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Illusory Kanizsa figures demonstrate that a perceptually completed whole is more than the sum of its
composite parts. In the current study, we explored part/whole relationships in object completion using
the configural superiority effect (CSE) with illusory figures (Pomerantz & Portillo, 2011). In particular,
we investigated to which extent the CSE is modulated by closure in target and distractor configurations.
Our results demonstrated a typical CSE, with detection of a configural whole being more efficient than the
detection of a corresponding part-level target. Moreover, the CSE was more pronounced when grouped
objects were presented in distractors rather than in the target. A follow-up experiment systematically
manipulated closure in whole target or, respectively, distractor configurations. The results revealed the
effect of closure to be again stronger in distractor, rather than in target configurations, suggesting that
closure primarily affects the inhibition of distractors, and to a lesser extent the selection of the target.
In addition, a drift–diffusion model analysis of our data revealed that efficient distractor inhibition expe-
dites the rate of evidence accumulation, with closure in distractors particularly speeding the drift toward
the decision boundary. In sum, our findings demonstrate that the CSE in Kanizsa figures derives primarily
from the inhibition of closed distractor objects, rather than being driven by a conspicuous target config-
uration. Altogether, these results support a fundamental role of inhibition in driving configural superior-
ity effects in visual search.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

Whilst part of what we perceive comes through our sense from
the object before us, another part (and it may be the larger part)
always comes out of our own head.

[James (1890, p. 103)]
Understanding how the retinal images of our complex visual
world are translated into integrated and coherent object represen-
tations was recognized as a central challenge by Gestalt theory
(Wertheimer, 1912). A major question in this context is how the
visual system combines fragments into wholes despite adverse
luminance gradients and partial occlusions of the underlying scene
structure. Solving this problem, by means of perceptual organiza-
tion, is a fundamental function of the visual system. A number of
‘laws’ have been proposed describing the organizational (‘group-
ing’) principles based on which the visual system structures our
environment, including grouping based on proximity, closure,
and symmetry (Wagemans, Elder, et al., 2012).

Empirical research has shown that the laws of grouping as
described initially on the basis of phenomenological observations
are essential for object recognition (Lowe, 1987). For example,
parsing retinal images through mechanisms of perceptual organi-
zation may result in ordered scene representations where frag-
ments are assigned unambiguously to a given object and each
object can be segregated from elements that belong to other
objects and the background. Such structured representations are
achieved even when distinctive and continuous borders between
objects are lacking. For instance, ‘Kanizsa figures’, such as the
Kanizsa square depicted in Fig. 1C, demonstrate that mechanisms
of visual completion can give rise to the impression of an illusory
object – that is, in the example, a relatively bright central square
with sharp boundaries emerges that appears to occlude the (adja-
cent) circular inducer elements (Kanizsa, 1955) – even though this
percept has no direct physical correspondence in the retinal image
(Murray & Herrmann, 2013, for a review). Original Gestalt theory
claimed that closure, rather than just being a cue for grouping, is
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Fig. 1. Implied closure in emergent shape configurations. Panels A to C illustrate
that a systematic (i.e., inward facing) arrangement of pacman inducers can modify
the amount of closure in the emergent (illusory) figure until a ‘complete’ Kanizsa
square (C) is rendered. Each stimulus configuration shows an arrangement of
inducers (top) together with a schematic illustration of the corresponding emergent
shape representation (bottom).

Fig. 2. Panel A shows a schematic of the odd-quadrant discrimination task.
Participants see either a part or a whole display (the context display is only
presented for illustrative purpose). In the example, A, B, and C are placeholders for
several possible stimuli. Panel B shows a corresponding example of a stimulus set
that leads to a reliable configural superiority effect, whereas panel C illustrates an
example that yields a configural inferiority effect (adapted from Pomerantz &
Portillo, 2011).
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a major determinant of what constitutes a complete form (Koffka,
1935). More recently, Elder and Zucker (1993, 1994) proposed that
the most important role of closure may be to relate a 1-D contour
to a corresponding 2-D shape – which was supported by the find-
ing that small changes in closure can yield large changes in shape
discriminability. In this view, emergent properties of illusory fig-
ures may reflect the degree to which grouping by closure yields a
global form (Kogo, Strecha, Van Gool, & Wagemans, 2010; Kogo
& Wagemans, 2013; Wagemans, Elder, et al., 2012). It should be
noted that in the example of the Kanizsa square, the closed shape
is not part of the actual (physical) stimulus arrangement, but is
rather attributed to the emergent, illusory square – that is, it actu-
ally constitutes some form of ‘‘implied closure”. Fig. 1 illustrates
that implied closure of the emergent figure can be varied system-
atically by changing the configuration of the pacman inducers.
Moreover, along with an increase in closure (from Fig. 1A to C),
the emergent shape exhibits a concurrent increase in the extent
to which precise bounding contours are perceived based on group-
ing by collinearity.

Despite the complex percepts that arise from illusory figures,
arguably, such integrated objects are nevertheless rendered by
preattentive coding mechanisms (Davis & Driver, 1994; see also
Gurnsey, Humphrey, & Kapitan, 1992). For instance, Davis and
Driver (1994) used a visual search task with a Kanizsa square as
the target and comparable configurations (that did not give rise
to an illusory figure) as nontargets. Davis and Driver found that
search for an illusory target figure could be performed ‘efficiently’,
that is, the reaction times (RTs) taken to respond to the presence of
the target were independent of the number of configurations pre-
sented in the search display (the ‘display size’). Subsequent studies,
by Conci, Gramann, Müller, and Elliott (2006), Conci, Müller, and
Elliott (2007a, 2007b) and Conci, Töllner, Leszczynski, and Müller
(2011), showed efficient search for illusory figures to primarily rely
on grouping by closure; that is, search efficiency, reflecting how
readily focal attention is allocated to the target, was primarily
determined by the degree of closure provided in the target and dis-
tractor configurations. By contrast, search efficiency was found to
be unrelated to the contour information, that is, the degree to
which emergent shapes are constructed on the basis of grouping
by collinearity (Conci et al., 2006, 2007a, 2009; Donnelly,
Humphreys, & Riddoch, 1991). Thus, converging evidence from
studies that employed Kanizsa-type stimuli suggests that closed
object configurations are particularly effective in guiding search
at preattentive stages of processing (Conci et al., 2011, 2009;
Stanley & Rubin, 2005).

A related paradigm designed to examine the effectiveness of the
emergent properties of grouping was introduced by Eidels,
Townsend, and Pomerantz (2008), Pomerantz (2003), Pomerantz
and Portillo (2011), Pomerantz and Pristach (1989), Pomerantz,
Sager, and Stoever (1977) and Wagemans, Feldman, et al. (2012).
Their ‘Configural Superiority Effect’ (CSE) typically shows that
RTs to localize a target among distractors can be significantly faster
when ‘irrelevant’ context parts are added to an item so as to elicit
the percept of a complete figure. Fig. 2A illustrates a schematic
example of the odd-quadrant task typically employed to investi-
gate the CSE. Participants are asked to determine which one of four
presented elements is different (e.g., element B) from the other,
homogenous distractors (e.g., element A). Then, an additional,
‘task-irrelevant’ context item (e.g., element C) is added to all
objects, now producing novel stimulus pairs (e.g., BC and AC).
While this irrelevant context C does not convey any task-relevant
information per se, in certain cases, stimuli will group together
to form a perceptual ‘Gestalt’ – with one such configuration provid-
ing salient information as to what constitutes the target, thus pro-
ducing a CSE (see Fig. 2B for a typical example). For such
configurations, detection (and localization) of the novel, composite
target becomes significantly easier (relative to the non-composite
target), as evidenced by faster RTs and increased accuracy.

