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Shape-coding in IT cells generalizes
over contrast and mirror reversal,
but not figure-ground reversal
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We assessed how the visual shape preferences of neurons in the inferior temporal cortex of awake,
behaving monkeys generalized across three different stimulus transformations. Stimulus-
preferences of particular cells among different polygon displays were correlated across reversed
contrast polarity or mirror reversal, but not across figure—ground reversal. This corresponds with
psychological findings on human shape judgments. Our results imply that neurons in inferior tempo-
ral cortex respond to components of visual shape derived only after figure—ground assignment of

contours, not to the contours themselves.

Inferotemporal (IT) cortex is involved in visual shape repre-
sentation and visual object recognition, based on evidence from
single-cell recording!~?, functional imaging!®!! and lesion
studies®!2. In comparison with earlier visual areas, cells in IT
have larger receptive fields and show more abstract preferences
for complex shape properties>*%%13, but exactly how this
region represents shape remains controversial>~>13, Here we
examined shape representation within IT in relation to fig-
ure—ground reversal, as well as other stimulus manipulations
that served as control comparisons.

The figure—ground assignment of a given visual display can
dramatically alter the shape that human observers perceive (exam-
ples, top of Fig. 1). Adjacent figure and ground regions defined
by a common contour are perceived as very different. Human
observers typically recognize the figure later (for example, the face
in the top row of Fig. 1), but not the ground (white shape in that
row), even for judgments based on exactly the same shared con-
tour!418, Moreover, they rate a mirror image of the figure as more
similar!® to the original figure—ground display than an image of
the ground in isolation. This arises even though the ground probe
shares exactly the same curved contour as in the originally exposed
display, whereas the mirror image of the figure has a mirror-
reversed contour. These phenomena also arise for shapes made
by unfamiliar contours'>=2? (see below), not just for profiles of
meaningful shapes. Such effects reveal the influence of one-sided
edge assignment on visual shape perception in humans!>-20,

Here we examined how the shape preferences of IT cells in
the primate brain may relate to these psychological phenomena.
Specifically, we tested how the preferences of individual IT cells
for stimuli drawn from a population of pseudorandom two-
dimensional shapes would generalize across three different trans-
formations: figure—ground reversal, reversal of contrast-polarity
and mirror-image reflection about the vertical (Fig. 1a—h). All
shapes were polygons with straight edges at the top, bottom and
along one side, and with a pseudo-randomly curved contour on
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the other side!>~2°. The curved contours of possible polygons dif-
fered in their identity and location (left or right side of polygon).

It is possible that any selectivity in the responses of IT cells to
these stimuli is determined just by these physical differences
among the displays. Alternatively, IT responses might show pat-
terns that are more like shape judgments in human observers,
where figure and ground regions are perceived to have very dif-
ferent shapes despite their common defining contour, with the
mirror image of any figure being perceived as more similar to
that figure than its ground (as confirmed for the present stimuli
also; see below). For the displays used here, exactly the same
curved contour was present across a reversal of figure—ground
assignment (Fig. 1, compare atoe, cto g, b to f, and d to h), yet
this contour produces shapes that look very different to human
observers when figure and ground are reversed'+-20.

The curved contour was necessarily on opposite sides of the
figure region versus the adjacent ground region within any display
(stimuli a-h, Fig. 1). Our further manipulation of mirror-imag-
ing (see also ref. 6) controlled for this, as the curved contour of
any mirror image of an original figure is on the same side as the
curved contour of the original ground (stimuli a-h, Fig. 1). The
figure and ground region of each individual display also differed
in contrast polarity (one white, the other black). Our orthogo-
nal manipulation of reversing contrast-polarity (see also ref. 8)
controlled for this, as a contrast-reversal of an original figure has
the same polarity as the original ground (stimuli a-h, Fig. 1).

We recorded activity from IT cells in monkeys to determine
their firing rates for the different stimuli, and to determine how
these rates correlated across the three different stimulus trans-
forms. We also required human observers to rate the similarity
of the displays across the same transforms.

