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Abstract

We consider how local motion signals are combined to represent the movements of spatially extensive objects. A series of band-
pass target dots, whose collective motion defined a moving contour, was positioned within a field of randomly moving noise dots.
The visibility of the contours did not depend on the direction of movement relative to local contour orientation unless the contour
was constrained to pass through fixation, suggesting that a previously reported advantage for collinear motion trajectories depends
on the probability of detecting any of the target elements rather than the integrated contour. Contour visibility was invariant of the
spatial frequency of the elements, but it did depend on the speed, number and spacing of elements defining it, as well as the angle and
spatial frequency difference between adjacent elements. Local averaging of directional signals is not sufficient to explain these results.
The visibility of these moving contours identifies narrow-band grouping processes that are sensitive to the shape defined by the

directions of the elements forming the contour.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

The underlying processes that support the integration
of stationary structure across visual space have been
widely investigated with contour detection tasks intro-
duced by Field, Hayes, and Hess (1993). In these tasks,
observers are required to detect a contour defined by a
number of narrow-band elements that are embedded in
a large array of similar, but randomly oriented elements.
The fact that contours are quite visible even when ad-
jacent contour elements are widely spaced, or when they
differ greatly in orientation or phase, means that it is
unlikely that contours are detected by conventional re-
ceptive fields (Hess & Dakin, 1997); instead the results
suggest that the responses of local units are grouped/
integrated in order to signal the presence of a contour.
For static stimuli, the constraints on grouping are fairly
well established: the visibility of contours increases with:
the length and straightness of the path (Field et al., 1993;
Mullen, Beaudot, & Mcllhagga, 2000; Pettet, 1999), al-
though closure of highly curved contours can increase
visibility, (Kovacs & Julesz, 1993); with increased ex-
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posure duration (Roelfsema, Scholte, & Spekreijse,
1999); and with the similarity in the phase (Dakin &
Hess, 1999; Hess & Dakin, 1999; Keeble & Hess, 1999)
or spatial frequency (Dakin & Hess, 1998a, 1998b, 1999)
of the elements defining the contour. Contours can also
be integrated within and across depth with similar fac-
tors determining visibility (Hess & Field, 1995; Hess,
Hayes, & Kingdom, 1997).

A number of recent studies have examined how
temporal relationships among isolated elements can be
used to detect stimulus structure. Some controversial
results have suggested that asynchronous changes in
target and noise onset/offset (Usher & Donnelly, 1998)
or synchronous change in target direction (Lee & Blake,
1999) in the absence of any detectable spatial cues can be
sufficient to define visible form. However, the reader is
advised to see Dakin and Bex (2002) and Beaudot (2002)
for alternative explanations of onset/offset asynchrony
results and Farid and Adelson (2001) and Morgan and
Castet (2002) for alternative explanations of direction
change results.

Others have examined how the spatial organisation of
directional signals affects the visibility of the structure
they define. Hayes (2000) employed moving and flicker-
ing contour displays to examine whether the physical or
perceived positional relationships among path elements
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determined contour linking. When the sinusoidal carrier
of a Gabor patch is set in motion within its static
Gaussian envelope, the apparent location of the whole
Gabor is shifted in the direction of carrier motion
(Devalois & Devalois, 1991). For contour stimuli, this
produces a perceived shift in the location of elements
away from the underlying contour they define, which for
static patterns is known to reduce its visibility (Field et al.,
1993). Therefore with moving contour stimuli, it is pos-
sible to align either the physical locations of the contour
elements (but thereby misalign their perceived locations);
or to align their perceived locations (but thereby misalign
their physical locations). Hayes (2000) found that con-
tours were most visible when the perceived locations of
the micro-patterns were aligned to compensate for the
illusory shift, but their physical locations were mis-
aligned. This result suggests that models of early visual
processing should consider the perceived as well as the
topographical locations coded by early visual filters.

