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Shape processing involves a progression from local to global analysis. A key aspect of this is the binding of
distributed local features into an overall form followed by the extraction of the shape independently of its
local contrast and spatial scales, so enabling the shape to be encoded based on its proportions without
reference to its exact size or retinal location. Here we use contour- and surface-defined radial frequency
(RF) patterns in a shape discrimination task, previously thought to reflect a global processing stage that
has reached contrast and scale invariance. We compare performance across different spatial scales for a
wide range of RF patterns (contour spatial frequencies of 0.7–10.0 cpd, pattern radii of 0.5–10.5�), and
sharp- and smooth-edged surface-RF patterns, all at low contrast (5� detection threshold). We show that
shape discrimination thresholds for RF patterns have a complex series of dependencies on stimulus size
(radius), contour spatial frequency (thickness) and contrast, with no scale invariance. Our results are at
odds with earlier work showing no effect of radius and spatial frequency on discrimination thresholds.
We show that this discrepancy can be accounted for by a differential effect of contrast on shape discrim-
ination, with shape invariance only stabilizing at higher contrasts (10–20� threshold).

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Shape processing involves a hierarchical progression from a lo-
cal to global analysis. A key aspect of this progression is the binding
of spatially distributed local features into an overall form, followed
by the extraction of the shape independently of its local contrast
and spatial scales, so enabling the shape to be encoded based on
its proportions without reference to its exact size or retinal location.
The physiological origins of these different shape processing stages
begin in V1 and V2 where local orientation (Hubel & Wiesel, 1968)
and curvature (Dobbins, Zucker, & Cynader, 1987, 1989) are ex-
tracted. These local properties are further processed in V4, where
concentric and curvature based neural responses have been found
(Dumoulin & Hess, 2007; Gallant, Braun, & Van Essen, 1993;
Gallant, Shoup, & Mazer, 2000; Pasupathy, 2006; Pasupathy &
Connor, 1999, 2001, 2002; Wilkinson et al., 2000). Finally, higher
areas, such as the inferotemporal cortex (IT) and the lateral occipital
complex (LOC), contain neurons specialized in detection and recog-
nition of whole objects invariant to position and spatial scale (Fujita
et al., 1992; Gross, Rocha-Miranda, & Bender, 1972; Ito et al., 1995;
Logothetis, Pauls, & Poggio, 1995; Reddy & Kanwisher, 2006).

A stimulus that has been extensively used in the psychophysical
investigation of shape perception tasks is the RF pattern (Wilkinson,
ll rights reserved.

).
Wilson, & Habak, 1998; Wilson & Wilkinson, 1997). This is a radially
modulated circular contour, spatially defined by a fourth derivative
of Gaussian, that represents outlines of simple symmetrical shapes
such as ellipses, triangles and squares (Fig. 1A). Modifications of
such patterns have been used in psychophysical studies to investi-
gate the roles of local and global cues in limiting shape discrimina-
tion at threshold, in which radial modulation thresholds are
measured for the discrimination of the RF pattern from a perfect cir-
cle (Bell et al., 2007; Hess, Wang, & Dakin, 1999; Jeffrey, Wang, &
Birch, 2002; Loffler, 2008; Loffler, Wilson, & Wilkinson, 2003;
Mullen & Beaudot, 2002; Mullen, Beaudot, & Ivanov, 2011; Poirier
& Wilson, 2007; Wang & Hess, 2005; Wilkinson, Wilson, & Habak,
1998; Wilson, 1999). Discrimination of these RF patterns at thresh-
old is thought to activate the entire shape-processing pathway from
the early local to the higher global stages of global processing (Hess
et al., 1999; Jeffrey, Wang, & Birch, 2002; Loffler, 2008; Loffler,
Wilson, & Wilkinson, 2003; Poirier & Wilson, 2007; Wang & Hess,
2005; Wilkinson, Wilson, & Habak, 1998; Wilson, 1999), although
the involvement of the global stages at threshold has recently been
questioned (Mullen, Beaudot, & Ivanov, 2011).

