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Abstract Human observers achieve a -surprising
precision in many visual judgements, such as esti-
mating relative position, colinearity and the regular-
ity of shape. We measured the sensitivity in detect-
ing shape deformations by presenting a square si-
muitaneously with a rectangle of variable aspect ra-
tio, or a circle with an ellipsoid. Weber fractions ap-
proach 3-5% and improve to approximately 1%
when subjects are asked to tell which of the two ob-
jects was ‘oriented more vertically’, instead of iden-
tifying the square or circle. Contour position can be
judged with a precision of 10-20 arc s, clearly in the
hyperacuity range and also beyond the thresholds
known for detecting differences in the curvature of
comparable line segments. Our results suggest that
detecting deformation in rectangles seems to rely on
aspect ratio, whereas performance is improved for
ellipsoids by a high sensitivity for changes in local
curvature.

In everyday life human observers show extreme sen-
sitivity to subtle distortions in the visual scene, such
as pictures slightly out of balance and minute defor-
mations of ideal shapes (Braitenberg 1984). Many
visual judgements go far beyond the spatial resolu-
tion of the human visual system, the classical exam-
ple for such hyperacuity being the detecting the mis-
alignment of two line segments in a Vernier stimulus
(Klein and Levi 1985; Morgan 1991). We analysed
the limiting factors for detecting the distortion of a
perfect circle or square, because the information
that can be used to evaluate these simple shapes is
restricted and well defined. To discriminate a per-
fect square from a rectangle with non-identical side
lengths the visual system needs to estimate width
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and height and- assess shape on the aspect ratio.
Changes in local curvature could be used in addition
to solve the corresponding task for a circle and el-
lipse. It has been known for some time that human
observers and monkeys can detect 2-6% changes in
the aspect ratio of ellipses (Laursen and Rasmussen
1975). Sensitivity is highest for shapes approaching
perfect squares and circles, when subjects estimate
the aspect ratio of rectangles or ellipsoids in the ab-
sence of absolute size cues (Regan and Hamstra
1992). This might indicate a special role for regular
shapes or ‘good form’, as suggested by Gestalt psy-
chology (Wertheimer 1923). By measuring thresh-
olds for detecting deformed shapes, the purpose of
our study was to compare directly the performance
for squares and circles, and thus to assess the role of
curvature information in the shape perception.

A square, or circle, was presented together with a
rectangle, or ellipse, that was extended vertically or
horizontally while keeping the area constant. The
amount of deformation was varied by adjusting the
radii (or side length in the case of rectangular
shapes) in horizontal (a) and vertical (b) direction
(see inset in Fig. 1). The average radius of the ellipse -
(or half side length of the rectangle, r), the horizon-
tal separation between the two objects (d) and the
presentation duration (T), were treated as stimulus
parameters. A fixation cross was presented between
the two objects, or free eye movements were al-
lowed. Stimuli were presented on a monitor (Eizo
T662, 1024 x 784 pixel resolution) driven by a digital
stimulus generator (VSG 2/3, CRS) at a frame rate
of 61 Hz. A blank screen was shown before and aft-
er the stimulus. The shapes were plotted as dark
lines (minimum luminance 1.6 cd/m?) with a triangu-
lar profile (four pixel half-width) on a bright back-
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Fig. 1. a) Psychometric curves showing the
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proportion of decisions as a Function of object
delermation Ar (shapes below abscissa) for
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four different object sizes r (indicated by four
dilferent symbols: see /nser). Data are pooied

for circles and squares, and for fixation and
free eye movement conditions. b) Thresholds
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ground (70 cd/m*). The graded luminance profile al-
lowed the line position to be defined with a preci-
sion beyond the monitor resolution by shifting the
centre of the intensity distribution in sub-pixel steps
(see Morgan and Watt 1982). The angular size of
each screen pixel was 0.61 arc min at the default
viewing distance of 200 em.

