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Contour interpolation is a perceptual process that fills-in missing edges on the basis of how
surrounding edges (inducers) are spatiotemporally related. Cognitive encapsulation refers to
the degree to which perceptual mechanisms act in isolation from beliefs, expectations, and
utilities (Pylyshyn, 1999). Is interpolation encapsulated from belief? We addressed this
question by having subjects discriminate briefly-presented, partially-visible fat and thin
shapes, the edges of which either induced or did not induce illusory contours (relatable
and non-relatable conditions, respectively). Half the trials in each condition incorporated
task-irrelevant distractor lines, known to disrupt the filling-in of contours. Half of the observ-
ers were told that the visible parts of the shape belonged to a single thing (group strategy);
the other half were told that the visible parts were disconnected (ungroup strategy). It was
found that distractor lines strongly impaired performance in the relatable condition, but
minimally in the non-relatable condition; that strategy did not alter the effects of the distrac-
tor lines for either the relatable or non-relatable stimuli; and that cognitively grouping relat-
able fragments improved performance whereas cognitively grouping non-relatable
fragments did not. These results suggest that (1) filling-in effects during illusory contour for-
mation cannot be easily removed via strategy; (2) filling-in effects cannot be easily manufac-
tured from stimuli that fail to elicit interpolation; and (3) actively grouping fragments can
readily improve discrimination performance, but only when those fragments form interpo-
lated contours. Taken together, these findings indicate that discriminating filled-in shapes
depends on strategy but the filling-in process itself may be encapsulated from belief.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction expectations, and other ‘‘higher-level’’ cognitive states1
Cognitive encapsulation refers to the degree to which a
perceptual process operates independently of beliefs,
. All rights reserved.
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(Fodor, 1983; Pylyshyn, 1999). Contour interpolation is a
perceptual process that fills-in missing contours on the basis
of how surrounding (visible) edges are spatiotemporally
related. Is contour interpolation cognitively encapsulated?
1 Some use ‘‘cognitive’’ to refer to any mental state, while others use it to
refer to those that are post-perceptual. We use the term in the latter sense.
That is, cognitive states are typically: instantiated outside of the primary
sensory cortices, subject to voluntary control, and manifested as beliefs,
expectations, desires, and utilities. This definition is (perhaps necessarily)
imprecise, but should be sufficient for interpreting the present data.
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We focus specifically on interpolation because it is prima facie
a likely candidate for encapsulation. It is phylogenetically
primitive (Nieder, 2002), ontogenetically precocious
(Kellman & Spelke, 1983; Valenza, Leo, Gava, & Simion,
2006), and (at least in part) physiologically early (Peterhans,
von der Heydt, & Baumgartner, 1984; Seghier & Vuilleumier,
2006; Sugita, 1999), all of which imply a limited role for cog-
nitive input. Moreover, while other studies have examined
whether attention can alter interpolation (Marcus & van
Essen, 2002), or whether interpolation can occur despite the
wishes of the observer (Davis & Driver, 2003; Keane, Mettler,
Tsoi, & Kellman, 2011), none have examined whether beliefs
or expectations can extinguish interpolation when it normally
occurs or induce interpolation when it normally does not.
Addressing this question will be valuable, first, because it will
bear on a long-standing debate as to whether the mecha-
nisms of perception operate independently of cognition (Fo-
dor, 1983; Pylyshyn, 1999); and second, because it can
inform current models of object perception, in terms of what
types of inputs can feed into the process (e.g., Grossberg &
Mingolla, 1985; Grossberg & Raizada, 2000; Kalar, Garrigan,
Wickens, Hilger, & Kellman, 2010; Seghier & Vuilleumier,
2006).
1.1. Evidence regarding cognitive encapsulation

Studies thus far have yielded only indirect evidence
regarding the encapsulation of interpolation. In visual
search and multiple object tracking experiments, the at-
tempt to ignore interpolated contours failed to block inter-
polation effects (Davis, 2003; He & Nakayama, 1992; Keane
et al., 2011). In a contour linking study, pictures of com-
plete shapes before a trial did not improve subjects’ ability
to integrate fragments into a single moving shape (Loren-
ceau & Alais, 2001). In attentional cuing experiments, the
attentional guidance offered by occluded contours could
not be removed via pictorial cues that biased observers
to interpret edges as disconnected (Pratt & Sekuler,
2001). By contrast, in a subsequent cuing study (Lee &
Vecera, 2005), a visual short-term memory task destroyed
the attentional guidance afforded by interpolated (but not
real) contours. This latter effect does not by itself imply
reduced interpolation, however.2

Subjective reports also provide clues. Interpolation can
create shapes that would be contextually unexpected or
semantically nonsensical, suggesting a limited role of
cognition (see Fig. 1; Kanizsa, 1985; Kellman, Garrigan,
Shipley, & Keane, 2007). At the same time, observers can
vacillate between modal and amodal representations or in-
voke object knowledge to represent the approximate shape
2 The color memory task may have served not to weaken interpolation,
but to strengthen the representation of the fragmented array in which the
color patches appeared. This memorized configuration essentially may
have ‘‘out competed’’ the amodal contours in guiding attention. Such an
explanation is rendered more plausible by the facts that observers could
not respond until 600 ms after inducer onset, and that interpolation
strength may rapidly rise and fall within 200 ms of inducer onset (Keane,
Lu, & Kellman, 2007; Lee & Nguyen, 2001). Others have also argued that
recently stored stimulus representations can trump the attentional guid-
ance afforded by (currently visible) real and interpolated contours (Zemel,
Behrmann, Mozer, & Bavelier, 2002).
edges (Gellatly, 1982; Kellman et al., 2007; see also, Lesher,
1995, esp. pp. 295–296).3 These subjective reports—
although intriguing and worthy of further study—should
be regarded with caution, since they may result from the
construction or manipulation of representations at relatively
late (post-interpolation) stages in visual processing (Kell-
man, Garrigan, & Shipley, 2005).

Paradigms most relevant to the current study are those
that examine the filling-in, and not just grouping, of inter-
polated contours, where ‘filling-in’ refers to the tendency
to represent and rely upon the regions corresponding to
the missing contours.4 In one such study, ‘‘fat’’ and ‘‘thin’’
Kanizsa squares were harder to differentiate when distractor
lines appeared near the illusory boundaries (Ringach &
Shapley, 1996). This occurred even though subjects knew
that the lines were task-irrelevant and even though the lines
were well-separated from the inducing edges of the squares.
No such impairment was found in a control condition that
lacked filled-in contours. In a separate study, when subjects
were explicitly and repeatedly told to ignore distractor lines,
the discrimination of illusory (but not fragmented) shapes
strongly depended on those lines (Keane, Lu, Papathomas,
Silverstein, & Kellman, submitted for publication). Others
have found a reliance on filling-in regions with standard
Kanizsa shapes, noise-corrupted Kanizsa shapes, and spatio-
temporal illusory shapes (Gold, Murray, Bennett, & Sekuler,
2000; Gold & Shubel, 2006; Keane et al., 2007; Sekuler &
Murray, 2001; Zhou, Tjan, Zhou, & Liu, 2008). A few studies
demonstrated attentional modulation of contour filling-in
but in all of these cases the integrated elements did not
strongly group either because of narrowband spatial fre-
quency composition (Freeman, Sagi, & Driver, 2001), misa-
ligned edges (McMains & Kastner, 2011) or inadequate
junction structure (Li, Piëch, & Gilbert, 2008; Rubin, 2001).