REsuLTS
We recorded from 88 cells in areas TEa, TEm and TE3 (ref. 20)
of 2 awake monkeys while they viewed displays drawn from 32
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Fig. 1. Example stimuli. Top, classic figure—ground display, together
with its components. Humans rate a mirror image of the figure as more
similar to the original figure—ground display than the original ground in
isolation. Stimuli a—f, Visual displays for the single-cell recording exper-
iment, showing how 8 different displays were generated from one par-
ticular curved contour (type | is shown). Bottom right, 3 additional
types of curved contours (2—4); each of these analogously generated a
8 different displays (2a—h, 3a—h, 4a—h). Three aspects of the displays
were manipulated orthogonally, in a 2 X 2 x 2 fashion illustrated by the
layout of shapes la—h, which shows one 2 x 2 table of possible displays
in the ‘front’ plane (b, d, f, h), with another 2 X 2 table of possible dis-
plays in the ‘back’ plane (a, c, e, g). All displays comprised either a white
filled polygon on a black background, or vice versa. The difference
between examples in the front plane and the back plane in the illustra-
tion depicts this contrast-polarity transform for otherwise equivalent
displays. Each display also appeared in mirror image form. The differ-
ence between examples in adjacent columns for each of the 2 x 2
tables in the schematic illustrates this mirror-reversal transform.
Finally, a given curved contour could have the figural region (as defined
by surroundedness'4!'’) on its left or right, leading to the
figure—ground transform between examples in adjacent rows for each
2 x 2 table in the schematic. Only the figure—ground transform leaves
the curved contour entirely unchanged.

possibilities (stimuli a—h, Fig. 1, equivalent transforms were
implemented for types 2, 3 and 4, thus yielding 8 x 4 = 32 stim-
uli in total). Eighty-nine percent of cells (78/88) showed signifi-
cant differences in mean evoked firing rate in the interval 100 to
600 ms after stimulus onset, as a function of which of the 32 pos-
sible stimuli were shown (at p < 0.01 or better). We then exam-
ined how the shape preferences revealed by these differential
evoked firing rates correlated across the three transformations
we had applied to the stimuli. Most cells showed significant and
substantial correlations in stimulus preferences across reversals
of contrast polarity and across mirror imaging, but not across
figure—ground reversal.

We first show the correlations across these three transforms
for one illustrative neuron (Fig. 2). All 32 stimuli contributed to
each of these correlations, but stimuli were paired differently for
each correlation (see Methods). We plot the mean firing rates of
this cell (in the 100-600 ms interval after stimulus onset) for all

32 stimuli (Fig. 3; the same nomenclature is used for these stim-
uli as in Fig. 1). The pattern of firing rates was similar across the
contrast-reversal and mirror-image transforms, but not across
the figure—ground reversal. (Compare the four appropriate pair-
ings of graphs, each with four bars, across each of these trans-
forms, Fig. 3.) Peri-stimulus time histograms for this cell in
response to the 16 stimuli generated from types 1 and 2 show
that responses were similar across mirror-image and especially
contrast-reversal transforms, but that they differed markedly
across the figure—ground transform (Fig. 4). For instance, type
2 received a much more vigorous response than type 1 in version
b, but the opposite ordering applied for version f (the
figure-ground transform of version b).

In histograms of the distributions of correlations for all cells
in the population across the three transformations, most cells
showed significant positive correlations in shape preference across
reversed contrast polarity in the display (mean correlation coef-
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Fig. 2. Correlation plots for a single cell. Plots show mean firing rates (in the period 100-600 ms after the stimulus) for an illustrative neuron, for par-
ticular stimuli along the x-axis, and for transformed versions of the same stimuli along the y-axis. (a) Contrast reversal transform. (b) Mirror reversal.
(c) Figure—ground reversal. The total set of 32 stimuli all contribute to each plot. For each plot, this set was divided into 2 subsets of 16, with each
member of one subset providing a transformed version for one member of the other subset. (a, b) Stimuli that induced a particular firing rate led to
a similar rate when transformed (correlations of 0.92 and 0.68 respectively, for this particular cell). No such relationship is apparent in (c) across the