The CSE has been used to illustrate the major role of perceptual
grouping for the extraction of basic ‘Gestalts’, or emergent features
(Pomerantz & Portillo, 2011). CSEs have been reported for a variety
of stimulus configurations. In one prototypical case, additional pac-
man inducers were presented that, in this variant, combined to
form a non-square whole (target) among Kanizsa square (distrac-
tor) configurations, relative to a part condition that presented
incomplete objects consisting of only two pacman inducers (see
Fig. 3B). In general agreement with the findings from visual search
paradigms (Davis & Driver, 1994), presentation of whole Kanizsa
figures led to a reliable CSE. In many other cases, though, adding
contextual information dilutes the differences between the two
elements A and B, making it harder to discern the presence of
the composite stimulus BC among stimuli AC, as compared to dis-
cerning stimulus B among stimuli A alone. Moreover, adding a con-
text may also increase the total processing load, as well as



Fig. 3. Example search displays in Experiment 1. (A) In the closed target condition, a closed target was presented among open distractors. (B) In the open target condition, the
assignment of targets and distractors was reversed. Both open and closed targets conditions were presented either as part or as whole displays. Whole displays combined the
part display with a non-informative context display, to reveal complete configurations that typically yield a configural superiority effect.
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increasing the chances of ‘crowding’, or observers may tend to
attend to the wrong element (Pomerantz et al., 1977). This is
referred to as ‘Configural Inferiority Effect’ (CIE; see Fig. 2C for an
example), because the composite (whole) is significantly harder
to discriminate than the corresponding part elements.

Consistent with the behavioral evidence on the CSE, a recent
fMRI study suggests that the ventral visual pathway, in particular
the Lateral Occipital Complex (LOC), is involved in the configural
processing of emergent features (Kubilius, Wagemans, & Op de
Beeck, 2011). Using a localization task (see Fig. 2B), this study
showed that decoding of neuronal responses in LOC, but not in
the primary visual cortex (V1), was better able to predict the loca-
tion of the odd itemwhen processing wholes, whereas area V1 (but
not LOC) was a better predictor of the position of the odd element
when processing parts. This pattern supports the idea that Gestalt
configurations may emerge at a relatively higher level of visual
processing, with the processing of parts and wholes being related
to distinct areas, or stages, in the visual processing hierarchy.

The aim of the present study was to further explore the crucial
processes that determine the CSE. For instance, reliable CSEs have
been reported for a variety of stimulus configurations, thus provid-
ing evidence for the idea that perceptual grouping generates emer-
gent features that allow for an efficient extraction of a given target
configuration. However, these studies have – to our knowledge –
not investigated in detail whether the detection of a configural tar-
get is enhanced because of emergent properties of the target (thus
facilitating target detection), or due to emergent features in dis-
tractors (i.e., permitting more efficient distractor suppression).
On the basis of these considerations, we set out to specifically test
and compare how grouping in targets and distractors modulates
the CSE.

To this end, Experiment 1 employed a variant of a CSE paradigm
presenting circular pacman inducer elements that potentially com-
bine to form an illusory Kanizsa figure (i.e., Pomerantz & Portillo,
2011). The experiment consisted of two task sessions: observers
were required to detect either a closed target among open nontar-
gets (Fig. 3A) or an open target among closed nontargets (Fig. 3B).
Importantly, the target could be presented within either a ‘Part’ or
a ‘Whole’ display (Fig. 3, left and right panels, respectively). Com-
parisons of the two possible target configurations permit us to
examine whether the CSE with illusory figures can be related to
grouping by closure in targets and/or distractors (Fig. 3A and B,
respectively). Next, to further disentangle grouping by closure in
either targets or distractors, Experiment 2 introduced separate
experimental parts that independently manipulated the degree of
closure in distractors or, respectively, in the target (while keeping
the target or, respectively, the distractors constant, see Fig. 7). This
approach allowed examination for the separate, independent con-
tributions of closed configurations in targets and distractors.

Moreover, while previous behavioral studies reported reliable
RT effects, it is not clear at which functional level of processing
the CSE emerges – that is, whether the CSE can be related to basic
levels of information processing or to higher-level, decisional
stages. For instance, CSE differences across conditions may reflect
differences in the rate at which stimulus information is accumu-
lated (the so-called ‘drift rate’), the amount of decisional informa-
tion required to provide a response (i.e., ‘boundary separation’), or
other nondecisional factors that influence the response, in particu-
lar initial sensory processing (‘non-decision time’; see Ratcliff &
McKoon, 2008). To our knowledge, there have been no attempts
to model perceptual grouping by means of such a diffusion-type
modeling approach. Thus, to examine such latent processing
stages, we applied a model fitting procedure to the behavioral data
using the Hierarchical Drift–Diffusion Model (HDDM; Wiecki,
Sofer, & Frank, 2013), which incorporates an estimation of these
parameters, in addition to the conventional response latency and
accuracy measures.

To preview our main findings, both experiments consistently
revealed that the CSE or search for a configural (Kanizsa-type) tar-
get are primarily determined by grouping by closure in distractors,
but not in the target configuration. This suggests that closed shapes
can be more readily rejected (as a result, the target is detected
more efficiently). Our modeling results further reveal that this
effect of closure in distractors is reflected in the drift rates, that
is, faster rates of evidence accumulation to reach a given decision
when distractor shapes are bound to a coherent (closed) object.
In this view, the CSE is determined by the inhibition of to-be-
rejected distractor configurations.
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2. Experiment 1

Experiment 1 investigated object grouping, that is, grouping by
closure in target and distractor configurations, using a visual
search task with Kanizsa-type configurations (see Fig. 1 for exam-
ples, and Pomerantz & Portillo, 2011). The target configuration
could be presented either as a whole or as a part configuration
(see Fig. 3, left and right panels, respectively). Two conditions pre-
sented either a closed target among open distractors, or, con-
versely, an open target among closed distractors (Fig. 3, panels A
and B, respectively). Differences between targets and distractors
were kept constant across wholes and parts such that a given tar-
get would always yield an identical feature contrast value relative
to the distractors.1 On the basis of previous findings, we expected
faster RTs to whole as compared to part configurations, which would
be indicative of a CSE (Pomerantz & Portillo, 2011; Pomerantz et al.,
1977).
2.1. Methods

2.1.1. Participants
Fourteen right-handed observers (10 female; age range: 21–

28 years; mean age: 23.6 years) with normal or corrected-to-
normal visual acuity participated in the experiment, receiving
course credits or payment of 8 Euro per hour. Participants provided
written consent to the procedure of the experiment, which was
approved by the ethics committee of the Department of Psychol-
ogy at LMU München, in accordance with the Declaration of
Helsinki.
2

2.1.2. Apparatus and stimuli
The experiment was conducted on a PC-compatible computer

(Dell Inc., Texas, USA) using Matlab routines and Psychophysics
Toolbox extensions (Brainard, 1997; Pelli, 1997). Stimuli were pre-
sented on a 2200 LCD monitor screen placed at a viewing distance of
approximately 57 cm. Stimuli were presented in light gray (8.5 cd/
m2) against a black (0.02 cd/m2) background. On each trial, four
configurations were placed within the quadrants of the screen, 6�
from the screen center. Each configuration subtended 2.8� � 2.8�
of visual angle and was composed of two or four pacman inducers,
with a diameter of 0.93� each.