Five subject with sight that was normal or corrected
to normal (aged 23-45 years) took part in the ex-
periments: one of the authors and four experienced
observers naive to the purpose of the experiment.
They were asked to decide which of the two simulta-
neously presented objects was the square/circle,
compared to a horizontally or vertically elongated
rectangle/ellipse. No feedback was provided. The
position and orientation of the elongated object was
varied in pseudo-random order, leading to equal
numbers of horizontally or vertically oriented ob-
jects and perfect shapes on each side. The location
ol each object on the screen was varied randomly
within the range of the maximum deformation to ex-
clude absolute position cues. A set of stimuli with
variable deformation Ar=a-b was randomised in a
method of constant stimuli. Stimulus parameters (r,
T or d) were varied between blocks of tests, and cir-
cles and squares were tested in interleaved blocks
with and without fixation target. The number of cor-
rect responses was converted into the number of de-
cisions in which the more vertical object was consid-
ered to be the circle (see Fig. la), and deformation
thresholds were calculated by Probit analysis (Fin-
ney 1962) from psychometric curves with data
pooled for the two orienfations.

The most obvious stimulus parameter affecting per-
ceived shape distortions is the overall dimension of
the stimulus. The size # of the objects was varied be-
tween blocks of 100 decisions in a range between 32
and 256 pixels, corresponding to 0.33° and 2.60°
(separation d =312 pixel, duration 7=1s). Within
cach block the deformation Ar was varied between
0.5 and 8 pixel to generate horizontally (4r>0) and
vertically (4r<() elongated shapes. The slopes of
the average psychometric curves plotted in Fig. 1a
increase with decreasing r, without any obvious
asymmetry between vertical and horizontal defor-
mations. Deformation thresholds, calculated from
the number of correct decisions for each deforma-
tion Ar, are plotted separately in Fig. 1b for the two
viewing conditions and for both shapes. Apart from
the strong increase in thresholds with object size r,
there seems to be a trend that free eye movements
improve the performance, and that deformations are
better detected in circles than in squares. The mini-
mum threshold of 1.22 pixel for the smallest circle
with fixation corresponds to a contour displacement
of 0.7 arc min, close to the human resolution limit.
Thresholds plotied as Weber fractions (Fig. 1lc)
show only little variation for the three small objects.
Because the distance of the object border to its cen-
tre varies for the square, and its average differs from
that of a circle with a diameter equal to the side
length of the square, Weber fractions are shown as
function of the half sguare root of object area, r'.
Even after this re-scaling of object size, the perform-
ance for circles, slightly below 4%, tends to be bet-
ter than that for squares which stay around 5% un-
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der the optimum conditions tested here. This basic
result holds for a range of horizontal separations be-
tween the objects between d=160 and 340 pixel,
and in a first approximation also for a range of pres-
entation durations between 7T=250 and 4000 ms
{data not shown).

The horizontal and vertical extent of an object could
either be ‘measured’ from a static retinal projection,
or the motor signal of scanning eye movements
could be used to estimate the distance between
image points. Although one may question the preci-
sion of eve movements, there are hints in our data to
support such a view. In Fig. 2a deformation thresh-
olds from all circle/ellipse experiments are plotted as
a scatter diagram, with each point representing a
pair of thresholds measured for the same stimulus
with fixation spot and with free eye movements, re-
spectively. The majority of data points above the di-
agonal show that thresholds are increased under fix-
ation conditions (the same pattern of results is
found for squares/rectangles). Although this indi-
cates that allowing eye movements can improve per-
formance, one cannot conclude that they are used to
estimate object dimensions as such. The informal
observation that subjects alternate their gaze be-

Fig 2. a) Scatter diagrams plotting the thresholds for the detection of
shape deformation in circles with free eye movements (ehscissa) and
fixation ol a central target {ordinate) against each other for a variety
of conditions (variations in size. separation, stimulus duration, indi-
cated by different symbols). Each data point one puir of thresholds
measured in an individual subject in two tests with and without {ixa-
tion but with otherwise ideatical stimulus parameters. b} Scaiter dia-
grams showing the relationship between the detection of shape defor-
mation in squares {ordinate} and circles (abscissa) for the control task
in which the subjects had to identify the more vertical object. Ten
pairs ol deformation thresholds from each of two subjects {different
symbols). Performance was optimised by using small circles (r=04
pixel), medium inspection Limes (T=1 ) and {ree viewing. The over-
whelming majority of data points lie above the diagonal. indicating a
higher sensitivity for circies
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tween the two objects could be interpreted as in-
volvement of eve movements in the comparison
process.