The foregoing studies, while not monolithic in agree-
ment, converge on several conclusions: interpolation can
proceed even when observers attempt to stop it; attention
can modulate interpolation, at least for weakly-grouped
elements; and processes subsequent to (or otherwise sep-
arate from) interpolation may be relevant for interpreting
first-hand reports and psychophysical data, especially
when the stimuli are observed for extended durations.
What is still unknown, and what we now address, is
whether the strength or existence of filling-in can be modu-
lated via cognitive expectation.
1.2. Methodology, hypotheses, and rationale

A description of our approach must be prefaced by sev-
eral clarifications. First, encapsulation is not the same as
3 Kanizsa (1985) termed post-perceptual representations of non-visible
objects ‘‘mental integration’’, and, more recently, Kellman and colleagues
(2007) called it ‘‘representing on partial information (RPI)’’. Both authors
were referring to processes that were at least partly cognitive in nature.

4 Grouping and filling-in are not the same. Grouping involves specifying
whether disparate elements belong together; filling-in also involves
delineating the specific shape that those elements form and using
information that appears near the delineated edge. As an example, four
similarly oriented ‘‘pac-men’’ may be grouped but they will not cause the
visual system to represent and use regions that are between the pac-men
(Ringach & Shapley, 1996).
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automaticity. In our view, an automatic mechanism pro-
duces an output without requiring certain beliefs or expec-
tations while an encapsulated mechanism produces an
output even when contrary to belief or expectation. So all
encapsulated processes are automatic but not the other
way around. Here, we see if cognition can veto a process
that would otherwise occur. Second, the aim is not to see
whether interpolation can proceed against observers’ de-
sires since such a result has already been shown multiple
times before (Davis, 2003; Keane et al., 2011). The goal in-
stead is to examine whether contour filling-in depends on
how a subject cognitively regards the image, which is an
important, virtually untested aspect of interpolation. Third,
our investigation centers on whether belief can alter per-
ceptual representations of contours, not whether belief
can generate its own contour representations. An observer
may—upon seeing only the head of a cat— cognitively rep-
resent the entire outline of a cat by applying knowledge of
how such animals typically appear (see Fig. 1F). But, again,
this accomplishment is not of primary interest. The present
aim is to use a metric for illusory contour formation that
has been used repeatedly in the perception literature (see
below) to examine whether cognition can change percep-
tion itself; whether illusory contours can be generated or
diminished on the basis of belief alone. Fourth, the present
inquiry will not consider whether cognition can change the
2D path or perceived depth of a contour (e.g., from being
modal to amodal, see Fig. 1). While such an investigation
is relevant to the encapsulation debate, the focus is on
whether contour strength is amplified when subjects are
given good reason to believe that a contour is present, or
weakened when given good reason to believe that it is not.
Fig. 1. Stimuli relevant to the possible encapsulation of interpolation. (A–C) Interp
basis of context or background knowledge, indicating that cognition may be ine
2007, pp. 603–604; part C was adapted from Pylyshyn, 1999, p. 345, and originat
vertical rectangle are most naturally viewed as being in front (center) even tho
(Fig. 1D from Papathomas, 1999). (F) When perception does not represent a w
typically looks to roughly represent the occluded parts (Fig. 19A from Kellman
cognition may be relevant to contour interpolation after all.
In two experiments, the question of encapsulation was
explored with a variation of Ringach and Shapley’s well-
validated fat/thin task (Gold et al., 2000; Guttman &
Kellman, 2004; Maertens, Pollman, Hanke, Mildner, &
Moller, 2008; Murray, Imber, Javitt, & Foxe, 2006; Pillow
& Rubin, 2002; Ringach & Shapley, 1996; Spehar, 2000;
Stanley & Rubin, 2003; Yin, Kellman, & Shipley, 1997). In
all trials, the middle portions of discriminated shapes
were camouflaged by an identically colored (gray) back-
ground, so that only four corners were physically visible
(see Fig. 2). Half of the trials involved fragments that were
positioned to initiate interpolation (relatable condition);
the remaining trials involved fragments that were misa-
ligned to prevent interpolation (non-relatable condition).
Half of the relatable and non-relatable trials involved dis-
tractor lines. As in Ringach and Shapley (1996), these
added segments were objectively information-less in that
they always appeared along a path that fell exactly be-
tween the fat and thin shape alternatives. The distractor
lines occupied only 2/3rds of the camouflaged edge and
thus were always clearly separated from the task-relevant
contours. Filling-in was measured by the performance
decrement caused by the distractor lines: the more that
performance decreased as a result of the lines, the more that
filling-in could be said to occur. Others have also measured
filling-in as a tendency to rely on irrelevant information
(Dillenburger & Roe, 2010; Gold & Shubel, 2006; Gold
et al., 2000; Keane et al., 2007; Ramachandran, Ruskin,
Cobb, Rogers-Ramachandran, & Tyler, 1994; Ringach &
Shapley, 1996; Zhou et al., 2008). Collinear facilitation
studies have also assumed that linking between Gabor
elements happens only if information in or near the
olation binds parts into forms that violate what one would expect on the
ffectual for altering interpolation (part B was adapted from Kellman et al.,
ed in Kanizsa, 1985). (D–E) On the other hand, the left triangle and the left
ugh they can—with effort—be viewed as occluded, as shown on the right

ell-defined shape, observers can use their knowledge of how an object
, Garrigan, & Shipley, 2005, p. 604). These last three cases indicate that



Fig. 2. Stimuli for both experiments. (A) Relatable and non-relatable standard shapes are shown superimposed for comparison (with the relatable shape
bordered by a dotted line). Dimensions are provided in pixels, where 1 pixel � 1.4 arcmin. Both standard shapes shared four ‘‘anchor points’’, depicted
above as black dots with two-sided arrows. Fat and thin shapes were produced by shifting anchor points peripherally and centrally, respectively. (B) White
teardrop elements appeared behind each visible corner of a target shape. Anchor points of a standard shape were horizontally centered in the rectangle
portion of the teardrop (marked by the black point). (C) Standard shapes are shown with the distractor lines and teardrop background. (D) Group and
ungroup templates were shown to encourage subjects to treat visible edges as belonging to one thing or several. The ungroup template corresponded
exactly to those regions of the group template that were physically visible during a trial. Thus both the group and ungroup templates would appear identical
when placed over the teardrop background.

5 There are different ways to induce the belief (or disbelief) that
fragments are connected. For example, in Fig. 1A, knowledge that people
do not have 8 foot arms causes the belief that the two parts of the arm are
separated, whereas in the present paper, instructions and pictures
produced a similar expectation. For present purposes, it is not important
how subjects come to have a belief about connectedness but only that they
have the belief.
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filled-in region is differentially processed (Freeman et al.,
2001; Polat & Sagi, 1993, 2007).

