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An object’s shape is a strong cue for visual recognition.
Most models of shape coding emphasize the role of
oriented lines and curves for coding an object’s shape.
Yet inflection points, which occur at the junction of two
oppositely signed curves, are ubiquitous features in
natural scenes and carry important information about
the shape of an object. Using a visual aftereffect in which
the perceived shape of a contour is changed following
prolonged viewing of a slightly different-shaped contour,
we demonstrate a specific aftereffect for a contour
inflection. Control conditions show that this aftereffect
cannot be explained by adaptation to either the
component curves or to the local orientation at the point
of inflection. Further, we show that the aftereffect
transfers weakly to a compound curve without an
inflection, ruling out a general compound curvature
detector as an explanation of our findings. We assume
however that there are adaptable mechanisms for
coding other specific forms of compound curves. Taken
together, our findings provide evidence that the human
visual system contains specific mechanisms for coding
contour inflections, further highlighting their role in
shape and object coding.

Introduction
In mathematics, an inﬂection point is the point on a
curve at which the gradient of the tangent, i.e., the

curvature, changes sign. Under this deﬁnition, the
stimuli in Figure 1 easily divide into contours that
contain inﬂections and those that do not. Inﬂections
are important descriptors in mathematics (Ewing,
1938; Irwin & Wright, 1917), linguistics (Faroqi-Shah
& Thompson, 2007, 2010), and architecture/engineering (Chatila & Tabbara, 2004; Jahnkassim, 2002)
in which contour inﬂections are known as ‘‘Ogee’’
curves. The importance of inﬂections for human
vision is evidenced by the fact that contour inﬂections
are not only ubiquitous features of natural scenes
(Elder & Goldberg, 2002; Geisler, Perry, Super, &
Gallogly, 2001), but they provide unique information
about the shapes of objects (Bell, Hancock, Kingdom,
& Peirce, 2010; Bertamini & Farrant, 2005; De Winter
& Wagemans, 2008; Ivanov & Mullen, 2012; Mullen,
Beaudot, & Ivanov, 2011) and the relations among
edges (Singh & Hoffman, 1999). In addition, contour
inﬂections along the 2-D silhouette of an object
provide important cues to 3-D structure (Koenderink,
1984; Richards, Koenderink, & Hoffman, 1987).
Despite their apparent importance, inﬂections have
received little attention in models of shape and object
coding, which have tended to focus on the role of
oriented lines and curves (Barenholtz & Tarr, 2008;
Carlson, Rasquinha, Zhang, & Connor, 2011; Connor, 2004; Hoffman & Richards, 1984; Pasupathy &
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Figure 1. The illustration provides a schematic for the adaptation procedure used in Experiment 1A and 1B. During each 2 s of the
adaptation period, the observer was presented with the Whole adaptor for 1 s in one visual hemifield and the two Parts adaptors,
alternating in 1-s intervals, in the other hemifield. All adapting patterns had a sinusoidal modulation amplitude of 0.68. Following 60 s
of adaptation, the observer was presented with the test pair, either (i) Compound probes or (ii) Component probes. In each trial, the
observer’s task was to judge which probe had the higher perceived amplitude, i.e., deviated most from a straight line. The Reference
probe amplitude was fixed at 0.28, and the Test probe amplitude was varied according to a staircase procedure to obtain the PSE. A 2s top-up adaptation period preceded each trial.

Connor, 2002; Poirier & Wilson, 2006, 2010; Yamane,
Carlson, Bowman, Wang, & Connor, 2008). Models
based on these features are popular because of the
large body of evidence for specialized detectors in the
cortex for oriented lines (Hubel & Wiesel, 1962, 1968;
Kapadia, Westheimer, & Gilbert, 1999, 2000) and

curves (Muller, Wilke, & Leopold, 2009; Pasupathy &
Connor, 1999, 2001). Is there evidence for inﬂection
coding mechanisms in the cortex? Neurophysiological
studies of macaque monkeys have revealed subpopulations of neurons in visual area V4 (Pasupathy &
Connor, 1999, 2001) and posterior inferotemporal
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cortex (PIT) (Brincat & Connor, 2004, 2006; Yau,
Pasupathy, Brincat, & Connor, 2010) that respond
best to contour fragments containing inﬂections. In
light of these ﬁndings, we ask whether the human
visual system has mechanisms speciﬁc to coding
contour inﬂections.
Our approach to this question is to consider
whether a contour containing an inﬂection is processed by vision as a distinct shape as opposed to two
oppositely signed curves. To decide between these two
possibilities, we have used the method of compound
adaptation (Hancock & Peirce, 2008; McGovern &
Peirce, 2010; Peirce & Taylor, 2006) applied to a
shape aftereffect, the phenomenon in which adaptation to a curved contour causes a less curved contour
to appear even less curved (Bell, Gheorghiu, &
Kingdom, 2009; Bell, Kanji, & Kingdom, 2013;
Gheorghiu & Kingdom, 2006). The size of the
aftereffect resulting from adaptation to a shape
containing an inﬂection—the ‘‘Whole’’—is compared
to that from adaptation to the two temporally
interleaved curves on either side of the inﬂection—the
‘‘Parts’’ (see Figure 1). The unique advantage of this
method is that the Whole and Parts adaptors are
equated for overall exposure, contrast energy, and
curvature. If the adaptive effect of the Whole is
greater than that of the Parts, this indicates that an
additional mechanism, sensitive to the Whole and not
just the Parts, has been adapted. Figure 1 provides an
illustration of the experimental procedure.
This design is ideally suited to the study of inﬂections
because the inﬂection is present in the compound curve,
or Whole adaptor, but is not present in either of the
two simple curves that form its Parts. For the purposes
of this study, we consider a compound curve to be one
containing multiple curvatures; the ‘‘S’’ shape contour
in Figure 1 is an example but not the only one. By
contrast, the single continuous nonclosed curves
described by the component curves in Figure 1 are
examples of simple curves. Mechanisms for simple
curves have been extensively studied; mechanisms for
speciﬁc forms of compound curves, such as the contour
inﬂection, have not.
In our ﬁrst experiment, we show that human
observers display a speciﬁc aftereffect to a shape
containing an inﬂection. Subsequent experiments show
that the aftereffect cannot be explained on the basis of
the procedure itself or by adaptation to the component
curves that make up the shape—the inﬂection needs to
be present. We further demonstrate that the inﬂection
aftereffect is selective for the luminance polarity
relationship between adaptor and test, a ﬁnding that is
inconsistent with the argument that our aftereffect is
based on simple orientation adaptation. Next, we show
that the contour inﬂection aftereffect does not transfer
to a contour inﬂection with an opposite sign of
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amplitude modulation but does transfer to a symmetrical counterpart with the same primary axis of
orientation, suggesting a special role for symmetry in
the coding of contour inﬂections. Finally, we show that
inﬂection adaptation transfers weakly to a compound
curve that does not contain an inﬂection, ruling out a
general compound curvature detector as an explanation
of our ﬁndings. In relation to this ﬁnal point, we go on
to show that there are adaptable mechanisms for other
speciﬁc forms of compound curves but not for all
compounds.

