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Abstract Under natural viewing conditions, a large
amount of information reaches our senses, and the visu-
al system uses attention and perceptual grouping to re-
duce the complexity of stimuli in order to make real-
time perception possible. Prior studies have shown that
attention and perceptual grouping operate in synergy;
exogenous attention is deployed not only to the cued
item, but also to the entire group. Here, we investigated
how attention and perceptual grouping operate during
the formation and dissolution of groups. Our results
showed that reaction times are higher in the presence
of perceptual groups than they are for ungrouped stim-
uli. On the other hand, attentional benefits of perceptual
grouping were observed during both the formation and
the dissolution of groups. The dynamics were similar
during group formation and dissolution, showing a grad-
ual effect that takes approximately half a second to
reach its maximum level. In the case of group dissolu-
tion, the attentional benefits persisted for about a quarter
of a second after dissolution of the group. Taken togeth-
er, our results reveal the dynamics of how attention and
grouping work in synergy during the transient period
when groups form or dissolve.
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Under natural viewing conditions, a large amount of informa-
tion reaches our senses, and the brain uses visual processes to
reduce the complexity of the stimuli, in order to operate in real
time. One of the complexity reduction processes is attention,
which can prioritize and/or filter select parts of the stimuli for
further processing. Another process of complexity reduction is
perceptual grouping, which consists of clustering together
stimuli according to certain regularities that generally indicate
a common origin (Wagemans et al., 2012; Wertheimer,
1923/1938). Instead of processing every pixel in an image as
an independent input, perceptual grouping allows the process-
ing of millions of pixels united into wholes (e.g., a face).
Given that both attention and perceptual grouping play major
roles in stimulus complexity reduction, it is important to un-
derstand how they work together to make real-time perception
possible.

Visual attention has two modes of orienting (e.g., Cheal &
Lyon, 1991; Egeth & Yantis, 1997; Jonides, 1981; Miiller &
Rabbitt, 1989; Nakayama & Mackeben, 1989; Posner, 1980;
Posner & Cohen, 1984; Weichselgartner & Sperling, 1987):
Endogenous attention is under voluntary control and can be
allocated flexibly to stimuli on the basis of the task demands.
Hence, stimulus complexity reduction by endogenous atten-
tion takes place on a voluntary and task-dependent fashion.
For example, when searching for a red object, endogenous
attention can be deployed to enhance the processing of red
stimuli while suppressing the rest of the stimuli. On the other
hand, exogenous attention is involuntary and constitutes a
reflexive response to the stimulus itself. Because it lacks the
flexibility inherent to endogenous attention, a question arises
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as to which aspects of a stimulus exogenous attention be-
comes allocated to. Several studies have reported that, similar
to endogenous attention, exogenous attention can be allocated
to retinotopic and spatiotopic locations as well as to “objects”
(e.g., Boi, Vergeer, Ogmen, & Herzog, 2011; Brown,
Breitmeyer, Leighty, & Denney, 2006; Egly, Driver, &
Rafal, 1994; Egly, Rafal, Driver, & Starreveld, 1994; Iani,
Nicoletti, Rubichi, & Umilta, 2001; Lamy & Egeth, 2002;
Lamy & Tsal, 2000; Moore, Yantis, & Vaughan, 1998;
Reppa, Schmidt, & Leek, 2012; Theeuwes, Mathot, &
Grainger, 2013; Vecera & Farah, 1994). However, what de-
fines an “object” remains an ill-posed problem (e.g.,
Humphreys & Riddoch, 2003; Kasai, Moriya, & Hirano,
2011; Marr, 1982; Pinna, 2014; Scholl, 2001). Contour clo-
sure is often used as an important property of objects, and
explanations of how attention spreads from the location of
the cue to the entire object may be based on a process that is
limited by the closed contours of the object (e.g., Carey & Xu,
2001; Scholl & Leslie, 1999). However, “object”-based atten-
tional benefits have been reported for stimuli with open con-
tours (e.g., Avrahami, 1999; Marino & Scholl, 2005; Marrara
& Moore, 2003), for Gestalt groups without contours (Marrara
& Moore, 2003), and for spatiotemporal Gestalt grouping re-
lations (Boi et al., 2011; Gonen, Hallal, & Ogmen, 2014).
These findings suggest an important role for perceptual group-
ing in the allocation of exogenous attention: It directs exoge-
nous attention to simpler and behaviorally meaningful wholes,
rather than allowing it to spread indiscriminately over a com-
plex stimulus. Recent studies have also shown a more nu-
anced concept of “object,” from a perceptual to a semantic
object (Li & Logan, 2008;Yuan & Fu, 2014), or to a higher
level of object (Zhao, Cosman, Vatterott, Gupta, & Vecera,
2014). Li and Logan showed that forming a compound word
is much more efficient in terms of attentional shift, when com-
pared to forming a nonword (Li & Logan, 2008). Yuan and Fu
demonstrated that relation-based knowledge could also link
objects to form perceptual-based groups, similar to how
Gestalt principles operate (Yuan & Fu, 2014). Zhao and col-
leagues studied objects’ representation strengths by compar-
ing top-down to bottom-up objects, and they found that atten-
tion would be allocated to the higher-strength object (Zhao
etal., 2014).