In their seminal paper on RF patterns, Wilkinson, Wilson, and
Habak (1998) found that shape discrimination thresholds for RF
patterns are invariant to manipulations of local shape features,
including the spatial frequency of the contour, the pattern radius,
and the contrast. They concluded that RF shape discrimination
reflects the operation of a global processing stage that has achieved
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Fig. 1. Row (A) gives an examples of the contour- and surface-defined RF patterns used in our experiments. Row (B) represents examples of the size (radius) change of
contour-RF patterns, with the spatial frequency constant. In Row (C), the reverse condition is shown, in which spatial frequency varies and radius is constant. Row (D)
illustrates a condition in which viewing distance is varied and the relationship between spatial frequency and size varies inversely. The icons are for illustration only.
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shape and contrast constancy and so extracts shape independently
of its local properties. Subsequently, however, other studies
exploring a different range of stimulus parameters observed that
varying the spatial frequency of the contour or overall radius of
the shape influenced shape discrimination thresholds (Mullen &
Beaudot, 2002; Mullen, Beaudot, & Ivanov, 2011), arguing against
shape constancy. All studies, however, have found some evidence
for distance scaling with shape discrimination thresholds for par-
ticular RF patterns shown to be invariant to a change in viewing
distance (Mullen & Beaudot, 2002; Mullen, Beaudot, & Ivanov,
2011; Wilkinson, Wilson, & Habak, 1998). Using gabor-based pat-
terns to study global structure rather than RF patterns, Achtman,
Hess, and Wang (2003) demonstrated that mechanisms responsi-
ble for detecting the global shape are broadly tuned to a range of
local shape features, including the carrier spatial frequency and
contrast of the elements, supporting the argument that detecting
shape structure can be based on a global processing analysis at
threshold that is independent of local features. A further important
aspect of shape processing is contrast invariance. Some studies
have concluded that the mechanisms responsible for global shape
detection are contrast invariant for both gabor-based (Achtman,
Hess, & Wang, 2003) and RF patterns (Wilkinson, Wilson, & Habak,
1998). On the other hand, Mullen and Beaudot (2002) using RF pat-
terns found that shape discrimination thresholds are influenced by
the contrast, with increasing contrast leading to a monotonic
improvement in shape discrimination.

Most previous studies of RF patterns have used high stimulus
contrasts, typically 80–100% (Hess et al., 1999; Jeffrey, Wang, &
Birch, 2002; Loffler, 2008; Loffler, Wilson, & Wilkinson, 2003;
Poirier & Wilson, 2007; Wang & Hess, 2005; Wilkinson, Wilson,
& Habak, 1998; Wilson, 1999). Previous studies that have investi-
gated the effect of stimulus contrast suggest that RF pattern dis-
crimination threshold is invariant with stimulus contrast above a
certain level (>10% in Wilkinson, Wilson, and Habak (1998);
>20% in Hess et al. (1999); 50% or higher for elderly subjects in
Wang et al. (2002)). For this reason, RF pattern discrimination is
considered a ‘‘supra-threshold’’ task. The results obtained from
these studies favor the involvement of a global pooling mechanism
in RF pattern discrimination. Although it is known that the perfor-
mance of RF pattern discrimination is affected when stimulus con-
trast is below a certain level, much less is known about how the
visual system handles RF pattern processing when the stimulus
contrast is low, and below 10% or close to contrast detection
threshold. Mullen, Beaudot, and Ivanov (2011) investigated the
RF pattern discrimination at low stimulus contrasts, and their re-
sults clearly indicated that when stimulus contrast was at 5� con-
trast detection threshold, the task of discriminating RF patterns no
longer involved global pooling. They also showed that the radial
modulation thresholds were around 1% (Figs. 2 and 3 in Mullen,
Beaudot, and Ivanov (2011)), higher than the typical 0.3–0.4%
found in previous studies using higher stimulus contrasts. This
suggests that RF pattern discrimination may not be processed by
a fully-functioning global pooling mechanism at low contrast lev-
els and other non-global mechanisms mediate shape processing.
We therefore expect that non-global mechanisms are likely to
determine shape discrimination thresholds at low contrasts.

In this paper, we aim to resolve the controversy over whether the
shape discrimination of RF patterns is invariant with the local cue
changes of pattern radius and contour spatial frequency, taking into
account the effect of contrast. Evidence that shape discrimination
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thresholds are independent of the exact composition of the shape’s
local elements favors the idea that performance is limited at a high-
er, global processing stage. Alternatively, a lack of shape constancy
indicates the importance of local cues in shape processing and sug-
gests that global coding has not been fully achieved. First, we inves-
tigate the effect of contour spatial frequency and pattern size
(radius) of RF stimuli on shape discrimination thresholds over a
range of spatial frequencies (1–10 cpd) and radii (0.5–10�). This is
done for an extensive range of different shapes (radial frequencies
from 2 to 6 cycles/circ). Second, we explore the effect of contrast
scaled at 5–125� detection threshold (3–100% contrast) on shape
discrimination thresholds. We scale RF patterns in multiples of their
detection thresholds to control for the differences in contrast sensi-
tivity across spatial frequency and retinal location. As well as inves-
tigating contrast constancy, this experiment provides an
explanation for why previous results have differed. Last, we use a
new variation of the RF pattern to investigate whether shape dis-
crimination thresholds are invariant with local edge cues. These pat-
terns have a surface luminance different from the background
(called surface-RF) and we investigate the effect of the pattern edge
on shape discrimination thresholds (sharp, high spatial frequency
vs. smooth, low spatial frequency edges). Similar stimuli have been
used in neurophysiological studies of shape processing in primates
(Pasupathy, 2006; Pasupathy & Connor, 1999, 2002) and activate
single neurons in area V4, representing an intermediate stage in
shape processing, which is thought to be global (Pasupathy, 2006).

