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ABSTRACT

In this study we investigated under what conditions motion direction changes pop out in continuously moving
target/distractor environments. Participants were presented with vertically oriented Gabor patches whose car-
rier components drifted at a constant speed from left to right and then reversed direction. On any given trial, one
of these elements was nominated as the target and the remaining elements were distractors. Distractor elements
all changed direction simultaneously. The distractors either moved in a homogeneous manner (i.e. all moved in
the same direction), or in a heterogeneous manner (i.e. direction was randomized). The target moved with a
similar spatio-temporal trajectory as the distractors from left to right (or vice versa), but changed direction
asynchronously with respect to the distracting elements. The participants’ task was to locate this deviant (target)
Gabor patch. We show that a motion direction change pops out (as indicated by the absence of a set size effect)
when the surrounding distractors move in a homogeneous direction. When the distractors moved in hetero-
genous directions, a similar pop out effect was observed when the set size was small (<5 elements), but not
when it was large. This suggests that motion direction changes capture attention only when the change results in
a unique direction of motion. Consistent with this finding we also show that a moving target (without direction
change) captures attention in cases in which all distractors recently changed direction. This corroborates the idea
that, in addition to direction cues, the temporal uniqueness of a change in an object’s direction (or absence,
thereof) relative to surrounding objects is a cue capable of capturing attention.

It is often difficult to ignore objects that stand out from the en-
vironment. For example, a uniquely red object captures attention when
it is surrounded by green objects, even when the red object is not re-
levant to the observers’ goal (Theeuwes, 1992). Moreover, it is also
known that differences in visual properties such as object shape, or-
ientation, size and luminance can attract attention (see e.g. Jonides &
Yantis, 1988; Theeuwes, 2010; Theeuwes & Van der Burg, 2007, 2008;
Treisman & Gelade, 1980; Wolfe & Horowitz, 2004). Whereas these and
many other studies have investigated attentional capture in static en-
vironments, they say little about capture in more dynamic environ-
ments.

Other studies have investigated visual attention in static environ-
ments in which one object is dynamic (see e.g. Abrams & Christ, 2003;
Franconeri & Simons, 2003). For instance, Franconeri and Simons
(2003) examined whether different types of moving stimuli among
static stimuli can capture attention. They reported that some moving
stimuli, e.g. looming objects (dynamic increases in object size), but not

all moving stimuli, can capture attention. Franconeri and Simons con-
cluded that a moving object among static objects can, in principle,
capture attention. Abrams and Christ (2003) also investigated whether
motion can capture attention, but came to a different conclusion,
finding no evidence for such search benefits when the target was the
only moving item among other static items. They did, however, find an
advantage for targets that had started to move recently. On this basis,
Abrams and Christ (2003) suggested that it is the sudden onset of
motion in a previously static object that captures attention rather than
its motion per se (see also Abrams & Christ, 2005; but see Franconeri &
Simons, 2003; Franconeri & Simons, 2005).

To date, very little is known about whether a moving object - among
other moving objects - captures attention when, for example, one or
more objects within the visual array change direction. In certain cir-
cumstances it may be crucial to notice changes in motion direction as
these may signal the trajectory of an ecologically significant object (e.g.
predator or prey). Pratt, Radulescu, Guo, and Abrams (2010)
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investigated whether motion direction changes can capture attention in
a continuously moving environment. In their study, participants saw
four objects on the screen that moved pseudo-randomly. In the ‘in-
animate’ motion condition, periodically moving objects collided with
each other or with the surrounding frame. In the ‘animate’ motion
condition, one specific object changed direction without a collision
with other objects. Subsequently, one of the four objects vanished from
the display and participants were asked to make a speeded response as
soon as they saw the object disappear. Responses to the target were
faster when that vanishing object recently underwent direction changes
consistent with ‘animate’ motion, compared to when it recently made
an ‘inanimate’ direction change. Based on these results, Pratt et al.
(2010) concluded that a motion direction change captures attention,
but only when this motion change is not due to an external event — i.e.
when it is consistent with ‘animate’ motion.

Howard and Holcombe (2010) used a slightly different design to
investigate whether a motion direction change captures attention. In
their task, participants saw four moving Gabor patches, each with
continuously changing orientation. Participants were instructed by a
pre-cue to attend to and to track two of the four Gabor patches and to
ignore the other two distractor Gabor patches. Periodically, one of these
distractors changed direction by either bouncing against a visible or an
invisible frame. After a certain time, all Gabor patches disappeared
from the display and participants saw a probe corresponding to the
location of one of the two target Gabors. Participants were asked to
report the orientation of the Gabor patch indicated by the probe. In-
terestingly, even though participants were asked to track only the two
target Gabor patches (and ignore the two others), participants made
greater errors in reporting the orientation of the target Gabor patch
when a distractor Gabor patch recently changed direction due to a
collision against an invisible frame than when it changed direction
against a visible frame. In line with Pratt et al. (2010), Howard and
Holcombe concluded that, even though irrelevant to the observers’
goal, motion direction changes can capture attention, but only when
these changes are not visibly due to an extrinsic cause (and therefore,
consistent with an intrinsic ‘animate’ cause of direction change).

In the present study, we investigated why a motion direction change
pops out when embedded amongst other continuously moving objects.
Whereas Pratt et al. and Howard and Holcombe used pseudo-randomly
moving stimuli involving continuous and abrupt shifts in the locations
of object across time, we move only the carrier components of our
vertical Gabor stimuli (preserving the location of the envelope) to: (a)
limit the direction of each object (i.e. left and right); and (b) to mini-
mize the influence of any luminance and eccentricity effects (see the
General Discussion in the Howard and Holcombe study on p. 2093 for a
related discussion on luminance and eccentricity effects in their study).