Our subjects frequently reported that they clearly
could discriminate the two objects in our stimuli but
were not sure which was the perfect circle (or
square), suggesting that the reference to a memory
representation of the regular shape impairs per-
formance. In a control experiment, using exactly the
same stimuli, the subjects therefore were not asked
to identify the circle or square shape, but they had
to decide which of the two objects is ortented more
vertically. This implicit discrimination task leads to
considerably lower thresholds than the explicit task
to identify the regular shape. To assess performance
limits, two subjects were given extensive practice in
a large number of sessions. When thresholds ap-
proached an asymptotic plateau, subjects were
tested with circles and squares in ten sessions, each
of which comprised one square and one circle
threshold measurement, in counterbalanced order.
The small deformations necessary for these highly
trained subjects were made possible by extending
the viewing distance to 4 m and using a set of small-
er deformations, now ranging from 0.25 to 4 pixel.
Figure 2b presents the results from this experiment
as a scatter diagram of thresholds for rectangles
plotted against those for ellipses. From the majority
of the data points Ilving above the diagonal it is ob-
vious that thresholds are generally higher for the
rectangular shapes. The difference of the thresholds
for the two conditions are highly significant for both
subjects (JMZ:13.2+0.80 arcs and 20.6%24 arc
min for circles and squares, respectively, P<0.02,
Student’s ¢ test; TIM:152+14 and 21.431.5,
P <0.01). The range of thresholds measured in this
experiment, between 10 and 20 arcss, is clearly be-
low the resolution limits of the human visual system
and compare well with the limits for other hyperacu-
ity tasks (Westheimer 1981).
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Our experiments confirm that human observers can
detect deformations of regular shapes, such as a per-
fect circle or square, with a high precision, reaching
Weber fractions below 5% at optimum conditions
for identifying circles or squares. Deformation
thresholds decrease into the hyperacuity range if
memory-based identification of the regular shape is
not required. What is the mechanism underlying this
impressive discrimination performance? If the de-
tection of shape deformation were exclusively based
on the aspect ratio of the objects, one would expect
a similar performance for squares and circles.
Squares might even be expected to be superior to
circles because the dimensions should be much eas-
ler to estimate along the extended horizontal and
vertical lines of a square than relying on the widest
and most narrow diameters in an ellipse. However,
our observers performed much better with circles
than with squares, and a similar but weak trend may
be found in the data of Regan and Hamstra (1992).
1t is of particular importance that our subjects had
reached optimum performance after extensive prac-
tice in both tasks, and were tested in alternation
with the two shapes within each session. The advan-
tage of circles over squares indicates that curvature
plays an imnportant role in solving our detection task.
QOur thresholds for detecting deformations convert
into differences in curvature in the range of 0.00037
and 0.00017 arc min (for comparable defauit and
control conditions). These values are much lower
than those described in the literature for isolated
circle segments of similar geometry (Foster et al.
1993), which lie above 0.002 arc min at curvatures of
(.01--0.02 arc min. This suggests that curvature infor-
mation is integrated along the contours of the circle,
thus improving performance over isolated line seg-
ments. Similar conclusions about the importance of
global processing were drawn from rather different
cxperiments involving orientation discrimination of
symmetrical patterns such as ellipses {Li and West-
heimer 1997) and the detection and identification of
radial frequency patterns featuring variations in lo-
cal curvature (Wilson et al. 1997, Wilkinson et al.
1998).

It is well known that two paositions in the retinal
image can be compared with much higher accuracy
than that provided by the spatial resolution of the

visual system (Klein and Levi 1985; Morgan 1991;

Wilson 1986). The processing of curvature, requiring
the comparison of relative position of at least three
points in space. seems to reach similar limits (Watt
and Andrews 1982; Whitaker et al. 1993; Kramer

and Fahle 1996). The results from our simple stimu-
lus condition, so far only tested for a limited range
of stimulus parameters, indicate that sensitivity in
shape discrimination may rely critically on changes
in local curvature along the circumference of an el-
lipse. This indicates a specific role for the integra-
tion of relative position information (see Field et al.
1993; Wang and Levi 1994; Mussap and Levi 1996)
in highly accurate shape perception.
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