A strategy was encouraged by giving subjects response
template pictures and verbal instructions at the beginning
of the experiment, and also at the beginning of each block
of trials (described below). A strategy was further encour-
aged by giving participants pictures of the templates dur-
ing the response phase of each trial. The purpose of
repeatedly showing the templates in this way was to in-
crease the chances that a strategy would be consistently
applied throughout an experiment. There were two strat-
egy conditions. One was to group the visible fragments to-
gether into an object (the ‘‘group’’ strategy) and the other
was to treat the four visible fragments as distinct entities
(‘‘ungroup’’ strategy, see Fig. 2). Consequently, some sub-
jects were informed that the fragments were distinct even
though the geometric relation of the edges would (on cer-
tain trials) encourage interpolation; other subjects were
informed that the fragments belonged together, even
though those fragments (on certain trials) did not have a
relatable geometry. Importantly, both sets of instructions
were the same in regards to which regions contained visi-
ble edge information and how these edges differed for fat
and thin. Both groups were encouraged as much as possi-
ble to attend to the same four visible edge regions. The
instructions differed only in how subjects were asked to re-
gard the connectedness of the visible edges so that any
behavioral differences resulting from the instructions
could be attributed to this belief difference.5 The reason
why ungroup subjects might not use the distractor line re-
gions in the relatable condition is because they were explic-
itly and repeatedly told that those regions do not contain the
boundary of the discriminated target. Conversely, group
subjects might use the distractor lines in the non-relatable
condition because they were explicitly and repeatedly told
that those regions are traversed by the figure boundary
and it might be natural to examine these regions in the dis-
crimination. Others have also suggested that cognitive tem-
plates are relevant as to whether subjects rely upon filled-in
regions in fat/thin tasks (Anderson, 2007; Gold & Shubel,
2006; Gosselin & Schyns, 2003).

The primary aim of this study was to examine whether
illusory contour formation is encapsulated from belief. If
the distractor lines strongly deteriorate performance in
the relatable condition and minimally impair performance
in the non-relatable condition, and if such outcomes occur
regardless of strategy, then filling-in may be considered
cognitively impenetrable. If distractor line influence does
hinge on strategy, then belief—or attentional strategies
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that result from belief—alter illusory contour formation. A
secondary goal was to examine the effect of cognitive
grouping on overall shape discrimination, since no other
study seems to have explored this directly. If discrimina-
tion ability in the relatable and non-relatable conditions
is the same regardless of an observer’s grouping template,
then that would constitute important evidence for the cog-
nitive impenetrability of illusory shape perception.

The fat/thin paradigm, as we employed it, has advanta-
ges over paradigms of previous studies: (1) unlike object
tracking, attentional cuing, contour linking, and visual
search studies, our task examines the filling-in and not just
grouping of illusory contours; (2) unlike studies that ask
participants to rate contour strength, the fat/thin paradigm
provides an objective measure of strategy on the interpola-
tion process, which is appropriate given that interpolation
can proceed without subjects even knowing it (Keane et al.,
2011; Vuilleumier, Valenza, & Landis, 2001); (3) unlike all
tasks to date, ours is the first that directly explores
whether illusory contours can be weakened or strength-
ened on the basis of beliefs about contour connectedness.
2. Experiment 1

2.1. Participants

Twenty-two participants completed the grouping con-
dition (mean age = 23; 4 males), and the same number
completed the ungrouping condition (mean age = 23; 8
males). Two participants from each condition were ex-
cluded for chance performance (<51%). All had normal or
corrected-to-normal visual acuity, were naïve to the pur-
poses of the task, and received course credit or monetary
compensation.

2.2. Apparatus

The displays were presented on a Viewsonic CRT mon-
itor with a resolution of 1024 � 768 pixels and a refresh
rate of 60 Hz. Observers were seated with a chinrest about
95 cm from the screen so that the display subtended
24 � 18 deg (pixel = 0.0239� or 1.4 arcmin). Except for
the red fixation point, stimuli were always one of two ach-
romatic colors: gray (59 cd/m2) or white (76 cd/m2). Dis-
plays were programmed in MATLAB using Psychophysics
Toolbox (Brainard, 1997; Pelli, 1997).

2.3. Stimuli

Participants discriminated fat and thin shapes that were
created by altering a ‘‘standard shape’’. Four vertices of the
standard shape were designated ‘‘anchor points’’ in that
they were the same for both the relatable and non-relat-
able shapes (see Fig. 2). To create a thin shape, the anchor
points were horizontally moved inward (centrally) from
where they would be on the standard shape. To create a
fat shape, these anchor points were moved outward
peripherally. The magnitudes by which these anchor
points moved defined the five levels of discrimination dif-
ficulty: ±2, 3, 4, 5, or 6 pixels. Each of these difficulty levels
occurred for the two kinds of shapes—relatable or non-
relatable. Visible edges in the relatable trials were ar-
ranged so that they satisfied geometric relations required
for interpolation (Kellman & Shipley, 1991); edges in the
non-relatable trials were severely misaligned to disrupt
interpolation (Fulvio, Singh, & Maloney, 2006, 2008; Kell-
man & Shipley, 1991). Target shapes appeared on four
white teardrop elements, which themselves appeared on
a background that was the same color as the target. Each
teardrop was composed of a rectangle and oval, as shown
in Fig. 2B. The ovals were added because other studies of
interpolation typically use notched, curved elements and
because the discontinuities in these elements may be
important for creating illusory contours (Hoffman, 2000).
Anchor points for a standard shape were centered along
the innermost horizontal edge of the teardrop rectangles
(see figure for details). Implied is that the teardrop ele-
ments (and their relative arrangement) were identical for
the relatable and non-relatable trials. An advantage to
the teardrop background (rather than notched circles) is
that the visible portions of shapes corresponded to four
trapezoids that could be fat or thin. This made the group
and ungroup conditions more comparable (since both in-
volved making judgments about the width of polygons),
and also simplified the task instructions in the ungroup
condition (see below). Distractor lines had the same Weber
contrast as the teardrops (30%), and occupied 2/3 of the
length of the oblique camouflaged edge of the standard
shapes. These lines were centered between the anchor
points of the standard shape, and had a horizontal thick-
ness of 9 pixels (0.22 deg).

The dimensions of the relatable and non-relatable stan-
dard shapes are shown in Fig. 2A. The support ratio, which
is the visible edge length divided by the total edge length
(Shipley & Kellman, 1992) was 0.25 for the oblique contours
of the standard shapes. A modest support ratio was chosen
to increase the chances of finding cognitive effects on inter-
polation, since contours of lower salience may be more sus-
ceptible to high-level influence (McMains & Kastner, 2011).

As can be gleaned from Fig. 2, the relatable and unrelat-
able shapes were controlled along most dimensions, and
may be better controlled than any previous version of the
fat/thin task. The total area visible and the total area camou-
flaged was the same for the relatable and non-relatable
shapes. The slopes, positions, and lengths of the invisible
oblique edges were the same. The distractor lines, when
they appeared, were also the same. Also, each corner of a
discriminated alternative involved only one visible orienta-
tion on one side, and the opposite orientation on the alter-
nate side. For a given fat/thin shape difference (e.g., 4
pixels), the difference in visible surface areas for fat and thin
shapes was the same for the relatable and non-relatable.