1. Experiment 1

The aim of Experiment 1 was to investigate whether a motion di-
rection change is capable of producing pop out search performance in a
dynamic environment. Participants were presented with twenty verti-
cally oriented Gabor patches whose carrier components moved peri-
odically from left to right and reversed with a frequency of 0.39 Hz.
Nineteen of these Gabor patches were used as distractors and one was
the target. The distractors all changed direction simultaneously, moving
in either a homogeneous manner (i.e. all distractors moved in the same
direction) or in a heterogeneous manner (i.e. the direction was rando-
mized). Fig. 1 illustrates a snapshot of the search display used in the
present study. See also Movie 1 and Movie 2 for an example trial in
which the distractors moved in a homogenous and heterogenous
manner, respectively (target-distractor interval is 500 ms).
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Fig. 1. Snapshot of the search display used in the present study.

Movie 1.

Movie 2.

The target moved with an identical temporal frequency (0.39 Hz) as
the distractors from left to right and reversed, but its direction change
(reversal) either preceded or followed the direction reversals of the
distractors (target-distractor interval was 25, 50, 75, 100, 125, 250, or
500 ms). The interval between the target and distractor changes was
manipulated to investigate the boundary condition under which a
motion direction change can pop out from its dynamic environment.
The participants were asked to localize the deviant Gabor patch (i.e. the
target) by making an unspeeded response. After the termination of the
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trial, participants saw a response screen with twenty circles (spatially
aligned with the twenty Gabor patches). Each circle contained a ran-
domly determined letter (a—t) and participants were instructed to press
the (a-t) key corresponding to the location of the target Gabor patch.

We assume that the temporally deviant target might pop out from its
environment in one of two ways (or possibly a combination of both).
First, it is possible that the sudden direction change (i.e. the temporally
unique event) pops out from its dynamic environment. If this sudden
event indeed captures attention, then we expect to observe good per-
formance (i.e. high localization accuracy) independent of the relative
direction of the surrounding distractors’ movement (homogeneous or
heterogeneous) because the target direction change is temporally se-
parated from the distractor direction changes (i.e. the target-distractor
interval). Second, it is feasible that it is the temporarily unique direc-
tion of motion of the target object that recently changed direction
compared to the direction of motion of the surrounding distractors that
is principal determinant of attentional capture. If a motion direction
change indeed captures attention because of its unique direction, then
we expect to observe better performance (i.e. higher localization ac-
curacy) in cases where the distractors move homogeneously relative to
the heterogeneous distractor condition, since in the latter condition the
target direction will never be unique within the display.

1.1. Method

1.1.1. Participants

Eight students (6 female; mean age 21.6 years; ranging from 18 to
29 years) who were naive as to the purpose of the experiment partici-
pated in Experiment 1. Participants were paid €8 an hour. Informed
consent was obtained from each participant. The experiment was ap-
proved by the local ethics committee of the Vrije Universiteit
Amsterdam. Experimental procedures adhered to the declaration of
Helsinki.

1.1.2. Stimuli and apparatus

The experiment was programmed and controlled by using E-prime
software. Participants were seated approximately 80cm from the
monitor (120 Hz refresh rate; 1024x768 pixels). A trial started with a
presentation of a white fixation dot (radius = 0.13"; luminance
92.3cd m™?) in the middle of the screen for a fixed period of 500 ms.
The luminance of the dark-gray background was kept constant at about
9.6 cdm ™2 Subsequently, the search display appeared with twenty
vertically oriented Gabor patches (radius = 0.7°; color one = black, <
0.5cdm™2  color two =light gray, 51.5cdm~%  back-
ground = average color 9.6 cdm ™2 spatial frequency = 0.75 cycles/
degree; standard deviation of the Gaussian envelope = 10 pixels; initial
spatial phase was randomly determined by steps of 51/360°) equally
spaced around the fixation dot on an imaginary circle with a radius of
5.2°. The Gabor patches were all equally spaced to avoid any eccen-
tricity effects. See Fig. 1 for the layout of the search display. The search
display was presented for 7650 ms, and during this period the grating of
each Gabor patch moved from left to right or reversed by varying the
spatial phase of the sinusoidal grating (51/360° degree per 25 ms) with
a frequency of 0.39 Hz. In other words, each trial contained six motion
direction changes (i.e. consistent with 3 cycles of 2550 ms each). At the
beginning of each trial, the initial spatial phase of the sinusoidal grating
for each Gabor patch was randomly determined so that a pop out
cannot be attributed to a luminance change or a pop out of the target
when the display appeared (see Fig. 1 for a snapshot of the display used
in the present study). Nineteen Gabor patches were used as distractors,
and one was designated as the target. The distractors were always
synchronized in such a way that they all changed direction simulta-
neously. On half of the trials, the distractors moved in a homogeneous
manner (i.e. all distractors moved in the same direction). On the other
half of the trials, the distractors moved in a heterogeneous manner (i.e.
the direction of each distractor was randomly determined). The
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temporal frequency of the target’s direction reversal was identical to
that of the distractors’ (0.39 Hz), but its direction change either pre-
ceded or followed the distractor motion direction changes. The target-
distractor interval was either 25, 50, 75, 100, 125, 250 or 500 ms. The
participants were asked to localize the deviant Gabor patch (i.e. the
target). After the termination of the trial, participants saw a response
screen with twenty circles (spatially aligned with the twenty Gabor
patches). Each circle contained a randomly determined letter (a-t) and
participants were instructed to press the (a-t) key corresponding to the
location of the target Gabor patch. The location of the target Gabor
patch was randomly allocated on each trial. The next trial was initiated
after a response was given.