Overall, for shape discrimination thresholds, we find no evi-
dence for shape constancy across contour spatial frequency, pat-
tern radius or contrast for the contour- and surface-defined RF
patterns. Instead, we find evidence for a weaker form of constancy
in terms of distance scaling in which the effect of spatial frequency
and radius on threshold vary inversely, so maintaining constant
threshold across different viewing distances. These findings dem-
onstrate that the highest stage of global processing, shape invari-
ance, is not established for shape discrimination threshold at low
contrasts, and point to the importance of local cues for threshold
discriminations of RF patterns.
2. Methods

2.1. Stimuli

The stimuli used were achromatic RF and surface-RF patterns.
The RF patterns were radially modulated D4s (fourth derivative
of a Gaussian) (Wilkinson, Wilson, & Habak, 1998; Wilson &
Wilkinson, 1997), with peak spatial frequencies of 1–10 cpd,
whose contrasts were equated in multiples of detection threshold.
These radial frequency patterns are band-limited in spatial
frequency domain, and defined by the equations:

RFðrÞ ¼ Lm½1þ cð1� 4r2 þ 4r4=3Þe�r2 � ð1Þ
rðx; yÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

p
� Rðx; yÞ

r
ð2Þ
Rðx; yÞ ¼ Rmf1þ A sin½fr arctanðy=xÞ þ h�g ð3Þ
r ¼
ffiffiffi
2
p

pxp
ð4Þ

where r is the space constant of RF(r) in degrees, xp is the D4 peak
spatial frequency, R(x, y) is the sinusoidal radial modulation of D4s,
Rm is the mean radius, fr is the radial frequency, A is the amplitude
of the radial modulation, and h is the phase of the modulation (ran-
domly selected in each trial of the experiments). Lm and c are the
mean luminance and contrast, respectively. Circular patterns have
no radial modulation (A = 0, and thus R is constant).

The surface-RF patterns were created by applying a clipping
function on the luminance profile of the RF patterns, such as:

LmðrÞ ¼
1 LmðrÞ > 1
0 LmðrÞ < 0

� �
ð5Þ

where the cut off of the low spatial frequency was 1 cpd.

2.2. Apparatus and calibrations

Stimuli were displayed on a Mitsubishi Diamond Pro monitor
(2070 SB) driven by a VSG 2/5 graphics board (Cambridge Research
Systems) with 15 bits of contrast resolution, housed in a Pentium
PC computer. The frame rate of the display was 120 Hz. The spec-
tral emissions of the red, green and blue guns of the monitor were
calibrated using a PhotoResearch PR-650-PC SpectraScan spectro-
radiometer. The monitor was gamma corrected in software with
lookup tables using luminance measurements obtained from an
OptiCAL gamma correction system interface with the VSG display
calibration software (Cambridge Research Systems). The Smith
and Pokorny fundamentals were used for the spectral absorption
of the L, M, and S cones. From these data, a linear transform was
calculated to specify the phosphor contrasts required for given
cone contrasts. The monitor was viewed in a blacked out room.
The mean luminance of the display was 60 cd/m2. The stimuli were
viewed at 60 cm, and the viewing area had size of 1024 � 768 pix-
els (12.8� � 9.6�). Stimuli were generated on-line, and a new stim-
ulus was generated for each presentation.

2.3. Protocol

In our experiments, cone contrast is expressed in multiples of
detection threshold to eliminate the differences in the contrast
sensitivity as a function of the spatial frequency of the contour.
This allows our stimuli to be matched in terms of suprathreshold
contrast units (i.e. matched in visibility). For this scaling, contrast
detection thresholds were obtained using a two interval forced
choice (2IFC) staircase method for each type of stimulus used:
the contour-RF patterns at each combination of spatial frequency
and radii that we investigated, and the surface-RF patterns with
the different edge spatial frequencies. Unless otherwise given,
stimulus contrast was set to 5� detection threshold.