Configurations could be presented as ‘parts’ or ‘wholes’, pre-
senting two or four pacman inducers, respectively. Part configura-
tions presented two pacmen aligned along an imaginary diagonal
line across the quadrant (see Fig. 3, left panels). Left- or rightward
tilt of the diagonal was chosen randomly for a given trial, though
with each display presenting all objects in uniform orientation
(i.e., for a given display all distractors were identical). Whole con-
figurations presented four pacmen arranged in square form (see
Fig. 3, right panels). Configurations with pacman inducers rotated
such that all indented segments faced the center of the configura-
tion are referred to as ‘closed’; by contrast, when two pacmen
faced outwards, the resulting configurations are referred to as
‘open’.

Within a given trial, only whole or only part configurations
were displayed. Two types of trials were possible: On target-
present trials, one target configuration was presented among three
distractor configurations, with either a closed target among open
distractors, or an open target among closed distractors. On
target-absent trials, all four configurations on a given trial were
identical. Fig. 3 presents examples of target-present displays. The
1 The stimulus set used in both experiments was carefully controlled in terms o
the similarity relations between target and distractors. Nevertheless, it remains
possible that some subjective components of similarity (cf., Hout et al., 2016) were
not captured by our control of the stimulus parameters.

It should be noted that CSE tasks usually employ a quadrant localization task
(Pomerantz et al., 1977) whereas here we used a detection task. This slight change o
the paradigm was implemented in order to apply diffusion modeling to the data
(which requires two response alternatives). However, both types of task are usually
highly comparable (e.g., Green, 1992).
f

figure illustrates how whole configurations were created by com-
bining a given part display with an additional, ‘uninformative’ con-
text display.

2.1.3. Design
A three-factors within-subjects design was used. The indepen-

dent variables were target presence, configuration, and target clo-
sure. Target presence had two levels: target present and target
absent. For target-present trials, there was always one configura-
tion that differed from the other three, whereas for target-absent
trials, all four configurations were the same. Targets appeared with
equal probability at the four possible display locations, with target
location varying randomly across trials. The second variable, con-
figuration, also had two levels: whole and part, denoting whether
a given display consisted of stimulus arrangements made up of
four or two pacman inducers, respectively (see Fig. 2 and the
descriptions above for further details). The third variable, target
closure, again had two levels: closed and open (see Fig. 3A and B,
respectively), denoting whether a given target could be grouped
to form a closed shape or not. Closed targets were presented with
open distractors, and open targets with closed distractors.

2.1.4. Procedure
Participants were comfortably seated in a dimly lit, sound-

attenuated room. The experiment was divided into two consecu-
tive sessions that either presented closed or open targets (with
order of presentation counterbalanced across observers). Each ses-
sion started with 48 practice trials for participants to become
familiar with the task. Then, in each session, 256 experimental tri-
als were presented in four blocks of 64 trials each, with random-
ized order of the factors target presence and configuration. There
were 64 trials for each factorial combination.

Each trial started with the presentation of a central fixation
cross for 500 ms. Subsequently, a search display was presented
until the observer’s response. Participants responded with a
speeded target-present versus target-absent response via mouse
keys.2 The response mapping (i.e., left/right-hand responses to target
presence/absence) was counterbalanced across participants. In case
of an erroneous response, feedback was provided by an alerting mes-
sage (a red minus sign) that was presented for 1000 ms in the center
of the screen. Each trial was separated from the next by an interval of
500 ms, presenting a blank screen.

2.2. Results

2.2.1. Response accuracy
Overall, performance was very accurate, with an average of 94%

correct responses. Fig. 4A depicts the accuracy data (percentage of
correct responses), which were examined by a 2 � 2 � 2 repeated-
measures analysis of variance (ANOVA) with the factors target
presence (present, absent), configuration (whole, part), and target
closure (closed, open). We additionally report the estimated Bayes
factor (BF) for all significant results, as revealed by a comparable
Bayesian ANOVA using JASP (Love et al., 2015). The Bayes factor
gives the ratio with which the alternative hypothesis is favored
over the null hypothesis (i.e., larger BFs argue in favor of the alter-
native hypothesis; see Dienes, 2011, for an overview). The accuracy
ANOVA revealed the main effects of both configuration (wholes vs.
parts: 95% vs. 92%, F(1,13) = 5.38, p = .037, g2 = .29, BF = 3.09) and
target closure (closed vs. open: 92% vs. 95%, F(1,13) = 18.64,
f



Fig. 4. Mean accuracy (A) and mean RTs (B) in Experiment 1 presented as a function of target closure (closed vs. open) for the factorial combinations of configuration (whole,
part) and target presence (present, absent). The error bars represent ±1 standard error of the mean.
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p < .001, g2 = .59, BF = 3.22) to be significant. Importantly, the two-
way interaction between configuration and target closure was also
significant, F(1,13) = 11.26, p = .005, g2 = .46, BF = 5.51. Post-hoc
comparisons revealed a CSE in accuracy: there was a reliable differ-
ence in response accuracy only for open targets (5.5%; t(13) = 3.8,
p = .002, d = 1.01, BF = 19.7), but not for the closed targets (�0.3%,
t(13) = �.47, p = .65, d = �0.13, BF = 0.3). Neither the main effect
nor any interactions involving the factor target presence were sig-
nificant (all ps > .4, g2s < .05, BFs < 0.3). This pattern of results sug-
gests that a CSE in accuracy was evident only for open targets
(among closed distractors), without a comparable facilitatory
effect for closed targets (among open distractors). Moreover, the
CSE in accuracy was found to be independent of target presence.

2.2.2. Reaction times
Mean RTs for each observer were calculated excluding error

responses and RTs deviating by more than three standard devia-
tions from the mean of each condition. 7.7% of all trials, on average,
were excluded by this outlier criterion (Experiment 2 yielded com-
parable exclusion rates). Mean RTs were again entered in a
2 � 2 � 2 repeated-measures ANOVA with the factors target pres-
ence (present, absent), configuration (whole, part), and target clo-
sure (closed, open). Fig. 4B depicts the RT results. The analysis
revealed both the main effect of configuration (wholes vs. parts:
1119 vs. 1325 ms, F(1,13) = 21.82, p < .001, g2 = .62,
BF = 3.84 � 1010) and that of target closure (closed vs. open: 1371
vs. 1078 ms, F(1,13) = 48.4, p < .001, g2 = .79, BF = 3.15 � 104) to
be significant. Moreover, a significant interaction between target
closure and configuration was again found (F(1,13) = 13.05,
p = .003, g2 = .5, BF = 20.28). This interaction was owing to a reli-
able CSE, of 285 ms, for open targets (presented among closed dis-
tractors), t(13) = �7.65, p < .001, d = �2.05, BF = 5431.4. By
contrast, for closed targets (presented among open distractors),
the CSE (of 108 ms) was not significant, t(13) = �1.48, p = .16,
d = �0.4, BF = 0.66. Again, there was no main or interaction effect
that involved target presence (all ps > .48, g2s < .04, BFs < 0.16),
mirroring the pattern in the accuracy data. This pattern of results
shows, as above, that the CSE was particularly pronounced for
closed distractors, without any substantial contribution arising
from target presence and/or target closure.