We have recently reported that moving contours
(drifting sinusoidal carriers within stationary Gaussian
envelopes) were much more visible than their stationary
counterparts with little effect of speed (Bex, Simmers, &
Dakin, 2001). We also found that large speed differences
(up to 10 fold) between adjacent elements did not sig-
nificantly impair the visibility of the underlying contour.
Taken together, these results suggest that motion cues
play a role in contour grouping and that the direction of
element movement is more important than their abso-
lute speeds. Contours defined by elements aligned per-
pendicular to the local orientation of the underlying
path were more visible when moving than when static,
but were never as visible as contours defined by elements
aligned parallel to the underlying path. This result is
perhaps unsurprising because parallel contours are more
visible than perpendicular ones even in the absence of
motion (Field et al., 1993). When this static orientation
cue is removed through the use of noise carriers instead
of sine-wave grating carriers drifting within static
Gaussian windows, perpendicular paths can be more
visible than parallel ones (Ledgeway & Hess, 2002).
Similarly, detection thresholds for three aligned dots is
greater when they move parallel to their mean orienta-
tion axis than perpendicular to it (Verghese, McKee, &
Grzywacz, 2000). Both these results suggest that direc-
tional signals are preferentially integrated along the
trajectory of motion.

Bex et al. (2001) and Ledgeway and Hess (2002) ex-
amined the visibility of moving contours composed of
drifting carriers within static Gaussian windows; the
contours themselves did not move. Verghese et al. (2000)
examined the visibility of contours that did move, but
only employed dot triplets that defined short, straight
contours. In the present manuscript, we examine how
the organisation of local directional signals determines
the visibility of spatial structure defined by motion with

contours of variable length and curvature that moved
through the display. We also examine the spatial fre-
quency selectivity of the underlying motion grouping
processes with band-pass filtered elements of variable
spatial frequency.

2. Methods

The observers were the three authors, all of whom
had normal or corrected visual acuity and were experi-
enced in contour detection tasks. Stimuli were generated
on a Macintosh G4 computer with software adapted
from the VideoToolbox routines (Pelli, 1997) and were
displayed on a LaCie Electron22 monitor in greyscale at
a frame rate of 75 Hz and a mean luminance of 50 cd/
m?. The luminance of the display was linearised with
pseudo-12 bit resolution (Pelli & Zhang, 1991) in
monochrome and calibrated with a Minolta photome-
ter. Images were presented in greyscale by amplifying
and sending the same 12-bit monochrome signal to all
RGB guns of the display. The display measured 34.6 cm
horizontally (832 pixels), 26 cm vertically (624 pixels),
and was 57 cm from the observer, in a dark room.

2.1. Stimuli

Stimuli were composed of dot elements that were dig-
itally filtered (Press, Teukolsky, Vetterling, & Flannery,
1992) with logarithmic exponential filters. These filters
have the advantage of shorter tails than Laplacian of
Gaussian filters and are defined in the Fourier domain by:
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where F.. specifies the peak frequency and by s the half
bandwidth of the filter in octaves. We used three centre
frequencies: Fyeax = 1.5, 3 or 6 c/deg, the full bandwidth
in all cases was one octave. The RMS contrast of ele-
ments was matched which approximately equates their
visibility and apparent contrast (Moulden, Kingdom, &
Gatley, 1990). Stimuli were composed of multiple fil-
tered dots pseudo-randomly positioned in a 8 deg * 8 deg
square region on the left or right of a central fixation
cross. Each trial consisted of two 506 ms intervals
ramped on and off with a raised cosine envelope over 40
ms. Each interval contained the same total number of
elements, one interval contained a path plus a variable
number of identical noise elements, the other interval
contained only noise elements.

The construction of contours was the same as in
many previous studies and is described in detail else-
where (Field et al., 1993). In brief, the elements defining
the contour were separated by a variable gap (from 0.3
to 1.6 deg) plus a random value between +10% to
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eliminate periodic cues to the presence of the path. The
curvature of the contour was controlled by the path
angle «, that determined the angle between adjacent el-
ements (where o = 0 deg defined a straight contour and
curvature increased with «). The first element of the path
was assigned a random orientation (between 0 and 360
deg), successive elements were placed at a location de-
termined by the angle and spatial separation between
adjacent elements. Unless under direct experimental
manipulation, the standard parameters of the contour
were as follows: each contour was composed of 6 ele-
ments, separated by 0.5 deg (£10%), with a contour
angle (o) of 20 deg and the elements moved at a speed of
2.3 deg/s (1 pixel per video frame).