Shape discrimination thresholds were measured using a 2IFC
staircase procedure in which radial amplitude modulation was var-
ied. The subject was asked to discriminate between a modulated
and non-modulated stimulus (a circle), for contour- and surface-
RF patterns and indicate which interval contained the modulated
stimulus. In all of our 2IFC staircase procedures, modulation (con-
trast or shape) was reduced after two correct responses, and in-
creased after one wrong response, corresponding to a criterion of
71% correct responses (2 down, 1 up staircase). The change was
50% before the first reversal, and 25% after the first reversal. Each
session was terminated after six reversals, and the detection
threshold was computed from the mean of the last five reversals.
All plotted data points show the mean and standard error of at
least 3 threshold measurements. In all procedures, the exact loca-
tion of the stimulus was varied randomly from trial to trial about
the display centre by adding a positional jitter corresponding to
20% of the stimulus radius. The overall presentation of each stim-
ulus was Gaussian contrast enveloped in time with a sigma of
125 ms centered on the temporal window and the stimuli ap-
peared within a temporal interval of 1 s. Auditory feedback was gi-
ven after each trial. A black fixation mark was presented in the
centre of the display and subjects were asked to maintain their



Table 1
The combinations of spatial frequency and radii tested in Figs. 2A and 2B are indicated
by a check. Crosses indicate combinations that could not be tested due to stimulus
resolution limitations. In Fig. 3 an additional combination of SF = 2 cpd and R = 2.5�
was tested.

Radius (�)

0.5 1 2.5 5.5 10.5

Spatial frequency (cpd)
10 U U � � �

5 U U U � �
1 � � U U U
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fixation during the whole presentation. Practice trials were run be-
fore the experiments commenced. All experiments were done un-
der binocular viewing conditions. In Section 3 we plot shape
discrimination threshold as a percent change of the radial ampli-
tude modulation (RAM) rather than absolute units. This is used
since a constant % RAM reflects constant shape proportions and
so is the relevant metric for investigating shape constancy.

2.4. Observers

Six experienced psychophysical observers participated in this
study, two of whom were the authors, while the others were naïve
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Fig. 2A. Shape discrimination thresholds for RF patterns (% RAM) plotted as function of r
frequency (SF) of the pattern is 10 cpd, 5 cpd or 1 cpd, while the radius is 0.5�, 1� or 2.5�. T
the SF varies, while the right column shows the condition in which SF is fixed at 1, 5 or
with regard to the aims of the experiments. All have normal, or cor-
rected to normal vision, and all have normal color vision according
to the Farnsworth-Munsell 100-Hue Test.
3. Results

3.1. RF contour spatial frequency and scaling effects

In this experiment we investigate whether the contour spatial
frequency and the size (radius) of the stimuli affect shape discrim-
ination thresholds for RF patterns matched for visibility in multi-
ples of detection threshold. We varied independently the contour
spatial frequency and the pattern radius (see Fig. 1C and B) for ra-
dial frequency patterns over the range from 2 (oval) to 6 (hexagon).
We examined a range of radii (0.5�, 1�, 2� and 2.5�) and contour
spatial frequencies (1, 2.5, 5 and 10 cpd), as detailed in Table 1.
Some combinations could not be obtained due to stimulus resolu-
tion limitations. Results are shown in Fig. 2A for one observer and
the average of three observers in Fig. 2B. For all observers, there
was significant effect of varying the contour spatial frequency
while the radius was fixed (left columns in Figs. 2A and 2B). Data
for all observers were consistent and in the range 1–10 cpd average
thresholds for the higher spatial frequency are better than for the
lower spatial frequency at each fixed radius. Figs. 2A and 2B (right
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he left column shows the condition in which the radius is fixed at 0.5�, 1� or 2.5� and
10 cpd and the radius varies. Error bars are ±1 standard error of the mean (SEM).
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I.V. Ivanov, K.T. Mullen / Vision Research 52 (2012) 1–10 5
columns) show the condition where spatial frequency is fixed and
the radius is varied. It is clear that there is significant improvement
of performance (lower thresholds) for the longer stimulus radii at
each contour spatial frequency. These results indicate that, over
the range investigated, the shape discrimination thresholds are
dependent both on the contour spatial frequency and on the size
(radius) of the patterns.

We next investigated directly whether shape discrimination
thresholds are robust to changes in viewing distance (Fig. 1D).
Fig. 3 shows individual and group results when the relationship be-
tween spatial frequency and size is varied inversely, as when view-
ing distance is varied. Shape discrimination thresholds are plotted
as function of the radial frequency investigated. Data are for the
individual observers and the average of the group. To test for sig-
nificant difference in the group data we used a one-way ANOVA,
post hoc corrected with Tukey’s honesty criterion. For each condi-
tion (RF2, RF3, RF4, RF5 and RF6) an ANOVA with a factor of stim-
ulus features (R = 0.5� and SF = 10 cpd vs. R = 1� and SF = 5 cpd vs.
R = 2.5� and SF = 2 cpd) was used to test for any main effects. The
average shape discrimination thresholds, for the three different ra-
dii and spatial frequency combinations tested (R = 0.5� and
SF = 10 cpd; R = 1� and SF = 5; R = 2.5� and SF = 2 cpd) were not sig-
nificantly different for the conditions tested (RF2: F(2,8) = 0.76,
p = 0.5; RF3: F(2,8) = 3.07, p = 0.12; RF4: F(2,8) = 1.6, p = 0.27;
RF5: F(2,8) = 0.7, p = 0.53; RF6: F(2,8) = 4.3, p = 0.07). The results
are consistent with the data in Figs. 2A and 2B in which it was ob-
served that an increase of pattern spatial frequency or radius re-
sults in lower shape discrimination thresholds. These results as
well as the results in Figs. 2 indicate that, over the ranges investi-
gated, the shape discrimination thresholds are dependent on the
spatial frequency as well as on the size of the pattern. Distance
scaling is obtained as the effects of spatial frequency and radius
on threshold vary in inverse proportion.