While both relatable and non-relatable shapes had
greater support ratio for the upper than lower horizontal
illusory contours, the difference in these two support ratios
was greater for the non-relatable shapes. It was unclear
whether this structural difference would matter. Just in
case it did, the stimulus was randomly inverted on half
the trials, as described below. Therefore, if subjects have
a bias to attend to the part of the figure with the more
strongly interpolating horizontal contours (for example),
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our set-up would make it difficult to act on that bias. It is
worth noting that this structural difference is probably
inconsequential since the difference concerns only the hor-
izontal illusory contours, and since these contours were
neither discriminated nor did they involve distractor line
disruption nor did they provide information about the true
shape identity. By contrast, the oblique contours were dis-
criminated, were corrupted with distractor lines, and did
provide information about the true target identity. The
camouflaged portion of those oblique contours was identi-
cal for the relatable and non-relatable configurations.
Moreover, although we tried to control the relatable and
non-relatable among most dimensions and although this
yields some interesting comparisons, assessing cognitive
effects on filling-in does not require comparing the two
kinds of stimuli. Assessing encapsulation requires only
examining whether distractor line effects change as a func-
tion of strategy in each case (relatable/non-relatable).
2.4. Procedure

There were four blocks corresponding to whether a
shape was relatable or non-relatable, and whether distrac-
tor lines were present or absent. Blocks were counterbal-
anced across observers with the rule that half of the
experiment incorporated only relatable trials and the other
half incorporated only non-relatable. Distractor line trials
were blocked in order to minimize noise and attentional
distraction, which might occur when trials with and with-
out lines are intermixed (Hodsdoll, Mevorach, & Humph-
reys, 2009; Kristjánsson & Driver, 2008; Theeuwes &
Burger, 1998). Other studies of the fat/thin task have also
primarily used blocking (Gold et al., 2000; Pillow & Rubin,
2002; Ringach & Shapley, 1996; Zhou et al., 2008). Each of
the four blocks involved 240 trials, and there were 48 trials
for each of the five discrimination difficulty levels in each
block. Half of those 48 trials were thin trials and the
remaining were fat. For each of these groups of 24 trials,
half were inverted about the central horizontal axis. Thus,
fat, thin, inverted and upright stimuli at each difficulty le-
vel were presented quasi-randomly within a block.

The phases of a trial for Experiment 1 are outlined in
Fig. 3. The target presentation, blank screen, and back-
ground element intervals were the same in duration as in
Ringach and Shapley (1996) and were similar to various
other studies that have used the paradigm (Murray et al.,
2006; Stanley & Rubin, 2003; Zhou et al., 2008). The back-
ground element interval was intended to minimize linger-
ing visible persistence of the target (Sperling, 1960), and
gave subjects only a limited amount of time to view the
target. During the response phase, the two extreme re-
sponse templates (±6 pixel difference from the standard)
were shown to encourage either a group or ungroup strat-
egy. The thin template was always shown on the left; the
fat, on the right. For inverted trials, the response templates
were also shown as inverted. The purpose of these tem-
plates was to reinforce the instructions and to ensure that
subjects were maintaining the same cognitive expectation
throughout a block of trials.
For all participants, each half of an experiment began
with 100 trials of practice, which took about 5 min to com-
plete. These trials involved the same kind of shape (relat-
able/non-relatable) as the first test block. The practice
block always involved the easiest difficulty level (±6 pix-
els), and never included distractor lines. Half of the stimuli
in the practice trials were inverted (chosen quasi-
randomly).

Task instructions were presented in the following way.
For the group instructions, at the beginning of each block
(including the practice block), participants were told that
they would discriminate complete shapes, the middle por-
tions of which would blend in perfectly with the back-
ground. They were provided with the two extreme shape
templates side-by-side (differing from the standard by ±6
pixels), and were asked to scrutinize the difference be-
tween the two. The two shapes were then presented at
the same location in alternation (period = 1 s) for 30 s. Par-
ticipants were then told that on some trials the shapes may
appear inverted, and were given pictures of fat and thin in-
verted shapes side-by-side. Participants were further told
that on some trials, distractor lines would appear near
the border of the shape and that, regardless of the lines,
they should try their best to judge whether the shape is
fat or thin. Observers were told that at the end of each trial,
they would be given examples of the two discriminated
shapes. The instructions encouraged inspection of the fat/
thin templates during the response phase of a trial, if that
was found to be helpful.

For the ungroup instructions, at the beginning of each
block (including the practice block) participants were told
that they would discriminate two sets of four trapezoids,
certain portions of which would blend in perfectly with
the background. They were provided with the two extreme
sets of trapezoids side-by-side, and were asked to scruti-
nize the difference between the two. They then were
shown the fat and thin sets of trapezoids in serial succes-
sion (at the same spatial location) for 30 s (period = 1 s).
Participants were also told that, on some trials, the target
set of trapezoids would appear inverted and were shown
the two extreme fat/thin inverted trapezoid sets, side-by-
side. Participants were further told that on some trials, dis-
tractor lines would appear between the different trape-
zoids, and that regardless of the lines, they should try
their best to judge whether the trapezoids were all thin
or all fat. As already noted, we further motivated an
ungrouping strategy by giving the subjects templates of
fat and thin trapezoid sets during the response phase of
each trial. As before, observers were encouraged to inspect
the response phase templates, if that was found to be
helpful.

For both sets of instructions, we minimized variability
across trials and between participants by reminding
observers at the beginning of each block to maintain fixa-
tion. Half way through each block, observers were in-
structed to take a break, if desired.

Each subject received only one set of instructions
(either group or ungroup) throughout an experiment pri-
marily because subjects would doubtfully be able (or at
least willing) to switch from a group strategy to an



Fig. 3. Schematic illustration of a relatable or non-relatable trial for both grouping conditions in Experiment 1. The target shape blended in with the gray
background and became visible only by overlapping with the teardrop elements. On half of the blocks, distractor lines (not shown) also appeared along with
the target. The visible fragments of the target could be either relatable or non-relatable, and either fat (as shown) or thin (not shown). To encourage a
specific grouping strategy, subjects were shown the two extreme thin and fat templates during the response phase. When a target was shown as inverted,
all other aspects of the display were also inverted (including the templates).
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ungroup strategy, especially if the former made the task
easier. As others have pointed out, once an observer knows
how to interpret a highly fragmented cow picture, a cow is
experienced in all subsequent viewings of that picture
(Dallenbach, 1951). Others have also noted out that manip-
ulating strategy is best done on a between-subject basis, at
least for some types of cognitive tasks (Kahneman & Fred-
erick, 2005, p. 280). Most importantly, the goal of the cur-
rent investigation is not to test how or whether subjects
can switch from one strategy to another but only whether
differences in belief about connectedness can lead to dif-
ferences in filling-in.

2.5. Analyses

Sensitivity (d0) was calculated for each subject and con-
dition. These values were subsequently analyzed via a 2
(grouping instructions) � 2 (relatability) � 2 (distractor
lines) � 2 (inversion) � 5 (difficulty) mixed-design ANOVA.
To compare strategy effects on filling-in for shape percep-
tion, we then performed an ANOVA on just the relatable
trials and also on just the non-relatable trials. Prior to the
analyses, proportion values of 1 and 0 were corrected to
prevent undefined d0 (MacMillan & Creelman, 1991). More
specifically, for each kind of trial, proportions equal to 0
were assigned a value of 1/(2N), and proportions equal to
1 were equated to 1 � 1/(2N), where N denotes the number
of trials in a discrimination category (N = 12).

2.6. Results and discussion

Results are shown in Fig. 4. The ANOVA indicated
several expected results. Increasing the fat/thin shape
difference made the task easier (F(4, 152) = 62.5, p < .001,
g2
p ¼ :622). The relatable condition produced better perfor-

mance than the non-relatable condition (F(1,38) = 10.4,
p = .003, g2

p ¼ :216). There was an interaction between dis-
tractor lines and relatability, such that the lines hurt per-
formance when near illusory contours but very little
otherwise, F(1,38) = 9.3, p = .004, g2

p ¼ :197. This two-way
interaction did not depend at all on the grouping strategy,
F(1,38) = .188, p = .667, g2

p ¼ :005.
The grouping instructions were relevant in other ways.