2.3. Hierarchical drift–diffusion modeling

In a subsequent step, a drift–diffusion modeling approach was
applied to further demarcate task-critical stages determining the
CSE. We used the Hierarchical Drift–Diffusion Modeling approach
(HDDM; Wiecki et al., 2013) to (i) apply a model fitting procedure
and (ii) extract model parameters of the best-fitting model for fur-
ther analysis. Theoretically, the diffusion model specifies decision
processes with two possible outcomes (e.g., deciding between tar-
get presence and absence) as being inherently noisy, with informa-
tion being accumulated over time. It permits the extraction of
three parameters relating to, respectively: (1) information accu-
mulation, which can be interpreted as a general measure of sensiv-
ity to the relevant configurations (the ‘drift rate’ parameter, v); (2)
a decision threshold reflecting the amount of information required
to trigger the corresponding response (the ‘boundary separation’
parameter, a); and (3) a mean ‘non-decision’ time parameter
(Ter), which refers to the time taken by the sensory encoding of
the information plus the time required for executing the motor
response (Ratcliff & McKoon, 2008). It should be noted that motor
responses can be assumed to reflect a constant process on all types
of trials (as they are issued on every single trial); accordingly,
potential differences in non-decision times could be taken to
reflect exclusively the stage(s) of initial sensory processing.

HDDM constitutes a recently developed hierarchical Bayesian
estimation of drift–diffusion parameters based on the RT distribu-
tions of both correct and incorrect responses, allowing for a simul-
taneous extraction of individual and group parameters. Fits to
individual participants are constrained by the group distribution
but can deviate from this distribution to a certain extent reflecting
individual variability. To compare choice RTs in the CSE, eight dif-
ferent models were investigated, where the three parameters of
interest (v, a, Ter) were either fixed or allowed to vary across the
eight model variants (Table 1). For each model, there were
20,000 samples generated from the posterior probabilities, where
the first 2000 samples were discarded. Of the remaining 18,000
samples, every fifth sample was saved, resulting in a trace of
3600 samples. The best model to describe the data across the eight
conditions was selected on the basis of the deviance information
criterion (DIC; Spiegelhalter, Best, Carlin, & van der Linde, 2002),
reflecting the best trade-off between the quality of fit and model
complexity. To evaluate model performance, posterior predictives
generated by the winning model were plotted on top of the
observed correct and incorrect RT distributions for each partici-
pant. Fig. 5 represents an example of one representative
participant.

As depicted in Table 1, this model selection procedure showed
the best fit when all three parameters (drift rate v, boundary sep-
aration a, nondecision time Ter) were allowed to vary (model 1,



Table 1
Model selection with HDDM in Experiment 1. A lower value of the deviance
information criterion (DIC) indicates a better balance between model fit and
complexity. v = drift rate; a = boundary; Ter = nondecision time.

Model Free to vary DIC

1 v, a, Ter 7074.9
2 v, Ter 7308.8
3 v, a 7422.5
4 a, Ter 7555.0
5 Ter 8009.6
6 a 8104.4
7 v 8281.5
8 Fix all 10766.3
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printed in bold), corresponding to a full drift–diffusion model.
Next, each parameter of this best fitting model was then entered
into a 2 � 2 � 2 repeated-measures ANOVA with the factors target
presence, configuration, and target closure, as for the above
analyses.

First, analysis of the drift rates revealed significant main effects
for configuration (wholes vs. parts: 2.15 vs. 1.71, F(1,13) = 17.09,
p = .001, g2 = .57, BF = 1.61 � 1014) and target closure (closed vs.
open: 1.61 vs. 2.27, F(1,13) = 153.4, p < .001, g2 = .92,
BF = 4.6 � 109). These main effects indicate that the rate of evi-
dence accumulation was faster for wholes relative to parts, and
for open relative to closed targets. There was also a configuration
by target closure interaction (F(1,13) = 82.21, p < .001, g2 = .86,
BF = 2.78 � 107). Post-hoc paired t-tests showed the CSE to be sig-
Fig. 5. Examples of the posterior predictive distribution as extracted from the optimal HD
representative participant in Experiment 1 (red lines). Each panel depicts the distribution
axis to display correct and incorrect RT distributions in one plot (positive and negative va
the reader is referred to the web version of this article.)
nificant only for open targets (t(13) = 9.78, p < .001, d = 2.61,
BF = 6.42 � 104; whole vs. part: 2.77 vs. 1.77), but not for closed
targets (t(13) = �0.88, p = .4, d = �0.24, BF = 0.38; whole vs. part:
1.53 vs. 1.65). As can be seen from Fig. 6A, a CSE in drift rates
was evident in the open, but not in the closed, target condition.

Next, a repeated-measures ANOVA of the decision thresholds
revealed only the interaction between target presence and target
closure to be significant (F(1,13) = 5.06, p = .042, g2 = .28,
BF = 0.093). Post-hoc paired t-tests showed the main effect of tar-
get closure to be marginally significant for target absent trials (t
(13) = 1.78, p = .099, d = 0.48, BF = 0.94; open vs. closed: 2.76 vs.
2.54), but not for target present trials (t(13) = �1.25, p = .23,
d = �0.33, BF = 0.52). Thus, open distractor configurations tended
to require more evidence to be accumulated than closed configura-
tions in order to reach the target-absent decision boundary
(Fig. 6B).

Finally, a repeated-measures ANOVA of the nondecision times
yielded significant main effects of both configuration (F(1,13)
= 22.23, p < .001, g2 = .63, BF = 2.28 � 104) and target closure (F
(1,13) = 34.03, p < .001, g2 = .72, BF = 1.67 � 105). As can be seen
from Fig. 6C, wholes were encoded faster than the corresponding
parts (494 vs. 633 ms) and the same was true for closed distractors
(open targets) versus open distractors (closed targets) (closed vs.
open distractors: 500 vs. 627 ms); that is, sensory encoding of
stimulus information was actually more efficient with both larger
amounts of physical stimulation and with closed configurations.
There were no further significant effects (ps > .23, g2s < .11,
BFs < 0.6).
DM (blue lines), and the respective empirical normalized RT distributions from one
s for separate conditions in the experiment. Errors have been mirrored along the x-
lues, respectively). (For interpretation of the references to color in this figure legend,



Fig. 6. Mean hierarchical drift–diffusion parameters (A: drift rate; B: boundary separation; C: nondecision time) in Experiment 1. All parameters are presented as a function
of target closure (closed vs. open) for the factorial combinations of configuration (whole, part) and target presence (present, absent). The error bars represent ±1 standard
error of the mean.
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2.4. Discussion

The results of Experiment 1 replicated previous findings of a
CSE with illusory figures (Pomerantz & Portillo, 2011; Pomerantz
et al., 1977). Overall, wholes were detected 180 ms faster than
the corresponding parts, demonstrating that a given configuration
can be processed faster than its constituent elements. Importantly,
however, this overall pattern was differentially influenced by tar-
get closure: a much larger CSE manifested with an open target
(presented among closed distractors), as compared to a closed tar-
get (among open distractors; CSEs of 285 [108] ms for open
[closed] targets, respectively), indicating that the magnitude of
the CSE is modulated by the degree of closure in distractors. Nota-
bly, the fact that a robust CSE was obtained only in the condition in
which a closed Kanizsa square served as the distractor (but not
when the target was a closed Kanizsa square, in which case the
CSE was not reliable) would suggest that the emergence of the
CSE is primarily associated with the suppression of (closed) dis-
tractors, rather than selection of a (closed) target. Moreover,
target-absent trials were overall comparable to target present tri-
als, further suggesting that closure is primarily modulating the effi-
cient rejection of a given distractor configuration.

