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We develop an experimental measure of consistency of interpolation of partly occluded contours based entirely on
observers’ interpolation performance. We first describe the measure, which is based on a two-probe task that compares an
observer’s interpolation settings at a particular location with vs. without the observer’s own setting presented at a nearby
location. We then report two experiments aimed at investigating the behavior of the measure. The first compares the
proposed measure to the predictions of contour completion models. The second investigates its performance in the
Poggendorff and related configurations. We find that consistency covaries with relatability and cocircularity (both interpreted
in graded terms) and, sensibly, yields a low measure for interpolation in the Poggendorff configuration. We conclude that the
proposed measure of consistency operationalizes an important aspect of what is meant by the “strength” of a partly
occluded contour.
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Introduction

The objects we perceive in everyday, cluttered scenes
are often occluded in part by other objects. As a
consequence, only a fraction of their boundaries is imaged
onto the retinas. The visual system generates representa-
tions of contours and surfaces that go beyond fragmentary
image data, and this information is part of the visual
representations that underlie perception and guide action.
Upon seeing a display such as in Figure 1, typical
observers do not suppose that they are looking at two
dark-colored surfaces with an intervening light-colored
surface. Rather they perceive the two dark-colored regions
as parts of a continuous surface that is partly occluded by
the light-colored surface. This form of visual completion
is referred to as “amodal” because, despite the vivid
percept object unity, observers do not actually “see” a
contour (or local contrast) in the occluded region
(Kanizsa, 1979; Michotte, Thinès, & Crabbé, 1964/
1991). Amodal completion is generally contrasted against
“modal” completion, such as in illusory contours, where
observers do perceive a contour in image regions that
contain no contrast.
There is a considerable literature demonstrating that

such amodally completed representations have measurable
consequences for visual perception and attention (e.g.,
Anderson, Singh, & Fleming, 2002; Davis & Driver,

1998; Guttman, Sekuler, & Kellman, 2003; Liu, Jacobs, &
Basri, 1999; Rauschenberger & Yantis, 2001; Ringach &
Shapley, 1996; Sekuler & Palmer, 1992). A separate and
prior question, though, is whether the visual system can
complete a particular contour in a particular scene.
Kellman and Shipley (1991), for example, proposed
relatability criteria intended to predict when interpolation
of partly occluded contours would or would not occur. An
evident difficulty with testing the relatability hypothesis is
that explicit empirical criteria are required for deciding
whether the visual system has “successfully” interpolated
the missing portions of partly occluded contours.
Our goal in this paper is to propose and test an

experimental criterion for “successful” interpolation of a
partly occluded contour based on the self-consistency of
observers’ judgments about the contour.1 We wish to
complement existing experimental criteria based on
observer ratings of “strength,” “goodness,” or “salience”
of contours. It is not obvious what the experimenter means
by “strength,” etc, or how these ratings relate to the
observer’s performance in interpolating contours. In such
experiments, the experimenter measures not what observ-
ers can do but instead uses a measure that is at best related
to what observers believe they can do. (In giving a high
completion rating, for instance, an observer is in effect
expressing her/his confidence that, if asked to interpolate
the missing contour, s/he could readily do so.) Although
performance-based measures have previously been
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proposed, they typically rely on observers’ performance
on some other task that is believed to rely on visual
completionVfor example, discriminating between two
qualitative shape types (Ringach & Shapley, 1996), depth
discrimination (Liu et al., 1999), or visual search (Davis &
Driver, 1998; Rauschenberger & Yantis, 2001). However,
Fulvio, Singh, and Maloney (2008) proposed two
measuresVsetting precision and setting consistencyVthat
were based on what observers actually do when they
interpolate position and orientation settings along partly
occluded contours (see below). The criterion proposed
here will also be based on observers’ interpolation
performance, but will emphasize setting consistency.
Previous work on shape interpolation has for the most

part focused on obtaining positional measurements at one
particular location within the occluded region (e.g.
Fantoni & Gerbino, 2003; Fulvio & Singh, 2006; Guttman
& Kellman, 2004; Hon, Maloney, & Landy, 1997; Stanley
& Rubin, 2003; Takeichi, 1995; Warren, Maloney, &
Landy, 2002, 2004; but see Fulvio et al., 2008; Singh &
Fulvio, 2005). It is difficult to see, however, what pattern
of settings at a single location would support or refute a
consistent representation. Thus, to test whether the visual
system generates the representation of an internally
consistent interpolating contour, we consider multiple
settings at different locations along the contour. With
such settings, one can test whether the two (or more) types
of observer settings at the different locations are in fact
mutually consistent. We emphasize that nothing about our
experiment requires that observers “see” contours in the

occluded region; indeed, this follows from the very
definition of amodal completion. They are being asked
to interpolate the parts of a contour that are occluded.
Recently, Fulvio et al. (2008) measured both the precision

of contour interpolation and its “self-consistency”. Their
approach to measuring consistency was inspired by
previous work on shape from shading by Koenderink,
van Doorn, and Kappers (1996). In the context of surface
perception, Koenderink et al. (1996) had observers
make repeated gradient settings at multiple locations on
shaded surfaces. They then tested whether the observers’
judgments were consistent with any single, smooth
surface. They did not reject the hypothesis of consistency,
suggesting that observers’ percepts of surfaces are self-
consistent and stable.
Fulvio et al. (2008) had observers make both orientation

and position judgments at multiple locations along a partly
occluded contour (the stimuli were similar to those used in
the first experiment reported here). They then tested
whether the judgments were consistent with any single
contour connecting the inducers. They proposed two
different measures of consistency: a polynomial-based
measure and a non-parametric measure. In computing the
polynomial-based measure, for instance, they first fitted a
polynomial to the positional settings alone, and then
measured the extent to which the tangent orientations
derived from this polynomial predicted observers’ actual
settings of orientation. For co-circular and “relatable”
inducer pairs, the settings exhibited a high degree of
consistency. But for “non-relatable” inducer pairs requir-
ing an inflecting interpolating contour, the degree of
consistency was low, suggesting that the visual system
does not generate a self-consistent representation of an
interpolating contour under these conditions. Their pro-
posed measures of consistency were in good agreement
with cocircularity and Kellman and Shipley’s (1991)
relatability criterion that the linear extensions of the two
inducing edges must intersect, if these criteria are
interpreted in graded terms (see Fulvio et al., 2008). As
such, the further the inducing contours are from cocircu-
larity, the greater will be the asymmetry of the point of
intersection of the linear extensions with respect to the
points of occlusion, the weaker would be the predicted
completion strength.
The key idea in the above approach to measuring

consistency is to ask the observer to make many estimates
of the location and orientation in the occluded portion of a
partly occluded contour and then to test whether the
estimates, taken together, are consistent with any single,
stable, smooth contour across the occluded region. The
weaknesses of the method are the large number of settings
needed and (for the polynomial version) the arbitrary
introduction of a polynomial approximation.
In the current work, we describe a simple two-probe

method that can be used to assess consistency. In Figure 2,
we illustrate the method by means of a thought experi-
ment (that departs from the methodology of the actual