Subjects who grouped overall did better than those who
did not, F(1,38) = 7.9, p = .008, g2

p ¼ :173. This main effect
interacted with relatability (F(1,38) = 13.7, p = .001,
g2

p ¼ :265) such that grouping helped performance when
edges were relatable, but not otherwise. The benefit of
grouping also interacted with the inversion variable
(F(1,38) = 5.4, p = .026, g2

p ¼ :125) such that inverting the
stimulus hurt performance more when subjects attempted
to see the stimulus as being a single object. Finally, there
was a significant interaction between inversion and relat-
ability (F(1,38)=, p = .03, g2

p ¼ :125) in that inversion hurt
performance more for the relatable than non-relatable
shapes. (See Supplementary material for graphs of the
inversion effects). These last two interactions suggest that
when a shape is seen as a single thing—either because of
relatability or because of cognitive strategy—inverting that
shape will make discrimination harder. The reason for the
inversion effect is unclear, but one possibility is that top-
heavy (inverted) objects are less familiar and hence harder
to discern than upright shapes. Alternatively, there may be
a familiarity advantage for upward-tapering shapes, since
objects commonly recede in depth as they protrude further
from the lower visual field (Reichel & Todd, 1990). The rel-
evance of inversion to shape discrimination will be dis-
cussed further in the ‘‘General discussion’’.



Fig. 4. Shape discrimination sensitivity in Experiment 1 as a function of pixel difference from the standard shape. Data from the grouping strategy (left column)
and ungrouping strategy (right column) are shown for the relatable (top row) and non-relatable (bottom row) conditions. Graphs show performance with
and without distractor lines (solid and dashed lines, respectively) for the five difficulty levels, each of which was defined in terms of how much the standard
shape was altered to create the fat and thin alternatives (see Fig. 2). Error bars show ±1 SEM.
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To examine more fully the role of strategy on filling-in
during illusory contour formation, we examined just the
relatable trials across strategy instructions. As expected,
performance was markedly worse with distractor lines,
F(1,38) = 15.5, p < .001, g2

p ¼ 0:289. Importantly, the dis-
tractor line effect did not depend on strategy,
F(1,38) = 0.03, p = .86, g2

p ¼ 0:001. This means that simply
believing that connecting contours are absent or present
fails to inhibit or enhance filling-in, respectively. No other
factor or combination of factors (e.g., inversion, difficulty,
etc.) altered the effect of the lines (all ps > .4). Yet grouping
was still relevant: When relatable edges were treated as a
single entity, sensitivity was much higher (F(1,38) = 15.3,
p < .001, g2

p ¼ 0:287) and sensitivity improved more dra-
matically as shape differences increased, F(4, 152) = 3.9,
p = .005, g2

p ¼ 0:093. These results are consistent with the
finding that a grouping strategy (provided via priming)
can boost discrimination sensitivity when less salient
interpolated contours bind visible edges together (Kellman
et al., 2007, pp. 504–505). More generally, grouping effects
that we uncovered fit with other data that show that con-
ceptual categorization (or attentional strategies resulting
from categorization—see General discussion) can alter per-
ceptual discrimination and object recognition (Bravo & Far-
id, 2003; Gauthier, James, Curby, & Tarr, 2003; Goldstone,
1994).

Next the non-relatable trial data were examined. The
most important outcome was that the distractor lines,
overall, had no effect on overall performance, F(1,38) =
0.116, p = .76, = 0.003, which held true regardless of obser-
ver strategy, F(1,38) = 0.12, p = .74, g2

p ¼ 0:003. The effect
of the lines did modestly depend on difficulty level (F(4,
152) = 2.8, p = .03, g2

p ¼ :068), but follow-up comparisons
showed that the line and no-line trials were the same for
each difficulty level (all ps > .10). No other factors altered
the effects of the lines. Therefore, regardless of whether
subjects thought that the non-relatable edges were con-
nected, the distractor lines continued to be irrelevant,
and filling-in did not occur. In contrast to the relatable tri-
als, grouping into a single object did not produce an overall
benefit, F(1,38) = 1.0, p = .33, g2

p ¼ 0:026; nor did it alter
the effect of the difficulty variable, F(4, 152) = 0.219,
p = .93, = 0.006. Thus, when fragments were non-relatable,
grouping could neither induce filling-in, nor alter overall
accuracy, nor modify the effects of task difficulty on shape
discrimination.
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3. Experiment 2

The previous experiment suggests that cognitively
grouping a stimulus improves the discrimination of relat-
able (but not non-relatable) shapes, makes upright stimuli
easier to distinguish, and fails to alter contour filling-in. An
objection to the foregoing is that there was no independent
measure to ensure that subjects followed the directions.
For example, perhaps the ungroup subjects employed a
non-optimal strategy that did not actually involve believ-
ing that the figures were fragmented. Similarly, the
instructions may have altered not subjects’ beliefs but
the manner in which subjects examined and utilized the
response templates. Finally, there lingers a possibility that
subjects deployed different strategies on blocks with and
without distractor lines. In this experiment, we address
all of these concerns by: (i) asking subjects at the end of
each half of an experiment how they regarded the stimuli;
(ii) showing the response templates only on 5% of the tri-
als; and (iii) randomizing the distractor line trials within
the relatable and non-relatable blocks. If the results turn
out to be highly similar, and if subjects report using the
instructions in the way expected, then the results of the
first experiment will be confirmed.

3.1. Method

3.1.1. Participants
Twenty-six participants were assigned the grouping

instructions (mean age = 19; 3 males) and 28 were as-
signed the ungrouping instructions (mean age = 20; 7
males). Three ungroup subjects and one group subject
were excluded for chance performance (<51%). All had
normal or corrected-to-normal visual acuity, were naïve
to the purposes of the task, and received course credit or
monetary compensation. The participants in Experiment
2 were different from those who participated in the first
experiment.

3.1.2. Apparatus
The apparatus was the same as Experiment 1.

3.1.3. Stimuli
The stimuli were the same as before except that the fat/

thin shapes differed from the standard shape by 4, 5, 6 or 7
pixels. Larger shape differences were utilized in order to
boost the probability of experiment completion, which
might be especially helpful for the lower-performing ‘‘un-
group’’ subjects.

3.1.4. Procedure
The procedure was similar to Experiment 1 with a few

exceptions. First, response templates were shown immedi-
ately after a subject participated in 20 consecutive trials.
During this period, the fat/thin upright templates were
shown side-by-side for 3 s and the fat/thin inverted tem-
plates were shown for the same duration. The ordering of
the upright and inverted templates was randomized and
a key press enabled continuation in each case. Second, sub-
jects answered a questionnaire at the end of each of the
two blocks (relatable and non-relatable). The question-
naire required subjects to draw the fat and thin stimuli
that they thought appeared over the teardrop elements
and also asked subjects whether any additional strategies
were used in the discrimination. Third, there were 4
(rather than 5) difficulty levels and therefore 20% fewer tri-
als overall. This change may have slightly decreased the
statistical power (which lead us to increase the number
of subjects), but it provided subjects adequate time to
complete the questionnaires. Finally, trials with and with-
out distractor lines were randomized to further ensure that
the same strategy was applied in each of the two cases.
3.2. Analyses

The ANOVA analyses for the psychophysical data were
the same as before except that the difficulty variable had
four (rather than five) levels. For the questionnaires, two
raters judged each observer’s strategy for each block (relat-
able and non-relatable). Raters were shown the two types
of instructions (group and ungroup) and were told to use
all of the questionnaire information (pictures and written
response) to determine how subjects regarded the stimuli.
Raters were told to use information about attentional
strategies only if that helped identify a subject’s beliefs.
In the rare cases where there was inter-rater disagreement
(see below), a third rater (BPK) served as a tie-breaker.
None of the raters had any knowledge of a subject’s true
grouping strategy when examining the questionnaires.