Materials and methods
Participants
Eight experienced psychophysical observers participated in the current study. Three were female, and ﬁve
were male. Four were naı̈ve as to the experimental
aims, and observers JB, AM, SS, and DM were
authors. At least two naı̈ve observers participated in
each experiment. All reported normal or corrected-tonormal visual acuity. Participation was voluntary and
unpaid. The research protocol was approved by the
McGill University Human Research Ethics committee
and, thus, has been conducted in accordance with the
principles of the Declaration of Helsinki.

Apparatus and stimuli
Stimuli were created using Matlab version 7.6 and
loaded into the frame-store of a Cambridge Research
Systems ViSaGe video-graphics system. Stimuli were
presented on a Sony Trinitron G400 monitor with a
screen resolution of 1024 · 768 pixels and a refresh rate
of 100 Hz. The luminance of the monitor was
calibrated using an Optical OP200-E (Head Model
#265). The mean luminance of the monitor was
50.4 cd/m2.
Example test stimuli are shown in Figure 1. Unless
otherwise speciﬁed, each Whole inﬂection shape
consisted of one full cycle of sinusoidal shape
modulation along a vertical line. Each Part component
consisted of one half cycle of sinusoidal modulation
along a vertical line. A contrast smoothing function
was applied to both ends of the contours, ensuring that
the contrast energies of the Whole and summed Parts
were identical as were the curvature represented by the
Whole and interleaved Parts adaptors. The crosssectional luminance proﬁle of each contour was a
Gaussian with sigma of 0.0858.
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Experiment 1 procedure
Whole versus Parts
Participants were adapted to contour inﬂections in
two regions of the visual ﬁeld, centered 38 above and
below a ﬁxation dot. The procedure is shown schematically in Figure 1. In one visual hemiﬁeld, the
inﬂection contour was presented as a complete shape
(Whole condition) and in the other as two parts
presented in alternation (Parts condition). All patterns
had a sinusoidal modulation of shape with a shape
amplitude of 0.68. Exposure was equated in the two
hemiﬁelds by presenting the Whole shape for half of the
time (1 s out of every 2 s), interleaving with a blank
gray screen, whereas the Part stimuli alternated every 1
s. The temporal phases of the alternations in each
hemiﬁeld were independently randomized so that no
coherent motion was observed. The position of the
stimulus was also randomized 60.258 every 2 s (i.e.,
after each presentation of all stimuli) in order to reduce
adaptation to local position and orientation.
The initial period of adaptation lasted for 60 s and
was ‘‘topped-up’’ with another 2 s of adaptation prior
to each trial. This was followed by a 100-ms
interstimulus interval, consisting of a mean gray screen,
before presentation of the probe stimuli for 500 ms. A
central ﬁxation spot was visible for the entire trial.
After the adaptation period, a probe stimulus was
presented in each of the two adapted locations. The
observer was instructed to select whether the upper or
lower probe appeared to be greater in amplitude, i.e.,
which deviated most from a straight line. The probes
(shown on the right-hand side of Figure 1) could either
be a pair of inﬂection contours (Compound test pair) or
a pair of component curves (Component test pair). One
of each test pair, the reference probe, was presented in
the Parts adaptor ﬁeld and had a ﬁxed amplitude of
0.28. The other, the test probe, was presented in the
Whole adaptor ﬁeld and varied in amplitude via a onedown, one-up staircase. In the ﬁrst trial, the amplitude
of the test probe was set to a random ratio of reference
probe amplitude between 0.5 and 1.5. Following each
response (a key press), the computer adjusted the
amplitude of the test probe in a direction opposite to
that of the response, i.e., toward the point of subjective
equality (PSE) with the reference probe. For the ﬁrst six
trials, the amplitude was adjusted by a factor of 1.12
and thereafter by a factor of 1.06. Each run was
terminated after 25 trials, and the PSE was calculated
as the geometric mean ratio of test pattern amplitudes
over the last 20 trials, which, on average, contained six
to 10 reversals. Typically, eight PSEs were measured
for each condition. In half of the sessions, the Whole
adapting pattern was in the upper visual hemiﬁeld
whereas, in the other half of the sessions, the Parts
adapting pattern was in the upper visual hemiﬁeld. In
addition, we measured the PSE in sessions containing
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no adaptation stimuli; these served as baselines and
provided a measure of any visual ﬁeld biases. The size
of the aftereffect calculated for each session was given
by the percentile difference in the amplitudes of the test
pair (reference probe divided by test probe) at the PSE
minus the same PSE value without adaptation: These
preadaptation and postadaptation PSE values are the
point of comparison for the repeated measures t tests
reported below. The mean 61 standard errors (SE) of
these values across sessions are the points shown in all
the graphs.