Figure 1. A case of occlusion. Observers typically interpret the
scene as containing a continuous dark-colored surface behind a
light-colored surface rather than two dark objects abutting a light-
colored one.
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experiments described in detail below). In Figure 2A, we
show a partly occluded contour defined by two line
segments on either side of a gray occluded region. The
observer is asked to interpolate the partly occluded
contour in the region where it is occluded. We could ask
the observer to tell us the vertical height of the contour for
any horizontal displacement within the occluded region.
The observer’s settings at different horizontal displace-
ments are represented by a curve of first settings (red
curve). We emphasize that the solid red line through the
occluded region represents the locus of first settings,
where the observer would set the interpolating point at
each horizontal offset. As noted above, we do not assume
that the observer in any sense “sees” this contour and, for
reasons that will become immediately obvious, we do not
assume that the curve of first settings2 corresponds to the
observer’s estimate of the full contour.
Next, imagine that the experimenter changes the display

in Figure 2A by adding a single point (probe) at some
location along the curve defined by the observer’s first
settings (Figure 2B). The observer is told that this point is
part of the partly occluded contour and, as it is his own
setting, he is unlikely to disagree. We can now ask the
observer to add a second point at any other horizontal
displacement and thereby obtain a curve of second
settings, conditional on the presence of the probe. If the
curve of second settings falls on top of the curve of first
settings, then the addition of the probe has not affected
interpolation. If, however, the curve of second settings is
different from the curve of first settings (as suggested by
the blue dashed contour in Figure 2B) then it is evident
that the probe itself has altered interpolation performance.
The two-probe method we develop and the new

consistency criterion we propose rely on the following
linking hypothesis: If observers represent a single, stable,
smooth partly occluded contour for a particular inducer
pair configuration, their interpolation settings should be
unaffected by the presence of their own setting at a nearby
location. As a result, any systematic difference between

the curve of first settings and the curve of second settings
would provide evidence for a lack of internal consistency
in the observer’s settings, and suggest that the observer
fails to represent a single, stable, smooth interpolated
contour. The method and criterion will be tested in two
experiments reported below. The experiments deviate in
detail from the thought experiment just discussed, most
notably in that we will ask observers to interpolate both
location and orientation (tangent).
Based on the results of these experiments, we propose

that consistency operationalizes (Bridgman, 1927) an
important aspect of what is intended by the term
“strength” when applied to partly occluded contours.
Moreover, it is a measure that is based solely on
observers’ interpolation performance; it does not require
that the observer explicitly rate “strength,” “goodness,” or
“salience” of partly occluded contours, nor does it rely
indirectly on performance in some other task that is
believed to depend in some way on interpolation.
The first experiment will use stimuli that are predicted

by models of contour completion to produce stable or
unstable representationsVnamely, those that can be
interpolated smoothly only with an inflecting curve,V
and have been demonstrated to do so by Fulvio et al.
(2008). The second experiment will employ a configu-
ration that is unlikely to produce a stable representa-
tionVthe configuration that produces the Poggendorff
illusion. We emphasize that although the contours and
the illusion themselves are interesting in their own right,
our primary focus in this article is to determine whether
our consistency criterion and the two-probe method are
suitable for the investigation of the stability with which
interpolated contours are represented by the visual system.
Despite the limited experimental insight into the stability

and consistency of representations of visually completed
contours and surfaces, there have been several attempts to
characterize the nature of representations in general, held
by the visual system. One hypothesis that may have bearing
on the current study is the isomorphism hypothesis. The
isomorphism hypothesis is, first of all, the claim that the
visual representation is effectively a three-dimensional
model of the immediate environment that includes
estimates of properties of objects in the scene including
their positions, orientations, and material properties:

I objects are represented in a way that preserves
the information most essential for survival-informa-
tion about the inherent properties of objects, and
about the organism’s spatial relations to them I
(Shepard, 1981, p. 291)

But the isomorphism model is more than just a list of
estimates of positions and properties. The organism uses
the information in the model to make judgments about
objects and to plan movement: to decide the best way to
grasp the edge of a desk, to decide how best to move the
desk through a doorway, or to decide whether the

Figure 2. A linking hypothesis: Measuring the strength of amodal
completion. (A) Interpolation between two linear inducers. The red
solid line marks the locus of first settings where an observer would
interpolate the partly occluded contour defined by the two
inducers. (B) Interpolation with an added probe. The hypothetical
locus of second interpolations (conditional on the added probe) is
shown as a dashed blue line. We take the deviations between first
and second loci of interpolation (“inconsistency”) as a measure of
the weakness of the amodal completion of the partly occluded
contour.

Journal of Vision (2009) 9(4):5, 1–19 Fulvio, Singh, & Maloney 3

Downloaded from jov.arvojournals.org on 04/07/2021



disorganized stack of papers on the desk will survive the
move. Shepard used the term “second-order isomorphism”
(Shepard & Chipman, 1970) to emphasize that the
isomorphism model of the environment is a computational
tool that permits the organism to anticipate the conse-
quences of its own planned actions and other changes in
the environment.
In the context of partial occlusion, this would entail

constructing a self-consistent representation of the hidden
portions of contours and surfaces. Thus, if the isomor-
phism hypothesis is accurate, observers should accept
their own initial settings as part of the perceived
interpolating-contour when making subsequent settings.
If they do not, then the resulting inconsistency would call
into question the isomorphism hypothesis. The latter
finding would not be unprecedented as several previous
studies have revealed inconsistencies and dissociations in
the processing of multiple attributes of stimuli (e.g.,
Gillam & Chambers, 1985; Smeets, Brenner, de Grave,
& Cuijpers, 2002; Wenderoth, 1983), thereby calling the
isomorphism hypothesis into question. We also note that
the inconsistencies found in the non-relatable conditions
of Fulvio et al. (2008) provide additional evidence against
the isomorphism hypothesis. As described above, the two-
probe method developed below will only require that
observers be consistent with themselves.

Experiment 1

Experiment 1 employed the “two-probe interpolation”
method. As noted above, if observers represent a single,
stable, smooth partly occluded contour for a particular
inducer pair configuration, their settings through an
interpolation window should not be affected by the
presence of their own setting in a nearby window. (One
may, however, expect an increase in the reliability of the
settings, given the additional information available in the
two-window task.)

Methods
Observers

Eight observers at New York University completed the
experiment. None were aware of the purpose. All had
normal or corrected-to-normal vision.

Stimuli

Examples of the stimulus displays are shown in
Figures 3A and 3B. The basic components of the displays
comprised two oriented line segments referred to as
inducers. The inducers were white, 6.05 degrees of visual
angle (DVA) long, and 5.8 arcmin thick, with anti-aliasing
at the resolution of one-fourth of a pixel. They had equal

orientations of 30- but with opposite signs. We denote
orientation by E and the width of the occluder by w
(Figure 3C).
The relative vertical offset between each pair of

inducers at their respective points of occlusion, denoted
$, was manipulated (see Figure 3C for a schematic
depiction). Three levels of $ were used: $ = 0 (“sym-
metric,” non-offset inducers); $ = 2

3
w tan E (“small offset”

inducers); $ = 4
3
w tan E (“large offset” inducers). We note

that by one of Kellman and Shipley’s (1991) relatability
criteria, the large-offset inducers are non-relatableVtheir
linear extensions do not intersect. Equivalently, the
inducers in this case can be smoothly interpolated only