To compare the two experiments, we collapsed data
across difficulty and conducted a 2 (experiment) � 2
(grouping) � 2 (relatability) � 2 (distractor) � 2 (inver-
sion) mixed model ANOVA. In this combined analysis, sep-
arate ANOVAs were also performed on the relatable trials
only and on the non-relatable trials only.
3.3. Results and discussion

Across all trials, outcomes were similar to before (see
Fig. 5). Increasing the shape differences made the task eas-
ier, F(3, 144) = 17.7, p < .001, g2

p ¼ :505. Illusory shapes
were easier to discriminate than fragmented shapes,
F(1,48) = 11.7, p = .001, g2

p ¼ :197. In contrast to Experi-
ment 1, the distractor lines had a significant overall detri-
mental effect, F(1,48) = 28.7, p < .001, g2

p ¼ :374. This effect
may not be entirely surprising since other studies indicate
(for example) that singleton distractors impair visual
search performance more when they are randomized
rather than blocked (Hodsdoll et al., 2009) and that distrac-
tors of the same type or location are more easily ignored
when they occur over consecutive trials (Kristjánsson &
Driver, 2008; see also, Theeuwes & Burger, 1998).

Similar to before, the distractors hurt performance
much more when they appeared near illusory contours
(F(1,48) = 12.7, p = .001, g2

p ¼ :209) and this interaction
did not depend on strategy, F(1,48) = 0.3, p = .57,
g2

p ¼ :007. In other words, the lines disrupted filling-in
much more in the relatable than in the non-relatable con-
dition, and the effect was not modulated on the basis of
how subjects regarded the missing shape contours.



Fig. 5. Shape discrimination sensitivity for Experiment 2 as a function of pixel difference from the standard shape. Data from the grouping strategy (left column)
and ungrouping strategy (right column) are shown for the relatable (top row) and non-relatable (bottom row) conditions. Graphs show performance with
and without distractor lines (solid and dashed lines, respectively) for the four difficulty levels. Error bars show ±1 SEM.
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As before, strategy was still highly relevant. Subjects
overall did better when regarding the edges as parts of a
single object, (F(1,48) = 5.0, p = .03, g2

p ¼ :094), and this
effect was stronger when the edges were relatable
(F(1,48) = 4.75, p = .03, g2

p ¼ :09). There was a grouping
by inversion interaction (F(1,38) = 5.4, p = .026,
g2

p ¼ :125), such that—when there was cognitive group-
ing—inverted shapes were harder to discriminate than up-
right shapes. (See Supplementary material for graphs of
inversion effects.) There was no longer a significant inter-
action between inversion and relatability (F(1,38) = 2.34,
p = .13, g2

p ¼ :047). We tentatively hypothesize that the
interaction is real but the effect size is relatively small
and requires a larger number of subjects to be detected
more reliably. No other effects were significant on this
ANOVA analysis.

Next, just the relatable trials were examined. The
distractor lines impaired discrimination accuracy,
F(1,48) = 31.1, p < .001, g2

p ¼ :393, and this impairment
did not change with strategy (F(1,48) = 1.3, p = .26,
g2

p ¼ :026) or any other factor in the analysis. Moreover,
cognitive grouping lifted overall sensitivity, F(1,48) = 9.1,
p = .004, g2

p ¼ :160). These results once again indicate that
discriminating illusory shapes, but not filling-in illusory
contours, strongly depends on cognitive expectation.

In the non-relatable analysis, there was a modest effect
of the distractor lines (F(1,48) = 4.5, p = .04, g2

p ¼ :085)
most likely because their random appearance made inhibi-
tion slightly more challenging, as noted (Hodsdoll et al.,
2009; Kristjánsson & Driver, 2008; Theeuwes & Burger,
1998). Grouping the non-relatable stimuli into a single
shape did not produce a discrimination advantage,
F(1,48) = 1.375, p = .25, g2

p ¼ :028. Most importantly, dis-
tractor line effects did not significantly depend on group-
ing strategy, F(1,48) = 0.5, p = .50, g2

p ¼ :009) or any other
factor in the analysis. Therefore, while the lines may have
worsened performance due to attentional distraction, their
influence did not at all depend on whether subjects actu-
ally believed the empty region to contain a shape contour.

3.3.1. Confirming subjects’ beliefs
In order to confirm that subjects cognitively regarded

the configurations in the appropriate way, questionnaires
were examined from all 50 subjects for the relatable trials
and the non-relatable trials. The two raters had the same
assessment on 96 out of 100 questionnaires, indicating
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that the responses were straightforward to interpret. More
importantly, 90% of the subjects were rated as having
adopted the instructed templates on both blocks, suggest-
ing that subjects by-and-large maintained the appropriate
belief throughout. It is worth noting that the group and un-
group subjects differed marginally in their tendencies to
conform to their given templates (Fisher’s Exact Test,
p = .05): all of the grouping subjects maintained their tem-
plates throughout the experiment whereas only 20 out of
25 of the ungroup subjects maintained their templates.
Also of interest is that all strategy-switching subjects
(hereafter, ‘‘aberrant’’ subjects) eventually saw the relat-
able stimuli as unitary, but only two did so for the non-
relatable. Therefore, it seems that some subjects were cap-
italizing on the presence of illusory contours.

To verify that the psychophysical results for Experiment
2 did not depend on the aberrant subjects, we conducted
the same ANOVA analyses as above (all trials, relatable
only, non-relatable only) with those subjects removed.
Each of the (61) ANOVA results was qualitatively the same
as before, with two exceptions: the distractor line effect
became non-significant in the non-relatable trials
(p = .04 ? p = .055) and the grouping by inversion interac-
tion became significant in the relatable trials
(p = .102 ? p = .048). These new results, which mirror
what was found in Experiment 1, do not impact the major
claims of the study.

An objection to the questionnaire data is that subjects
may have been parroting back the instructions rather than
providing their true belief about contour connectedness.
Although we cannot definitively rule out this possibility,
there are several reasons to think otherwise. First, subjects
were not explicitly told to try to see the stimuli in a partic-
ular way nor were they warned against using alternative
strategies; subjects were simply told what the configura-
tions were (e.g., ‘‘You will discriminate the two shapes be-
low’’). There was consequently little reason for subjects to
feel reluctant to report helpful strategies. In addition, the
between-subject design would make it difficult for sub-
jects to guess whether strategy was relevant to the exper-
iment or whether a strategy was implicit in the
instructions. (The word ‘‘strategy’’ was not mentioned in
the recruitment phase or in the experiment instructions).
Lastly, the aberrant subjects all switched from the ungroup
to the group template, which would be expected given if
the former were more difficult. These considerations indi-
cate that the questionnaires provide a reasonable measure
of the cognitive expectations deployed in the experiment.