Experiment 2 procedure
Tilt aftereffect
In conditions measuring the tilt aftereffect (TAE),
the adapting stimuli were a pair of lines with one line
presented 38 above ﬁxation at an orientation of 108 and
the other line presented 38 below ﬁxation at an
orientation of 108. Test lines were presented in the
same positions as the adaptors, and the observer was
instructed to judge which line appeared to be rotated
furthest clockwise from vertical. The PSE was calculated as the mean angular difference in orientation
between the upper and lower lines across the last 20
trials.
Inflection aftereffect
In conditions measuring the inﬂection aftereffect
(IAE), adapt and test stimuli were pairs of Whole
inﬂection stimuli; see Figure 3A inset for opposite
luminance polarity examples of adapt and test stimuli
described below. In one visual hemiﬁeld, the observer
was presented with a steep inﬂection adaptor (high
amplitude: A ¼ 0.278) and, in the other visual hemiﬁeld,
a shallow inﬂection adaptor (low amplitude: A ¼ 0.098).
The test pair was presented in corresponding locations,
at the geometric mean amplitude of the adapting pair
(A ¼ 0.168), plus or minus a random amount in the ﬁrst
trial. During adaptation, the positions of both adaptors
were randomly jittered every 500 ms by 60.258. The
test procedure was the same as that reported in the
Parts versus Whole paradigm above with the exception
that, for the IAE, the reference probe was not ﬁxed in
amplitude; instead both test patterns were varied
depending on the observer’s response. By allowing both
tests to vary in amplitude during the trials, we are
measuring the absolute size of the aftereffect rather
than the difference in the adaptive strength of the two
adaptors. The size of the IAE calculated for each
session was given by the percentile difference in the
amplitudes of the test pair (reference probe divided by
test probe) at the PSE minus the same PSE value
without adaptation.
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Results
Experiment 1: Contour inflections are adaptable
features

Figure 2. Whole versus Parts experimental data. (A) Compound
data: results for six observers, showing the percentage
difference in the size of the aftereffect produced by the Whole
and Parts adaptors with a Compound test, i.e., a pair of
inflection contours as shown in the inset. The gray bar here (and
for B and C) shows the mean difference across observers.
Because this result is the principal finding of our study, we
tested several additional naı̈ve observers in these conditions.
(B) Component data: results for four observers using the same
adaptation procedure but with single-sign curve tests, i.e., one
half of the compound test as shown in the inset. (C) Inflection
data: results for four observers using the same adaptation
procedure, but now the Whole and Part stimuli have been
shortened by half to better represent a contour inflection as
shown in the inset. Data presented in all figures show the mean
6 1 SE.

In order to determine whether an inﬂection is an
adaptable feature, we compare the magnitude of
adaptation to a Whole contour containing an inﬂection
to its two temporally interleaved Parts, cut at the point
of inﬂection. If the adaptive effect of the Whole is
greater than that of the Parts, this indicates that an
additional mechanism, sensitive to the Whole, has been
adapted.
Figure 2 shows the size of the aftereffect measured in
the visual hemiﬁeld containing the Whole adaptor
relative to that in the hemiﬁeld containing the Parts
adaptor. The amplitude difference is shown in percentage terms with positive values indicating greater
adaptation to the Whole. In Figure 2A, data is shown
for conditions in which the test pair were line contours
containing inﬂections (see ﬁgure inset). Bearing in mind
that a score of zero would indicate that adaptation to
the Whole and Parts adaptors produced the same sized
aftereffect, the results show that the Whole adaptor
produced, on average, a 20% larger aftereffect than the
Parts adaptor (gray column). The difference is highly
signiﬁcant, t(43) ¼ 7.33, p , 0.0001 (one-tailed), and
shows that, in addition to curvature adaptation (which
occurs equally for Whole and Parts adaptors), an
additional mechanism sensitive to the inﬂection in the
Whole was adapted.
Could our results be an artifact of procedure?
Although our method ostensibly equates the contrast
energies and curvatures of the Whole and Parts
adaptors across each 2-s epoch, it would seem prudent
to test whether any unforeseen stimulus differences
were responsible. Therefore we reran the experiment
using test probes consisting of a pair of single curves,
i.e., with no inﬂections (see Figure 2B inset). If the
stronger aftereffect produced by the Whole adaptor is
simply due to an unforeseen difference in contrast
energy or curvature, then it should not matter whether
the test probe contains an inﬂection or not. Results are
shown in Figure 2B. In contrast to the previous data
set, all observers scored zero or close to zero, indicating
that there is no difference in the size of the aftereffect
obtained from Whole and Parts adaptors, t(31) ¼ 1.45,
p ¼ 0.15. Thus it is highly unlikely that our initial
ﬁnding is an artifact of contrast energy or curvature.
Do our results demonstrate selective adaptation to
the inﬂection component of the shape or simply to a
compound ‘‘S’’ shape? To better isolate the contour
inﬂection, we reduced our Whole inﬂection contour by
half to a half cycle centered on the inﬂection point (see
Figure 2C inset). There is, of course, a limit to how far
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Figure 3. (A) Opposite polarity control: results for four observers, showing the transfer of aftereffect across opposite-luminancepolarity adaptor and test for the TAE (gray bars) and IAE (white bars). Examples of opposite polarity adapt and test stimuli for the IAE
condition are shown in the inset. Transfer was computed as the ratio of same to opposite polarity, with one indicating complete
transfer and zero no transfer. (B) Sign transfer data: results for three observers using the Parts versus Whole adaptation procedure
and when the test pair was either opposite sign/amplitude phase (white bars) or symmetrical counterparts (gray bars) to the adapting
patterns. The figure inset depicts each of these manipulations. The solid line shows a sign change or flip about the vertical axis, and
the dashed line shows a change along the primary axis of symmetry: diagonal. As in Figure 2, the data are represented as the
percentage difference in the size of the aftereffect produced by the Whole and Parts adaptors. Data presented in all figures show the
mean 6 1 SE.