figure—ground transform (R = 0.0).
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Fig. 3. Firing rates in response to the 32 stimuli for a single 240 404
cell. Histograms show mean firing rate in the 100-600 ms
period after stimulus onset for the illustrative cell from Fig. N 309 2307
2, now shown for each individual stimulus. The layout in the Contrast reversal 2204 820
illustration has the same 2 X 2 X 2 arrangement as in the The pattern made by all four %104 ?loA
schematic in the center of Fig. |, and uses the same nomen- bars in each graph remains the
clature for the 32 different stimuli (variants a—h on contour same across this transform. 0- 0-
types |—4). Hence, comparing laterally adjacent pairs of his- 40ﬁ1a 2a3ada 40- lc2c3c4c
tograms addresses the mirror image transform of the stim-
uli; comparing histograms between the apparent ‘front’ and 2304 2304
‘back’ plane addresses contrast reversal; vertically adjacent 2 [l 8204
histograms represent a figure—ground reversal. The pattern 40 407 F
seen within each of the paired histograms stays similar » 30 » 304 104
across both the contrast and mirror-image transforms, but Figure- 5 20 % 204 0-
not across the figure—ground reversals, hence the correla- ground = z e de 19293949
0 n
. L 10 104
tions in Fig. 2 for the same cell. reversal
0 0-
1b 2b 3b 4b 1d 2d 3d 4d
ficient, R = 0.59), and likewise across mirror-image T"® pattern 40 40
A made by all
reflection of the presented shape (mean R = 0.46;  four bars in »30 » 304
Fig. 5). In contrast, correlation coefficients for fig- ach arash = ~
) changes 320 2 204
ure—ground reversal were typically low, and centered  across this = 2
around zero (mean R = 0.04). Chi-square tests, com-  ""s'™ 10 7104
paring the number of cells showing significant corre- 0 0-
lations across the different transforms, found many 1f 2f 3f 4f ih 2h 3h 4h
more such correlations for contrast versus A —

figure—ground reversal (X%, = 80.4, p < 0.0001), and

for mirror-image versus figure—ground reversal

(X%, = 44.96, p < 0.0001). In addition, correlations

were somewhat more pronounced for contrast than mirror image
reversal (X%, = 9.44, p < 0.05), in accord with the human simi-
larity ratings reported below.

The poor generalization across figure—ground reversal was
found equivalently for cells that showed a significant correlation
across both contrast and mirror-image reversal (black, bottom
histogram of Fig. 5) and those that did not (white, Fig. 5); these
distributions for figure—ground reversal did not differ. We also
assessed how the correlation coefficients developed as a function
of time after stimulus onset. For contrast-polarity and mirror-
image transformations, the average coefficients climbed rapidly,
reaching asymptote at around 200-300 ms post stimulus onset.
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The pattern made by all four bars in each

Mirror reversal  made !
graph remains similar across this transform.

For figure—ground reversals, the correlation coefficient averaged
very close to zero throughout the trial.

Finally, we examined how the average firing rates changed
during the trial for preferred versus non-preferred stimuli, and
how this generalized across the three transformations. To do this,
we first determined for each cell which of the 32 stimuli produced
the maximal mean firing rate in a 100-600 ms time bin after stim-
ulus onset; this defined the preferred stimulus for that cell. We
also identified the non-preferred stimulus for each cell, produc-
ing the lowest mean firing rate in the same time window. We
show the mean firing rates across all cells for their preferred ver-
sus non-preferred stimuli, at different times after stimulus onset
(Fig. 6a). Firing rates for contrast-polarity and mirror-image
reversals of these stimuli show how the preference was largely
maintained across both these transformations (Fig. 6b and ¢). In
contrast, the preference disappeared across the figure—ground
transformation, consistent with our other findings (Fig. 6d). We
confirmed the site of cellular recordings by histology (Fig. 7).

In a matching task (see Methods) on the same shapes as used in
our physiological work, 12 human observers selected the untrans-
formed figure on 87.5% of trials, the contrast-reversed version on
68.3% trials and the mirror-reversed version on 54.2% of trials.
The latter two transforms were each selected significantly more
often (p < 0.01) than the figure—ground reversal (only 19.7%).
Moreover, the figure-ground reversal was not selected any more
often than a shape with an entirely different contour (20.3%), and
most selections for either of these two types arose when they were
the only two alternatives presented (see Methods). These data con-

Fig. 4. Peri-stimulus time histograms of firing, using 20 ms bins, for the
illustrative cell. Response to the 8 variants of type | and type 2 shapes.
(Detailed responses to |6 stimuli are shown here, rather than all 32; type
3 and type 4 data (Fig. 3) are omitted for brevity.) 2 X 2 X 2 layout and
nomenclature for the stimuli are as in Figs. 2 and 3. The y-axis brace rep-
resents a firing rate of 100 spikes/s; the bar on the x-axis represents the
first 500 ms of stimulus presentation time.
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firm that human perception of shape generalizes well across con-
trast reversal, and fairly well across mirror reversal. In contrast,
figure—ground reversal alters shape perception as much as the gen-
eration of a new shape from an entirely different contour. Our
findings for the shape preferences of IT cells in the primate brain
closely parallel these aspects of human perception.