The complete contour was randomly positioned in
the display and a variable number of noise elements
were then randomly positioned in the display and as-
signed a random direction of motion that was constant
throughout the trial. The motion of noise elements was
the same as that of signal elements to prevent observers
from exploiting spatio-temporal differences between
target and noise elements which might be possible with,
for example, random-walk noise elements whose motion
energy cancels over time. Overlapping elements summed
and elements that moved outside the display area were
wrapped to the diametrically opposite point. The ran-
dom interval contained the same number of elements,
randomly positioned in the display and assigned random
directions. An example of a typical frame from one of
our movies is shown in Fig. la. As the contour is not
visible unless the elements are set in motion, the ele-
ments defining the contour are plotted in reverse po-
larity in Fig. 1b for illustrative purposes only.

The observers’ task was to fixate a central cross and
to identify (with a button press) which of two intervals
contained the contour. Auditory feedback followed in-
correct responses. We employed a noise paradigm in
which the number of noise elements was varied under

the control of an adaptive QUEST staircase (Watson &
Pelli, 1983) to establish the number of noise dots that
were required for observers to discriminate the “‘con-
tour +noise’’ interval from the “noise” interval on 75%
trials. We adopted this procedure in preference to
per-cent detection performance that is often used in
path-finder experiments to avoid ceiling and floor per-
formance effects. However, as in all signal:noise para-
digms, this procedure varies the relative densities of
target and noise elements. In the conventional sig-
nal:noise tasks, the total number of dots is held con-
stant, and the number (i.e. density) of targets is reduced
while that of noise elements is increased. This means
that observers could in principle use density cues to
detect the contour without ever detecting its motion.
However, control experiments with static contours and
the speed data in Fig. 5 show that observers were unable
to detect contours unless they were moving and so were
unable to utilise this potential cue. This paradigm has
been used previously in studies of static (Moulden, 1994)
and moving (Verghese et al., 2000) contours. In all Ex-
periments, the levels of the parameter of interest (i.e. the
parameter described along the x-axis of each graph)
were randomly interleaved in a single run and each
observer completed at least four runs for each condition
in random order. The combined results over all runs for
each observer were combined and fitted with a cumu-
lative Normal function by least »? fit, from which 75%
threshold and 95% confidence intervals were estimated
with standard methods (Press et al., 1992).

3. Experiment 1: direction of motion relative to the
contour axis

We employed four types of contour element motion:
three defined in relation to the mean contour orienta-
tion, and one in relation to the /ocal contour orientation.

Fig. 1. Illustrations of a typical frame from the movie stimuli. (a) A random dot display containing a contour, as it would appear on screen. (b) All
elements have been plotted in the same locations as in (a), but the six elements defining the contour have been plotted in reverse polarity so that they
can be identified. In the same-polarity case, the contour is only visible when the elements defining it are set in motion.
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Fig. 2. Tllustration of the potential directions in which contour ele-
ments could move. Rigid motion: left and centre, all elements moved
relative to the mean orientation axis of the contour, shown by the
broken line. Rigid motion occurred at 0, 45 or 90 deg relative to this
axis, illustrated by the solid arrow in the centre panel and all contour
elements moved at the same speed and direction. Non-rigid motion:
right, elements moved directly towards the next element on the con-
tour, indicated by the small arrows on the right panel, at the same
speed, but necessarily in slightly different directions.

In the first three, contour elements moved in directions
that were 0, 45 or 90 deg relative to the mean orientation
axis of the contour (which randomly fell between 0 and
360 deg). Under these conditions the shape of the con-
tour was unchanging and it moved rigidly through the
display—see Fig. 2 left and centre panels. In the fourth
condition, the elements moved directly towards the next
element in the contour (the leading element headed to-
wards imaginary elements that followed the same rules
of contour construction but were not plotted). Thus the
motion of the contour was non-rigid and the elements
defining the contour could move in different directions
within a single stimulus presentation and in different
directions from one another.

Fig. 3 shows noise thresholds for each direction of
rigid motion (at 0, 45 and 90 deg relative to the axis of
the contour) and non-rigid motion. In all cases the path
was composed of 6 elements that moved at a speed of
2.3 deg/s. The angle between adjacent elements along the
contour (o) is shown in the caption, where 0 deg defined
a straight contour and curvature increased with . (see
inset of Fig. 8 for examples). We observed only an ad-
vantage for straight over curved paths (we return to this
in Section 4); in general there is little difference in the
visibility of contours for any direction and under rigid
or non-rigid contour motion.