In our previous study, in which we investigated the joint
operation of exogenous attention and perceptual grouping
(Gonen et al., 2014), we used the grouping principle of “com-
mon fate” to form distinct groups of moving disks and showed
that when a cue was presented within one of the disks, it
facilitated responses not only for the cued moving disk, but
also for other disks that shared the same direction of motion as
the cued disk (Gonen et al., 2014). In other words, exogenous
attention was allocated to the entire perceptual group formed
by the principle of common fate. The common-fate principle
is known to affect perceptual organization and, hence,
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attentional allocation using perceptual objects (Kahneman &
Henik, 1981; Tipper, Brehaut, & Driver, 1990; Watson &
Kramer, 1999). Kahneman and Henik argued that preattentive
processes are responsible for early perceptual units or percep-
tual objects. After the preattentive processes, by the allocation
of attention, the process of analyzing all properties of the
perceptual object is done (Kahneman & Henik, 1981).
Tipper, Brehaut, and Driver found that distractors moving
with the same speed as the targets created more inhibitory
performance than did static distractors, because of the
common-fate principle (Tipper et al., 1990). Watson and
Kramer, in their “wrench-shaped object” study, demonstrated
that the perceptual groups or objects don’t have to be single-
regioned, as long as all the regions inside the perceptual group
(or object) are task-relevant (Watson & Kramer, 1999).

In Gonen et al. (2014), a stable perceptual group was al-
ready established at the time the cue appeared. In a natural
environment, groups can be dynamically formed and dis-
solved. For example, a herd of animals may initiate a coordi-
nated movement pattern; as an animal in camouflage starts to
move, the movements of different body parts can dynamically
form a perceptual group; similarly, when the herd disperses or
the animal stops, the dynamic perceptual group dissolves. In
many survival situations, it is important to detect and allocate
attention to such dynamic groups as soon as possible.
Similarly, as a dynamic group dissolves, it is important to be
able to maintain the identity of the group as long as possible.
The goal of the present study was to investigate how exoge-
nous attention is allocated during the formation and during the
dissolution of perceptual groups.

Experiment 1: Exogenous attention during group
formation

The goal of the first experiment was to investigate the alloca-
tion of exogenous attention during the formation of perceptual
groups.

Method

Protocol and subjects All experiments reported in this study
were conducted in accordance with the federal regulations, 45
CFR 46, the ethical principles established by the Belmont
Report, and the principles expressed in the Declaration of
Helsinki, according to a protocol approved by the University
of Houston Committee for the Protection of Human Subjects.
Twelve University of Houston students participated in each
experiment. All of the subjects had either normal or corrected-
to-normal vision. With the exception of the first author, who
also served as a subject, all subjects were naive to the purpose
of the experiments. Subjects’ participation was voluntary and
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they gave their written informed consent according to a pro-
tocol approved by the University of Houston Committee for
the Protection of Human Subjects.