one can shorten the contour: Although the inﬂection is
a single point, it can only be realized at the junction of
two oppositely signed curvatures. We suggest that the
stimulus shown in the inset of Figure 2C (and the top
row of Figure 3) is a simple and concise example of a
contour inﬂection. We reran the Parts versus Whole
experiment using this shortened contour. Thus, as
before, the curvature and contrast energies of the Parts
and Whole adaptors were the same across each 2-s
epoch. The test pair was a low amplitude pair of the
shortened inﬂection contours (see Figure 2C inset). All
other aspects of the testing procedure (e.g., amplitudes
and durations) were unchanged.
Figure 2C shows the results for four observers (clear
bars) and their average (gray bars). All observers
recorded a larger aftereffect in the visual hemiﬁeld
corresponding to the Whole adaptor than in the
hemiﬁeld corresponding to the Parts adaptor. The
difference is highly signiﬁcant, t(29) ¼ 7.07, p , 0.0001
(one-tailed). These ﬁndings are consistent with selective
adaptation of a mechanism selective for a contour
containing an inﬂection. Moreover, these data replicate
our original ﬁnding (Figure 2A) using a stimulus that
(a) more concisely represents a contour inﬂection and
(b) poorly represents any more elaborate compound
shape. This simpliﬁed contour inﬂection stimulus is

now used in subsequent experiments. Next, we assess
the role of orientation adaptation in the contour IAE.

Experiment 2: Inflection or orientation?
We have shown that our aftereffect cannot be
explained on the basis of contrast or curvature
adaptation. However, there is another possibility. The
Whole adaptor contains a short length of oriented
contour around the inﬂection point not present in the
Parts adaptor; could this cause the greater aftereffect?
To test this possibility, we exploited the fact that
orientation adaptation, as measured by the well-known
TAE (Gibson & Radner, 1937), is insensitive to
luminance polarity (Magnussen & Kurtenbach, 1979),
a ﬁnding that we verify below. If orientation adaptation
underpins the inﬂection-speciﬁc component of the
aftereffect, then the aftereffect should be similarly
agnostic to luminance polarity. On the other hand, if
contour inﬂections are processed at intermediate stages
of the form pathway (Brincat & Connor, 2004, 2006;
Pasupathy & Connor, 1999, 2001, 2002; Yau et al.,
2010), then, like other intermediate-stage shape aftereffects, such as curvature and global shape aftereffects
(Bell, Gheorghiu, Hess, & Kingdom, 2011; Bell &
Kingdom, 2009; Gheorghiu & Kingdom, 2006; Han-
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cock, McGovern, & Peirce, 2010), it should be
luminance-polarity selective. Our procedures for measuring both the TAE and IAE are described in
Materials and methods.
Figure 3A shows results for four observers and for
the two types of stimuli (gray bars for the TAE, white
bars for the IAE). The rightmost bars show the average
of all observers. Each bar plots the magnitude of
aftereffect for a dark (negative luminance polarity)
adaptor and bright (positive luminance polarity) test as
a proportion of the size of the same aftereffect
measured when the adaptor and test patterns are both
bright. This condition is depicted in the ﬁgure inset for
the IAE. A value of 1.0 on the vertical axis indicates
that the aftereffect for same and opposite luminance
polarity conditions is equal, and a value smaller than
one indicates selectivity for luminance polarity. Consistent with previous research (Magnussen & Kurtenbach, 1979), TAE transfer ratios across luminance
polarity are approximately one (average: 0.98), indicating no selectivity for luminance polarity. For the
IAE data, however, the same observers all display
transfer ratios that are consistently smaller than one
(average: 0.61) and systematically smaller than their
own comparative transfer for the TAE. The incomplete
transfer of the IAE indicates a selectivity for luminance
polarity similar to that found for other intermediatestage shape encoders (Bell et al., 2011; Bell & Kingdom,
2009; Gheorghiu & Kingdom, 2006; Hancock et al.,
2010). The difference in luminance polarity selectivity
between the TAE and IAE data is signiﬁcant, t(15) ¼
3.23, p ¼ 0.0028 (one-tailed). Because inﬂection
adaptation is tuned for an attribute (luminance
polarity) that orientation adaptation is not, it seems
unlikely that our contour inﬂection aftereffects result
from local orientation adaptation.