4. Experiment 2: basic contour parameters

Given that under our experimental conditions, there
was no effect of the direction of motion relative to the

contour axis, we collected data with rigid contours that
moved at 0 deg relative to the axis, and only observer PB
collected a full set of data for non-rigid contours (filled
circles in PB’s data, all figures). The results in all cases
were the same for rigid and non-rigid contours. The
standard contour parameters were: 6 elements, each
separated by 0.5 deg (£ up to 10%), with an angular
difference () of 20 deg and moving at 2.3 deg/s. These
parameters were systematically manipulated in the fol-
lowing conditions. Fig. 4 shows that the visibility of a
moving contour increases with the number of elements
defining it which is broadly consistent with previous
findings using static paths (Moulden, 1994). These data
were well fitted by Weber functions, based on the as-
sumption that the interval containing a contour is de-
tected simply on the basis of the highest overall
proportion of consistent directional signals, without any
need for specialised contour linking operations. For two
observers a good fit was obtained with a single Weber
fraction for all spatial frequencies (PB 12% and SD
15%), the third observer (AS) was more sensitive to
contours defined by elements with peak frequencies at
1.5 and 3 c/deg (14%) than to 6 c/deg (21%). The reduced
sensitivity to higher spatial frequencies for this observer
also occurs in her spatial frequency tuning data in Fig. 8.

Contours were generally more visible when they
moved at higher speeds (Fig. 5). The performance of all
subjects improved as contour speed increased from 0 to
~3.0 deg/s and then reached asymptote at higher speeds.
This initially poor performance is unlikely to be due to a
failure of local motion detectors to saturate within the
stimulus presentation period because we observed little
systematic influence of contour element spatial fre-
quency as a function of speed. This shows that it is the
speed of the elements and not their temporal frequency
that determines the shape of this function.

Fig. 6 shows that, unsurprisingly, the visibility of
moving contours increases with the proximity of adja-
cent contour elements. Data are plotted in Fig. 6A as a
function of the physical spacing between elements, and
in Fig. 6B as a function of the number of wavelengths of
the peak frequency of the elements. Comparison be-
tween the figures shows that the data superimpose when
plotted as a function of the physical spacing between the
elements, even though this relative spacing increases
with the centre frequency of the elements. This is quite
unlike the data for static stimuli, in which spacing effects
on contour visibility scale with the wavelength of the
Gabor micro-pattern (Kovacs & Julesz, 1993). We re-
turn to this point in the discussion of spatial frequency
tuning below.

The size of elements increases with wavelength so
that, for a fixed display size, the coverage is greater for
low centre frequency elements than for high (note that
the density of the elements—# elements per unit area—
is invariant of centre frequency). This means that the
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Fig. 3. Contour visibility as a function of the direction of motion of the elements defining it. The direction of movement of the six elements defining
the contour is shown on the x-axis and is illustrated by the caption, the angle between adjacent contour elements («) is shown in the legend. The data
show the number of noise elements producing 75% correct discrimination of an interval containing a contour from an interval containing only noise

elements. Error bars show 95% confidence intervals.

probability of part of a noise element falling between
signal elements is greater for elements with low centre
spatial frequency. In order to address this concern, ob-
server SD collected a full set of data with the medium
spatial frequency elements at double the viewing dis-
tance so they assumed a peak spatial frequency of 6 c/
deg in a 4 deg stimulus region (filled triangles, all figures
for SD). Under these viewing conditions, the results
were identical in all cases. This is consistent with similar
effects observed in static contour stimuli in which per-
formance is approximately invariant of stimulus scaling
(Hess & Dakin, 1997) and suggests that contour linking
failures are related to density limitations where intru-
sions of noise elements in the line of the contour limit
performance. Fig. 7 shows that the visibility of moving

contours decreases at high curvature, but by no means
as drastically as for static contour images (Field et al.,
1993).

5. Experiment 3: spatial frequency selectivity

The results of Experiments 1 and 2 show remarkable
invariance of contour visibility as a function of the
spatial frequency of the elements defining the contour,
suggesting either a single underlying contour-linking
mechanism that is broadly tuned for spatial frequency
or parallel, narrowly-tuned mechanisms operating on
the same principles. To discriminate these candidates,
we measured the spatial frequency selectivity of contour
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Fig. 4. Contour visibility as a function of its length. The data show the number of noise dots that produced 75% correct discrimination of an interval
containing a contour and noise elements from an interval containing the same number of exclusively noise elements. The peak spatial frequency of
the band-pass filtered elements is shown in the legend, the contour angle (o) was 20 deg, the spacing between adjacent contour elements was 0.5 deg
and the contour elements moved rigidly at 0 deg relative to the axis of the path (open symbols) at 2.3 deg/s. Filled circles for observer PB show
control observations for 3 c/deg elements moving non-rigidly. Filled triangles for observer SD show data for 6 c/deg control observations in which
viewing distance was doubled. The number of elements defining the contour is shown on the x-axis. Error bars show 95% confidence intervals. The
captions illustrate representative contours. The fits show Weber’s law (least squares fitted, weighted by error bars).