Apparatus The stimuli were presented on a 20-in. NANAO
FlexScan color monitor in a dark room. The resolution of the
display was 656 x 492 pixels with a 100 Hz frame rate. A
video card (Visual Stimulus Generator; VSG 2/3)
manufactured by Cambridge Research Systems was used for
stimulus generation. A head-and-chin-rest was fixed at a dis-
tance of 1 m from the display monitor. The screen size was
approximately 23° x 17.5°, and one pixel corresponded to 1.7
arcmin. A joystick interfaced with the VSG board was used to
measure reaction times.

Stimulus and procedure Figure 1 shows a schematic depic-
tion of the stimulus. The stimulus consisted of six disks, each
of which had a diameter of 0.8° of visual angle. The fixation
point was a white plus sign (+) placed in the center of the
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Fig. 1 The sequences of events (a) when grouping started 100 ms after
the cue onset (i.e., the cue onset asynchrony with respect to grouping
[COAG] = 100 ms), and (b) when grouping started 500 ms before the
onset of the cue, COAg = —500 ms. Each trial started with a preview of
500 ms. Following the preview, the exogenous cue was presented for
100 ms. The cue onset asynchrony with respect to the target (COAT)
was set to 200 ms—that is, the target was presented 200 ms after the
onset of the cue. The target stayed on for 1,000 ms or until the subject’s

lGrouping

monitor. Each disk moved along a linear trajectory with a
speed of 5°/s. When the paths of different disks crossed, they
continued their independent linear trajectories by passing
across each other. The initial positions of the disks were se-
lected to lie inside a virtual circle centered on the fixation point
and of diameter 5°, so that the disks would never reach the
edge of the screen. The CIE 1931 XYZ space was used. The
initial color of all the disks was blue, with a luminance of 4 cd/
m?> (CIE XYZ coordinates: 0.3044, 0.6541, 4). The back-
ground was black. The cue and the target appeared on top of
one disk and had smaller diameters (0.6° visual angle) than the
disks. Their CIE color coordinates were 0.2044, 0.48085, cor-
responding to white with a luminance value of 20 cd/m”. The
task of the subject, while fixing his or her eyes on the fixation
cross, was to press a joystick button as soon as the target
appeared. At the beginning of each trial, six disks, with six
randomly chosen starting positions (inside the aforementioned
virtual circle), started to move along linear trajectories, with
each direction of motion selected randomly. Prior to grouping,

Invalid Between
Invalid Within

Invalid Space
Valid

Target
(1000 ms)

Invalid Between
Invalid Within

Invalid Space

Valid
Target

(1000 ms)

response. The thick, vertical arrows indicate the initiation of grouping. As
is shown in the last frame, there were four different target options: The
target could appear in the cued disk (valid), or in a noncued disk that
moved in the same direction as the cued disk (invalid-within), or in a
noncued disk that moved in a different direction than the cued disk
(invalid-between), or at the spatial location where the cue had appeared
initially (invalid-space)
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each disk moved in a randomly selected direction of motion,
with the constraint that the disks were 20° apart from each
other, in order for them not to form a prior perceptual group.
At the start of the grouping, half of the disks moved in a
common, randomly selected direction, whereas the other half
moved in another common, randomly selected direction. The
two directions of motion were selected randomly with the
constraint that they were at least 30° apart from each other,
in order to have a salient difference between the two groups.
After the initial preview period of 500 ms, the cue appeared in
one of the randomly selected disks and traveled along with
this disk for 100 ms, and disappeared at the end of the 100 ms.
A target was presented in one of the disks 100 ms after the
disappearance of the cue. The target also traveled with the
disk. Catch trials were included, in which no target appeared
and the subjects had to abstain from pressing the joystick
button. Any incorrect responses on catch trials were indicated
to the subject by audio feedback. The maximum duration of
the target was set to 1,000 ms, during which the subject had to
press the joystick button.