1.1.3. Design and procedure

Participants were instructed to remain fixated on the central fixa-
tion point during the course of a trial. The independent variables were
target-distractor interval (25, 50, 75, 100, 125, 250 or 500 ms), target-
distractor order (target leads vs. target follows) and distractor condition
(homogeneous vs. heterogeneous). Each participant performed one
practice block and eight experimental blocks of 28 trials each. All
conditions were randomized within blocks. Participants received feed-
back about their overall mean percentage target localization after each
block.

1.2. Results

The results of Experiment 1 are presented in Fig. 2. Data from the
practice block were excluded. All data were subjected to a repeated-
measure Univariate Analysis of Variance (ANOVA) with distractor
condition (homogeneous vs. heterogeneous), target-distractor order
(target leads vs. target follows) and target-distractor interval (25, 50,
75, 100, 125, 250 or 500 ms) as within-subject variables. The reported
values for p are those after a Huynh-Feldt correction for sphericity
violations with alpha set at 0.05.

1.2.1. Percentage target localization

Overall mean percentage target localization was 59.8%. The
ANOVA yielded a reliable main effect of target-distractor interval, F(6,
42) = 65.9, p < .001, as overall percentage target localization in-
creased with increasing target-distractor interval. Important, overall
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Fig. 2. Results of Experiment 1. Overall mean percentage target localization as
a function of target-distractor interval, target-distractor order (target leads vs.
target follows) and distractor condition. Note that a negative target distractor
interval indicates that the target change preceded the distractor changes, and
that a positive value indicates that the target change followed the distractor
changes. The error bars reflect the overall standard errors of the individuals’
mean percentage target localization.
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Fig. 3. Results of Experiment 2. Left panel) Correct mean reaction time (RT) as a function of set size, target-distractor interval, and target-distractor order (target
leads vs. target follows). The error bars reflect the overall standard errors of the individuals mean correct reaction time. Right panel: Overall mean percentage target
localization as a function of set size, target-distractor interval, and target-distractor order (target leads vs. target follows). The error bars reflect the overall standard
errors of the individuals’ mean percentage target localization. Note that a negative target-distractor interval indicates that the target change preceded the distractor
changes, and that a positive value indicates that the target change followed the distractor changes.

percentage target localization was better when the surrounding dis-
tractors moved homogeneously (91.0%) than when the distractors
moved heterogeneously (28.5%), F(1, 7) = 383.2, p < .001. The
target-distractor interval X distractor condition interaction was highly
significant, F(6, 42) = 12.2, p < .001, and further examined by sepa-
rate ANOVAs for each distractor condition. In the heterogeneous dis-
tractor condition, percentage target localization improved with in-
creasing target-distractor interval, F(6, 42)=21.4, p < .001.
Importantly, even though participants had multiple chances to detect
the target because it changed six times per trial, performance was ra-
ther low and never approached 100% (60.9% at best). Therefore, these
results suggest that the target event did not pop out from its dynamic
environment. In the homogeneous distractor condition, percentage
target localization increased with increasing target-distractor interval, F
(6, 42) = 63.4, p < .001. In contrast to the heterogeneous distractor
condition, performance was high (99.0%) and approached 100% cor-
rect when the interval between the target and distractors was > 25 ms,
suggesting that the target event did pop out from its homogeneously
moving environment. In the homogeneous condition, the highly sig-
nificant target-distractor interval effect failed to reach significance
when we excluded the shortest target-distractor interval (25 ms) from
the analysis, F(5, 35) = 1.3, p = .29. This confirms the idea that per-
formance was at ceiling over all target distractor intervals (excluding
the 25 ms condition). Furthermore, all other effects were not reliable
(all Fs < 1).

The results are clear. Whereas a target motion direction change did
not pop out when it was surrounded by heterogeneously moving dis-
tractors, target localization performance was significantly better when
embedded amongst homogeneously moving distractors. However, even
though percentage correct approached ceiling (i.e. 100% correct target
localization) this does not necessarily mean that the target popped out
in the homogeneous condition. For instance, on each trial, participants
had multiple chances to detect the target because it changed six times
per trial (see the Method Section for more details). Therefore, it is
unclear whether the first target direction change resulted in pop out or
whether performance was based on subsequent motion direction
changes. In Experiment 2 we investigated whether the target popped
out by asking participants to make a speeded response as soon as they
saw the target.
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2. Experiment 2

The aim of Experiment 2 was to investigate whether a target di-
rection change pops out when embedded within distractor environ-
ments composed of Gabors drifting with homogenous directions of
motion. Therefore, we manipulated the number of elements in the
display (15 or 20 Gabor patches) and asked participants to make a
speeded response by pressing the spacebar as soon as they detected the
target. After each trial, participants were again required to identify the
target (like in Experiment 1) to make sure that they responded to the
target event. If a motion direction change does pop out among homo-
geneously moving distractors, then we expect to observe search times
independent on the number of moving objects in the display.

2.1. Method

2.1.1. Participants

Ten students (8 female; mean age 19.4 years; ranging from 18 to
21 years) participated in Experiment 2.