For two observers, we further expanded the parameter space and
investigated a larger range of radial frequencies (2–32 cycles/circ)
and radii (2.5–10.5�), while the contour spatial frequency was fixed
at 1 cpd. Results are presented in Fig. 4. Shape discrimination thresh-
olds in percent radial amplitude modulation are plotted as function
of radial frequency (Fig. 4). It is evident that at all pattern radial fre-
quencies investigated there was an improvement in performance
(lower thresholds) with increasing radius. Thus, these results
(Figs. 2A–4) differ from those of Wilkinson, Wilson, and Habak
(1998), who demonstrated invariance of thresholds over a similar
range of spatial frequency and radius that we investigated in Figs. 2.

3.2. RF contour contrast effect

One of the key differences between our experiments and those
of Wilkinson, Wilson, and Habak (1998) is the contrast of the stim-
uli used. In our study, stimuli are presented at five times detection
threshold, whereas Wilkinson, Wilson, and Habak (1998) pre-
sented stimuli at a fixed 100% contrast. This suggests that there
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may be an important role of contrast in shape discrimination. To
investigate this we first repeated one of the conditions in the origi-
nal study using high contrast stimuli in order to verify the results
of Wilkinson, Wilson, and Habak (1998) for our experimental set-
up. Results from this control experiment are shown in Fig. 5, in
which we fix the radius of the RF pattern at 5� and vary the spatial
frequency (5 cpd and 10 cpd). The data are the average across two
subjects and show no significant effect of the spatial frequency on
the shape discrimination thresholds, replicating the results of
Wilkinson, Wilson, and Habak (1998). These data confirm that
differences between our data and the earlier study of Wilkinson,
Wilson, and Habak (1998) are genuine and may reflect the impor-
tant role of stimulus contrast in shape discrimination tasks.

In Fig. 6 we investigate the effect of contrast on discrimination
thresholds for spatial frequencies 1 cpd and 5 cpd at a smaller fixed
size (R = 2.5�) and for spatial frequencies 5 cpd and 10 cpd at a
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SF = 5 cpd. Error bars are ±1 SEM. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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smaller fixed size (R = 1�) for a fixed radial frequency (RF = 4). In
the left plot, stimuli were presented at contrasts from 5� to 55�
contrast detection threshold (CDT) for a contour SF of 5 cpd (55�
CDT = 100% contrast) and from 5� to 125� CDT for SF = 1 cpd
(125� CDT = 100% contrast), both at R = 2.5�. In the right plot, for
R = 1�, stimuli were presented at contrasts from 5� to 35� CDT
for a contour SF = 10 cpd (35� CDT = 100% contrast, on average)
and from 5� to 75� CDT for SF = 5 cpd (75� CDT = 100% contrast,
on average). It is evident that shape discrimination thresholds vary
differentially with contrast and are significantly different at lower
contrasts, while at the higher contrasts the difference is not signif-
icant. The data from this experiment are consistent with earlier
data from Mullen and Beaudot (2002) showing that shape discrim-
ination improves with contrast and suggest an important role of
contrast in shape discrimination tasks. We conclude that the rea-
son Wilkinson, Wilson, and Habak (1998) found that contour spa-
tial frequency and radius have no effect on shape discrimination
was due to the high stimulus contrasts used.
3.3. Surface-RF pattern discrimination for sharp (high spatial
frequency) vs. smooth (low spatial frequency) edges