The experiment had a total of 16 different values of the
independent variable, which was the start of grouping with
respect to the onset of the exogenous cue (cue onset asynchro-
ny with respect to grouping, COA). Figure 2 shows the rela-
tionship between the cue onset asynchrony with respect to the
target (COA7), which was fixed at 200 ms, to obtain a strong
exogenous attention effect (Klein, 2000), and the COAg for
each of the 16 values of COAg. Each open box in this figure

represents a different case in terms of COAg. In the first case,
the COAG was set to =500 ms (the earliest moment possible);
thus, grouping started from the very beginning. This case was
identical to the experiments in Gonen et al. (2014). The mo-
tion trajectories during the entire trial consisted of two linear,
randomly chosen trajectories. The case in which the COAg
was 0 refers to the situation in which grouping and the onset of
the cue happened at the same time. In the case in which the
COAg was 1,200, there was no grouping, since 1,200 ms
corresponded to the end of the target presentation. As is shown
in Fig. 2, the values for COAg were —500, —400, =300, —200,
—-150, —100, =50, 0, 50, 100, 150, 200, 250, 350, 450, and
1,200. A “valid” target appeared in the same disk as the cue.
An “invalid-within” target appeared in a disk that belonged to
the same perceptual group as the cued disk (i.e., a disk that
moved along the same motion direction as the cued disk). An
“invalid-between” target appeared in a disk that did not belong
to the same group as the cued disk (i.e., a disk that moved in a
different direction of motion than the cued disk). Another
target option was “invalid-space,” in which the target did
not appear in any disk, but its appearance was in the original
retinotopic/spatiotopic location of the cue. This target option
was valid from a space-based point of view. In order to re-
move any distance-based effect between the invalid-within
and invalid-between conditions, the average distance (calcu-
lated over all trials) between the cue and the invalid-within
condition was set equal to the average distance between the
cue and the invalid-between condition. The cue’s average

-500
-400
-300
-200
-150
-100
-50

—

cueonset target onset
<— COA, (200 ms) =>

Fig. 2 A simplified overview of the relationship between the cue onset
asynchrony with respect to grouping (COAg) and the cue onset
asynchrony with respect to the target (COA) for the 16 values of
COAG. Each open box depicts the onsets of the cue and the target.
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COAT was fixed at 200 ms, to obtain a strong exogenous-attention
effect (Klein, 2000). The 16 COAg values are represented in the
timeline. When COAg = 0, the onset of grouping occurred at the same
time as the onset of the cue
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eccentricity was kept balanced by making this average eccen-
tricity equal across blocks. The average eccentricity was 3.5°.
To keep the eccentricity of the target the same between the
invalid-between and invalid-within conditions, the average
distance between the invalid-within target and the fixation
point was set equal to the average distance between the
invalid-between target and the fixation. The presentation of
all target options was randomized within each block. Each
block had 48 trials for each target option (catch trials were
also considered as one of the five target options), yielding
240 trials per block. Four sessions per subject yielded 960
trials, with an additional 300 training trials.

Results and discussion

Reaction times (RTs) less than 150 ms and greater than
1,000 ms were excluded from all analyses. These exclusions
constituted 1.8 % of all data. Accuracy in catch trials was
higher than 95 % for all subjects. The RT data were analyzed
by one-way repeated measures analyses of variance
(ANOVAs). Figure 3 shows the raw data for each target type.
In general, the RTs ranged from 240 to 290 ms, in accordance
with the RTs found in simple detection tasks (Abrams & Law,
2000; Gonen et al., 2014; Jordan & Tipper, 1999; List &
Robertson, 2007; Marino & Scholl, 2005; Posner, 1980; Ro
& Rafal, 1999). The effect of COAG was significant [F(1, 15)
= 8.611, p < .001, npz = .365], and in general, large COAG
values yielded faster RTs. One exception was the invalid-
space case at COAg = 0 ms, which yielded a relatively high
RT. When COAG = 0 ms, the cue appeared at the same time
that the disks changed their direction of motion to initiate the
two groups. Since a change in the direction of motion is a very
salient event itself, the occurrence of this salient event at the
time of the appearance of the cue may have reduced the

320 |-

Reaction Time (ms)

effectiveness of the cue, hence leading to an increased RT.
However, it is not clear why this would happen only in the
invalid-space case and not in the others. A possible explana-
tion is that the change of motion direction may have guided
attention toward the disks and away from the original spatial
location of the cue. If this speculation were true, one would
then expect all three target options, with the exception of in-
valid space, to still benefit from attentional resources. For
many COAg values, invalid space generated the fastest RTs,
indicating the presence of space-based attention; however,
space-based attention did not produce the fastest RTs consis-
tently for all COAgGs.