3.3.2. Comparing Experiments 1 and 2
To gain additional power and to test more sensitively

for potential high-level influences on filling-in, we ana-
lyzed performance for all 90 subjects across the two exper-
iments. Except for the expected higher performance in
Experiment 2 (F(1,86) = 5.6, p = .02, g2

p ¼ :061), the experi-
ments were statistically undifferentiated on every measure
for the relatable trials, for the non-relatable trials, and
across all trials (all ps > .24). More importantly, there was
a strong distractor by relatability interaction
(F(1,86) = 21.5, p < .0001, g2

p ¼ :200), which itself did not
depend on strategy, F(1,86) = 0.5, p = .49, g2

p ¼ :006). Strat-
egy also did not alter the effect of the lines in the relatable
trials alone (F(1,86) = 0.7, p = .41, g2

p ¼ :008) or in the non-
relatable trials alone, (F(1,86) < 0.1, p = .951, g2

p < :001),
indicating once again that cognitive expectation does not
exercise an appreciable influence on filling-in. Finally, a
grouping strategy increased overall sensitivity in the relat-
able trials (F(1,86) = 23.1, p < .0001, g2

p ¼ :211) but not in
the non-relatable trials (F(1,86) = 2.2, p = .14, g2

p ¼ :025)
suggesting that cognitive grouping is most helpful when
it allows subjects to notice and use contours pre-formed
by the mechanisms of perception.
4. General discussion

Results produced by way of two experiments provide
evidence for a cognitively encapsulated filling-in process
during contour interpolation. Relatable displays produced
strong filling-in effects that could not be diminished or en-
hanced by believing or disbelieving that the fragments
were connected, respectively. Non-relatable displays cre-
ated minimal filling-in effects, and these could not be mod-
ulated via cognitive expectation. However, believing that
relatable edges were of a single shape strongly improved
overall performance and made upright shapes easier to
distinguish. The foregoing set of results were obtained at
a variety of difficulty levels, when distractor lines were
randomized or blocked, and when the templates were gi-
ven on every trial or after every 20th trial. Strategy adop-
tion was independently confirmed by simply asking
subjects at the end of each half of the experiment how they
regarded and discriminated the stimuli. These data, con-
sidered jointly, suggest that the discrimination of filled-in
Kanizsa shapes depends on belief, but that the filling-in
of contours does not. Below, we provide a tentative expla-
nation for some of these results, discuss implications, and
conclude with suggestions for research in this underex-
plored area of vision research.
4.1. Shape discrimination: A preliminary explanation

A number of models of illusory contour perception posit
rather sophisticated interactions between early and late
brain areas that eventuate in illusory object recognition
(Grossberg & Raizada, 2000; Murray et al., 2006; Seghier
& Vuilleumier, 2006). These models either imply or are at
least consistent with the view that integration involves at
least two sets of processes: one that detects and integrates
local edge information, and one that recognizes the shape
as falling into a specific category (e.g., as fat or thin). Such
a sequence may offer a starting point from which to ex-
plain the current findings. In our view, as soon as relatable
inducers are perceived, they will form interpolated con-
nections, which in turn will be influenced by information
near the interpolated path. Corrupting the stimulus repre-
sentation compromises the template matching process,
which in turn lowers discrimination accuracy. In a similar
vein, the absence of strategy effects in the non-relatable
condition may owe to the inability to unify fragments that
lack inherent cues to grouping. In this case, a grouping
strategy gives participants cognitive templates that apply
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to the entire stimulus, but only parts of the non-relatable
stimulus can be matched to the templates, rendering little
advantage for discrimination accuracy.

Why did strategy improve performance when edges
were relatable? Since distractor lines hurt performance
regardless of strategy, an interpolated shape likely arose
in each strategy condition. The grouping strategy likely
helped by offering a better cognitive template. To put it
most simply, it is easier to match a stimulus shape repre-
sentation with one of two shape templates than with one
of two fragmented templates.

The reason why inversion hurt performance only when
fragments were grouped is unclear, but may also have to
do with cognitive templates. For example, when the shape
was inverted, there was considerable mismatch between
the resulting shape representation and the (upright) tem-
plate, making the task harder. By contrast, when the stim-
ulus was not inverted, the entire visual shape could be
compared to the entire template, and judgments were
facilitated. As noted above, the reason observers preferred
the upright shape may have to do with the fact that ordin-
ary objects tend to be larger on the bottom or that objects
more often recede in depth as they rise further from the
ground.

4.2. Implications for filling-in contours

Our result shows that filling-in contours happens auto-
matically and that interpolation cannot easily be overruled
by the beliefs that the observer has about the stimulus. In
other words, not only does interpolation occur without
thinking, it also occurs even when it is contrary to beliefs
about connectedness. It is premature, however, to con-
clude that cognitive expectations are always irrelevant to
interpolation. At the very least, intentional states may alter
attention, which in turn may alter the filling-in process.6

Just as modulating attention can affect the perception of mo-
tion coherence (Liu, Fuller, & Carrasco, 2006), contrast
(Pestilli & Carrasco, 2005), and lightness (Tse, 2005), atten-
tion may also be able to modulate filling-in in at least some
cases (e.g., when high spatial frequencies are lacking, Free-
man et al., 2001). However, our results make it unlikely that
these modulations would be substantial, especially when
contours are salient (Marcus & van Essen, 2002; McMains
& Kastner, 2011). Consistent with certain neural models of
grouping (Grossberg & Raizada, 2000), our results also make
it unlikely that strategy can produce filling-in effects when
the process would normally not occur.

On a related note, we do not claim to have found the
conditions for producing the strongest beliefs about con-
tour connectedness. Our goal was more modest—to show
that when grouping instructions are salient, clear, and fre-
quently repeated and when subjects have the beliefs that
we think they have (in regards to contour connectedness),
belief does not play a major role in filling-in contours. To
put it another way, we used a variation of a commonly
6 The encapsulation view, as espoused by Pylyshyn (1999), acknowl-
edges the relevance and import of attention for altering (the inputs of)
perception. However, Pylyshyn’s view prohibits expectation and utilities
from altering perception independently of attention.
used perception task with viewing conditions that are very
similar to those used in prior studies to show that cognitive
expectation does not appreciably modulate the strength of
illusory contour formation.

The outcomes of the current experiments add to the
growing literature regarding the viability of the modularity
research program. As Fodor (1983) rightly pointed out, it
would be extremely helpful methodologically if the
information processing systems of the mind turn out to
be independent of central cognitive processing. It would
mean that we could examine particular aspects of the
mind, without regard to the goings-on of the beliefs and
desires of the subject. If central characteristics of contour
interpolation turn out to be intact irrespective of inten-
tional states, then that would greatly simplify the quest
to build an all-encompassing theory of visual object per-
ception. Here, we have provided evidence that filling-in
during interpolation, at least, does not strongly depend
on belief.
4.3. Implications for illusory shape discrimination

Some data suggest that explicitly notifying subjects
about the presence of illusory contours improves perfor-
mance relative to control conditions (Nagai, Bennett, &
Sekuler, 2008, p. 5), but the current paper presents the first
clear evidence for the effect. An objection might be that
subjects performed worse in the ungroup condition only
because the instructions were harder to understand. This
is unlikely because—in the non-relatable trials—the un-
group subjects did no worse than the grouping subjects.
Therefore, there was nothing intrinsically harder about the
ungroup directions. More generally, the benefit of applying
a unitary (rather than fragmented) shape template makes
sense in light of the well-established ‘‘single-object advan-
tage’’, according to which extracting distal information is
easier when it derives from only one referent (Baylis & Dri-
ver, 1993; Duncan, 1984).