Figure 3. Examples of stimulus displays used in Experiment 1.
(A) Part I displays: The observer could control the height and
orientation of the short linear segment that appears in the vertical
slit in the occluded region. (B) Part II displays: same as (A) except
a second vertical slit appears with a fixed line segment positioned
and oriented as the observer’s own mean settings from Part I.
See text for details. (C) Three vertical offsets were used in the
study: no offset (symmetric; $ = 0), small offset ($ = 2/3w tan E),
and large offset ($ = 4/3w tan E).
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with an inflecting curve (one that changes its sign of
curvature); see Singh and Hoffman (1999) and Takeichi,
Nakazawa, Murakami, and Shimojo (1995). There is prior
evidence that such inducer configurations are problematic
for human visual interpolation (Fulvio et al., 2008;
Kellman & Shipley, 1991; Takeichi et al., 1995).
The inducers pointed upward in half of the experimental

trials, and downward in the other half. One of the two
inducers was designated the reference inducer, and its
vertical height was used as a reference for the vertical
placement ($) of the opposite inducer (i.e., along the
opposite vertical edge of the occluder). On any given trial,
the reference inducer could appear either on the left or on
the right side.
The inducers were placed at the left and right edges of

the occlusion region, shown as a gray rectangle with
rounded corners. It had width w equal to 6.05 DVA and
height equal to 16.82 DVA. Narrow vertical slits of width
0.24 DVA, appeared within the occluder at one of four
horizontal locations, referred to as an interpolation
window. (See below for specific details concerning the
presentation of the interpolation windows in each exper-
imental part.) The vertical midlines of the windows were
0.87 DVA apart, and the leftmost and rightmost windows
were 1.72 DVA from the closest vertical edge of the
occluder. None of the windows appeared at the horizontal
midpoint of the occluder.

Part I: Single interpolation window

In Part I, each trial contained one interpolation window
through which a white, straight-line probe was visible (see
Figure 3A). The probe’s vertical position and orientation
were to be adjusted by the observer. The probe had the
same color, thickness, and anti-aliasing as the inducing
contours. It was initially presented with a horizontal
orientation, at the vertical midpoint of the interpolation
window. In the position-adjustment mode, the probe
moved vertically within the window; in the orientation-
adjustment mode, it pivoted about its midpoint (which
was constrained to lie on the vertical midline of the
window). The position or “height” of the probe, denoted
h, was constrained to lie between the uppermost and
lowermost horizontal edges of the occluder. It was
measured relative to the height of the reference inducer
at its point of occlusion. The orientation of the probe,
denoted 7, could range from j90- to +90-, which
allowed for the full range of orientations.

Part II: Two windows

In Part II, the displays contained an interpolation
window with the adjustable probe as in the Part I trials,
as well as a second window that contained a line segment
whose position and orientation were determined by the
mean settings of that observer through that window in
Part I. We reduced the possible pairs of windows that
could be displayed to those we believed were most
informative. This led to pairings of windows 1 and 3

and windows 2 and 4 (i.e. the mean settings appeared in
window 3 and the adjustable probe in window 1 in 25% of
the trials and vice versa, and likewise for the pairing of
windows 2 and 4; see Figure 3B).

Software and apparatus

The stimuli and experiments were programmed in
MATLAB using the Psychophysical Toolbox extensions
(Brainard, 1997; Pelli, 1997). The computer used in
the experimental apparatus was a Sony GDM-FW 900
workstation with a 24-inch monitor with a display area of
48.3 cm � 30.5 cm and a resolution of 1600 by 1200
pixels at a vertical refresh rate of 75 Hz. The color quality
was 32 bit and the graphics processor was a Quadro4
380 � 61. The system processor of the computer was an
Intel Pentium 4 with SSE2. The stimuli were presented to
the observers in the center of the screen upon a black
(0.3 cd/m2) background from a distance of approximately
127 cm from the computer screen.

Procedure

As described above, on each trial observers viewed
displays containing a rectangular surface whose vertical
edges abut two linear inducers. The inducers could have
one of three vertical offsets relative to each other. An
interpolation window was opened within the rectangular
occluder through which an adjustable line probe was
visible. In Part II, there was also a second window through
which a line segment was visible, whose position and
orientation were determined by the observer’s own mean
settings from Part I. The task of the observers in both
experimental parts was to adjust the position, h, and
orientation, 7, of the interpolation probe until the
combination of settings optimized the percept of a
smoothly continuing partly occluded contour defined by
the two inducing contours. Observers first adjusted the
position of the line probe vertically within the window,
using a mouse. Pressing the space bar then allowed them
to toggle between adjusting the position and orientation of
the line probe. Observers toggled back and forth in this
manner between height and tangent orientation settings.
They were instructed to optimize the percept of a smooth
partly occluded contour defined by the two linear inducing
contours. They clicked the mouse button when they were
satisfied with the combination of height and tangent
orientation settings.

Design

The design for both experimental parts contained three
inducer offsets and four window locations (4 possible
single windows in Part I; 4 possible window pairs in
Part II). The reference inducer could appear either on the
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left or the right side of the occluder, and the inducers
could be oriented either upwards or downwards. Each
session thus contained 3 � 4 � 2 � 2 or 48 trials, times
three repetitions of each combination for a total of 144
total trials per experimental part. (In each experimental
part, there were thus 48 trials for each inducer-geometry
conditionV12 per window.) As indicated, paired settings
of position and tangent orientation of the line probe were
obtained on each trial. Each observer performed adjust-
ments in two experimental parts, one with a single
interpolation window and one with two interpolation
windows as described above, each preceded by a practice
session to ensure understanding of the task and to allow
the observer to become accustomed to the controls.

Results and analysis

On each single-window trial (Part I), observers adjusted
the position and orientation of the adjustable line probe so
that it optimized the percept of a smoothly continuing
contour between the two inducers. In the two-window
trials (Part II), observers performed the same task with
their own mean settings from one of the other windows in
the single-window trials displayed in the stimulus. Left–
right reflection and upwards–downwards inducer presen-
tation did not influence observers’ settings so we
combined conditions and transformed them all into a
common coordinate system. For each of the three values

of inducer offset $, we computed the mean position
settings h1,I,h6, and mean tangent orientation settings
71,I,76, through each of the interpolation windows.
Below we describe the results and analyses for each
individual inducer-offset condition.

Symmetric inducers

The symmetric inducers have the same relative height
along the edges of the occluder ($ = 0), and are therefore
symmetric about the vertical midline of the occluder.
These inducers are also co-circular (Parent & Zucker,
1989): the two inducers are tangent to a common circle at
their respective points of occlusion. The means and
standard deviations of the settings for the symmetric
inducers are shown in Figure 4: Part I settings are shown
in red and Part II settings are shown in blue. To remind
the reader how these settings were obtained in the context
of the experiment, we have isolated one of the observer’s
pairs of Part I and Part II settings in Figure 4 (O2,
window 2) and depicted them in terms of the experimental
paradigm in Figure 5A. For this particular pair that we
have isolated, the observer made the depicted mean
settings in windows 2 and 4 in Part I (upper panel).
Subsequently, in Part II, when the observer’s own mean
settings were displayed in window 4 (depicted in red in
the lower display of Figure 5A), the observer made
settings through window 2 whose mean is depicted in
green. Superimposing the window 2 mean settings from
Part I in black, we can see by comparison that the