Experiment 3: Sign selectivity of the inflection
coding mechanism
We have demonstrated a speciﬁc aftereffect for a
contour inﬂection. Next, we examined whether inﬂection adaptation is selective for the sign of a contour
inﬂection. This is akin to asking whether mirror
symmetry is important for the processing of inﬂection
contours as it is for simple curves (Bell et al., 2009) and
for particular objects (Rhodes et al., 2007; Wilkinson &
Halligan, 2002). To test for selectivity, we reran the
Whole versus Parts conditions from Experiment 1 but
reversed the sign of the shape-amplitude modulation of
the compound test pair while leaving the adapting
patterns unchanged (see Figure 3B inset for an example
of a sign change). Our contour stimuli are modulated
relative to a vertical line, and so, for our stimulus, a
sign change is equivalent to a ﬂip around the vertical
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axis as shown in the inset in Figure 3B, labeled ‘‘sign
change.’’ The solid line here depicts the axis around
which this stimulus has been ﬂipped. Using an
analogous manipulation, two of the authors have
previously shown that curvature aftereffects do transfer
across a change in sign or to opposite phase (Bell et al.,
2009), and we have also veriﬁed that the transfer to
opposite sign curves is replicated using the Whole
versus Parts procedure (Bell, Sampasivam, McGovern,
& Kingdom, 2010). Therefore, we predicted a similar
result here, namely a score greater than zero, indicating
that Whole inﬂection adaptation has transferred to an
opposite sign test.
The white bars in Figure 3B show the results for the
opposite sign conditions. Contrary to our prediction,
for all three observers, data values are close to or at
zero, indicating no Whole adaptor advantage. The
rightmost white bar plots the average of all observers.
A paired samples t test found no difference in the size
of the aftereffect in each ﬁeld, t(11) ¼ 1.37, p ¼ 0.19.
Our ﬁnding demonstrates that IAEs do not transfer to
opposite sign contours, indicating that inﬂection coding
is selective for the sign of the contour inﬂection.
As noted previously, curvature adaptation has been
shown to transfer strongly across opposite sign adapt
and test pairs (Bell et al., 2009), and this ﬁnding was
presented as evidence for the existence of sign-invariant
curvature processing mechanisms, ones likely used in
processing symmetry. In contrast, the current results
suggest that the IAE is selective for the sign of the
adaptor. Of course, changing the sign of amplitude
modulation creates a mirror-symmetric version of an
inﬂection with respect to the two cardinal axes.
However, it could be argued that the most similar
mirror-symmetric counterpart to the contour inﬂection
is one that is ﬂipped about its primary axis of
orientation rather than reversed in sign. This primary
axis is denoted in the inset of Figure 3B by the dashed
line. Thus, reversing the sign of amplitude modulation
creates an intuitively symmetrical version of a curve but
not so a contour inﬂection (see Figure 3B inset, solid
and dashed lines depict each axis of change). Therefore
we reran our experiment using a pair of contour
inﬂections that were mirror-symmetric about the major
axis of orientation of the contour (for simplicity, we
labeled this ‘‘symmetry change’’ in Figure 3B) as tests.
All other aspects were unchanged. The same three
observers now interestingly obtain values greater than
zero (Figure 3B, gray bars), indicating a Whole adaptor
advantage. The rightmost gray bar plots the average of
all observers. The difference was signiﬁcant, t(17) ¼
6.27, p , 0.0001 (one-tailed), showing that adaptation
to a whole contour inﬂection transfers completely to a
mirror-symmetric version of itself. This complements
previous reports of a special role of mirror symmetry in
the processing of parts of shapes (Bell et al., 2009).
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Figure 4. Compound curve versus inflection data. The vertical
axis plots the percentile difference in amplitude between the
two test patterns at the PSE. On such a scale, zero equals no
adaptation. The horizontal axis describes the adapt and test
combination. The adaptor type is listed first and the test
second. White bars show conditions in which adapt and test are
the same type, gray bars in which they are different. The data
plotted in each column is the average for three observers. Error
bars show mean 6 1 SE. The horizontal lines show the specific
comparison relevant to this experiment. ** p , 0.01. Figure
insets illustrate the appearance of each adapting pattern in its
pair.

Finally, Experiment 3 provided an additional control
for our Whole versus Parts procedure. Although the
Whole adaptor advantage was shown not to occur for a
Parts test pair (single curves, Figure 2B), it is possible
that the Whole adaptor advantage for compound tests
was due to the similarity between adapt and test
patterns rather than due to the presence of the
inﬂection in the Whole. That is, in all compound test
conditions to date, adapt and test are both whole
contour inﬂection shapes and are both the same vertical
length. Of course, if this similarity were to underpin our
ﬁndings, then one would predict that the Whole
adaptor advantage would be obtained whenever we use
a compound test regardless of the sign difference
between adapt and test. The results in Figure 3B (white
bars) show that this is not the case: The Whole adaptor
advantage was abolished when adapt and test were of
opposite sign.