Our results further imply that filling-in illusory con-
tours and discriminating illusory shapes depend on differ-
ent mechanisms. The latter is partly conceptually mediated
and depends on instructions; the former is much earlier
and may be cognitively encapsulated. Indirect evidence
for this dissociation has been adduced elsewhere. In a vi-
sual agnosia study, patient HJA normally integrated local
elements to form contours, but poorly discriminated partly
occluded shapes (Giersch, Humphreys, Boucart, & Kovács,
2000). In an electrophysiological study (Murray et al.,
2006), when subjects discriminated relatable shapes from
one another or non-relatable shapes from one another,
the difference in VEP in these two cases (what was termed
the ‘‘IC effect’’) occurred fast (124–186 ms) and regardless
of whether subjects accurately discriminated the shape. It
was also found that accuracy in a relatable condition corre-
lated with neurophysiologic responses at 330–406 ms
post-stimulus onset, which was well after the IC effect
(see also Imber, Shapley, & Rubin, 2005). Boundary com-
pletion was concluded to be early, automatic and dissocia-
ble from a later shape categorization stage—a view that fits
nicely with our findings.
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Results obtained thus far also address a recent chal-
lenge to the fat/thin shape discrimination paradigm.
Anderson (2007) writes:

[T]he fat/thin paradigm is highly sensitive to task strat-
egies. Indeed, it shows that such strategies can com-
pletely obscure differences in perceived completion
strength. . . [Therefore] performance on the fat–thin
task is not modulated by the strength or occurrence of
completion, at least not in any simple manner that
allows it to be used as a diagnostic tool for measuring
contour completion’’ (p. 522).

Our finding that strategy alters performance in the
relatable conditions is in accord with Anderson’s claim.
The interaction between inversion and strategy further
exhibits the relevance of grouping at least for modestly
grouping stimuli. But Anderson’s assertion that the pres-
ence of completion fails to explain discrimination accuracy
is not supported by the current data. The occurrence of
completion, but not strategy, determined whether distrac-
tor lines degraded performance. Furthermore, the influ-
ence of strategy on overall performance does not appear
to invalidate previous results established with the para-
digm (Kellman et al., 2005; Ringach & Shapley, 1996; Yin
et al., 1997). When relatable fragments are grouped, they
offer benefits that cannot be rivaled by non-relatable dis-
plays. There appears to be no better explanation of the
benefit than the fact that interpolation unifies—and ren-
ders more accessible—the edge relations of spatially segre-
gated fragments (Baylis & Driver, 1993; Duncan, 1984).7

This is not to say that the discovery of high-level effects
is irrelevant to prior work; some fat/thin studies may need
to be re-interpreted if strategy could vary between condi-
tions, time-points or subject groups. For example, the fat/
thin task has been used to study autism (Milne & Scope,
2008) and visual development (Hadad, Maurer, & Lewis,
2010). In these cases, group differences or similarities
may not necessarily be reflective of differences or similar-
ities in early perception. Adding a distractor line condition
might be one way to tease out the contributions of lower
and higher-level mechanisms to illusory shape perception.

4.4. Forming vs. noticing illusory contours

Another implication of our finding is that subjects can
fail to consciously discover illusory contours formed in
early perception. We found similar results in a multiple ob-
ject tracking study wherein 94% of subjects exhibited
behavior consistent with contour interpolation but only
62% reported seeing any such contours immediately after
the experiment (Keane et al., 2011, Experiment 1). This
was despite the fact that the contours appeared on 50%
of the trials of each experimental block. A similar lack of in-
sight can be found in the annals of history. As Purghé and
7 Edge unification, by itself, is probably not sufficient for an interpolation
advantage (Hou, Lu, Zhou, & Liu, 2005; the way that inducing edges are
unified also matters. In our relatable displays, since inducers produced
bowed contours, illusory edge locations for the fat and thin shapes differed
more than the visible edge locations. Interpolated percepts thus ended up
being more discernable than non-interpolated percepts for the fat/thin task.
Coren (1992) pointed out, 19th century scientists like
Helmoholtz, Wundt, Ebbinghaus, Sanford, and Titchner
all published figures with illusory contours, but never re-
marked upon their phenomenal existence. Not until the
next century were interpolated figures formally ‘‘discov-
ered’’ and investigated (Kanizsa, 1955; Schumann, 1904).
It can be concluded that the acts of noticing and forming
illusory contours are dissociable, and that phenomenology
is an imperfect measure of the presence of interpolation.

4.5. Future directions

Evidence has converged on the view that long-range,
horizontal (lateral) connections between simple cells of
similar orientation tuning, in early visual cortex facilitate
the integration of elements into global configurations (Lee
& Nguyen, 2001; Seghier & Vuilleumier, 2006). Certain ven-
tral and parietal structures (e.g., lateral occipital complex,
caudal intraparietal sulcus) may also be important to the
filling-in of contours (Kellman et al., 2005; Mendola, Dale,
Fischl, Liu, & Tootell, 1999; Murray, Foxe, Javitt, & Foxe,
2004; Shpaner, Murray, & Foxe, 2009). But what parts of
the brain mediate changes in cognitive strategy? Relevant
regions likely include the orbital prefrontal cortex (OFC)
and inferotemporal cortex. The former generates expecta-
tions or guesses about the viewed stimulus and aids quali-
tative visual discrimination (Bar, 2003; Bar et al., 2006); the
latter (which receives feedback from the OFC) is activated
primarily at moments when the stimulus is confronted,
and encodes fine-grained and, at times, diagnostic feature
information (Freedman, Riesenhuber, Poggio, & Miller,
2003; Sigala & Logothetis, 2002). It is worthwhile to use
brain imaging techniques to see, first, what changes when
subjects change their strategy on these sorts of tasks, and
second, whether any earlier cortical mechanisms are
responsive to changes in cognitive expectation.

Another question is how strategy effects vary with con-
tour salience. We intentionally used a modest support ratio
(25%) to increase the likelihood of finding high-level ef-
fects. If the support ratio were higher (Shipley & Kellman,
1992), if the contours were presented in stereoscopic
depth or in motion (Lesher, 1995, p. 283; Ostrovsky,
Meyers, Ganesh, Mathur, & Sinha, 2009; Palmer, Kellman,
& Shipley, 2006), or if the inducing edge information were
more distributed over space (Maertens & Shapley, 2008),
then the ‘‘ungroup’’ subjects may automatically discover
and use the optimal grouping strategy.

Also unexplored is whether cognition can modulate the
spatial path of interpolation. As noted above, we focused on
whether expectation can extinguish or invent filled-in con-
tours. Fig. 1 provides informal evidence that the depth lay-
ering or the 2-D path can be altered, but it is unclear as to
what level in processing this modulation occurs.

Lastly, our version of the fat/thin task can also be re-
cruited to fruitfully explore clinical deficits in perceptual
organization. For example, individuals who have disorders
such as schizophrenia are hypothesized to be worse at
extracting global structure from a visual stimulus (Silver-
stein & Keane, 2011; Uhlhaas & Silverstein, 2005). In ac-
cord with this view, we are finding that persons with
schizophrenia perform very much like ‘‘ungroup’’ subjects
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(Keane, Mikkilineni, Papathomas, & Silverstein, 2012): they
discriminate normally on non-relatable trials poorly on
relatable trials, and normally in response to distractor lines
for both trial types. Ringach and Shapley’s methodology,
therefore, is providing a promising means for distinguish-
ing lower- and higher-level contributions to object percep-
tion in normal and pathological vision.
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