In this experiment we compared shape discrimination for sur-
face-RF patterns with high and low spatial frequency edges. We ar-
gue that an effect of spatial frequency on shape discrimination
threshold for these patterns would suggest that a similar mecha-
nism is processing contour and surface defined RF patterns. Results
from this experiment are shown in Fig. 7 for the two different stim-
ulus conditions (sharp- and smooth-edged) for the four subjects
that took part in this experiment. Fig. 7A shows individual data
for a typical observer (IVI), for the sharp- and smooth-edged con-
ditions. Data for the other observers are similar, and the average
of all are shown in Fig. 7B. Shape discrimination thresholds are
plotted as function of the different radial frequencies tested (2–
16 cycles/circ) at fixed radius of 2�. Shape discrimination thresh-
olds for the smooth condition are on average 2.5� higher than
the thresholds for the sharp condition and are significantly
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different. The very steep decline in thresholds in the smooth con-
dition (Fig. 7A and B, circles) demonstrates an improvement of
shape discrimination performance with the increase of the radial
frequency from 2 to 5, which is similar to results reported previ-
ously for RF contour patterns (Mullen & Beaudot, 2002; Mullen,
Beaudot, & Ivanov, 2011). This steep decline in shape discrimina-
tion with increasing pattern frequency has been attributed to the
local orientation variations in the contour (Mullen, Beaudot, &
Ivanov, 2011). In Fig. 7A and B (squares) individual data of a typical
observer and the average of the group are shown, respectively, in
the sharp surface-RF pattern condition. It is evident that for radial
frequencies above 3 cycles/circ. shape discrimination thresholds
are constant in contrast with the steep decline in thresholds for
the smooth condition. This type of performance, for RF patterns,
has been reported by Wilkinson, Wilson, and Habak (1998) and ar-
gued to indicate the global processing nature of shape discrimina-
tion at threshold. Thus, our results that discrimination thresholds
are constant for radial frequencies above 3 cycles/circ in the high
frequency condition and the decline in thresholds for radial fre-
quency from 2 to 5 in the low spatial frequencies condition are
compatible with those for the contour-SF condition in Fig. 2B.
4. Discussion

The purpose of this study was to resolve the controversy over
whether the shape discrimination of RF patterns is invariant with
the local cue changes of pattern radius and contour spatial fre-
quency, as proposed by Wilkinson, Wilson, and Habak (1998)
and supported by the data of Achtman, Hess, and Wang (2003),
and to investigate the effect of contrast on this. As reviewed in
the Introduction, the previous literature on this issue has been con-
flicting and unresolved, with some studies finding that shape dis-
crimination is invariant with pattern size (radius), contour spatial
frequency, and contrast (Achtman, Hess, & Wang, 2003; Wilkinson,
Wilson, & Habak, 1998), while others have shown a dependence on
these features (Mullen & Beaudot, 2002; Mullen, Beaudot, & Iva-
nov, 2011). At issue is the question of the stage in the shape pro-
cessing hierarchy at which shape discrimination thresholds are
limited. Wilkinson, Wilson, and Habak (1998) found that the RF
patterns at threshold always had the same proportions, since radial
modulation at threshold was always a constant % of the radius, de-
spite differences in spatial frequency, radius, and overall pattern
shape (radial frequency). They argued that this was consistent with
threshold reflecting a global processing stage that had achieved
shape constancy, a result which was backed-up by other lines of
evidence presented in support of global processing. On the other
hand, Mullen, Beaudot, and Ivanov (2011) using low contrast stim-
uli argued that shape discrimination thresholds are limited by the
ability to detect local variations in orientation or curvature of the
contour, and demonstrated that the influence of the parameters
of stimulus size (radius) and radial frequency on shape discrimina-
tion could be understood in terms of their effect on local orienta-
tion and curvature cues. Global pooling mechanisms, however,
may fail at low contrasts allowing non-global mechanism to limit
shape discrimination. Thus in order to understand the nature of
the differences among the studies and resolve these issues, we
used an extensive range of parameters to cover those used in pre-
vious studies, which have typically used different ranges of spatial
frequency and radii (Wilkinson, Wilson, & Habak, 1998; Mullen &
Beaudot, 2002; Mullen, Beaudot, & Ivanov, 2011). We have also
investigated the role of contrast, which we show to be key to the
issue.

The range of spatial frequencies and radii we use in this paper
(1–10 cpd, 0.5–10�) includes most of the combined ranges used
by both Wilkinson, Wilson, and Habak (1998) (4–16 cpd, 0.25–1�)
and Mullen, Beaudot, and Ivanov (2011) (0.75–6 cpd, 0.3–2.4�),
with the exception of the extreme values at either ends of the range.
Our results (Figs. 2–4) demonstrate a clear effect on shape discrim-
ination thresholds of spatial frequency at a fixed radius, with
threshold improvements found for contours with higher spatial fre-
quencies. Threshold improvements were also found for shapes with
larger radii at a fixed spatial frequency, consistent with effects re-
ported previously (Mullen & Beaudot, 2002; Mullen, Beaudot, &
Ivanov, 2011). Across the data in Figs. 2–5 there is also an effect
of radial frequency on shape discrimination threshold, with
improvements in threshold for RF shapes from 2 to 4 cycles
(ovals–squares) and optimal thresholds for shapes with 4 to 6 cy-
cles (squares–hexagons), also consistent with previous results
(Mullen & Beaudot, 2002; Mullen, Beaudot, & Ivanov, 2011). Thus
these results, in general, argue against the existence of shape
constancy at threshold.