Experiment 4: Inflection or compound curve?
So far, the evidence supports a mechanism that is
selective for a contour inﬂection. However, an inﬂection only exists as part of a compound curve, i.e., at the
junction of two oppositely signed curves. This begs the
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question: Do our results implicate a mechanism that is
speciﬁc to inﬂections or one generally responsive to
compound curves? To test between these two possibilities, we ran an experiment in which we measured
aftereffects using two types of compound curve. Both
compounds were constructed from the same two
component curvatures, but one contained an inﬂection,
and the other did not. The inﬂection compound was an
‘‘S’’-shaped contour, and the noninﬂection compound
was constructed by reversing the sign of one of the two
curves in the ‘‘S,’’ which maintained the component
curves but eliminated the change in the sign of
curvature along the contour. We characterize the noinﬂection adaptor as a ‘‘3.’’ Figure 4 shows examples of
both types of pattern. We acknowledge that the two
compounds differ in their representation of a third
feature: an inﬂection in the ‘‘S’’ compound and an
additional acute curvature in the ‘‘3’’ compound.
However, the question here is whether the spatial
arrangement of the two-component curvature is
important. The answer should be ‘‘yes’’ if inﬂections
represent a speciﬁc type of compound and ‘‘no’’ if our
results are attributable to a general compound detector
sensitive to these two component curves.
During adaptation, the compound, whether an ‘‘S’’
or a ‘‘3,’’ alternated every 1 s with its opposite sign
partner, i.e., a backward ‘‘S’’ or backward ‘‘3.’’ This
meant that observers viewed the same component
curves, both above and below the midpoint of each
compound, during adaptation: If summed across a 2-s
adaptation period, each condition represented the same
ﬁgure eight–shaped contour. The tests were either a
pair of ‘‘S’’ contours or a pair of ‘‘3’’ contours with one
of each pair, the test probe, presented in the unadapted
visual hemiﬁeld. Unlike in Experiments 1 and 3, the
adaptor was presented to only one hemiﬁeld, meaning
that we measured the absolute size of the aftereffect
rather than its relative size in the two hemiﬁelds. Across
runs, the adaptor was presented an equal number of
times to the upper or lower visual ﬁeld, and as in
previous experiments, the adaptor was initially presented for 60 s with a 2-s top up between test trials. The
percentile difference in amplitude between the two
patterns at the PSE is plotted in Figure 4. PSEs for runs
in which no adaptor was presented were subtracted in
order to remove visual ﬁeld biases from the aftereffects
reported. Therefore, in this data, a score of zero would
indicate no adaptation.
If compound shapes containing two oppositely
signed curves are processed by a speciﬁc subset of
compound shape mechanisms, adapting to an ‘‘S’’ pair
should produce a larger aftereffect in an ‘‘S’’ than a ‘‘3’’
test, and adapting to a ‘‘3’’ pair should produce a larger
aftereffect in a ‘‘3’’ than an ‘‘S’’ test. By contrast,
similarly sized aftereffects across all four conditions
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would be expected if the stimuli were processed by a
general compound curvature mechanism.
Figure 4 presents the averaged results for three
observers in all four conditions. The vertical axis
describes the size of the measured aftereffect (the
perceived decrease in modulation amplitude) in percentage terms. The horizontal axis describes the
condition with adaptor type followed by test type.
Conditions showing same and different adapt/test
combinations are shown in white and gray, respectively. Aftereffects are larger in same adapt/test compared
to different adapt/test conditions. A one-way repeatedmeasures ANOVA conﬁrmed that adaptor test pairing
had a signiﬁcant effect on the size of the aftereffect, F(3,
11) ¼ 9.86, p , 0.0001. Bonferroni post hoc comparisons (corrected for multiple comparisons) conﬁrmed
there was a signiﬁcant difference between same and
different pairings (‘‘S’’ pair adapt ‘‘S’’ test signiﬁcantly
greater than ‘‘3’’ pair adapt ‘‘S’’ test, t ¼ 4.2, p , 0.01;
‘‘3’’ pair adapt ‘‘3’’ test signiﬁcantly greater than ‘‘S’’
pair adapt ‘‘3’’ test, t ¼ 3.45, p , 0.01).
Experiment 4 was designed to test whether the
spatial arrangement of the two component curves was
important. Clearly the answer is ‘‘yes.’’ In addition, the
strong adaptation to the ‘‘3’’ compound shape indicates
that there are adaptable mechanisms for compound
curves that do not describe an inﬂection. This is an
important point that we will return to in the
Discussion. Taken together, however, our data are
consistent with the idea that distinct mechanisms are
adapted by the two different combinations of the two
component curves: one selective for the compound
shape containing the inﬂection and another selective for
the compound shape containing the cusp.

Experiment 5: No Whole adaptor advantage for
a locally processed stimulus
Despite controls provided in this and other studies
using the Whole versus Parts approach (Bell, Hancock,
et al., 2010; McGovern, Hancock, & Peirce, 2011;
McGovern & Peirce, 2010; Peirce & Taylor, 2006), the
concern remains that the Whole adaptor advantage is
simply due to the greater spatiotemporal similarity
between Whole adaptor and Whole test compared to
Parts adaptor and Whole test. One way to test for such
a possibility is to employ a stimulus that does not
involve feature integration, i.e., that does not involve
global processing. A well-known example of a locally
processed stimulus is the high radial-frequency (RF)
pattern (Wilkinson, Wilson, & Habak, 1998). RF
patterns are created by sinusoidally modulating the
radius of a closed contour. Some of us have previously
used the Whole versus Parts paradigm to demonstrate
global processing of a suprathreshold amplitude low
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RF pattern (RF4) (Bell, Hancock, et al., 2010). It is
widely accepted that, for RF patterns containing more
than 10 cycles (RF10), there is no global pooling of
information as evidenced by probability summation
across local feature detection (Bell & Badcock, 2009;
Bell, Badcock, Wilson, & Wilkinson, 2007; Jeffrey,
Wang, & Birch, 2002; Lofﬂer, Wilson, & Wilkinson,
2003). We chose an RF15 pattern, which is 50% above
this global threshold. The luminance proﬁle of the
RF15 pattern was a D4 with a peak spatial frequency
of 8 cpd and pattern contrast was set to its maximum
(C ¼ 0.99), consistent with previous research (Wilkinson et al., 1998).
The predictions for this experiment are as follows: If
the Whole versus Parts difference arises due to the
spatiotemporal similarity of adaptor and test, then we
should observe a larger aftereffect in the visual ﬁeld
corresponding to the Whole adaptor. This would be
evidenced by values greater than zero in the results
below. However, values of zero would indicate no
Whole adaptor advantage, ruling out the above
arguments. In short, a score of zero would validate the
method, and a score greater than zero would imply the
Whole adaptor advantage is an artifact of procedure.
The Whole versus Parts procedure for the RF
experiment has been described elsewhere (Bell, Hancock, et al., 2010) and is essentially analogous to the
procedure employed in this study. The major points are
summarized as follows, and a schematic of the
procedure is shown in the inset of Figure 5. RF15
stimuli were cut into four segments to create the Part
adaptors. A smoothing function was employed to avoid
orientation cues at the ends of the parts. Critically, the
contrast energy of the four Part adaptors when
summed is equal to that of the Whole adaptor. During
adaptation, in one visual hemiﬁeld, each Part adaptor
is presented in isolation for 500 ms, meaning all parts
are temporally interleaved in random order every 2 s.
In the opposite visual hemiﬁeld, the Whole adaptor is
presented for 500 ms in total, presented at a random
point in the 2-s sequence. Thus, as before, the critical
feature is that the total exposure to the Part and Whole
adaptors is identical across the adaptation (60 s) and
top-up (2 s) phases of the procedure. To maximize the
possibility of local orientation and position adaptation,
the phase and position of the adaptor and test were
synchronized and not jittered across the run. As before,
the test contained one ﬁxed amplitude whole RF15
pattern, and the reference contained an adjustable
whole RF15 test in the other visual hemiﬁeld, i.e., the
probe. The amplitudes of the Whole and Part adaptors,
expressed as a proportion of the mean 18 radius of the
pattern were double (0.1) that of the ﬁxed reference
(0.05), consistent with our previous work using this
procedure for low RF patterns (Bell, Hancock, et al.,
2010). The observer’s task in each trial was to choose
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Figure 5. Inset: The illustration provides a schematic for the
adaptation procedure used in Experiment 5. During each 2 s of
the adaptation period, the observer was presented with the
Whole adaptor for 500 ms in one visual hemifield and the four
Parts adaptors, alternating in 500-ms intervals, in the other
hemifield. All adapting patterns had a sinusoidal modulation
amplitude of 0.1 expressed as the proportion of radius
modulation on a 18 radius RF15 pattern. Following 60 s of
adaptation, the observer was presented with the test pair. In
each trial, the observer’s task was to judge which probe had the
higher perceived amplitude, i.e., deviated most from a straight
line. The Reference probe amplitude was fixed at an amplitude
of 0.05, and the Test probe amplitude was varied according to a
staircase procedure to obtain the PSE. A 2-s top-up adaptation
period preceded each trial. (A) Whole versus Parts experimental
data. Results for three observers, showing the percentage
difference in the size of the aftereffect produced by the Whole
and Parts adaptors with an RF15 test. The rightmost gray bar
shows the mean difference across observers. (B) Whole adaptor
only experimental data. Results for three observers showing the
size of the amplitude aftereffect on an RF15 test due to the
RF15 adaptor. The rightmost gray bar shows the mean across
observers. Data presented in both figures show the mean 6 1
SE.