DiscussioN

The shape preferences of IT cells generalized well
across contrast reversals of the stimuli and across
mirror imaging of the stimuli, but not across fig-
ure—ground reversals. The two-dimensional poly-
gons we used varied in their particular curved
contour. The other lines (three straight edges) were
held constant in the stimulus sets assessed for each
transformation, as we tested for generalization across
contrast reversal, mirror imaging or figure-ground
reversal. These three transformations have very dif-
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Fig. 5. Correlations of ranked stimulus preferences for each of the three
transforms in the cell population. Histograms show the population distri-
butions of Spearman rank-order correlations in firing rate (for
100-600 ms following stimulus onset) between transformed versions of
the stimuli. Each bar indicates the number of cells from the population
showing a particular size of correlation. Most cells show reliable positive
correlations (with |5 degrees of freedom) across the contrast-reversal
transform and mirror-reversal transform. Correlations for the
figure—ground transform are much lower overall, averaging near zero.
For figure—ground reversal plot, cells that showed significant correlations
for both contrast and mirror-image reversal are represented in black;
those that did not, in white.

ferent influences on the critical curved contour. Contrast reversal
changes the polarity of this critical contour. Mirror reversal reflects
this contour about the vertical. Only figure-ground reversal leaves
the critical curved contour itself unchanged. (Its relative position
with respect to the body of the shape changes, but this is applied
equally to the mirror-reversal transform.) Thus, if the selective
responses of IT cells had been caused primarily by just the curved
contour that distinguished the various displays physically, then we
should have found maximum generalization across figure-ground
reversal, as only this keeps the curved contour constant. Howev-
er, the opposite result was found, with generalization absent only
for the figure—ground transform.

This demonstrates that the selectivity of IT responses is not
determined simply by the distinctive contours in a display, con-
trary to simple edge-based models of shape recognition discussed
elsewhere>?2. Instead, coding in IT follows similar principles to
that observed for human shape judgments. Human observers
rate the mirror image of an original figure as more similar to the
original display than the original ground'®1%, as confirmed here
for the displays used in our physiological work. This arises even
though the ground shares the same informative contour as the
original figure, and hence has the ‘profile’ of the original figure
embedded in it as background. We found here that IT cells like-
wise generalized more strongly across mirror imaging than across
figure—ground reversal. Our findings for mirror imaging are con-
Contrast reversal
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preferred stimuli across the three stimulus transforms.
Mean firing rate across the population of neurons, for
successive 20-ms time bins, with standard errors.
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(red) stimulus selected for each neuron. (b) Responses
to the contrast-reversed versions of each neuron’s pre-
ferred versus non-preferred stimuli, showing that the
preference is maintained. (c) Responses to the mirror
imaged versions of each neuron’s preferred versus non-
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Fig. 7. Regions of IT cortex in which the cells were recorded, drawn on
sections from the brain of monkey A. Top, locations of these coronal
sections are shown on a schematic monkey brain.

sistent with other single-cell evidence®; the contrast-reversal find-
ings also agree with previous studies®?>. The additional com-
parison with figure—ground reversal here reveals that the selective
responses of I'T neurons correspond with psychological obser-
vations'®~20 on how one-sided assignment of edges to figures
constrains human perception of contoured shapes, and accord
with human similarity ratings.

A longstanding question in vision research!41>18-20 js why fig-
ures and their abutting grounds are perceived as so different in
shape, despite the common contour. One computational proposal
is that the visual system may decompose shapes into convex
parts'®1924, A convexity in the outline of a figure (for example, the
‘nose’ in the face profile at the top left of Fig. 1) will produce a cor-
responding concavity in the abutting ground region of the image,
and vice-versa!®. This will lead to different convex parts on either
side of a given contour. Our finding that IT neurons were driven
by the figural shapes resulting from one-sided edge assignment, not
by contours per se, seems consistent with shape representation with-
in IT in terms of the layout of such component parts>1%24,