In order to examine object-based attentional facilitation, we
show in Fig. 4 the mean RT difference between invalid-within
and invalid-between conditions. As can be seen from Fig. 4,
when grouping happens early enough (i.e., when the COAg
values are negative enough; e.g., =500, =400, and —300 ms),
the RT difference is negative, indicating a clear attentional
facilitation. The overall effect of COAg on the RT difference
was significant [F(1, 15)=3.675, p < .01, 771,2 =.962]. In order
to determine which RT differences (invalid-within — invalid-
between) were significantly different from zero, we ran a ¢ test
for all of the data points in Fig. 4. The Bonferroni-corrected
confidence interval was adjusted from .05 to .003125. All RT
differences for negative COAg values from —500 to —50 ms
were significantly different from zero [for COAg = —500,
t(11) = 3.956, p = .002, d = 0.605; for COAg = —400, #«(11)
=3.314,p=.003, d =0.216; for COAg =—-300, /(11) =2.114,
p =.0029, d = 0.197; for COAg = 200, #(11) =2.427, p =
.002,d =0.321; for COAg =—150,#(11) =4.432,p=.0013, d
=0.754; for COAG=-50,1(11)=3.221,p=.0031,d =0.124].
The most negative value of COAg corresponds to the case in
which grouping starts from the beginning, as in our previous
study (Gonen et al., 2014). In both studies, we found a strong
attentional facilitation for the entire group. We also observed

~ill- valid

—& Invalid Within
© Invalid Between
<> Invalid Space

o
=

1

1 1 J
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Cue Onset Asynchrony with respect to Grouping (ms)

Fig. 3 Mean reaction times for all target options in Experiment 1 (formation of groups), as a function of the cue onset asynchrony with respect to

grouping (COAg)
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Fig. 4 Mean reaction time differences (+ standard errors) for invalid-
within — invalid-between trials in Experiment 1 (formation of groups).
The negative differences indicate attentional facilitation of grouping. For

here that the attentional facilitation became weaker when the
timing of the initiation of the group became closer to the
timing of the cue.

Hence, in terms of the formation of groups, the results
indicated that the effect of grouping was gradual and built
up within the interval of 500 ms examined in this experiment.
In addition to grouping-based comparisons of attentional ef-
fects, we also compared the RTs of the valid target option to
the invalid-within option, to assess space-based attentional
effects. We found a significant space-based attentional effect
[F(1, 15) = 14.972, p = .002, ,> = .5].

In the data in Fig. 4, there is no apparent saturation in the
benefits of attentional effects, since the RT differences seem to
follow a linear decrease as COAg becomes more and more
negative. In order to investigate whether there is a critical
duration of group formation after which the attentional effect
becomes saturated, we collected additional data, in which we
had COAg values of =600 and —700 for 12 subjects (all
University of Houston graduate students, age average 28 years,
min age 26, max age 31; only four of the subjects were new).
The trials consisted of only the invalid-within and the invalid-
between trials, presented in random order. Each block had 120
trials for each target option, including 24 catch trials (20 %).
Four sessions per subject yielded 1,440 trials, with an addi-
tional 300 training trials. The results are plotted in Fig. 5. For
comparison, the COAg = =500 ms data point from Fig. 4 is
also included (circle). Paired 7 tests between the RT differ-
ences at COAg = —700 and —600 ms resulted in a nonsignif-
icant effect [#(11) =2.1745, p =.1934, d = 1.71]. Considering
the data point from Fig. 4 also, one can see that the effect
saturated beyond COAg = —500 ms.

Taken together, the results of these experiments show that
the effectiveness with which exogenous attention allocates
resources to perceptual groups depends on the temporal his-
tory of group formation. It is a relatively slow process,
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group formation, the largest effect is present when COAg is =500 ms. As
the grouping time approaches (i.e., as the COAg increases toward) the cue
presentation, the effect decreases

building up within a few hundred milliseconds and leveling
to a steady state in half a second.