In addition, the drift–diffusion model analysis further identified
specific processing stages associated with this CSE-related influ-
ence of distractors. The parameter estimates obtained indicate that
the initial visual encoding processes, reflected by the nondecision
times, were affected by object closure, illustrating that closed con-
figurations were encoded more efficiently; however, they were
also influenced by the amount of visual stimulation provided –
as evidenced by the faster processing of wholes as compared to
the corresponding parts (Fig. 6C). A difference between closed
and open configurations in the CSE was revealed only for subse-
quent processing stages reflected in the drift rates, with faster rates
of evidence accumulation for wholes, relative to parts, with open
targets [and closed distractors], as compared to closed targets
[and open distractors] (Fig. 6A). This pattern mirrors that of the
CSE in the RT data (Fig. 4B), suggesting that efficient rejection of
closed distractors can expedite the accumulation of decision-
critical evidence in favor of target presence. Next, the analysis of
the decision thresholds (Fig. 6B) revealed somewhat larger thresh-
olds to reach an open (vs. closed) decision boundary on target-
absent trials, but no such difference on target-present trials. In
sum, the hierarchical drift diffusion modeling disclosed distinctive
dynamics at different processing stages: initial stimulus encoding
was expedited with both larger amounts of visual stimulation
and closed configurations presented, whereas a difference that
reflected the (differential) CSE in open and closed targets was man-
ifest at the subsequent stage of evidence accumulation only.
Finally, the decision threshold tended to be (marginally) higher
for closed distractors (but only when there was no target).
3. Experiment 2

Experiment 1 revealed a CSE that was primarily related to the
processing (i.e., to the rejection) of closed distractors, manifesting
in terms of both expedited RTs and the speed of evidence accumu-
lation. Experiment 2 was designed to systematically examine the
independent contribution of grouping by closure to the two
(related) processes of target detection and distractor rejection. To
this end, in Experiment 2, we only presented complete (whole)
stimulus configurations that varied with regard to the amount of
closure in either targets or distractors. There were two task ses-
sions: First, in the ‘distractor rejection task’, the distractors could
be closed or open configurations and the target was held constant,
presenting a ‘mixed’ configuration that was equally similar to both
types of distractors (see Fig. 7A). Second, in the ‘target detection
task’, the target could be either a closed or an open configuration,
whereas distractors were constant, always presenting a mixed con-
figuration (see Fig. 7B). Therefore, these two tasks permit us to
quantify closure (closed vs. open) separately in targets and distrac-
tors, and further to differentiate its relative contributions to target
detection and distractor rejection. On the basis of Experiment 1, we
expected that this manipulation would engender a more robust
‘closure effect’ in distractors than in targets.

3.1. Methods

3.1.1. Participants
Fourteen right-handed observers (10 female; age range: 20–

32 years; mean age = 25.6 years) with normal or corrected-to-
normal visual acuity participated in Experiment 2, receiving course
credits or payment of 8 Euro per hour.

3.1.2. Apparatus and stimuli
All methodological details were essentially the same as in

Experiment 1, except that, in Experiment 2, only whole configura-
tions were presented – in three variants: they were (i) arranged to
form a closed shape (i.e., a Kanizsa square), or (ii) depicted a mixed
arrangement (with two diagonally opposing pacmen facing
inwards and the other two pacmen facing outwards), or (iii) could
be presented to form an open, symmetric shape (with all four pac-
men oriented outwards). Fig. 1 presents examples of the closed,
mixed, and open configurations (see also Fig. 7 for example dis-



Fig. 7. Example search displays in Experiment 2. (A) In the distractor rejection task,
closure in distractors was varied while keeping the target constant. (B) In the target
detection task, distractors were constant but the target varied in terms of grouping
by closure. Note that in all possible displays, the feature contrast between a given
target and distractor configuration was the same, i.e., targets and distractors
differed from each other to the same extent.
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plays). As in Experiment 1, all distractors in a given search display
were identical, homogeneous shapes. Note that the open configu-
ration as previously used in Experiment 1 is now, in this variant
of the task, referred to as ‘mixed’ configuration.
3.1.3. Design and procedure
As in Experiment 1, the task in Experiment 2 was to detect a tar-

get that differed from the other configurations, and to respond
with a speeded target-present or -absent response (with response
mappings counterbalanced across observers).

The experiment consisted of two different halves, presented to
observers in counterbalanced order: In one half of the experiment,
the composition of the distractors was varied and the target
remained constant throughout – so as to test the efficiency of
rejecting closed or open distractors. Thus, in this part of the exper-
iment, observers were required to detect a ‘mixed’ target among
(variably across trials) either ‘open’ or ‘closed’ distractors. In the
second half of the experiment, in turn, the target was varied and
the distractors remained constant – to test the efficiency of detect-
ing closed or open targets. This part of the experiment always pre-
sented ‘mixed’ configurations as distractors and observers were
required to either detect an ‘open’ or a ‘closed’ target configuration.
Fig. 7 presents examples of closed and open target-present trials
for variations of both distractors (Fig. 7A) and targets (Fig. 7B). In
each part of the experiment, target-present/-absent and closed/
open configurations were presented in random order across trials.
Targets were randomly assigned to one of the four display quad-
rants. There were 64 trials for each factorial combination. Each half
of the experiment started with one practice block of 48 trials and
was followed by 4 experimental blocks of 64 trials each.
3.2. Results

In order to directly compare the effects of grouping by closure
in the processing of distractors and targets, the accuracies (and
RTs) of target-present closed distractor conditions were subtracted
from those in the corresponding open distractor conditions for
each participant, thus providing a measure of the ‘closure effect’
in distractors (i.e., the benefit in accuracy and RTs for closed rela-
tive to open distractors). The same subtraction procedure was also
applied to the closed and open target conditions. For statistical
analysis, closure effects in targets and distractors were compared
in a series of paired t-tests. Additional one-sample t-tests were
employed to further investigate whether the obtained closure
effects differed significantly from zero. Additional analyses of the
mean target-present and -absent RTs and response accuracies
(i.e., without applying this subtraction procedure) are presented
in a Supplement.

3.2.1. Response accuracy
A paired-sample t-test on the closure effect in the percentage of

correct responses between the experimental halves related to dis-
tractor rejection and target detection, respectively, revealed no sig-
nificant difference (6.7% vs. 5.8%, respectively; t(13) = �0.21,
p = .84, d = �0.06, BF = 0.28; see Fig. 8A). Moreover, only the clo-
sure effect in distractors, but not that in targets, was significantly
smaller than zero (t(13) = 2.74, p = .009, d = 0.73, BF = 7.28, and t
(13) = 1.53, p = .075, d = 0.41, BF = 1.27, respectively), suggesting
more accurate responses in rejecting closed than open distractor
configurations, which is consistent with the pattern of the CSE in
accuracy as obtained in Experiment 1.