We re-analyzed the data in terms of another transform among
the stimuli, to assess this hypothesis further. We correlated stim-
ulus preferences across a transform that can be illustrated with ref-
erence to Fig. 1, comparing the lower left stimulus in the front
panel (stimulus f, Fig. 1) to the top right stimulus in the back panel
(stimulus ¢, Fig. 1), and so on. We thus compared pairs of stimuli
that had the same contrast polarity and faced in the same direc-
tion, but had just the curved edge itself (not the shape as a whole)
reflected. Thus, after figural assignment, the two members of the
pair should have different convex parts. (Indeed, the change in
convex parts is the same as the change for a figure—ground reversal,
except that the parts now ‘point’ in the same direction.) We found
that the (null) correlations across this transform were equivalent to
those for our standard figure—ground reversal transform, averaging
0.09 versus 0.04, respectively, with no difference between the pop-
ulation distributions of these correlations.

Taken together, our results accord with theories of object
recognition that propose!>~20:2526 that one-sided edge assign-
ment precedes shape description in the visual system, with
decomposition into component parts proceeding only for the
figural side of any contour. A rival account?” proposes instead
that part decomposition initially arises for both sides of every
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contour. The present study finds no support for the latter view
at the level of IT responses, as the cells did not respond differen-
tially to the presence of their preferred ‘profile’ in the background
to the current stimulus (for example, Fig. 6d). Instead, our results
show that shape description in IT cortex is entirely constrained by
one-sided assignment of contours to figural objects.

METHODS

Animals and surgery. The experiment was conducted with two male
macaque monkeys (Macaca fascicularis, 4.8 and 5.8 kg). With aseptic
surgery, we placed a recording chamber and inserted a scleral coil in the
left eye. All procedures were approved by the Institutional Animal Care
and Use Committee.

Recording techniques. The activity of single neurons was recorded with
epoxy-insulated tungsten microelectrodes (FHC, Brunswick, Maine) as
the monkey sat in a primate chair, using standard techniques for single-
cell recording’. Action potentials of single cells were amplified using BAK
neurophysiological hardware, passed through a dual-window discrimi-
nator, with output TTL pulses timed to a resolution of 0.1 ms by the
computer controlling the experiment. Maintenance of fixation was con-
firmed using the scleral search-coil technique?’, measuring eye position
with an accuracy of 30" every 16 ms. Data were rejected from trials dur-
ing which the monkey was not fixating appropriately when the stimulus
appeared, or during which eye movements of more than 2° occurred in
the first 600 ms following stimulus onset.

X-radiographs were used to locate the position of the microelectrode
on each recording track relative to bony landmarks. The position of
cells was reconstructed from the X-ray coordinates taken, together with
serial 50-pm histological sections showing the micro-lesions made at
the end of some of the microelectrode tracks. Recording sites were all
located within the lower bank of the superior temporal sulcus and in
the adjacent dorsal part of the inferior temporal gyrus. All recording
sites were localized within cytoarchitectonic areas TEa, TEm and TE3,
as described previously?! (Fig. 7).

Stimulus presentation and task. The 32 visual stimuli (Fig. 1) were stored
digitally on a computer disk, and displayed on a Sony video monitor
using a Data Translation video framestore (512 x 480 pixels; Marlboro,
Massachusetts). Maximum and minimum luminances on the screen were
5.2 and 0.22 footlamberts, respectively. The exposed shape was either
white on a black background, or vice versa (Fig. 1). Each shape averaged
2.8° in width and 3.5° in height, with the center of the curved contour
located centrally at fixation.

Before a trial, the whole screen was gray. The screen then went black or
white for 1 s, so that the subsequent figural stimulus could later appear
against this background with the opposite polarity, which produces entire-
ly unambiguous figural assignment in human observers. This preliminary
change to the luminance of the whole screen was unrelated to our com-
parisons (see also the baseline data, before onset of the experimental stim-
ulus, in Fig. 6). After 1 s, a central fixation dot of opposite polarity to the
rest of the screen appeared for 500 ms. The fixation dot was followed by
the experimental shape for 1 s, then the screen returned to gray for 3.5 s,
before the start of the next trial. The monkeys performed a simple visual
task during testing (adapted from ref. 29) to ensure that they fixated the
stimuli. If the shape shown centrally was any one of the 32 in the experi-
mental set (a black or white shape, Fig. 1), then the monkeys could obtain
a fruit juice reward during its exposure, provided they were fixating with-
in 1° of the central location. If the central shape was a red square (11% of
trials, excluded from analyses), then the monkey had to withhold licking to
avoid ingesting aversive hypertonic saline. A 0.5-s signal buzzer preceded the
presentation of the stimulus. (This sounded concurrently with the central
fixation point.) Thus, if the monkey fixated correctly before the stimulus
appeared, he had sufficient time to discriminate black or white experi-
mental shapes from the red square, and then obtain fruit juice while it was
still available (during the central stimulus).