Figure 4. Experiment 1 mean settings for the symmetric (non-offset) inducers. The means and standard deviations of position settings are
shown as points with error bars (T1 SD). The means of the tangent orientation settings are represented by short line segments whose
tangent orientation is the mean setting. The settings of Part I are drawn with a red–blue color scheme, and those of Part II are drawn with
a blue–black color scheme.
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observer made almost identical settings with and without
the probe in window 4. By contrast, in Figure 5B, we
illustrate one observer’s inconsistent setting for the large-
offset condition (O5, window 3; see the Large-offset
inducers section for more details).
Upon inspection of Figure 4, we see that this pattern is

typical as the means generally do not appear to differ
between Part I and Part II for symmetrical inducers.
Indeed, t-tests on the differences between mean settings
from Part I to Part II (8 observers � 4 windows = 32 tests
for each setting type) were consistent with this as only
2/32 tests for changes in position were significant at the
! = 0.05 level, and only 1/32 test for changes in
orientation was significant.
Since the settings evoked by symmetric inducers are

consistent across time and space, the mean settings
displayed in Part II should serve as an added cue to the
percept. This should lead to lower setting variability with
no change in the mean point of estimation (Boyaci,
Doerschner, & Maloney, 2006; Ernst & Banks, 2002;
Fulvio, Singh, & Maloney, 2006; Landy, Maloney,
Johnston, & Young, 1995; Oruç, Maloney, & Landy,
2003). F-tests (8 observers � 4 windows = 32 tests for
each setting type) on the ratio of the variances across the
two experimental parts were performed. We found that
22/32 tests were significant for increases in setting
precision (i.e., decreases in setting variability) for position
settings and 12/32 tests were significant for increases in
setting precision for orientation settings. Thus the added
probe improves contour localization, but does not provide

the same benefits for processing of the higher-order
attributes (i.e. orientation) of the interpolating-contour.
Nevertheless, only 4/32 tests were significant for
decreases in orientation setting precision, suggesting that
the added probe was rarely at odds with the perceived
orientation. Although this and any other improvements in
setting precision could be due to practice, we remind the
reader that no feedback is provided to the observers that
would motivate a change in strategy or performance as
they make their settings. Additionally, as will be seen
below, setting precision does not improve for the Part II
settings in all conditions. Finally, the inducers were
randomly perturbed along the edges of the rectangular
occluder from trial to trial and their left–right and up/
down presentation was random and counterbalanced.
Thus, it is unlikely that observers are simply learning or
remembering where to position the probe over time.

Large-offset inducers

In the large-offset condition, the two inducers have been
shifted sufficiently along the edges of the occluder so as to
require an inflecting-contour for smooth interpolation.
These inducers are thus “non-relatable”. The means and
standard deviations of the settings for the large-offset
inducers are shown in Figure 6: As in Figure 4, Part I
settings are shown in red and Part II settings are shown in
blue. As with the symmetric inducers, we have isolated
one of the observer’s pairs of Part I and Part II settings in
Figure 6 and depicted them in terms of the experimental

Figure 5. Schematic depiction of subjects’ settings. (A) Upper panel: The observer made the depicted settings in Windows 2 and 4 in
Part I. Lower panel: When the observer’s mean settings for Window 4 were shown (depicted by the red segment), the observer made the
setting in Window 2 depicted by the green segment. We see that in comparison to the observer’s original settings for Window 2 (depicted
by the black segment), the observer is highly consistent from Part I to Part II. (B) Upper panel: The observer made the depicted settings in
Windows 3 and 1 in Part I. Lower panel: When the observer’s mean settings for Window 1 were shown (depicted by the red segment), the
observer made the setting in Window 3 depicted by the green segment. We see that in comparison to the observer’s original settings for
Window 3 (depicted by the black segment), the observer is highly inconsistent from Part I to Part II.
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paradigm in Figure 5B. For this particular pair that we
have isolated, the observer made the depicted mean
settings in windows 3 and 1 in Part I (upper panel).
Subsequently, in Part II, when the observer’s own mean
settings were displayed in window 1 (depicted in red in
the lower display of the figure), the observer made settings
through window 3 whose mean is depicted in green.
Superimposing the window 3 mean settings from Part I in
black, we can see by comparison that the observer’s Part
II settings deviate strongly from the original settings for
that window in Part I.
As is evident in Figure 6, this pattern is typical in the

large-offset condition: Unlike the symmetric-inducers
condition, here there is visible deviation between observ-
ers’ settings in Part I and Part II. t-tests on the differences
between mean settings from Part I and Part II yielded 24/32
tests that were significantly different at the ! = 0.05 level
for position, and 8/32 tests for changes that were
significantly different for orientation. Thus, interpolation
position is strongly influenced by the presence of the
observer’s own mean setting in a nearby window.
(Although orientation settings are less affected than
positional ones, they are nevertheless affected more so
than for symmetric inducers.)
As noted above, a reliable difference between observ-

ers’ settings between Part I and Part II indicates that there
is no single, stable, smooth contour that is consistent with
the observers’ settings. There is, however, a definite,
consistent pattern in the deviations observed between Part
II and Part I. The settings in windows 1 and 2 are shifted
downwards in the presence of the line probe in windows 3
and 4 respectively, and the settings in windows 3 and 4
are shifted upwards in the presence of the line probe in

windows 1 and 2 respectively. In other words, interpola-
tion settings are most influenced by the nearest visible line
segment. Although the task in Part II is the same as that in
Part I, i.e. interpolate between the inducers, it is as if the
observers instead interpolated between the intervening
segment and the inducer local to the location of
interpolation on these trials. This result corroborates
earlier work using dot-sampled contours (Feldman, 1997;
Hon et al., 1997; Warren et al., 2004), which provides
evidence that interpolation mechanisms are strongly
influenced by local sources of information, with influence
dropping off with increasing distance from the point of
interest (see also Singh & Fulvio, 2005, 2007 for a similar
effect in the context of extrapolation of smooth contours).
Of particular note in studies involving dot-sampled
contours was the finding of a preference for interpolations
that minimized the variance of the angles between two
line segments defined by the sampled points (Feldman,
1997; Pizlo, Salach-Golyska, & Rosenfeld, 1997; Warren
et al., 2004). Since the large-offset inducers in the current
study require an inflecting-contour to globally connect
them, an unfavorable condition for visual interpolation
(e.g. Fulvio et al., 2008; Kellman & Shipley, 1991;
Takeichi et al., 1995), interpolating between the interven-
ing segment and one of the inducers effectively simplifies
the observers’ task on each trial by allowing for shorter,
non-inflecting interpolations. The trade-off, however,
results in an inconsistent interpolation (which may never-
theless be the observers’ best strategy in carrying out this
particular task since they are not penalized for inconsistent
performance).
Given that the representation of the interpolating

contour is different in the presence of the line probe in

Figure 6. Experiment 1 mean settings for the large offset inducers. The format is identical to that of Figure 4.
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Part II, we do not expect an improvement in the precision
of the settings with this information since it is apparently
inconsistent with the original interpolation. The F-tests,
however, demonstrated that although the mean settings in
Part II change with the added line probe, there is
nevertheless an improvement in the precision of the
settings, as 24/32 tests were significant for increases in
precision for position settings and 15/32 tests were
significant for increases in setting precision for orientation
settings (with only 2/32 tests being significant for
decreases in setting precision)Va pattern nearly identical
to the results for the symmetric inducers.