The experiment was identical to the previous experiment except
that the participants were asked to make a speeded response by
pressing the spacebar when they saw the target. To make sure that
participants indeed responded to the target Gabor patch we asked them
(similar to Experiment 1) to localize the target after they made the
speeded response. The distractors were always moving and changing
direction in a homogeneous manner. On half of the trials the search
display contained 15 Gabor patches and on the remaining trials the
search display contained 20 Gabor patches.

The independent variables were target-distractor interval (25, 50,
75, 100, 125, 250 or 500 ms), target-distractor order (target leads vs.
target follows) and set size (15 vs. 20 objects). Each participant per-
formed one practice block and thirteen experimental blocks of 28 trials
each. All conditions were randomized within blocks. Participants re-
ceived feedback about their overall mean percentage target localization
and overall mean RT after each block.

2.2. Results

The results of Experiment 2 are presented in Fig. 3. Data from the
practice block and trials on which participants responded too slow
(> 20s) were excluded (0.3%). Correct mean reaction time (RT) and
percentage target localization were subjected to an ANOVA with set
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size (15 vs. 20 elements), target-distractor order (target leads vs. target
follows) and target-distractor interval (25, 50, 75, 100, 125, 250,
500 ms) as within-subject variables.

2.2.1. Percentage target localization

Overall mean percentage target localization was 95.3%. The
ANOVA on percentage target localization yielded a significant target-
distractor interval main effect, F(6, 54) = 38.04, p < .001, as the
percentage target localization increased with increasing target-dis-
tractor interval. The main effect of set size was not significant, F(1,
9) = 1.67; p = .228. All other effects were not reliable (all Fs < 1).

2.2.2. Reaction time

The ANOVA on RTs yielded a significant target-distractor interval
effect, F(6, 54) = 28.77, p < .001, as the RTs decreased with in-
creasing target-distractor interval. Importantly, consistent with the ac-
curacy data, the main effect of set size was not significant, F < 1. All
other effects were not reliable (all Fs < 3.36, ps > 0.1).

The results are clear. There was no set size effect in terms of RTs or
percentage target localization, suggesting that the target direction
change may have popped out among homogenously moving distractors.
However, the overall long search times (> 1000 ms) may raise doubts
about whether the target event really pops out from its environment. In
contrast to other studies who have used static singletons (like a colour,
or orientation singleton that stands out from its environment), we have
used a dynamic singleton that only deviates temporally from its en-
vironment (see also Cass, Van der Burg, & Alais, 2011; Van der Burg,
Olivers, Bronkhorst, & Theeuwes, 2008b; Van der Burg, Olivers,
Bronkhorst, & Theeuwes, 2009, for a similar finding and discussion
regarding temporally salient events). Therefore, observers had to wait
for the first target event, which occurred on average 637 ms after the
display onset. The effective RTs are in fact 637 ms faster than is plotted
in Fig. 3. Furthermore, it is possible that on some trials, participants
made eye-movements or blinks and therefore missed the first target
motion direction change so that they must wait for the subsequent
target direction change (1275ms later). Therefore, to gain more in-
formation about whether the target may have otherwise popped out
from its environment we plotted the RT distributions for each condition
(see Fig. 4). Here the proportion of responses is plotted as a function of
normalized RT (bin width is 150 ms) for each target-distractor interval.
The normalized RT is the time to respond to the visual target from the
first target event (collapsed over set size).

It is clear from Fig. 4 that a target direction change does not pop out
when the target-distractor interval is short (i.e. 25 ms). In this case the
RT distribution demonstrates multiple peaks (i.e. serial search) in-
dicating that participants were not always able to respond to the first
target direction change. Therefore, one can conclude that when the
target-distractor interval is short, participants required multiple direc-
tion changes of the target Gabor patch to detect it (explaining the
multiple peaks). By contrast, in the other conditions, there was one
clear peak indicating that participants responded on most trials within a
certain time window. Importantly, participants responded on 89.1% of
the trials before the second target motion direction change occurred
(compared to 39.2% of the trials in the case the target-distractor in-
terval was 25 ms). Fig. 5 illustrates the percentage of responses in which
participants responded before the second target motion direction
change. We suggest, therefore, that when the temporal separation be-
tween the target and distractor changes is sufficiently long (> 25 ms),
the target Gabor patch pops out among homogenously moving dis-
tractor Gabor patches.

In Fig. 4, when the target event preceded the distractor event (left
panels), the RT distribution peaked at ~700 ms from onset of the target
event (i.e. the target’s direction change). In contrast, when the target
event followed the distractor changes (Fig. 4 right panels), the peak was
closer to the target event when the target-distractor interval was suf-
ficiently long. More specifically, the peak was at ~200 ms when the
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distractor-target interval was 500 ms. Interestingly, in this condition
participants responded before the target changed direction on 14% of
the trials. This indicates that when the distractor motion direction
changes preceded the target motion direction change, the target Gabor
patch did not pop out due to the target direction change (since this did
not happen), but due to the distractor direction changes instead. In
other words, a constantly moving Gabor patch seems to pop out also
when all the distractors change direction towards the opposite direction
of the target Gabor patch. This supports the notion that a target di-
rection change can pop out when the direction of the moving target is
unique compared to the direction of the moving distractors.