A more specific effect, that of distance scaling, was confirmed by
the data (Fig. 3). If contour spatial frequency and radius are varied
in inverse proportion, as occurs when viewing distance is changed,
shape discrimination thresholds remain constant. We show this ef-
fect holds across different RF shapes from 2 to 6 cycles/circ. In
other words, we find that thresholds are constant in terms of shape
proportion (% RAM) as long as the ratio of contour thickness (1/SF)
to radius is fixed. This effect has been reported previously for two
different ratios of contour thickness to radius, one similar to the
one we used here (Wilkinson, Wilson, & Habak, 1998) and one very
different (Mullen, Beaudot, & Ivanov, 2011), and hence this effect
appears to be quite general. It is important to note, however, that
this effect is not part of a more general principle of shape con-
stancy, as we discounted above.

The clear improvements in shape discrimination we find with
increasing contour spatial frequency and increasing shape size (ra-
dius) clearly differ from the results reported by Wilkinson, Wilson,
and Habak (1998), who found invariance with these parameters.
The source of the differences appears to be the stimulus contrast
used; we use a relatively low contrast of five times detection
threshold, whereas Wilkinson, Wilson, and Habak (1998) used a
fixed contrast of the maximum value (100%). We first replicated
their results for our stimuli presented at 100% contrast (Fig. 5),
so discounting any other differences between the two experiments.
We then demonstrated that contrast has a differential effect on
shape discrimination thresholds depending on the spatial fre-
quency of the contour (Fig. 6). We find an exponential improve-
ment in threshold as a function of contrast, reaching an
asymptote at high contrasts, as previously reported using different
stimulus parameters (Mullen & Beaudot, 2002). These differences
remain even when stimuli are scaled in units of % contrast. At a
contrast of approximately 55� detection threshold, shape discrim-
ination thresholds for both the larger patterns tested (1 and 5 cpd;
2.5�, Fig. 4A) had asymptoted to the same threshold value. Similar
asymptotic behavior was observed for the smaller patterns tested
(5 and 10 cpd; 1�, Fig. 4B, with asymptotic value reached at 20�
detection threshold). At contrasts below this, there was a steeper
loss of shape discrimination thresholds for the lower spatial fre-
quency. Thus at very high contrasts, the differential effects of pat-
tern radius and contour spatial frequency, which are apparent at
lower contrasts, disappear. Our results suggest that interactions
among stimulus contrast, contour spatial frequency and radius
can influence shape discrimination and are indicative of the role
of local shape cues in determining threshold. Similar effects may
also account for the invariance with spatial frequency found in
other shape discrimination studies (Achtman, Hess, & Wang, 2003).

The significant influence of contrast, contour spatial frequency
and radius on shape discrimination thresholds suggests that local
cues may limit shape discrimination at threshold. Mullen, Beaudot,
and Ivanov (2011) have shown that the shape discrimination
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threshold for a single cycle of an RF pattern presented alone is as
good as for the whole pattern, indicating that information within
a single cycle is sufficient to support threshold and arguing against
an influence of global processing. Stimulus presentations using less
than a single cycle produced a sharp deterioration in threshold,
suggesting that optimal thresholds require the integration of infor-
mation across one whole RF cycle. Thus, although not global in the
sense of requiring pooling of information across the whole RF
shape, the requirement of a single cycle for shape discrimination
is also not strictly local in the sense that it cannot be computed
by single, orientation-tuned neurons in V1. Instead, discrimination
based on a single RF cycle requires the estimation of the pattern
origin and the appropriate orientation or curvature computations
along the pattern cycle, and so is likely to engage an intermediate
stage of contour processing of the type that might be found in V2
or V4 (Pasupathy, 2006; Pasupathy & Connor, 1999). Mullen, Beau-
dot, and Ivanov (2011) used a model that calculated the orientation
variation in one RF cycle to predict the improvement in threshold
found as RF shape (radial frequency) increased from 2 to 6 cycles,
however, other quasi-local cues such as curvature may also be
used.