integration. The visibility of a typical contour (com-
posed of 6 elements, with a 20 deg angle and 0.5
deg+10% spacing between adjacent elements) was
measured as a function of the spatial frequency differ-
ence between alternating elements. The centre frequency
of alternate farget elements along the contour was 3 c/
deg, while the centre frequency of the remaining fellow
elements varied from 1.5 to 6 c¢/deg in steps of 0.5 oc-
taves. In a further (randomly interleaved) condition, 3 ¢/
deg elements alternated in polarity between ON and
OFF centre. See Fig. 9 insets for representative exam-
ples. Each noise element was randomly assigned the
spatial frequency or contrast polarity of either the target
or fellow elements.

Fig. 8 shows the spatial frequency tuning of motion
contour integration. The data have been fitted with a
log-Gaussian (which appears asymmetric on this linear
x-axis). The peak spatial frequency of the function (PB

2.6; SD 3.1; AS 2.5 c/deg) is close to the target spatial
frequency, indicating that best performance occurs when
the spatial frequency of the target and fellow elements is
similar. The estimated bandwidths (PB 2.6; SD 2.8; AS
2.2 octaves, £1 SD) are broader than those reported for
equivalent static stimuli (1.76 octaves for a 20 deg con-
tour); (Dakin & Hess, 1998a, 1998b) Observer PB col-
lected additional spatial frequency tuning data for paths
with o set at 0 deg (straight) and 40 deg (highly
curved)—see the captions in Fig. 7 for illustrations.
Bandwidths under these conditions (0 deg=2.9 and 40
deg=3.2 octaves) did not systematically vary with
contour angle as they do for static contours (Dakin &
Hess, 1998a, 1998b). The visibility of contours com-
posed of elements of alternating contrast polarity (same
spatial frequency) was as high as for contours composed
of elements of the same contrast polarity (Fig. 8, filled
symbols).
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Fig. 5. Contour visibility as a function of speed. As Fig. 4 except that the number of elements defining the contour was fixed at 6 and the speed of

elements was varied, as shown on the x-axis.

6. Discussion

We used band-pass random dot stimuli to examine
how the spatial arrangement of local directional signals
affects the visibility of the underlying structure they
define. While Experiment 1 established that the direction
of motion of the contour did not affect its visibility,
Experiment 2 showed that contour visibility did increase
with the number and proximity of the elements and with
the speed and straightness of the contour. This pattern
of results was the same for all spatial frequencies tested
(1.5-6 c/deg) and signal:noise thresholds were approxi-
mately invariant of spatial frequency with our visibility-
equated elements. We measured contour grouping
across elements of differing spatial frequencies in Ex-
periment 3 and found that the grouping process is
broadly tuned for spatial frequency and not selective for
contrast polarity.

6.1. Direction relative to the axis of the contour

We were surprised that the visibility of the contours
was not affected by the direction of motion of the ele-

ments because a previous study using similar techniques
has reported that contours moving at 0 deg relative to
the contour-axis are more visible, at least for short (3
element), straight (o« = 0 deg) contours (Verghese et al.,
2000). There were several differences between this study
and our own that may account for this discrepancy.
First, we used band-pass filtered elements, while
Verghese et al. (2000) used 2 arcmin white dots that are
broad in spatial frequency content. A second difference
lies in the number of elements defining the contour; we
used six, while they used three elements. Dr. Susanne
McKee (personal communication) raised the possibly
that the advantage of 0 deg directions could saturate for
small numbers of path elements. To address these dif-
ferences in curvature, spatial frequency and element
number, we repeated our experiment with straight con-
tours (¢ =0 deg) composed of varying numbers of
broad-band Gaussian clements (¢ = 1.9 arcmin) that
were either white or black on a mean luminance back-
ground, to control for visual persistence and any phos-
phor persistence that might produce oriented smearing.
The results are shown in Fig. 9. Unsurprisingly, the
visibility of straight contours increased monotonically
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Fig. 6. Contour visibility as a function of inter-element separation. As Fig. 4 except that the number of elements defining the contour was fixed at 6
and the separation between adjacent contour elements was varied, as shown on the x-axis. (A) Inter-element spacing expressed as visual angle; (B)
inter-element spacing expressed as multiples of the peak spatial frequency of the band-pass element.