3.2.2. Reaction times
The same analysis procedure for the closure effect as above was

applied. This analysis showed that the closure effect in distractors
was significantly larger than that in targets (382 vs. 149 ms; t(13)
= 2.63, p = .02, d = 0.7, BF = 3.13; see Fig. 8B), though the effects
were significantly larger than zero in both cases (ts(13) > 2.33,
ps < .02, ds < 0.62, BFs > 3.92). This indicates that closure facilitated
both the detection of a (closed) target and the rejection of (closed)
distractors, with closure in distractors yielding larger benefits for
search performance – a finding again consistent with the results
obtained in Experiment 1.

3.3. Hierarchical drift–diffusion modeling

As in Experiment 1, the HDDM modeling was applied to the
data in order to identify the effect-critical stages of processing.
The initial model-fitting procedure again supported a model vari-
ant where the three parameters (drift rate v, decision threshold
a, nondecision time Ter) were all allowed to vary across conditions
(see Table 2, model 1, printed in bold), thus, optimally predicting
the observed RTs. Fig. 9 represents an example model fit for one
representative participant. As for the RTs, to assess the magnitude
of the closure effect, open minus closed distractor conditions (dif-
ference) scores for the various parameters as estimated by the
best-fitting models were examined by statistical analyses.

First, the closure effect on the drift rates was computed. Note
that for drift rates, more negative values correspond to a benefit
for the closed configuration (whereas positive values would denote
a cost), that is, the polarity of the effect is reversed for this diffusion
parameter (relative to the pattern in RTs). A comparison of the drift
rates between distractor and target processing revealed a signifi-
cant difference (�1.03 vs. �0.41; t(13) = �2.26, p = .04, d = �0.6,
BF = 1.81; see Fig. 10A), revealing a benefit of closure in the rate
of evidence accumulation, which was particularly strong for
distractor-related processing as compared to a weaker effect for



Fig. 8. Behavioral results from Experiment 2. (A) Mean closure effect in accuracy (mean accuracies for open minus closed configurations), and (B) mean RT closure effect
(mean RTs for open minus closed configurations) for variations of the distractors and the target, respectively. The error bars represent ±1 standard error of the mean.

Table 2
Model selection with HDDM in Experiment 2.

Model Free to vary DIC

Distractor rejection Target detection

1 v, a, Ter 3581.7 6447.9
2 v, Ter 3628.7 6628.2
3 v, a 3730.9 6632.3
4 a, Ter 3908.7 6673.6
5 Ter 4083.0 6782.6
6 a 4073.8 7124.1
7 v 3895.2 7536.8
8 Fix all 4772.7 8177.6
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target-related processing. In addition, both distractor- and target-
related closure effects in drift rates showed a (marginally) signifi-
cant difference from zero (distractor: t(13) = �4.9, p < .001,
d = �1.31, BF = 224.5; target: t(13) = �1.66, p = .06, d = �0.44,
BF = 1.52), indicating that the speed of evidence accumulation
was overall faster for closed than for open configurations.

Next, the analysis of the closure effect on the decision thresholds
revealed no significant results (all ps > .2, ds < 0.22, BFs < 0.36;
Fig. 10B). This pattern indicates that the amount of decisional
information required for rejecting closed distractors was compara-
ble to that for rejecting open distractors.
Fig. 9. Examples of the posterior predictive distribution as extracted from the optimal
representative participant in Experiment 2 (red lines). Each panel depicts the distribu
mirrored along the x-axis to display correct and incorrect RT distributions in one plot (pos
in this figure legend, the reader is referred to the web version of this article.)
Finally, the closure effect on nondecision times showed no signif-
icant difference between distractor- and target-related processing
(132 vs. 149 ms, respectively; t(13) = �0.32, p = .75, d = �0.09,
BF = 0.28; see Fig. 10C), suggesting that the duration of stimulus
encoding was equivalent for comparisons of closure in distractor
and target configurations. Both distractor- and target-related clo-
sure effects in non-decision times were significantly larger than
zero (ts(13) > 3.38, ps < .002, ds > 0.9, BFs > 20.4), indicating that
stimulus encoding of closed objects was more efficient than that
of open configurations, irrespective of whether targets or distrac-
tors were varied.
3.4. Discussion

Experiment 2 revealed a more robust closure effect for distrac-
tors as compared to targets, replicating the general pattern of
effects observed in Experiment 1. However, closure nevertheless
also influenced the efficiency of target detection, albeit to a smaller
extent. Overall, participants were more efficient both in rejecting
closed distractors and in detecting the closed target, possibly
because the Kanizsa square combines both closure and symmetry,
while the open configuration is only symmetric but lacks closure
and is, thus, less conspicuous.

The results of the hierarchical drift–diffusion modeling further
demonstrated the underlying sources of the observed RT effects.
HDDM (blue lines), and respective empirical normalized RT distributions from one
tions for separate (target-present) conditions in the experiment. Errors have been
itive and negative values, respectively). (For interpretation of the references to color



Fig. 10. Closure effect (open configurations minus closed configurations) for the mean hierarchical drift–diffusion parameters (A: drift rate; B: boundary separation; C:
nondecision time) in Experiment 2 for the distractor rejection and the target detection task (comparing the respective target-present trials). The error bars represent ±1
standard error of the mean.
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Differences in closure between targets and distractors were not
reflected in nondecision times (Fig. 10C) or in the boundary sepa-
ration parameter (Fig. 10B). Closed configurations afforded overall
more efficient sensory encoding than open configurations, but
there was no difference when comparing target- and distractor-
related processing. Moreover, decision thresholds were compara-
ble across open and closed configurations. Only the drift rates
(Fig. 10A) showed a differential effect between distractor- and
target-related processing, thus mirroring the RT pattern (Fig. 8D).
This means that evidence accumulation was faster to reach the
decision boundary for closed distractors than for open distractors.
The same pattern was also observed when comparing closed and
open targets, but the respective differences were substantially
smaller.
4. General discussion

The current study aimed at elucidating how visual grouping by
closure in targets and distractors contributes to the emergence of
an ‘illusory Gestalt’. To this end, two experiments were conducted
employing a visual search task that presented variants of Kanizsa
figures (Kanizsa, 1955), either inducing a ‘part’ or a ‘whole’ config-
uration with variations in grouping by closure. In Experiment 1, we
found a robust CSE, that is, overall faster responses (by 180 ms) to
wholes as compared to parts. Moreover, configural superiority was
modulated by closure: detection of open targets (among closed
distractors) showed a larger CSE than detection of closed targets
(among open distractors; mean CSEs of 285 and 108 ms, respec-
tively), with results being comparable for target-present and -
absent trials. A diffusion model analysis on these data indicated
that the observed CSE emerged at the stage of evidence accumula-
tion. That is, a difference between closed and open configurations
was revealed in the drift rate parameter, with faster evidence accu-
mulation for wholes relative to parts with open targets (closed dis-
tractors), as compared to closed targets (open distractors). This
pattern shows that the CSE in Experiment 1 primarily derived from
processes related to the extraction of information to reach a deci-
sion. This process of information accumulation in turn seems to be
particularly related to the suppression of closed, that is, well-
grouped (distractor) configurations.