3. Experiment 3

So far, in Experiments 1 and 2, the deviant Gabor patch was always
relevant to the task. Therefore, it is unclear whether a deviant Gabor
patch in the previous experiments captured attention in an automatic,
stimulus-driven fashion or not. The aim of the present experiment is to
investigate whether a motion direction change or multiple motion di-
rection changes can lead to automatic capture of attention. In
Experiment 3, participants saw ten Gabor patches moving homo-
geneously to either the left or to the right. After a randomized interval,
one of the Gabor patches became deviant in terms of its motion direc-
tion compared to the motion direction of the other Gabor patches. This
was achieved in two different manners. On half of the trials, one Gabor
patch changed towards the opposite direction so that this Gabor patch
was deviant compared to the direction of the surrounding Gabor pat-
ches (i.e. the deviant change condition). On the other half of the trials,
we tested whether a constantly moving Gabor patch captures attention
when all the distractors change direction towards the opposite direction
of the target Gabor patch. Thus, in this condition, all Gabor patches
except the deviant Gabor patch changed direction (i.e. the distractor
changes condition). 150 ms after the disappearance of the Gabor pat-
ches, nine Gabor patches were replaced by black circles and one by a
green or red circle (i.e. the probe). Participants were asked to respond
as fast and accurately as possible to the color of the probe. On 10% of
the trials, the probe appeared at the same location of the deviant Gabor
patch, and on the remaining 90% of the trials, the probe appeared at the
location of one of the distractor Gabor patches. Note that, in this way,
each Gabor patch had an equal probability to be probed (i.e. on chance
level; 10%). If the deviant Gabor patch attracts attention in a stimulus-
driven manner, then we expect that participants will be faster when the
probe appeared at the location corresponding to the deviant Gabor
patch than when the probe appeared at the location corresponding to a
distractor (i.e. non-deviant) Gabor patch (see also Nakayama &
Mackeben, 1989; Posner, 1980; Van der Burg, Olivers, Bronkhorst, &
Theeuwes, 2008a).

3.1. Method

3.1.1. Participants

Ten participants participated in Experiment 3 (7 female; 21.6 years;
ranging from 18 to 27 years). The data from one participant was ex-
cluded from further analyses, as he, or she was using the mobile phone.

The Experiment was similar to Experiment 2 except for the fol-
lowing changes. Participants saw ten homogeneously moving Gabor
patches on the screen (either moving to the left or right). The start
direction was randomly determined and mixed within blocks. After a
randomly determined interval (575-875 ms), one of the Gabor patches
became deviant, as this Gabor patch moved in the direction opposite
that of the other Gabor patches. This was established in two different
ways. On half of the trials, one Gabor patch changed towards the op-
posite direction so that this Gabor patch was deviant compared to the
direction of the surrounding Gabor patches (i.e. the deviant change
condition). On the other half of the trials all Gabor patches, except the
deviant Gabor patch, changed towards the opposite direction (i.e. the
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interval. The normalized RT is the time to respond to the visual target from the first target event (collapsed over set size). The left panels indicate that the target
direction change preceded the distractor direction changes. The right panel indicates that the distractor direction changes preceded the target direction change.

distractor changes condition). Subsequently, 150 ms later, nine Gabor
patches were replaced by black circles (< 0.5 cd m ™~ radius = 0.65°)
and one Gabor patch by a green (10.8cd; radius = 0.65°) or red
(15.5 ¢d; radius = 0.65°) circle (i.e. the probe). Participants were asked
to respond as fast and accurate as possible to the color of the probe by
pressing the z- or m-key when they saw a red or green probe, respec-
tively. On 10% of the trials, the probe appeared at the same location as
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the deviant Gabor patch, and on the remaining 90% of the trials, the
probe appeared at the location as a distractor Gabor patches. Note that
in this way each Gabor patch had an equal probability to be probed.
After two practice blocks, participants did nine experimental blocks of
40 trials each. Deviant type (deviant change vs. distractor changes) and
probe color were randomly determined and presented within blocks.
The probe was presented at the deviant location on 10% of the trials
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Fig. 5. Percentage of responses before the second target direction change (i.e.
responses faster than 1225ms from the first target direction change) as a
function of target-distractor interval, and target-distractor order (target leads
vs. target follows) collapsed across set size. The error bars reflect the overall
standard errors of the individuals’ mean percentage of responses. Note that a
negative target-distractor interval indicates that the target change preceded the
distractor changes, and that a positive value indicates that the target change
followed the distractor changes.

and on the 90% of the trials the probe appeared at a randomly de-
termined distractor location (see also Cass et al., 2011; Theeuwes & Van
der Burg, 2007, for a similar procedure). The location of the probe was
randomly determined and presented within blocks. Participants re-
ceived feedback about their overall mean RT and error rate after each
block.

3.2. Results

The results of Experiment 3 are presented in Fig. 6. Data from the
practice blocks and trials on which participants responded too slow
(> 1200 ms) were excluded (2.1%). Correct mean reaction time (RT)
and Errors were subjected to an ANOVA with probe location and de-
viant type (deviant change vs. distractor changes) as within-subject
variables.

3.2.1. Reaction time
There was a trend towards a reliable main effect of deviant type, F
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(1, 8) = 5.33, p = .050, indicating that participants responded faster
overall to the probe when a single Gabor patch changed direction
(430 ms) than when all the Gabor patches (except the deviant) changed
direction (444 ms). Importantly, for the purpose of the present study,
participants responded faster when the probe appeared at a deviant
location (429 ms) than when the probe appeared at a non-deviant dis-
tractor location (445 ms), F(1, 8) = 8.74, p = .018. This capture effect
was independent of the deviant type as the two-way interaction be-
tween probe location and deviant type was far from reliable, F < 1.

3.2.2. Errors

The overall rate was 5.0%. The ANOVA on Errors did not result in
any significant effects (all Fs < 3.23; ps > 0.110).