Experiment 2: Exogenous attention during group
dissolution

The goal of the second experiment was to determine the allo-
cation of exogenous attention during the dissolution of per-
ceptual groups. As in Experiment 1, we used the common-fate
principle and varied the relative timing between the appear-
ance of the cue and the dissolution of perceptual groups.
Similar to Experiment 1, we separated objects into two distinct
groups by their directions of motion. Each COAg value

10~

20+

I//F/.

Reaction Time Difference (ms)

q;SO -700 650 -660 550 500 <450
Grouping Delay with respect to Cue Onset (ms)

Fig. 5 Mean reaction time differences (+ standard errors) for invalid-

within — invalid-between trials when COAg was —600 and —700 ms.

For comparison, the data point from COAg = =500 ms in Fig. 4 is
shown with the red circle
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represented a different delay as compared to the onset of the
exogenous cue, but this time representing the dissolution of
the already-established perceptual group.

Method

The methods were same as in Experiment 1 with the following
exception. The 16 different COA values represented the on-
set time of the cue with respect to the onset of the dissolution
of'the group. For instance, if the COAg was —300 ms, with the
start of the preview (see Fig. 1), the disks would start their
motion already distinguished into two groups, and after
200 ms (300 ms prior to the exogenous cue), the two groups
would dissolve, resulting in six disks having six different ran-
dom (linear) trajectories.

Results and discussion

RTs less than 150 ms and greater than 1,000 ms were excluded
from all analyses, constituting 1.4 % of all data. The accuracy
in catch trials was higher than 96 %. The RT data were ana-
lyzed with one-way repeated measures ANOVAs. Figure 6
shows the raw data for each target type. The effect of COAg
was significant [F(1, 15) = 34.079, p < .001, an =.694]. RTs
started in the 280-ms to 300-ms range, close to the ones ob-
served in Experiment 1, but became gradually slower as the
COA increases. The invalid-space condition tended to pro-
duce the fastest RTs, especially for negative values of COAg,
indicating the presence of space-based exogenous attention.
Figure 7 shows the mean RT differences between the invalid-
within and invalid-between conditions. The effect of COAG on
RT differences was significant [F(1, 15) = 18.642, p <.005, an =
.209], and negative RT difference values indicated clear atten-
tional facilitation. To determine which RT differences (invalid-

380 -
360
340 -
320

300 |-

Reaction Time (ms)

280 |-

L ! L 1
2!?800 -400 200 0 200

within — invalid-between) were significantly different from zero,
we ran a ¢ test for all data points in Fig. 7. The Bonferroni-
corrected confidence interval was adjusted from .05 to
.003125. For the COAg values equal to 1,200, 450, 350, 250,
150, 100, 50, 0, =50, and —100 ms, the RT differences were
significantly different from zero [for COAg = 1,200, #11) =
3.475, p = .001, d = 0.051; for COAg = 450, 1(11) = 3.124, p
=.001,d=0.017; for COAG =350, #11)=2.994, p =.0021,d =
0.265; for COAGg = 250, #(11) = 4.616, p = .003, d = 0.62; for
COAG =150, #(11) = 3.921, p = .0021, d = 0.654; for COAG =
100, #(11) = 4.541, p = .003, d = 1.23; for COAg = 50, «(11) =
2.113, p = .001, d = 0.852; for COAG =0, #«(11) = 0.741, p =
003, d = 0.795; for COAg = =50, #(11) = 4.328, p < .001,d =
0.991; for COAG=-100, #11)=2.634, p=.001,d = 1.14]. Note
that here COAG represents the time at which grouping dissolved
with respect to the onset of the cue. Negative and positive COAg
values indicate that the grouping dissolved before and after, re-
spectively, the presentation of the cue. As expected, attentional
benefits of grouping occurred strongly for positive values of
COA and decayed as COAg became negative. The attentional
benefits for negative values of COAg show that the attentional
benefits of grouping persisted for some time after the dissolution
of the groups. As in Experiment 1, in order to see the effect of
space-based attention, we compared the RTs of the valid target
option and the invalid-within option. Overall, the COAg effect
on space-based attention was significant [F(1, 15)=12.944, p =
003, n,” = .463].