the pattern that appeared higher in amplitude (had
greater bumps). The test procedure was otherwise
identical to that described in the Whole versus Parts
procedure for inﬂections in the general Materials and
methods. Again, the size of the aftereffect calculated for
each session was given by the percentile difference in
the amplitudes of the test pair (reference probe divided
by test probe) at the PSE minus the same PSE value
without adaptation: These preadaptation and post-
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adaptation PSE values are the point of comparison for
the repeated measures t tests reported below. The mean
61 standard errors (SE) of these values across sessions
are the points shown in all the graphs.
Figure 5A presents the Whole versus Parts experimental data for three observers (two naı̈ve). The
rightmost gray bar shows the average of the three. For
all three observers, the values are at or approximately
zero. This indicates no difference in the adaptive
strength of the Whole relative to the Parts. A one-tailed
paired samples t test conﬁrmed that there was no
signiﬁcant difference between PSEs for baseline noadaptor trials and adaptor trials, t(11) ¼ 0.98, p ¼ 0.17.
This suggests that there is no Whole adaptor advantage
for a stimulus that does not involve integration of
features as in an RF15 pattern.
This conclusion, however, is predicated on there
being strong and measurable aftereffects to our
adapting stimuli: Note that the Whole versus Parts
method measures relative, not absolute, adaptation
effects. To verify that there was signiﬁcant adaptation,
we removed the Part adaptors from the sequence and
repeated the trials with a blank screen instead. This
directly measures the size of the aftereffect obtained
from the Whole RF15 adaptor. Now a value greater
than zero indicates an amplitude aftereffect due to the
RF15 adaptor. Figure 5B shows results in this
condition for the same three observers. Again, the
rightmost gray bar indicates the average of all
observers. Clearly, there is a large and signiﬁcant
amplitude aftereffect on the RF15 test due to the
Whole RF15 adaptor, t(11) ¼ 9.2, p , 0.0001. The
direction of this aftereffect is repulsive; that is, there is a
perceived reduction in pattern amplitude following
adaptation to a higher amplitude pattern. This
repulsion is consistent with earlier data using globally
processed low RF patterns (Bell et al., 2011; Bell,
Hancock, et al., 2010; Bell & Kingdom, 2009).
Critically, this large and signiﬁcant aftereffect demonstrates that the lack of a Whole adaptor advantage in
Figure 5A is not simply due to a lack of adaptive
strength for either the Whole or Part adaptors.
In summary, Experiment 5 shows that the Whole
adaptor advantage, as measured by the Whole versus
Parts procedure, does not occur for stimuli that are
known to be processed locally. Moreover, the result is
not due to a lack of overall adaptation and, crucially,
was obtained using a procedure identical to that for
which a Whole adaptor advantage was found when a
low RF pattern was employed (Bell, Hancock, et al.,
2010). This ﬁnding is important because it demonstrates that, although there are adaptable mechanisms
for speciﬁc forms of compound shape, these mechanisms do not extend to arbitrarily complex contours,
such as RF15.
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Discussion
To summarize, we have demonstrated an aftereffect
that










Is selective for a contour containing an inﬂection
(Figure 2A)
Is not simply due to adapting to the component
curves of the contour inﬂection (Figure 2B)
Is maintained for a shortened, concise example of
an inﬂection that poorly represents a more elaborate
compound shape (Figure 2C)
Is not simply due to adapting to the local
orientation at the point of inﬂection (Figure 3A)
Transfers strongly to a mirror-symmetric counterpart to an inﬂection but does not transfer to an
inﬂection with an opposite sign (Figure 3B)
Cannot be explained by the existence of a general
compound curvature detector (Figure 4)
Is not due to the procedure; the Whole versus Parts
procedure correctly failed to produce a Whole
adaptor advantage for a locally processed stimulus
(Figure 5)