Responses to a probe were faster when the probe appeared at a
deviant location than when the probe appeared at a distractor (non-
deviant) location. Even though the probe location was irrelevant for the
participants’ task, a deviant Gabor patch captured attention in an au-
tomatic manner. Whereas other studies reported that a single motion
direction change can capture attention (Howard & Holcombe, 2010;
Pratt et al., 2010), here we show that a constantly moving object
(without a motion direction change) can also capture attention when all
the other objects change in the opposite direction to that of the target.

Although the data support the notion that motion direction changes
can capture attention, one might argue that observers can perform the
task on the basis of apparent shape changes in the ring of stimuli caused
by the fact that motion causes position judgments to be offset in the
direction of carrier motion, the so-called DeValois effect (De Valois &
De Valois, 1991). That is to say, rather than the motion direction being
the principle cue driving attentional capture in the above experiments,
it is conceivable that performance may instead be informed by apparent
motion-induced deformations in the geometry of the virtual ring de-
fined by the positions of the iso-eccentric Gabor elements surrounding
fixation.

To examine whether the motion direction deviant appears to be
offset of the ring of distractors we conducted a post-hoc analyses. The
deviant Gabor could have appeared at three different possible locations
on the vertical plane relative to the fixation dot. That is, on the same
location as fixation (i.e., on the left or right from fixation; 0°), 3.1° and
4.9° above and below fixation. If it is indeed the offset to the left or right
of the ring of distractors, then we expect the validity effect to be con-
tingent upon the location of the deviant Gabor. For instance, a deviant
Gabor located at the far left or right of the display is likely to elicit a
strong deformation of the virtual ring of distractors as the motion di-
rection is orthogonal to the tangent of the ring. By contrast a deviant
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) ) 7)) mean reaction time (RT) as a function of probe lo-
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- 450 = 450 Correct mean reaction time as a function of probe
c c ¢ validity and the vertical position of the target relative
:g 440 o g 440 to the fixation dot. 0° indicate that the target ap-
g 8 peared on the left and right of fixation whereas 4.9°
o 430 9 | o 430 indicates that the target appeared above and below
E 420 E 420 fixation. The error bars reflect the overall standard
© - ] errors of the individuals mean correct reaction time.
Q Q
g 410 1 g 410 ¢
- -
8 400 1 =0Q=distractor chandes § 400 =O~Invalid probe
e
S 390 + . S 390 )
8 =O~deviant change 8 =O-Valid probe

380 v ] 380 v v y

Invalid Valid 0 2 4 6

Probe location

Vertical distance to fix (°)



E. Van der Burg, et al.

-
o

o)

Correct mean reaction time (s)

10
Set size

15 20

Percentage errors

Vision Research 165 (2019) 54-63

100%
80%
60%
40%
20%
0% + v v
0 5 10 15 20
Set size

Fig. 7. Results from Experiment 4 (collapsed over target-distractor interval). Left panel: Correct mean RT as a function of set size. The error bars reflect the overall
standard errors of the individuals mean correct reaction time. Right panel: Error rate as a function of set size. The error bars reflect the overall standard errors of the

individuals mean error rate.

Gabor located at the top and bottom of the distractor display is unlikely
to generate as strong a deformation, as the motion direction more
closely approximates the tangent of the virtual ring.

Fig. 6 (right panel) illustrates the correct mean reaction times as a
function of probe validity and vertical distance of the cue compared to
the fixation dot (0°, 3.1° and 4.9° above and below fixation). An ANOVA
with probe validity (valid: probe appeared at the same location as the
deviant Gabor; invalid: probe appeared at a different location as the
deviant Gabor) and vertical distance as within subject variables yielded
neither a distance effect, F(2, 16) = 1.73, p =.209, nor a dis-
tance X probe validity effect, F(2, 16) = 0.32, p = .733. The probe
validity effect was reliable, F(1, 8) = 7.0, p = .029. Taken together, the
results confirm the idea that the position of the deviant Gabor had no
significant impact on the validity effect.

4. Experiment 4

So far, we have shown that a motion direction changes pop-out, and
even captures attention in an automatic fashion when the deviant
Gabor is embedded among homogenously moving distractors, but not
among heterogeneously moving distractors. This latter finding stands in
stark contrast with studies showing that a motion direction change
captures attention among randomly moving distractors (Howard &
Holcombe, 2010; Pratt et al., 2010). One of the key differences in those
studies compared ours is that they used a small set size (i.e., four ob-
jects), whereas we always used a relatively large set size of up to 20
objects. This may be an important difference, as we know from the
multiple object tracking literature that participants can track about four
objects simultaneously (see Cavanagh & Alvarez, 2005, for a review;
Pylyshyn & Storm, 1988). Interestingly, similar capacity limits have
been reported in visual search studies. For instance, several studies
have shown that about four flashed locations can be prioritized in
search (Van der Burg, Awh, & Olivers, 2013; Wright, 1994; Yantis &
Johnson, 1990). Therefore, it might be possible that in both the Howard
& Holcombe and Pratt et al. studies, participants were actually at-
tending to all objects, possibly explaining why they found a ‘capture’
effect. This is very unlikely to occur in our case as the set size was
simply too large to attend to all the objects.