General discussion

Stimuli impinging on the retina are very complex, and the
real-time processing of vision necessitates the reduction of this
complexity. Attention and perceptual grouping are two pro-
cesses involved in complexity reduction. There have been
extensive investigations into how each of these processes in

® - valid
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@ Invalid Between

O Invalid Space g

—

u
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Cue Onset Asynchrony with respect to Grouping (ms)

Fig. 6 Mean reaction times for all of the target options in Experiment 2 (dissolution of groups), as a function of the cue onset asynchrony with respect to

grouping (COAG)
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Fig. 7 Mean reaction time differences (+ standard errors) for invalid-within — invalid-between trials in Experiment 2 (dissolution of groups), as a
function of COAg. The negative differences indicate attentional facilitation of grouping

isolation can reduce stimulus complexity. Starting with the
rejection of the atomistic view, Gestalt theory introduced a
variety of perceptual-grouping principles that lead to more
holistic, simplified, and behaviorally relevant representations
of'the environment (for reviews, see Koffka, 1935; Wagemans
et al.,, 2012). Research on attention has identified “space-
based” as well as “object-based” processes (Egeth & Yantis,
1997; Egly, Driver, & Rafal, 1994). However, as we discussed
in the introduction, the concept of an “object” remains ill-
defined. One possible perspective is to consider “objects” as
outcomes of the perceptual-grouping process, a view that pro-
vides a natural connection between the two processes of com-
plexity reduction—namely, attention and perceptual grouping.
In fact, in a previous study it has been shown that attentional
resources are allocated to entire groups, highlighting the syn-
ergy between these two processes (Gonen et al., 2014). Gonen
et al. examined the case in which perceptual groups were

Reaction Time Ditterence (ms)

35

e

already established and, hence, were in a steady state. In a
natural environment, perceptual groups spontaneously form
and dissolve, as in the case of an animal in camouflage starting
or stopping movement against a camouflaging background.
When the animal moves, the grouping of its parts on the basis
of common motion reveals the animal as a whole. When the
animal stops, the common motion information vanishes, and
the animal vanishes into the camouflage. In this study, our
goal was to bring the investigation into a more ecological
setting by addressing how exogenous attention is allocated
during the formation and dissolution of perceptual groups.
We observed attentional benefits of perceptual grouping
during both the formation and the dissolution of groups.
Figure 8 shows the mean RT differences from both experi-
ments. Because COAg was defined with respect to the begin-
ning and the end of grouping in Experiments 1 and 2, respec-
tively, we flipped the results of Experiment 2 with respect to

L~..m

- group formation
A group dissolution

Cue Onset Asynchrony with respect to Grouping (ms)

Fig. 8 The data from Figs. 4 and 7 are plotted together, to compare the
time courses of attentional facilitation by grouping during the formation
and the dissolution of groups. The dissolution data are flipped around the
y-axis, to take into account the fact that COAg represented asynchrony
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with respect to the beginning and the end of the groups in Experiments 1
and 2, respectively. To reduce clutter, the group formation and dissolution
data are presented only with —SEM and + SEM, respectively
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the y-axis in order to compare them directly with the results of
Experiment 1. Since we do not know the relative latency be-
tween the time the cue is processed in the brain and the dy-
namics of grouping processes (Ogmen, Patel, Bedell, &
Camuz, 2004; Purushothaman, Patel, Bedell, & Ogmen,
1998), we cannot reach conclusions about the brain timing
of attention and grouping. We can, nevertheless, compare
the group formation and dissolution data directly, since they
were based on identical stimulus parameters. As can be seen in
Fig. 8, the time courses of the attentional benefits of grouping
are remarkably similar in the cases of group formation and
dissolution, operating within a half-second time frame. We
can also observe an important difference for the COA values
between 0 and +500 ms: Whereas, during group formation,
the RT difference reaches zero at COAg = 0 and there-
after, a persistent effect was observed during group dis-
solution within this interval. This effect is akin to other
persistence effects, such as visible persistence. In terms
of the raw RTs (Figs. 3 and 6), we observed an increase
in RTs when grouping was present as compared to
when it was not. Hence, overall, grouped stimuli tend
to slow down absolute reaction times, while giving an
attentional advantage to all elements of the group.

Taken together, our results reveal the dynamics of how
attention and grouping work in synergy during the transient
period when groups form or dissolve.
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