with the number of elements defining them, as in Ex-
periment 2. However, there was still no difference in the
visibility of contours that moved parallel (circles) or
orthogonal (squares) to the axis of the contour, for ei-

ther positive (open symbols) or negative (filled symbols)
polarity Gaussian elements. These results eliminate any
of these variables as the source of the difference between
studies.
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Fig. 7. Contour visibility as a function of inter-element angle. As Fig. 4 except that the number of elements defining the contour was fixed at 6 and
the angle between adjacent contour elements () was varied, as shown on the x-axis.

Two further differences between studies concern the
positioning of the target and the motion of the noise
elements. In our study, the target could appear any-
where in the display whereas the centre element of the
contours in the Verghese et al. (2000) study was con-
strained to pass within 0.25 deg of fixation in a 12.6 deg
display. This region constituted less than 0.16% of the
total display area, and so on average more than 600 dots
are required over the entire display to add only one extra
dot in this central area. Our stimulus is much less sen-
sitive to such localised changes in dot number. The noise
elements in the Verghese et al. (2000) study moved in
random directions from frame to frame (random walk
or Brownian motion), whereas our noise eclements
travelled in the same direction throughout the trial,
which is known to affect the visibility of the target
(Watamaniuk, McKee, & Grzywacz, 1995). These dif-
ferences may explain the substantial differences between
thresholds in the two studies; for three element contours,
our thresholds were in the region of 30 noise elements,
theirs were closer to 500. To reconcile these differences,
we ran an additional control experiment with random
walk noise (each noise element was assigned a new
random direction every video frame) and we applied a

positional constraint to the target: the centre element of
a three element straight (¢« = 0 deg) contour was forced
to pass within 0.25, 0.5, 1 or 2 deg of fixation in separate
runs. These data were collected in separate runs in which
the observers knew the size of the constraint region in
case this affected how observers distributed their atten-
tion. The results are shown in Fig. 10. We now confirm
that targets moving parallel to their axis (0 deg) can be
more resistant to noise than those moving perpendicular
to it (90 deg), but this only happens only when the target
is constrained to pass through foveal visual field. When
this rule is relaxed, performance is the same for parallel
and perpendicular targets. We speculate that the sim-
plest explanation of the trajectory advantage is based on
probability of detecting a coherently moving dot rather
than sophisticated motion processing among moving
dots. The foveal constraint on the centre element also
affects the positions of the other contour elements. For
parallel contours, fellow elements must also pass
through fixation (one slightly before and one slightly
after the centre element does), but this is not the case for
fellow elements in perpendicular contours, which only
sometimes pass the fovea. Owing to the higher acuity
of foveal vision, this increases the probability that an
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observer will detect the coherent motion of any of the
target elements of a parallel contour without necessarily
detecting the contour structure itself.

With quite different stimuli and tasks (random noise
drifting within static Gaussian windows and per cent
correct detection measured with eight target elements
and a fixed number of noise elements), Ledgeway and
Hess (2002) reported that non-rigid contours were more
visible than rigid contours of low curvature. At contour
curvature greater than 20 deg, rigid contours were in

some cases more visible than non-rigid ones (their Fig.
2). Most of our data were collected with contours of 20
deg or greater curvature and show no systematic direc-
tional effects and are consistent with their results.
However, we found no reliable effect of direction for
straight contours (¢ = 0 deg), where the largest differ-
ence occurred in their data. Note that for straight con-
tours, there is no difference between rigid and non-rigid
contours in either study (because all elements move to-
ward the next one), so there can be no difference in their
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Fig. 10. Visibility of a three element contour in random walk noise as a function of its direction of motion and its proximity to central visual field.
The elements defining the contour were dark (<1 cd/m?) Gaussian (¢ = 2 arcmin) dots that moved rigidly at 0 deg (circles) or 90 deg (squares) relative
to the contour axis. The centre element of the triplet was constrained to pass within 0.25-2 deg of fixation, as indicated by the x-axis. Noise elements
moved in a direction randomly assigned each animation frame. Data points are the mean of the three observers, error bars show *1 s.e.m. None of

the observers differed from this pattern.

visibility under these conditions. We therefore speculate
that the difference between studies may depend on dif-
ferences in the randomisation of element direction in the
studies. While we measured only principal directions (0,
45 and 90 deg), they randomised the direction of the
elements relative to the path orientation in their rigid
contours, this additional source of uncertainty may ac-
count for the lower visibility of non-parallel contours.