Small-offset inducers

The small-offset inducers comprise an intermediate con-
dition between the symmetric and large-offset inducersV
they are offset enough to be clearly asymmetric, but are
nevertheless relatable and do not require an inflecting-
contour for their interpolation. The means and standard
deviations of the settings for the small-offset inducers are
shown in Figure 7: As in Figures 4 and 6, Part I settings
are shown in red and Part II settings are shown in blue.
Across all observers, there is a visible deviation

between the Part I and Part II settings, although it is not
as large as in the large-offset inducer data. The results of
the t-tests on the differences between mean settings from
Part I to Part II nevertheless yielded 23/32 tests for
changes in position significant at the ! = 0.05 level and
10/32 tests for changes in orientation were significant. As
with the large-offset inducer data, there is a definite,
consistent pattern in the deviations observed in Part II for
the small-offset inducers. The settings in windows 1 and 2

are shifted downwards in the presence of the line probe in
windows 3 and 4, and the settings in windows 3 and 4 are
shifted upwards in the presence of the line probe in
windows 1 and 2. Both of these shifts are again toward the
nearer inducer.
It should be noted that, although, according to the

binary formulation of the relatability criteria the small
offset inducers are relatable, in graded terms they are
clearly less relatable than the symmetric inducers (the
point of intersection is much closer to one point of
occlusion than the other3). Similarly, from the point of
view of the co-circularity model, the small-offset inducers
are clearly not cocircular (whereas the symmetric inducers
are). This gradedness is clearly reflected in the consis-
tency results: the degree of consistency for the small-
offset inducers is clearly lower than for the symmetric
inducers, but clearly higher than that of the large offset
inducers (non-relatable, and even greater deviation from
cocircularity).
Since the results for the small-offset inducers are similar

to those of the large-offset inducers, we expect that the
results of the precision analysis will also be similar such
that the precision of the settings in Part II increases
despite the change in the mean settings. Instead, the F-tests
do not conform to this expectation as only 5/32 tests
were significant for increase in setting precision for
position settings (with 1/32 tests being significant for
decrease in setting precision) and 4/32 tests were
significant for increase in setting precision for orientation
settings (with 3/32 tests being significant for decrease in
setting precision)Va pattern unlike that of the symmetric
and large-offset inducers (see Table 1). Thus, there is also
an inconsistency in the interpolation settings between

Figure 7. Experiment 1 mean settings for the small offset inducers.
The format is identical to that of Figures 4 and 6.

Symmetric (non-offset) inducers
Consistency Precision increase

Setting type
Position 30/32 22/32
Orientation 31/32 12/32a

Large-offset inducers
Consistency Precision increase

Setting type
Position 4/32 24/32
Orientation 24/32 15/32b

Small-offset inducers
Consistency Precision increase

Setting type
Position 9/32 5/32c

Orientation 22/32 4/32d

Table 1. Summary of Experiment 1 results: t-tests on the changes
between Parts I & II (see text for details). Note: a4/32 precision
decreases. b2/32 precision decreases. c1/32 precision decreases.
d3/32 precision decreases.
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small-offset inducers but unlike the symmetric and large-
offset inducers, the settings between small-offset inducers
do not become more precise with additional information.
We considered the possibility that our results depend on

our use of the mean (rather than some other measure of
central tendency such as the median) in our analyses.4

This could occur if, for example, the distributions of first
and second settings are very different. We repeated the
analyses just described with medians in place of means
with no change in conclusions.5 In any case, setting
variability is small compared to the changes in mean (or
median) setting that are our measure of inconsistency.
Furthermore, we plotted histograms of the z-scores of all
of the observers’ data, which reveal no evidence of
distributional change (see Figure 8). We emphasize that
tests of consistency should typically include assessment of
possible multi-modality in distributions of settings.

Discussion

The results of Experiment 1 indicate that symmetric, co-
circular inducers evoke single, stable interpolation
whereas large-offset inducers do not. Nevertheless, in
both cases, adding one of the observer’s own settings to
the display improved localization of the contour in both
conditions. In the third, intermediate, small-offset con-
dition, the degree of internal consistency is relatively low,

which points to the importance of co-circularity in contour
interpolation. Also, in this condition, the added setting
does not lead to an increase in precision.
Recall that Fulvio et al. (2008) considered two

candidate measures based on interpolation performance.
The first was a measure of consistency similar in spirit to
the consistency measure considered here and the second
was based on the standard deviation of interpolation
settings. Fulvio et al. refer to the reciprocal of setting
standard deviation of settings as precision and we use the
same terminology here. The motivation for proposing a
link between precision and contour strength is evident. If a
contour is very “strong” we expect that interpolation
settings will vary little (high precision) and if it is “weak”
we expect that interpolation settings will vary consider-
ably (low precision).
In the current experiment, all subjects’ position settings

exhibited a decline in precision from the symmetric to
large-offset inducer conditions for the Part I settings,
consistent with the Fulvio et al. findings and the expect-
ations of contour strength as determined by degree of
cocircularity or relatability. (The precision of the Part I
orientation settings was less systematic). These results
suggest that inducer geometry indeed influences the
strength of the interpolating contour by affecting local-
ization at any particular position along the contour.
One puzzling result, however, was the non-systematic

benefit in setting precision in the Part II settings with the

Figure 8. Histograms of the z-scores of all of the observers’ data in each of the four windows. Settings for Part I are drawn in red, those for
Part II, in blue. The histograms reveal no evidence of bimodality even for the large-offset condition.

Journal of Vision (2009) 9(4):5, 1–19 Fulvio, Singh, & Maloney 10

Downloaded from jov.arvojournals.org on 04/07/2021



added line probe. Specifically, the settings for the
symmetric and large-offset conditions were more precise
with the added probe, while the settings for the small-
offset condition were not. We offer the following
conjecture as a possible explanation.
In the symmetric inducer condition, the contour is

“strong” to begin with (evidenced by the high precision
and consistency in subjects’ performance) and the setting
in Part II with the additional piece of information should
be less variable: there is more consistent information
available to estimate the location of the occluded contour.
The visual system adopts a strategy that simply combines
the available visual information.
In the large-offset inducer case, the contour is very

“weak” to begin with, evidenced by the low precision and
inconsistency in subjects’ performance. The stimulus in
Part II of the experiment, therefore consists of three
segments (the two inducers and the added segment
corresponding to the setting from Part I) that are classified
as inconsistent with one another by the visual system. The
visual system, confronted with inconsistent evidence, may
simply discard one of the inducers and interpolate the
added segment and the remaining inducer. There is no
reason why precision should not be as high as in the
relatable case: the added segment is typically relatable to
the remaining inducer and the gap over which the visual
system interpolates is smaller.
But in the small-offset inducer case the visual system is

in a quandary: it is unclear which strategy to follow. If the
visual system selects different strategies on each trial, and
if the interpolation settings resulting from the two
strategies are different, mixing strategies will lead to a
decrease or at least no increase in setting precision.
Indeed, we find no benefit with the added probe for these
stimuli, consistent with the conjecture we propose.
Overall, the results of Experiment 1 provide a validation

of the two-point probe test as a test of consistency and a
measure of strength of amodal completion: Observers’
settings were consistent in the symmetric condition when
the inducing contours were relatable and co-circular, but
inconsistent when in the large-offset condition when they
were non-relatable as expected. The results also suggest
that visual interpolationVspecifically amodal completion
in our stimuliVbreaks down in a graded manner with
increase in relative offset between the inducers, not in a
binary fashion as articulated in the original formulation of
the relatability criteria.