Before the experiment, the monkeys had been trained on a simple
visual discrimination task. They viewed the monitor with a central fix-
ation point, and could lick to obtain fruit juice when a white or black
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circle was presented centrally for 1 s immediately after the buzzer, but
had to withhold a lick when a red square was presented instead. Having
mastered this with greater than 95% accuracy, they were trained to
maintain central fixation. After several weeks of this training (without
any exposure to the experimental stimuli like those in Fig. 1), the exper-
imental trials were run in blocks of 36, each comprising the 32 experi-
mental stimuli, plus 4 trials with red squares, all in random order. For
each cell studied, three to seven blocks of trials were run, each with dif-
ferent random orders of stimuli.

Analyses. The two monkeys gave the same pattern of results, and so
are considered jointly here. For each trial, the number of action poten-
tials occurring in a 500-ms period starting 100 ms after stimulus onset
was initially considered. This period was chosen because most of the
neurons studied typically showed vigorous responses to visual stim-
uli with latencies just above 100 ms, and the monkeys consistently held
central fixation for the first 600 ms of stimulation. To test whether a
neuron was showing selectivity among the set of 32 shapes, analysis
of variance was performed on the response rates to the different stim-
uli. Only those cells (78/88) that showed a significant effect of stimu-
lus (at p < 0.001 or better) were included in the further analyses
(31 from one monkey, 47 from the other), as only these could address
our experimental questions.

For each of our three orthogonal transformation of the stimuli (con-
trast polarity, mirror-imaging and figure—ground reversal) the set of
32 stimuli can be divided into two subsets of 16, one subset providing
transformed versions of each member of the other subset. To calcu-
late the influence of one specific transformation (such as contrast
reversal) on the stimulus selectivity of a single cell, we correlated the
firing rates to the 16 stimuli in one subset against those for the corre-
sponding members of the other subset (Fig. 2; data from one illustra-
tive cell), using Spearman’s rank-order correlation. This was initially
done for firing rate across the 100-600-ms time bin following stimu-
lus onset, for every cell (Fig. 5).

To see how the correlations (and thus the generalization of stimulus
selectivity across a particular transform) developed over time, we next cal-
culated the correlation coefficients for time bins of increasing extent. These
were calculated for spikes in response to each stimulus in the first 20 ms,
then the first 40 ms, and so on, up to 500 ms after the stimulus period.
Average correlations climbed rapidly to form an asymptote around
200-300 ms after stimulus onset for contrast and mirror-image transforms,
but remained near zero throughout the trial for figure—ground reversal.

As another way to study the effects of stimulus transforms on the
stimulus selectivity of the cell population, we examined how the dif-
ference in responses to the preferred and the non-preferred stimulus
developed over time. This was done for each cell by calculating the
response to its optimal stimulus in successive 20-ms time bins. A sim-
ilar time course of firing rate was then calculated for the ‘non-pre-
ferred’ stimulus for each cell. These values were then averaged across
the population of 78 cells to produce the diagram shown in Fig. 6a.
Analogous procedures were used to plot the responses to contrast-
reversed versions of the same two stimuli (Fig. 6b), mirror-reversed
versions (Fig. 6¢) or figure—ground reversed versions (Fig. 6d).

For the human shape-judgment task, observers were presented with a
sample shape for 400 ms, and two test stimuli were then added to the dis-
play at bottom left and bottom right. They were asked to judge which of
these two test stimuli was more similar in shape to the sample. The test
stimuli were two different shapes drawn with equal probability without
replacement from the following set: the original shape, a contrast reversal,
a mirror reversal, a figure—ground reversal and a shape with a different
contour. Observers indicated by pressing a left or right key which test
shape was more like the sample shape. The 12 repetitions of each of 20
possible permutations of test pairings were averaged together to generate
overall preferences for each type of transform when presented at test.
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