Next, in Experiment 2, we further investigated the role of
grouping by closure, now systematically varying closure in targets
and distractors independently of each other (using displays with
whole-configurations only). Our analyses were primarily devised
to compare the effect of closure in both targets and distractors,
with closure quantified by subtracting search RTs for closed from
RTs for open configurations. The results revealed a more robust
effect of closure in distractor configurations as compared to targets
(382 and 149 ms, respectively). Moreover, the enhanced closure
effect in distractors was again reflected in the speed of evidence
accumulation (the drift rate parameter). This analysis indicates
that participants were overall faster to accumulate evidence for
closed as compared to open configurations, but this benefit of clo-
sure was particularly pronounced with closure of distractor config-
urations, as compared to a much smaller effect with closure in the
target configuration.

Taken together, the current results significantly extend previous
studies on the CSE (Pomerantz & Portillo, 2011; Pomerantz et al.,
1977) by showing that detection of a target configuration is facili-
tated primarily by the successful inhibition of distractors, with a
considerably smaller role for target-related processing. While con-
figural target processing may modulate search performance (Conci
et al., 2011), in fact, we found no evidence of a reliable contribution
of the target configuration to the CSE in Experiment 1. This sug-
gests that configural superiority is not related to the emergence
of an integrated object that matches a target description, or ‘tem-
plate’, held in visual short-term memory. Such target templates
are thought to have a privileged status, top-down biasing visual
coding processes toward target-defining features (Olivers, Peters,
Houtkamp, & Roelfsema, 2011). However, the current experiment
yielded little evidence that the template status of the target is
enhanced by object closure. Rather, the effect of the grouped con-
figuration was particularly related to the distractors, suggesting
that grouping by closure permitted more efficient suppression of
task-irrelevant distractor configurations. One reason for the stron-
ger effect of closure in distractors than in the target might simply
derive from the fact that, in the typical CSE paradigm, there are
more (most often three) distractors as compared to only a single
target. In fact, visual search experiments show that, as set size
increases, grouped distractors usually bring about a strong modu-
lation of search efficiency (Conci et al., 2007a, 2007b), suggesting
that the benefit of grouping in distractors increases as the number
of candidate target configurations becomes larger (see also below
and Humphreys & Müller, 1993). In this view, the ‘emergence’ of
a configural target thus appears to be a by-product of the efficient
suppression of a grouped array of distractors.

The critical stage that determined the observed pattern of the
CSE was related to processes of evidence accumulation (as evi-
denced by the modulation of the drift-rate parameter), with clo-
sure in distractors speeding the rate of evidence accumulation.
We propose that the emergence of a configural target from its con-
stituent parts derives from the inhibition of distractor configura-
tions. From this perspective, changes in the drift rate parameter
are attributable to attentional control settings engaged in the inhi-
bition of task-irrelevant objects, which are especially sensitive to
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the ‘objecthood’ (brought about by grouping mechanisms) in dis-
tractor arrangements (Kimchi, Yeshurun, & Cohen-Savransky,
2007).

The CSE has primarily been explained in terms of the Theory of
Basic Gestalts (Pomerantz & Portillo, 2011), assuming a major role
of perceptual grouping for the extraction of basic ‘Gestalts’, or
emergent features, and treating such completed objects as the
building blocks for perceptual organization. At the core of the the-
ory is the formation of a Gestalt in a given object configuration,
which permits faster and more efficient search for emergent fea-
tures (that arise from the combination of parts into wholes on
the basis of grouping) as compared to the corresponding basic fea-
tures (i.e., properties of the parts, such as line orientation or color).
Classical models of visual search (Treisman & Gelade, 1980; Wolfe,
2007) can usually not account for the CSE, and adding a uniform,
non-informative context to search items would not normally be
expected to improve performance (but rather only increase pro-
cessing load). Context is usually added to all search items, but
the relative contribution of targets and distractors in the build-
up of emergent features has, to the best of our knowledge, not been
investigated. In this regard, the current experiments reveal a pref-
erential contribution of Gestalt formation to the CSE in visual
search, which arises foremost from the distractors and only to a
lesser extent from target-related processing.

Recent evidence suggests that a dedicated brain region in the
ventral visual pathway, the LOC, may be particularly related to
the processing of configurations, that is, emergent features
(Kubilius et al., 2011). The authors showed that LOC (versus V1)
was better able to predict the processing of wholes, whereas area
V1 (versus LOC) better predicted the processing of part configura-
tions. This pattern, showing processing of parts and wholes in dis-
tinct areas of the visual processing hierarchy, supports the idea
that Gestalts may emerge only at a relatively high level of visual
processing (beyond V1). Note that LOC has also been implicated
in the processing of objects in general (Grill-Spector, Kourtzi, &
Kanwisher, 2001) and illusory figures in particular (e.g., Bakar,
Liu, Conci, Elliott, & Ioannides, 2008), for various tasks. In the light
of our findings, the differences in the neuronal responses in LOC, as
revealed by Kubilius et al. (2011), would appear to reflect the pro-
cessing (in particular: the suppression) of distractor wholes, rather
than the emergence of a configural target, thus resulting in a
behavioral CSE.

In line with studies on the CSE, emergent features in illusory fig-
ures have been reported to yield efficient visual search perfor-
mance (Davis & Driver, 1994; Gurnsey et al., 1992). Allocation of
attention in search for Kanizsa-type figures is promoted, in partic-
ular, by grouping based on closure, that is, rendering a complete-
object representation of the whole figure (Conci et al., 2006,
2007a, 2007b) – where implied closure is implicated in extracting
a crude ‘salient region’ that can effectively guide search (for con-
verging behavioral and electrophysiological evidence, see Conci
et al., 2006, 2011; Wiegand et al., 2015). In this regard, the current
findings suggest that the CSE for illusory figures is primarily
related to distractor inhibition rather than target facilitation. Con-
sistent with the present findings, a recent event-related potential
(ERP) study has shown that search for a target Kanizsa figure can
integrate information about distractors to optimize target selection
(Töllner, Conci, & Müller, 2015) – suggesting that some form of dis-
tractor template drives top-down (distractor) suppression, thus
reducing the distractors’ impact on selection. In this view, the (rel-
atively) efficient detection of a search target would be facilitated
by the template-based rejection of grouped distractors (Duncan
& Humphreys, 1989; see also Humphreys & Müller, 1993, for a
computational model of template-based inhibition of distractors).
For instance, Humphreys and Müller’s model assumes that items
(distractors, the target) compete to activate their respective tem-
plates, and in this competitive process, similar items (i.e., distrac-
tors of which there are multiple instances in the display) have a
competitive advantage, that is, their template unit tends to cross
the threshold first – upon which the whole set of distractors are
‘rejected’. This is an essential component of the model and it might
well account for the importance of closure in distractors, if one
assumes that closed objects have an advantage in activating the
respective template. Thus, these results and theoretical models
are in accordance with the present findings, which provided evi-
dence for the inhibition of closed distractor configurations, rather
than facilitation of the corresponding targets, being the driving
force of the behavioral CSE.

Distractor inhibition may not only operate at the level of
grouped, configural objects, but also at that of basic features. For
instance, a target defined by a simple, salient feature discontinuity
(e.g., line orientation) in a field of uniform distractors usually leads
to ‘pop-out’ (e.g., Müller, Heller, & Ziegler, 1995). One idea is that
pop-out is the result of low-level local ‘iso-feature’ suppression
(e.g., Zhaoping & May, 2007), that is, inhibitory interactions among
nearby detectors coding similar features, impeding the distractors’
ability to compete for selection and making the odd-ball (unsup-
pressed) target pop out. Recent ERP evidence suggests that such
feature-based attention operates primarily via inhibition of dis-
tractor features, rather than activation of target features, at early
stages of processing (Moher, Lakshmanan, Egeth, & Ewen, 2014).
In this view, efficient detection of a target defined by a feature dis-
continuity is mediated by the suppression of uniform distractors,
with potentially comparable mechanisms as described here for
more complex object configurations.