Experiment 2

Experiment 2 applies a version of the two-point probe
test developed above to the configuration that typically
evokes the Poggendorff illusion. We ask whether the
visual system interpolates a stable, self-consistent contour

in this configuration. Given the nature of the illusionVa
misperception of alignment between the two collinear
inducersVit seems unlikely that visual system generates a
stable, self-consistent representation of a contour in the
occluded portion between the inducers. However, such a
hypothesis has been difficult to test previously because of
the absence of an experimental criterion for determining
whether consistent contour interpolation is taking place.
Moreover, contour interpolation has generally not been a
component of theories of the Poggendorff illusion. The
specific question we address in Experiment 2 is whether
observers’ interpolation settings of position and orienta-
tion in the occluded portions of the Poggendorff config-
uration are mutually consistent.

Methods
Observers

Seven new observers completed two experimental parts
at New York University. None were aware of the purpose
of the experiment. All had normal or corrected-to-normal
vision.

Stimuli

Part I: Oblique line segment extrapolation

Examples of the stimulus displays for Part I are shown
in Figure 9A. Each display contained an inducer oriented
at 45- and an adjustable line probe. Both were white,
6.05 degrees of visual angle (DVA) long, and 5.8 arcmin
thick, with anti-aliasing at the resolution of one-fourth of a
pixel.
The inducer pointed upward in half of the experimental

trials, and downward in the other half. On any given trial,
the inducer could appear either on the left or the right side
of an occlusion region defined by a gray rectangle with
rounded corners, having width w equal to 6.05 DVA and
height equal to 16.94 DVA. The adjustable line probe was
always initially presented at a horizontal orientation at the
midpoint of the vertical height of the occluder along the
edge opposite the inducer. The inducer was given a
random height along the edge so that observers could not
simply remember their settings across trials. The observ-
ers adjusted the position and orientation of the line probe
so that it extended (extrapolated) the inducerVi.e. they
adjusted the line probe so that it was perceptually
collinear with the inducer. In the position-adjustment
mode, the probe moved vertically along the edge of the
occluder; in the orientation-adjustment mode, it pivoted
about the point of occlusion. The position or “height” of
the probe, denoted h, was constrained to lie between
the uppermost and lowermost horizontal edges of the
occluder. It was measured relative to the height of the
inducer at its point of occlusion. The orientation of
the probe, denoted 7, could range from j90- to +90-,
which allowed for the full range of orientations.
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Part II: Line segment interpolation

The Part II trials were much like those in Part I (single
window interpolation) of Experiment 1 above (examples
of displays are shown in Figures 9A and 9B). In this part
of the experiment, each observer interpolated two types of
inducer pairs:

i. two collinear oblique segments (the standard Pog-
gendorff configuration, denoted PC); and

ii. the configuration of segments that the observer
indicated were collinear, based on that observer’s
mean settings in Part I of the current experiment
(the extrapolated collinear configuration, denoted
EC).

All details concerning the occlusion region, spacing of
interpolation windows, and the line probe and its adjust-
ments were identical to those of Part I in Experiment 1
above.

Software and apparatus

The software and apparatus used in this experiment
were the same as those used in Experiment 1.

Procedure

The task of the observers in both experimental parts was
to adjust the position, h, and orientation, 7, of the straight-
line probe until the combination of settings optimized the
percept of collinearity with the single inducer (Part I) or of
smooth continuation of the partly occluded contour
defined by the two inducing contours (Part II). The
adjustments were made using the same procedure as in
Experiment 1.

Design

In Part I, the inducing line segment could appear on the
left or right edge of the occluder and it could point upwards
or downwards. Thus, the design was 2 � 2 or 4 trial types,
times 10 repetitions for a total of 40 trials in Part I. Each
trial obtained paired adjustments of position and orientation
of the adjustable line probe to be collinear with the inducer.
The design for Part II contained two inducer pair types

(PC and EC; see above) and four window locations. Just
as in Experiment 1, one of the two inducers was
designated the reference inducer. On any given trial, the
reference inducer could appear either on the left or on the
right side of the occluder. The slope of the inducers was
also randomly designated positive or negative, with
counterbalancing occurring over all trials. Each session
thus contained 2 � 4 � 2 � 2 or 32 trial types, times three
repetitions of each combination for a total of 96 trials (48
trials for each inducer pair typeV12 per window). Here,
each trial obtained paired adjustments of position and
orientation of the adjustable line probe to optimize the
percept of a smoothly continuing contour between the
inducers. Each of the two experimental parts was
preceded by a practice session to ensure the observer’s
understanding of the task and comfort with the controls.

Results and analysis

In Part I, observers extrapolated a straight-line inducer and
set an adjustable line probe to be collinear with the inducer at
the opposite edge of a rectangular occluder. In Part II,
observers interpolated the line segments in the standard
Poggendorff configuration (PC condition), and the line
segments consistent with those they indicated as collinear
in their Part I settings (EC condition). As in Experiment 1,
based on preliminary analysis we were able to combine
conditions that differed only in left–right reflection and
upwards–downwards inducer presentation. Table 2 contains
the results of the statistical tests described below.

Extrapolation of an oblique line segment

In Part I, we recorded observers’ settings relative to
what would be the actual linear extrapolation of the

Figure 9. Examples of stimulus displays used in Experiment 2.
(A) Part I displays: The observer could control the height and
orientation of the horizontal segment so that it appears to be
collinear with the oblique segment. (B) Part II displays: same as
Experiment 1, Part I (recall Figure 3A). Observers interpolated two
conditions for Part II: the standard Poggendorff configuration (PC,
left) and each observer’s own extrapolated collinear configuration
from Part I (EC, right for one observer). See text for more details.
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inducer. All 7 observers set the probe to be vertically
offset below the true extrapolation (see Figure 10). On
average, this offset was 1.61 DVA (depicted by the dashed
black line in Figure 10), which is highly significant (t(6) =
16.2, p G 0.01). This finding is consistent with the
Poggendorff illusion: the illusion is characterized by the
percept of the inducers being vertically offset across
the gap and hence non-collinear, so the undershooting
appears to counteract the perceived vertical offset, allow-
ing them to appear collinear. In their orientation settings,
observers exhibited on average a small but significant
deviation of 2.4 degrees less than the linear extrapolation
orientation of 45 degrees (t(6) = j3.09, p = 0.02).

Interpolation of the Extrapolated Collinear
configuration (EC)

In Part II, the observers interpolated two inducer pair
types, the first of which was the configuration that they
indicated is collinear in Part I (EC). For this condition, we
presented the original reference inducer paired with an
inducer determined by the observer’s mean position and
orientation settings from Part I. For all seven observers,
this particular configuration was not actually collinear
even though they extrapolated it as such in Part I. These
inducer pairs thus require an inflecting contour to
smoothly interpolate themVa property which has been
shown to be detrimental to interpolation (e.g. Fulvio et al.,
2008; Kellman & Shipley, 1991; Takeichi et al., 1995).
Thus, for this condition, we are interested in how the
discrepancy between the subjective impression of colli-
nearity and the physical non-collinearity impacts the
consistency of the visually interpolated contour between
these inducer pairs.
The means and standard deviations of the position and