On the basis of these ﬁndings, we argue that contour
inﬂections are adaptable features of the human visual
system. Of course, a contour inﬂection only exists as
part of a compound curve, so it is a sine qua non that
our study should set out to determine whether an
aftereffect obtained by adaptation to a compound
curve containing an inﬂection implicated an inﬂectionspeciﬁc mechanism as opposed to one sensitive to
compounds in general. In Experiment 4, we found that
‘‘S’’-shaped adaptors produced larger aftereffects in
‘‘S’’-shaped tests than did ‘‘3’’-shaped adaptors and vice
versa in spite of the fact that, during adaptation, the
same set of component curves, both above and below
the midpoints of the compounds, were presented. In the
third part of Experiment 1, we also demonstrated that
the IAE was not affected by a reduction in the
compound shape. Here, we took a compound curve
‘‘S’’ shape and reduced its overall length by half. The
resulting stimulus contained an inﬂection but was an
impoverished example of a multicurve compound (see
Figure 2C inset). Because local curvature adaptation
for the Parts and Whole adaptors is always identical
(Figure 2B), the prediction for this conﬁguration was
that a compound-curvature mechanism would be only
weakly adapted by such a stimulus and that, therefore,
the measured aftereffect would be relatively small. An
inﬂection-coding mechanism, on the other hand, would
be strongly adapted by this shortened stimulus, and so
there should be no reduction in aftereffect. This is what
happened (compare Figure 2A and 2C).
The reader may note from this comparison that the
aftereffect for the shortened stimulus conﬁguration
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increased compared to that from the original ‘‘S’’
shape. Why the increase? Previous work has shown that
curvature adaptation is suboptimal when the length of
a curve is reduced below one half cycle of modulation:
a simple curve (Gheorghiu & Kingdom, 2007). Consequently, it seems likely that the curvature adaptation in
our shortened inﬂection stimulus was suboptimal.
However, this reduction affected the Whole and Part
adaptors equally. The critical result remains: The
Whole advantage did not decrease using the shortened
stimuli. This argues against a compound curvature
detector explanation but in favor of an inﬂectionspeciﬁc shape mechanism.
The inclusion of inﬂections as a distinct shape
feature may aid future models of object recognition and
provide a new focus for neurophysiology. Current
models of object recognition primarily utilize oriented
lines and curves as their ‘‘shape primitives’’ (Barenholtz
& Tarr, 2008; Connor, 2004; Hoffman & Richards,
1984; Hoffman & Singh, 1997; Lofﬂer, 2008; Pasupathy
& Connor, 2002; Poirier & Wilson, 2006, 2010;
Yamane et al., 2008). Inﬂections are seldom considered
in such models despite considerable evidence demonstrating the importance of inﬂections for vision (Bell,
Hancock, et al., 2010; Bertamini & Farrant, 2005; De
Winter & Wagemans, 2008; Ivanov & Mullen, 2012;
Koenderink, 1984; Koenderink & van Doorn, 1982;
Mullen et al., 2011; Richards et al., 1987; Singh &
Hoffman, 1999). Our study makes an important
addition to this literature by providing the ﬁrst
empirical evidence that the human visual system
selectively codes for contour inﬂections. Further
research is required in order to ascertain where
inﬂection coding occurs in the cortical processing
hierarchy.
Neurophysiological studies have shown that a
variety of contour shapes are represented along the
ventral pathway (Gallant, Braun, & Van Essen, 1993;
Gallant, Connor, Rakshit, Lewis, & Van Essen, 1996;
Lennie, 1998; Schwartz, Desimone, Albright, & Gross,
1983). Recordings from extrastriate cortex in macaques show that in visual area V4, an intermediate
area of the form processing pathway, many neurons
respond best to contour fragments describing simple
curves (Carlson et al., 2011; Pasupathy & Connor,
1999, 2001, 2002), like the single-signed curves
represented by the component curves in our Figure 1.
Other V4 neurons, however, are selective for fragments
describing compound curves, including contours that
change in their sign of curvature (Pasupathy &
Connor, 1999, 2001), and neurons with similar
properties have been recorded in the PIT (Brincat &
Connor, 2004, 2006; Yau et al., 2010). These studies
provide evidence for mechanisms in V4 and the PIT
that selectively code for compound shapes involving
multiple curvatures. We suggest that the junction of
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two oppositely signed curves, the inﬂection, represents
one speciﬁc compound curve that is coded by vision.
This is not to say that the contour inﬂection is the only
type of compound curve encoded. The strong aftereffects observed in our Figure 4, following adaptation to
the ‘‘3’’ stimulus pair, suggest that there are mechanisms for other speciﬁc forms of compound curves.
However, we have also clearly shown that only
particular forms of compound curves are adaptable.
Our ﬁnal data with RF15 stimuli in Figure 5 show that
these compound mechanisms do not extend to
arbitrarily complex contours.
Our data also provide some information about the
orientation selectivity of the inﬂection coding mechanisms. We showed in Experiment 3 (Figure 3B) that
inﬂection coding mechanisms are selective for the sign
of an inﬂection as transformed by a reversal in the sign
of the amplitude modulation (see Figure 3B inset).
However, our data also shows strong transfer to a
mirror-symmetric version of an inﬂection, transformed
along its major axis, implying the existence of
mechanisms that are selective for a given inﬂection and
its mirror-symmetric counterpart. The latter ﬁnding
supports a range of studies that have documented the
importance of mirror-symmetry in the processing of
patterns (Gurnsey, Herbert, & Kenemy, 1998; Wenderoth, 1995), parts of shapes (Bell et al., 2009), and
objects (Rhodes et al., 2007; Wilkinson & Halligan,
2002).
Inﬂections might be coded via an AND-gate
operation (e.g., via multiplication or its mathematical
equivalent) applied to the responses of neurons
detecting two opposite-signed curves in spatial alignment, in line with the suggestion (Poirier & Wilson,
2007) and evidence (Gheorghiu & Kingdom, 2009) that
a curve might be coded by AND-gating of its
component orientations. The question remains as to
whether inﬂections are processed in parallel with curves
or at a different stage in the form processing hierarchy.
Keywords: shape, aftereffects, contour, inﬂection,
curvature
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