6.2. Spatial frequency and contrast polarity in contour
grouping

All the data were collected with band-pass elements
with peak spatial frequencies at 1.5, 3 or 6 c/deg but the
results were strikingly similar in all conditions. For
static images composed of oriented Gabor micro-pat-
terns with constant standard deviation (envelope size)
performance is also invariant of spatial frequency over
this range (Dakin & Hess, 1998a, 1998b), although the
visibility of static contours decreases with separation
when expressed as multiples of the carrier frequency of
the Gabor micro-pattern (Kovacs & Julesz, 1993). When
the spatial frequency of alternating elements varies,
Dakin and Hess (1998a, 1998b) report bandwidths that
vary with the curvature of the contour: bandwidths vary
from 2.6 octaves at « = 0 deg to 1.4 octaves at o = 30
deg, and are 1.76 where o = 20 deg (mean of their ob-
servers). The bandwidth measured here with moving
contours are somewhat larger at 2.53 octaves, where
o =20 deg. With motion coherence tasks based on
band-pass filtered dots similar to those employed here,
we have recently estimated the bandwidth of local mo-
tion detectors at approximately 1 octave (Bex & Dakin,

2002), which is somewhat lower than the present esti-
mate of bandwidth for contour grouping. In that study
we also measured the bandwidth of grouping processes
for global patterns of motion (translation, rotation and
expansion/contraction) and found them to be extremely
broadly tuned (>3 octaves) when the visibility of the
elements was equated, as in the present study.

We also found that contours composed of elements of
alternating contrast polarity were as visible as those
composed of elements of the same contrast polarity. In
global motion coherence tasks, Edwards and Badcock
(1994) reported that while elements of opposite contrast
polarity were not integrated in local motion detection,
they were integrated for global motion tasks because
positive and negative polarity elements were equally ef-
fective at masking a global motion signal carried by ei-
ther positive and negative polarity elements. Our results
are consistent with their interpretation that motion in-
tegration processes combine motion signals carried by
ON and OFF pathways. Therefore the present results
share some of the properties (broad tuning for spatial
frequency and indifference to contrast polarity) that have
been observed elsewhere for global motion detection.

6.3. Contour integration or detection of pockets of high
signal to noise ratio?

The distribution of directions in the interval con-
taining the contour is biased by the uniform directions
of the contour elements. Therefore one of the simplest
explanations of our results might be that observers
choose the interval containing this biased directional
distribution. This strategy would be effective for an ideal
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observer and would not require any contour-linking at
all. If this were true, we would expect the number of
threshold noise elements to increase with Weber’s law as
the number of target elements increases. The results of
Experiment 1 (Fig. 4), showing that detection thresholds
as a function of the number of contour elements are
well-fit by a constant Weber fraction (14% across ob-
servers) are consistent with this simple interpretation.

However, we also found (Fig. 6) that reducing the
spacing between elements improved their visibility even
though this does not affect the overall distribution of
directions. But, one only has to allow the averaging
process to operate over a spatially-restricted region of
the display (i.e. a small area of relatively high sig-
nal:noise ratio) to account for these effects with a simple
model based on the distribution of directions. Any ex-
planation based on locally high signal to noise ratios
predicts that performance should slightly increase with
curvature because the geometric separation among ele-
ments decreases as curvature increases (i.e. the mean
distance between elements is greater for straight than
highly curved paths). However, the results in Fig. 7
show a modest decrease in contour visibility at high
curvature.

Simple averaging also dictates that non-rigid contours
should be less visible than rigid ones because non-rigid
contours contain a broader distribution of directions,
especially for highly curved contours. However, the re-
sults are the same for rigid and non-rigid paths across all
conditions (filled symbols, PB all figures).

Taken together, our results militate against simple
directional averaging and show that the visibility of
moving contours is determined by the shape that is de-
fined by the directions of the elements forming the
contour.
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