orientation settings are plotted for each of the seven

observers in Figure 11. Observers make position settings
that are consistent with the straight line that connects the
end points of the inducers. Therefore, even though
observers set these inducers as collinear in Part I, all
agree that they are not collinear in Part II. Visual
inspection of the data suggests that the orientation settings
conform to a different percept than the position settings as
they are consistently steeper than the straight-line join of
the two inducers’ endpoints. To verify this dissociation
quantitatively, we performed t-tests (7 observers � 4
interpolation windows = 28 tests) on the difference
between each observer’s mean orientation settings in the
EC condition and the orientation of the straight-line join.
The results of these tests revealed that 28 out of 28 were
significantly different, thereby quantitatively confirming the
qualitative trend. In a second set of t-tests, we examined
the difference between each observer’s mean orientation
settings in each of the four windows in the EC condition
and 45 degrees. The 45 degree orientation corresponds to
that of the straight-line join in the PC condition, which we
note is larger than the straight-line join in the EC condition.
Thus, this test was motivated by the possibility that
observers’ orientation settings were subject to a Poggen-
dorff illusion-like effect even for the EC inducers, which in
effect causes the inducers to appear more offset than they
are, and hence have a steeper intervening orientation than
they do. The results of these tests revealed that 16 out of 28
were not significantly different than 45 degrees, with the
remaining 12 cases that were significantly different having
orientations exceeding even the 45 degrees.
We conclude then, that the position and orientation

settings correspond to different perceptual interpretations
of the relationship between the line segments in the EC
condition. Although not the primary purpose of this study,
this result is nevertheless interesting in that it hints that

Extrapolation
Deviation from true line

Setting type
Position j66.62 pixels
Orientation j2.4 degrees

EC inducer interpolation
True line orientation Linear EC orientation

EC orientation
settings

16/28 0/28

PC inducer interpolation
True line Average Poggendorff

Setting type
Position 28/28 12/28
Orientation 2/28 17/28

Table 2. Summary of Experiment 2 results: t-tests comparing
performance to the respective heading in the table (see text for
details).

Figure 10. Experiment 2 mean settings for extrapolation task. The
mean extrapolated position and orientation settings of all seven
observers are depicted by the colored segments on the right edge
of the rectangle. The average settings for all observers are
depicted by the dashed segment, and the true collinear extrap-
olation is depicted by the solid segment.
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the subjective impression of collinearity indicated by the
Part I extrapolation settings may have some bearing on the
orientation settings, but not the position settings, when
this configuration is interpolated. Future work devoted to
investigating interpolation between linear inducers may
provide further insight.

Interpolation of the standard Poggendorff
configuration (PC)

The second inducer pair type observers interpolated in
Part II was the standard Poggendorff configuration (PC).
Physically, the line segments in this configuration can be
interpolated linearly using a straight line with a 45-
orientation. However, the subjective impression typically
evoked by this stimulus is that these line segments are not
collinear, and instead are offset (and thus would require an
inflecting contour to be interpolated smoothly).
The means and standard deviations of the position and

orientation settings for the PC condition are plotted in
Figure 12 for all seven observers. Just as in the EC
condition, observers made their position settings consistent
with the straight line join that connects the endpoints of the
inducers. Recall that in the EC condition, we could not find
evidence for a stable representation because the position
and orientation settings did not conform to the same
interpolating-contour. Specifically, the position settings
agreed with the straight-line connection between the
inducers’ endpoints, whereas the orientation settings were
much steeper, tending to agree with the orientation of the
straight-line connection between the inducers’ endpoints in
the PC condition. Focusing our attention now on the

orientation settings in the PC condition, we will look for
similar evidence that would suggest dissociation between
the two setting types in this configuration.
Inspection of the orientation data for the PC condition

reveals a trend like that in the EC condition, as the
orientation settings appear to be considerably steeper than
that of the straight line defined by the position settings.
We performed t-tests on the mean difference between the
orientation settings in each window and 45 degrees, which
is consistent with the orientation of the line defined by the
position settings. These tests resulted in a rejection of 26
out of 28 for 45 degreesVevidence for a dissociation
between the percepts defined by the position and orienta-
tion settings. The inducers in the PC configuration there-
fore also do not evoke a single, stable representation as
predicted.
It is interesting that observers’ position settings do in

fact conform to the straight line that actually interpolates
the inducers in the PC conditionVwhich would not be
predicted by previous theories of the Poggendorff.
Although we cannot explain the Poggendorff illusion with
these data, we can rule out one processing strategy that
may have led to the above results: that observers are
simply averaging the influence of two extrapolated
Poggendorff effects.6 To do this, we quantified each
observer’s “Poggendorff effect” by the average deviation
in position and orientation settings from the correct
extrapolation of the oblique segment in Part I. We then
computed the two individual inducer extrapolations the
observers should have made in the interpolation condition
of Part II given their respective Poggendorff effects
(see Figure 13 for an example). At each window location,

Figure 11. Experiment 2 mean settings for the EC condition of the interpolation task. The means and standard deviations of position
settings are shown as points with error bars (T1 SD). The means of the orientation settings are represented by short line segments whose
tangent orientation is the mean setting. The dashed line is the straight-line connection of the two inducer endpoints.
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we averaged the positions of the two extrapolated
Poggendorff effects to yield the settings that observers
should have made had they adopted this strategy during
the interpolation task. We then performed t-tests
(7 observers� 4 windows = 28 tests), first on the difference
between each observer’s Part II mean position settings and
the position of the actual straight-line connection between
the inducers, and second on the difference between each
observer’s Part II mean position settings and the position of

the line resulting from the average of two Poggendorff
effects. We could not reject any of the 28 tests for the
straight-line join at the ! = 0.05 level, but we rejected 16
of 28 tests for the averaged Poggendorff effects. (Note that
the 12 cases that we could not reject were in the central
window locations where the predictions of the average
Poggendorff effects and the true straight line are close.)
Thus, as with the EC condition, the subjective impression
of non-collinearity between PC inducers indicated by the

Figure 12. Experiment 2 mean settings for the PC condition of the interpolation task. The format is identical to that of Figure 11.

Figure 13. Depiction of the average Poggendorff effect analysis. The extrapolated Poggendorff effects were first computed (depicted in
red) based on each observer’s results from Part I. The average at each window location was then taken (depicted in blue) and the
observer’s mean positions settings were compared to the averages and to the true collinear predictions depicted in black. See text for
more details.
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Part I extrapolation settings may have some bearing on the
orientation settings, but not the position settings, when
this configuration is interpolated.

Discussion

Our investigation of contour completion in the standard
Poggendorff configuration shows that Poggendorff illu-
sion-like effects appear in the extrapolation of an oblique
line segment across a rectangular gap and in the orientation
judgments of the interpolation between the collinear line
segments in the standard Poggendorff configuration
whereas position settings conform to the straight-line join
between the inducers’ endpoints. Thus, dissociations
between position and orientation processing within the
gap of the Poggendorff configuration exist and as pre-
dicted, lead to inconsistencies in observer judgments.