Besides having a bearing on configural object processing and
the CSE, the current results may also be seen as constituting a
‘‘search asymmetry” (Treisman & Gormican, 1988; Treisman &
Souther, 1985; see also Wolfe, 2001). In a typical search asymme-
try experiment, one of two stimuli (e.g., the letters Q and O) serves
as target and the other as distractors in one condition (e.g., search
for the Q among O’s), with the target and distractor roles reversed
in the other condition (e.g., search for the O among Q’s). For this
example, it has been shown that it is easier to find a target Q
among distractor O’s than finding a target O among distractor Q’s
(Treisman & Souther, 1985). The typical explanation for such an
asymmetry is that, in the easier search condition, a distinctive fea-
ture (e.g., the stroke of the letter Q) would enable efficient search,
while it is more difficult to find a target that is defined by the
absence of a distinctive feature (e.g., the target O can be differenti-
ated from the Q’s as not having a stroke). The results of Experiment
1 obeys a comparable logic: We find more efficient performance
when searching for an open target among closed distractors than
when searching for a closed target among open distractors. How-
ever, in contrast to standard search asymmetries, this difference
in performance does not arise because of a distinctive feature in
the target (e.g., an emergent object that arises from grouping by
closure), but rather the asymmetry results from the distinctive fea-
ture in distractors.

However, there are alternative explanations of search asymme-
tries in terms of distractor complexity. For instance,
Rauschenberger and Yantis (2006) proposed that, in the above
example (i.e., more efficient search with a Q target and O distrac-
tors than with the reverse assignment), the search asymmetry is
caused not by (the presence vs. absence of) a distinctive feature
in the target, but rather because O-shaped distractors are less com-
plex stimuli than Q-shaped distractors, modulating search effi-
ciency exclusively via distractor suppression (which is more
efficient with less complex stimuli). Our findings lend support to
this interpretation: less complex distractors (i.e., closed configura-
tions) afford less effortful search than more complex distractors
(i.e., open configurations).
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Taken together, the present study points to a more prominent
role of illusory Gestalt processing in the inhibition of distractors
than previously thought, with implications for paradigms that
investigate the role of inhibition in attention and awareness. For
instance, in the perception of figure and ground, the assignment
of a region in terms of being part of the figure or of the background
determines which of the two leads to the prevailing percept –
namely, the figure, while the other perceptual interpretation (of
the background) is inhibited (e.g., Driver, Baylis, & Rafal, 1992;
Roelfsema, 2006; Wagemans, Elder, et al., 2012). Moreover, in
studies of binocular rivalry, where two incompatible stimuli are
presented to each eye simultaneously, one of them will usually
be temporarily suppressed in visual awareness, so as to make the
other one perceived. Such interocular competition (between rival-
ing percepts) is solved by means of mutual inhibition enabling a
single, coherent percept to emerge at any given moment in time
(Kim & Blake, 2005). Thus, the present findings add to the notion
that inhibition plays a major role in visual perception, in particular
as regards the temporal and spatial filtering of the incoming sen-
sory signals (Moors, Wagemans, van Ee, & de-Wit, in press; Tong,
Meng, & Blake, 2011).
5. Conclusion

The present study reveals a major role of distractor inhibition in
driving the emergence of an illusory Gestalt in Kanizsa figures. Our
results show that the CSE is more pronounced when an emergent
feature (e.g., as defined by closure) characterizes the search dis-
tractors rather than the target. Behavioral and drift–diffusion
model evidence indicates that, in visual search, the configural
superiority effect engendered by illusory figures arises primarily
at the stage of evidence accumulation, where decisions are less dri-
ven by the conspicuity of the target configurations, but rather by
the more effective suppression of grouped distractor
configurations.
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Nie, Q.-Y., Maurer, M, Müller, H. J., & Conci, M. (2016) Inhibition drives configural 

superiority of illusory Gestalt:  Combined behavioral and drift-diffusion model evidence, 

Cognition, 150, 150-162.  

 

Experiment 2 – Additional analyses on the mean RT and accuracy data 

The results of Experiment 2 in the main manuscript present the “closure effect” in the 

[target-present] RT and accuracy data by subtracting the averages of closed configurations 

from the corresponding averages of the open configurations. To complement these results, 

this supplement presents the analyses of both the target-present and – absent conditions 

without applying a subtraction procedure.  

 

Distractor rejection task 

Response accuracy. The mean percentage of correct responses from the distractor 

rejection task was calculated for each observer and variable combination. A 2x2 repeated-

measures ANOVA on the percentage of correct responses, with the factors target presence 

(present, absent) and distractor closure (closed, open), revealed only the main effect of 

distractor closure (closed vs. open: 96% vs. 89%, F(1,13) = 9.94, p = .008, η2 = .43, BF10 = 

177.7) to be significant (Figure S1A). Neither the main effect of target presence nor the 

interaction between target presence and distractor closure was significant (all ps > .35, η2s < 

.07, BFs < 0.38).  

Reaction times. An identical analysis was performed on mean RTs in the distractor 

rejection task (Figure S1A). The analysis again revealed only the main effect of distractor 

closure (closed vs. open: 744 vs. 1098 ms, F(1,13) = 56.2, p < .001, η2 = .8, BF10 = 1.21e+10) 

to be significant. The main effect of target presence and the interaction between target 
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presence and distractor closure were also not significant (all ps > .12, η2s < .18, BFs < 0.38), 

mirroring the pattern in the accuracy data.  

 

 

Figure S1. Behavioral results from Experiment 2. (A) Mean RTs (lines) and accuracies (bars) 
presented as a function of distractor closure for target-present and -absent conditions in the 
distractor rejection task. (B) Mean RTs (lines) and accuracies presented as a function of target 
closure (closed, open, absent) in the target detection task. 
 

Target detection task 

Response accuracy. Mean percentages of correct responses from the target detection 

task were calculated for each observer and condition. An one-way ANOVA on the percentage 

of correct responses, with the factor target closure (closed, open, absent) revealed no 

significant effect (F(2,26) = 1.48, p = .25, η2 = .43, BF10 = 0.57; Figure S1B), and all post-hoc 

pairwise comparisons also showed no significant differences (all ps > .15, ds < .41, BFs < 

0.7).  

Reaction times. Mean RTs from the target detection task were analyzed similar to the 

above analysis on accuracies (Figure S1B). The analysis revealed no significant effect 

(F(2,26) < 1, p = .39, η2 = .07, BF10 = 0.34). Notably, post-hoc paired t-tests nevertheless 

showed a significant difference between closed and open targets (closed vs. open: 1500 vs. 
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1649 ms, t(13) = -2.33, p = .036, d = -0.62, BF10 = 2.01), but no further significant differences 

(ps > .41, ds < .23, BFs < 0.37).   

 

In sum, the pattern described here is essentially comparable to the outcomes presented 

in the main manuscript. Closed distractor configurations led to fewer errors and to faster 

responses than corresponding open distractor configurations. A comparable, but somewhat 

less reliable benefit was also revealed in the mean RTs for closed (as compared to open) 

target configurations. 
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