The use of quasi-local cues such as orientation variation and
curvature to determine threshold provides a basis for understand-
ing the influence of stimulus parameters such as contrast, contour
spatial frequency and radius. Contrast is known to influence orien-
tation discrimination, with performance improving with contrast
until asymptotic performance levels are reached, typically by about
10% contrast, but depending on the stimulus area (Mareschal &
Shapley, 2004; Webster, De Valois, & Switkes, 1990). This effect
is probably mediated through the effect of contrast on the recep-
tive field properties of V1 neurons (Angelucci et al., 2002; Kapadia,
Westheimer, & Gilbert, 1999; Sceniak et al., 1999). Orientation dis-
crimination also depends on stimulus spatial frequency with per-
formance deteriorating at lower spatial frequencies below 1 cpd
(Burr & Wijesundra, 1991), an effect which is also contrast depen-
dent. Thus the interactions between contrast, spatial frequency and
stimulus area are complex, even for simple grating stimuli, but in
general predict better orientation discrimination for higher con-
trasts and higher spatial frequencies. Our shape discrimination
thresholds show a similar broad dependence on contrast and spa-
tial frequency, supporting the importance of quasi-local cues at
shape discrimination threshold. The saturation of orientation dis-
crimination at high contrasts may account for why shape discrim-
ination thresholds asymptote at high contrasts. The deterioration
in orientation discrimination at low spatial frequencies may also
contribute to the deterioration of shape discrimination thresholds
for thicker contours below 1 cpd. This effect will also be influenced,
however, by the increase in the orientation bandwidth of the stim-
uli at lower spatial frequencies, which depends on the aspect ratio
of the local contour, since broader orientation bandwidths are
associated with reduced orientation discrimination (Beaudot &
Mullen, 2005, 2006). It is interesting that distance scaling pre-
serves the aspect ratios of the stimuli, and also preserves shape dis-
crimination thresholds.

We have also shown that increasing stimulus size (radius) im-
proves shape discrimination thresholds, and it is surprising that
this effect continues even up to extremely large stimuli with radii
of 10.5�. In fact, some of the best thresholds we obtained were for
the largest pattern used (10.5�). We note that this improvement is
in shape discrimination thresholds expressed as a proportion of the
radius (% RAM) (Fig. 4), showing that shape proportion is not main-
tained at threshold with increasing radius but becomes closer to
the perfect circle. This effect is not what would be expected from
a global process that has shape constancy, and suggests that other
factors are influencing threshold. For example, curvature decreases
with increasing radius, and Watt and Andrews (1982) have found
that curvature discrimination (for curved lines of fixed length) is
better for lower compared to higher curvatures, suggesting that lo-
cal curvature discriminations may be better for larger RF patterns
with lower curvatures than for smaller patterns with higher
curvatures.

We also tested some of our results on filled patterns (Fig. 7),
chosen because they are very similar to stimuli that activate single
neurons in primate V4 (Pasupathy, 2006; Pasupathy & Connor,
1999, 2002). The results generally support our findings for the con-
tour-based RF patterns. There is a clear effect of edge properties on
shape discrimination thresholds. Stimuli with sharp edges, con-
taining high spatial frequencies, are much better discriminated
(by about 4-fold) than those with smoothed edges containing only
lower spatial frequencies. This is similar to the spatial frequency
effects found for the RF patterns in Figs. 2A and 2B. Thresholds
for the sharp-edged filled patterns were similar to the thresholds
of the contour based patterns (at equivalent radii), generally sup-
porting the idea that similar mechanisms are processing both con-
tour- and surface-defined RF patterns. The sharp edged stimuli
appear to have a flatter dependence on radial frequency than the
smoothed-edge ones, resembling the data of Figs. 2A and 2B,
although this would have to be confirmed on more subjects.

Wilkinson, Wilson, and Habak (1998) and Achtman, Hess, and
Wang (2003) argue that because performance remains invariant
with local cue changes (such as radius, spatial frequency and con-
trast among others) shape discrimination thresholds are limited by
global pooling. In our experiments shape discrimination is clearly
not invariant with the systematic manipulation of a series of single
local features such as spatial frequency and size at relatively low
contrasts. At higher contrasts (10–20� threshold) there is, how-
ever, much less dependence on spatial frequency and radius. This
suggests that non-global processing is involved at low contrasts,
whereas performance may still be limited by global processing at
higher contrasts.

5. Conclusions

We show that shape discrimination thresholds for RF patterns
have a complex series of dependencies on the stimulus size (ra-
dius), contour spatial frequency (thickness) and contrast. Because
these dependencies saturate at high contrasts, these relationships
were not found in previous studies that used high stimulus con-
trasts. We conclude that there is no evidence for shape constancy
at shape discrimination thresholds for radial frequency patterns,
although distance scaling of threshold for stimuli of fixed propor-
tions is found. We show that discrepancies between earlier studies
can be accounted for by a differential effect of contrast on shape
discrimination, with shape invariance only stabilizing at higher
contrasts (10–20� threshold). Our interpretation of the lost shape
constancy at low contrast is that shape discrimination may be lim-
ited by non-global processing.
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