In Experiment 4 we manipulate the number of distractor Gabors
(i.e., 3, 4,5, 7, 8, 10, 15 and 20 elements) in the search display to
examine whether the number of elements in the display plays a crucial
role for a deviant motion direction change to pop out among hetero-
geneously moving distractors. Like in Experiment 2, participants were
asked to make a speeded response by pressing the spacebar as soon as
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they detected the target. After each trial, participants were again re-
quired to identify the target (like in Experiments 1-3) to make sure that
they responded to the target event. If participants are able to track a
small set of objects in parallel, then we expect to observe search times
to be both fast and relatively stable for the small set sizes. By contrast, if
the number of elements in the display exceeds the attentional capacity
limit then we expect search times to linearly increase with increasing
elements in the display. A similar pattern of results is expected for the
error rate.

4.1. Method

4.1.1. Participants

Eight students (6 female; mean age 21.1 years; ranging from 18 to
26 years) participated in Experiment 4. All participants were naive as to
the purpose of the experiment.

The experiment was identical to Experiment 2 except for the fol-
lowing changes. The distractors were always drifting and changing di-
rection in a heterogeneous manner. The target-distractor interval was
500 ms and kept constant during the experiment, but the target event
was either leading or lagging the distractor events. The participants
were asked to make a speeded response by pressing the spacebar when
they saw the target. To make sure that the participants indeed re-
sponded to the target Gabor patch, we asked them to localize the target
after they made the speeded response. The search display contained 3,
4,5, 6,7, 8,10, 15, or 20 Gabor patches.

The independent variable was set size (3, 4, 5, 6, 7, 8, 10, 15, or 20
objects), which was randomized within blocks. Each participant per-
formed one practice block and ten experimental blocks of 36 trials each.
Participants received feedback about their overall mean percentage
target localization and overall mean RT after each block. Note that for
one participant the experiment crashed after he/she pressed the
Windows key. As a result, this participant did 289 trials, whereas the
others completed 360 experimental trials.

4.2. Results

The results of Experiment 4 are presented in Fig. 7 (collapsed over
target —distractor interval). Data from the practice block and trials on
which participants responded too slow (> 20s) were excluded (1.2%).
Correct mean reaction time (RT) and Errors were subjected to an
ANOVA with set size as within-subject variable.
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4.2.1. Reaction time

The ANOVA on RTs yielded a highly significant set size effect, F
(8,56) = 29.179, p < .0001, as search times increased with increasing
set size. Separate two-tailed t-tests were conducted to examine whether
the RT for each set size was significantly different from the RT in the
case there were only three elements in the display (the fewest elements
used). The RT was significantly faster when the set size was 4 t
(7) = 2.788, p = .027), but not when the set size was 5 (t(7) = 1.979,
p = .088), and significantly slower when the set size was > 5 (all t
values > 4.720, all p values < .005).

4.2.2. Error rate

The ANOVA on the error rates yielded a significant set size effect, F
(8,56) = 6.541, p < .0001, as the error rate increased with increasing
set size. Separate two-tailed t-tests were conducted to examine whether
the error rate for each set size was significantly different from the error
rate in the case there were only three elements in the display (the
fewest elements used). Participants made significantly more errors
when the set size was 6, 9 and 20 (all p values <0.029), but not for the
remaining set sizes (all p values > 0.65). Note that after Bonferroni
correction is applied, none of these t-tests yielded a reliable effect.

As is clear from Fig. 7, there was no sign of a speed-accuracy trade-
off, as the error data and RT data show a similar pattern. Consistent
with Experiment 1, finding the target Gabor among heterogeneous
distractors was rather difficult, and became more difficult and time
consuming when the number of distractors increased. However, for
small set sizes (3-5) the reaction time and error rate remained some-
what constant and independent of the number of distractors in the
display. These results suggest that for small set sizes a deviant motion
direction change among heterogeneously moving distractors can pop
out. Interestingly, search for the deviant Gabor was more difficult and
effortful when the set size was 6 compared to when the set size was 7.
This was most pronounced in the error data, but also present in the RT
data. It is unclear why search was more difficult for this specific set size
condition. This may have something to do with the setup of the display,
as this is a small set size condition where there are clearly three dis-
tractors presented in the left visual field and 3 in the right visual field.
More research is needed to understand why a set size of 6 produced
such apparently deviant results.

5. General discussion

In the present study, we investigated under what conditions a mo-
tion direction change can capture attention. In three experiments we
found evidence that a motion direction change can capture attention,
but only when this sudden change leads to a deviant motion direction
compared to the direction of the other moving objects. Interestingly, we
also found evidence for the opposite effect, indicating that a constantly
moving object (without a motion direction change) captures attention
when all the distractors suddenly change direction in the opposite di-
rection (Experiments 2 and 3). This supports the idea that environ-
mental changes can induce attentional object capture when the object’s
motion direction is deviant relative to the direction of the other objects
within the visual array. Whereas the deviant object was always the
target in Experiments 1 and 2, in Experiment 3 we showed that task-
irrelevant objects can also capture attention in a stimulus-driven
manner.

The present study is not the first study showing that a motion di-
rection change can capture attention in a stimulus-driven manner
(Howard & Holcombe, 2010; Pratt et al., 2010). Whereas these studies
were successful when using pseudo-randomly moving objects, the
present study extends these findings by showing that a motion direction
change can, in principle, capture attention when movement only occurs
within the carrier component of our vertical Gabor stimuli (whilst
preserving the location of the envelope). Howard and Holcombe pro-
posed that motion direction changes can capture attention, but only
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when these changes are unexpected (like in animate motion; Pratt et al.,
2010). In the present study, the motion direction change was always
unexpected, since the motion direction change was not induced by a
wall or other external event or object (like in the inanimate and ex-
pected condition in the Pratt et al and Howard and Holcombe study,
respectively). Even though the motion direction changes were always
unexpected, this did not necessarily lead to an attentional capture ef-
fect. It is possible that expectancy is important for a motion direction
change to capture attention, but it is clear from the present study that
the direction of the target compared to the direction of the surrounding
objects is a key factor for producing a capture effect.