General discussion

When making sense of scenes in our environment,
whether to act on them or simply to passively view them,
we are almost always faced with the task of visually
completing portions of objects that are partly hidden. A
large body of research has provided important insights
into this process and how it affects performance on a wide
range of visual tasks. With recent exceptions including
Fulvio et al. (2008), however, the question as to whether
“completed” representations are actually complete and
stable has remained unaddressed.
In the current study, we put forth a new experimental

criterion for performance reflecting complete and stable
contour interpolation: self-consistency. In order to mea-
sure performance according to this criterion, we proposed
the two-probe interpolation method. In Experiment 1,
which was designed to test the validity of the method and
criterion, we provided evidence that visual interpolation
judgments for a given pair of inducers are not always
consistent with a single, stable, smooth contour. In
particular, the inconsistencies we found occurred for those
conditions that would not be expected to produce “strong”
representations according to past findings in the literature.
This offers support for the method and criterion as
effective tools in probing the representations derived by
the visual system.
In Experiment 2, we tested for self-consistent amodal

completion in a context where the inducing contours are
perceived as misaligned despite being collinearVnamely,
the Poggendorff configuration. We found that observers’
judgments of position and orientation behind the rectan-
gular occluder are mutually inconsistent. Again, we find
inconsistency in a condition that is not expected to
produce a complete, stable representation. The steep

orientation settings made between the linear inducers in
the Poggendorff configuration are consistent with past
descriptions of the Poggendorff illusion as arising from
the misestimation of the orientation of the virtual line
connecting the endpoints of the linear inducers as being
too steep (e.g. Day & Dickinson, 1976; Morgan, 1999;
Weintraub & Tong, 1974). On the other hand, the position
settings are consistent with the straight-line connection
between the two inducers’ endpoints. Thus, in both
experiments, the two-probe method and self-consistency
criterion yielded performance and characterizations con-
sistent with past findings in the literature, thereby
providing support for their validity.
In Experiment 1 we varied the relatability of linear

inducers separated by an occluding region and found close
agreement between relatability (interpreted in graded
terms) and consistency as measured by the task we
developed. We emphasize that we do not claim that this
relation would hold only for partially occluded contours.
Our test of consistency could readily be adapted to other
stimulus conditions requiring visual interpolation, includ-
ing the sampled contours of Field, Hayes, and Hess (1993)
and of Warren et al. (2002) where there is no occluding
region.
Revisiting the isomorphism hypothesis, it is easy to

believe that the visual representation of the world around
us is a mirror of the environment outside us even if, on
occasion, we might acknowledge that the mirror is
distorted. The contribution of Shepard in formulating the
isomorphism hypothesis was to make precise what it
means for a representation to “mirror” the world. In the
world every object has its fixed place and the locations
and orientations that are the focus of corresponding
psychophysical judgments are consistent. The isomor-
phism hypothesis entails that the visual representation has
the same consistency.
Like several previous studies, our study calls this naı̈ve

belief in the “isomorphism hypothesis” into question (e.g.,
Gillam & Chambers, 1985; Smeets et al., 2002; Wender-
oth, 1983). The many judgments we may make about a
single occluded contour are not always consistent, and, for
the Poggendorff configuration, these inconsistencies are
readily interpretable. Indeed, there are alternative ways to
characterize internal representations and the role they play
in perception and action. Maloney (2002), for example,
argued that any coherent interpretation of visual percep-
tion as Bayesian inference required that sensory informa-
tion encoded as probability distributions be combined
with arbitrary loss functions without an intermediate
“pictorial” representation of scenes. Recent work in visual
cue combination (Landy et al., 1995) implies that the
visual information available to influence behavior does
include estimate of visual uncertainty as well as estimates
of position, etc. Graf, Warren, and Maloney (2005) found
that observers had access not simply to estimates of the
extrapolated position of a moving object that passed
beneath an occluding contour but also to estimates of the
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uncertainty of the position estimates. Shah and Singh (2007)
found that observers could combine their implicit knowledge
of their variance in extrapolating curved motion paths with
an externally specified loss function in a near-optimal
fashion. Estimating position and orientation are two distinct
tasks, and could plausibly involve different loss functions; so
there is no reason to suppose that the two sets of judgments
should be mutually consistent unless visual processing
constrains them to be so (Fulvio et al., 2008).
The outcomes of the experiments reported here are not

consistent with the claim that the visual representation is
simply a “picture”. Previous work in cue combination
provides strong evidence that initial visual information
(“cues”) about properties of the scene such as depth is
paired with measures of the variance of each cue (Landy
et al., 1995). Bayesian approaches likewise assume that
visual processing has access to estimates of the distribu-
tion of visual properties (Knill & Richards, 1996).
Following Graf et al. (2005), we conjecture that,

associated with each estimate of a property of the scene,
there are additional estimates of parameters conveying
distributional information about the original estimate.
These could include an estimate of the variance or standard
deviation of the original estimate and possibly more. The
visual representation then is effectively a collection of
information about the scene, but not a reproduction of the
scene. The added distributional information tells us, for
example, not just what is in the scene but also how reliable
our estimates of scene properties are.
Given a particular visual task, we combine relevant

information and make a judgment. There is no guarantee
that the outcome of these judgments adds up to a single,
stable world.

Conclusion

The primary purpose of this paper was to define and test
an experimental criterion, namely, consistency, as a
measure of the stability of visual interpolation in amodal
completion. In Experiment 1, we found that observers are
consistent by this criterion for some pairs of inducing
contours and inconsistent for others, and that consistency
is in agreement with cocircularity and relatabilityVas
long as these are interpreted in graded terms (see also
Fulvio et al., 2008). In Experiment 2, we found, as
expected, an inconsistency in amodal completion of the
Poggendorff configurationVspecifically a dissociation
between observers’ settings of interpolation position and
orientation. Both sets of results validate the two-probe
method as an experimental test of whether stable, self-
consistent, contour interpolation is taking place in any
given configuration.
Researchers sometimes describe the “strength,” “good-

ness,” or “salience” of partly occluded contours. We

cannot, of course, prove that our measure of consistency
coincides with “strength,” “goodness” or “salience”
simply because there are no agreed-upon experimental
procedures to measure “strength,” etc. We could, of
course, ask observers to rate the “strength,” etc of
contours as has already been done by other researchers
(e.g. Kellman & Shipley, 1991; Takeichi et al., 1995).
However, we emphasize that our measure of consistency
is based on the observer’s interpolation performance while
such rating measures require that the observer understand
what is meant by “strength,” etc. Moreover, even if we
know that an observer has rated a contour as “strong” or
“weak,” we do not know what implications this rating has
for observers’ interpolation performance. Consequently,
we regard the proposed consistency measure as an
operationalization (Bridgman, 1927) of “strength” of
partly occluded contours (and of a contour’s representa-
tion in general). We are fully prepared for the possibility
that future research will demonstrate that our measure
must be supplemented by other measures that capture
other aspects of the intuition of “strength”. We ask only
that these measures be based on what observers do and
can do in localizing the occluded portions of partly
occluded contours.
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Footnotes

1
As will become clear in what follows, by “successful”

interpolation we do not mean that the visually interpolated
contour matches the geometry of the actual contour that is
occluded; but rather that the visual system generates a
globally consistent representation of some smooth inter-
polated contour.

2
By the “first settings” we mean the settings obtained in

this first part of the experiment.
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3
As one keeps on increasing the offset, eventually the

linear extension of one inducer will intersect the other
inducer itself, which would then violate the binary
formulation of this relatability criterion (as is indeed the
case for the large-offset inducer condition).

4
We would like to thank one of the reviewers for

pointing this out.
5
The significance tests revealed 28/32 consistent (i.e.

failed to reject consistency) for the no-offset condition,
1/32 consistent for the large-offset condition, and 6/32
consistent for the small-offset condition as compared to
30/32, 4/32, and 9/32 consistent for the respective
conditions using the mean.

6
We would like to thank Wilson S. Geisler for

recommending this analysis in a personal communication.

Editor’s note

This paper was submitted and reviewed as part of the
special issue on Perceptual organization and neural
computation http://www.journalofvision.org/8/7/i/.
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