, then initial display, Cue, Inter stimulus interval, target, and ends
with the response.
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Figure 2.
Top: Target detection times of Experiment 1, broken down by Color (repeated,

nonrepeated), Location (Same, Diff), and stimulus onset asynchrony (SOA); Bottom,
example of the sequence of events for a sample trial in Experiment 1 (size 8, cue stays on)
(not drawn exactly to scale). Error bars indicate standard errors.
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Figure 3.
Top: Target detection times of Experiment 2, broken down by Color (repeated,

nonrepeated), Location (Same, Diff), and stimulus onset asynchrony (SOA); Bottom,
example of the sequence of events for a sample trial in Experiment 2 (size 6, cue stays on)
(not drawn exactly to scale). Error bars indicate standard errors.
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Figure 4.
Top: Target detection times of Experiment 3, broken down by Color (repeated,

nonrepeated), Location (Same, Diff), and stimulus onset asynchrony (SOA); Bottom,
example of the sequence of events for a sample trial in Experiment 3 (size 4, cue stays on)
(not drawn exactly to scale). Error bars indicate standard errors.
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Figure 5.
Top: Target detection times of Experiment 4, broken down by Color (repeated,

nonrepeated), Location (Same, Diff), and stimulus onset asynchrony (SOA); Bottom,
example of the sequence of events for a sample trial in Experiment 4 (size 8, cue goes off)
(not drawn exactly to scale). Error bars indicate standard errors.
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Left panel: Mean Location IOR effect for complex display size experiments; Right panel:

Mean feature repetition effect for simpler display size experiments. Error bars indicate

standard errors.
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Left panel: Mean Location IOR effect for complex display size for SOAs greater than or
equal to 700 msec (fitted with the equation: f= 28.16 — 1.27*X [complex display]; f= 8.89
+.56*X [simpler display]); Right panel: Mean feature repetition effect for complex and
simpler display size, at the same SOAs, for the Same location (fitted with the equation: f=
25.81*sin(2*pi*x/9.88 + 5.80) [complex display]; f= 18.18*sin(2*pi*x/8.36 + 5.61) [simple

display]). Error bars indicate standard errors.
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