An intriguing question then is why were Howard and Holcombe and
Pratt et al. able to find a capture effect when they used pseudo-ran-
domly moving objects while we clearly failed to find any evidence for a
capture effect when the distractors moved in a heterogeneous manner?
With regard to the Howard and Holcombe and Pratt et al. study it is
important to note that they used a relatively small set size (i.e. four
moving objects). The presence of a capture effect might be explained by
the capacity of the human brain to store and track multiple visual ob-
jects simultaneously. For instance, it is well known that people can
track four or even more moving objects simultaneously (Franconeri,
Jonathan, & Scimeca, 2010; Pylyshyn & Storm, 1988). In line with this,
it is also known that up to four flashing objects can be attended in visual
search (Van der Burg et al., 2013; Wright, 1994; Yantis & Johnson,
1990) and that the same number of objects can be stored in visual
working memory (Awh, Barton, & Vogel, 2007; Cowan, 2001; Luck &
Vogel, 1997). With regard to Howard and Holcombe and Pratt et al., it
is feasible that participants may have tracked or monitored all four
objects simultaneously, explaining why they observed a capture effect
for the attended objects. This might also explain why we were not able
to find any evidence for a capture effect when a task relevant object
changed direction among our nineteen heterogeneously moving ob-
jects.

Whereas it is known that single luminance changes are able to
capture attention in an automatic fashion (Theeuwes, 1995), the pre-
sent findings cannot be explained by a luminance change for some good
reasons. First, the initial spatial phase of the carrier grating associated
with each Gabor patch in our displays was randomly determined, en-
suring that luminance was not a reliable cue with which to segregate
target and distractor objects. Second, the luminance changes were si-
milar in the heterogeneous and homogeneous conditions, while a cap-
ture effect was only observed in the latter condition. This strengthens
the idea that the direction is important for observing a capture effect,
instead of a luminance change (see also Howard & Holcombe, 2010 for
a discussion). Furthermore, the present study can also not be explained
by eccentricity since all objects in our display were of equidistant from
fixation.

It is worth mentioning that a previous visual search study has de-
monstrated that unique differences in direction of movement tend to
dominate search performance when compared to unique differences in
movement speed (Driver, McLeod, & Dienes, 1992). Whilst this is
consistent with our finding of the predominance of directional in-
formation, our study extends this by showing that abrupt changes in
direction alone are insufficient to capture attention if a unique direction
of motion is also present, implying the predominance of direction over
speed in visual search.

It should be noted that the RTs in the current experiments are re-
latively slower than previous pop-out studies (Cass et al., 2011;
Theeuwes & Van der Burg, 2011; Theeuwes, Van der Burg, &
Belopolsky, 2008). This may be due to several factors. On the one hand,
responses are contingent upon the deviant Gabors changing direction,
which on average occurred approximately 675 ms after the onset of the
display. As a result, this requires that the participant must wait for this
period (on average). On the other hand, the participant may occa-
sionally miss this deviant direction change and must therefore wait for
a subsequent direction change in this deviant item. Importantly, the
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absence of a set-size effect between 3 and 5 items (Experiment 4)
suggests that participants were able to track all items simultaneously in
these displays, consistent with what is known regarding attentional
capacity limitations. At larger set-sizes (6 and above) search becomes
inefficient — as evidenced by a significant set-size effect) as increasing
numbers of items compete for attentional selection.

How much of the attentional capture effect we observe in our
homogeneous distractors was driven by the mere presence of a unique
direction of motion is not clear. Future studies might examine this by
systematically manipulating the proportion of distractor elements
moving in a similar direction to the target. Indeed, we have char-
acterised pop-out performance in our task as an all-or-none phenom-
enon. In reality, the distinction is likely to reflect a continuum of task
difficulty. It is well established that search difficulty critically and
continuously depends upon observers’ ability to perceptually dis-
criminate the features comprising a target (signal) from its distractor
environment (noise) (e.g. Cass et al., 2011; Duncan & Humphreys,
1989; Van der Burg, Cass, Olivers, Theeuwes, & Alais, 2010; Wolfe &
Horowitz, 2004). It is conceivable, for example, that the pop out per-
formance observed in our homogeneous distractor conditions may be-
come more difficult (and serial-like) if we were to reduce the overall
speed and/or the proportion of motion noise (Braddick, 1995) asso-
ciated with target and distractor elements. Indeed, as is clear from
Fig. 5, a clear pop out was observed when the target-distractor interval
was > 25ms, but not when the interval was 25 ms. Conversely, one
might assume that increasing the signal to noise might improve per-
formance in conditions which otherwise yield serial search performance
(our heterogeneous distractor conditions). Whilst this latter manipula-
tion may be possible, at least in principle, future research is necessary to
establish how this may be implemented.

In summary, we report clear evidence that motion direction changes
can capture attention in a stimulus driven manner. However, this is
only the case when a motion direction change results in a temporarily
deviant motion direction relative to the direction of other objects
within the visual array. Interestingly, we also found a capture effect for
a constantly moving object (without change) when the motion of all the
distractors shifted in the opposite motion direction. This further cor-
roborates the notion that a deviant motion direction captures attention
in a stimulus driven manner.
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