
1 Introduction
The relationship between the physical speed of an object and the perceived speed of that
object does not always involve a simple one-to-one mapping between the two variables.
A number of stimulus characteristics appear to modify the relationship (Brown 1931).
These characteristics include stimulus spatial frequency (Diener et al 1976; Campbell
and Maffei 1981; Smith and Edgar 1990), the nature of the background over which
an object moves (Gogel and McNulty 1983; Snowden 1997), the size of the object
(Brown 1931; Snowden 1997), and, of interest in the present study, the contrast of the
stimulus (Thompson 1976, 1982; Campbell and Maffei 1979, 1981; Kooi et al 1992;
Stone and Thompson 1992; Hawken et al 1994; Gegenfurtner and Hawken 1996; Smith
and Derrington 1996; Thompson et al 1996; Thompson and Stone 1997).

Thompson (1976, 1982) reported that the perceived speed of a sinusoidal grating
pattern was influenced by the contrast of the grating. Over a range of speeds, reducing
the contrast of the grating caused a perceived slowing, though at faster speeds this
relationship could be reversed. A possible explanation may lie in a model of how speed
is initially encoded in the visual system. It has been suggested that speed could be
calculated on the basis of a ratio between activity in a `slow' channel and a `fast' channel
(Tolhurst et al 1973; Harris 1986). Such a model should be invariant to contrast as it
takes a ratio of activity and, under most circumstances, changes in contrast would affect
each channel in a similar manner. However, at very low contrasts this may break down
because of `thresholding'-type effects and, as the ratio becomes distorted, so does our
perceived speed. However, the fact that the effect appears to hold across the whole
range of contrasts (Stone and Thompson 1992) leads us to reject such an explanation.
However, this is based on the assumption that the relative gains of both `fast' and
`slow' channels are equal, if these are found to be nonlinear, then contrast effects may
be expected over the whole range of contrasts. Further experiments have replicated
the effects [though others have failed; for a discussion see Thompson (1993)] and shown
that they can produce a change in the perceived direction of plaid motion (Stone et al
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1990; Ferrera and Wilson 1991; Kooi et al 1992; Stone and Thompson 1992) and plaid
speed (Stone et al 1990; Gegenfurtner and Hawken 1996). Contrast has also been found
to influence the perceived speed of second-order-motion stimuli (Ledgeway and Smith
1995; Gegenfurtner and Hawken 1996).

However, other researchers have suggested little influence of contrast on speed percep-
tion. McKee et al (1986) found that speed-discrimination thresholds were not affected
by random variations in stimulus contrast. However, the effect of contrast on perceived
speed is a speed bias whereas McKee et al examined discrimination. It is possible to
have biases without affecting discrimination but the biases caused by contrast in this
speed-discrimination study should have led to increases in discrimination thresholds.

Gratings are useful stimuli for studying motion perception. They are stimuli that
are discrete in Fourier space, easily produced and manipulated by the experimenter,
and cognate with the classical scale-based theories of visual perception (Campbell and
Robson 1968). On the other hand the features that make gratings such attractive visual
stimuli are also a potential limitation when studying motion perception. Three grating
properties in particular may have importance in our perception of the speed: gratings are
(a) temporally periodic, (b) contain conspicuous features, and (c) are contained within
a `window'.

The periodic or repetitive nature of gratings, ie the fact that a single point on the
retina will be continuously stimulated over time by an identical waveform pattern,
may be problematic in speed-matching tasks. This periodicity may prove to be a dis-
tinct temporal cue when matching gratings. If this is the case, gratings may be matched
for temporal frequency rather than speed per se. The debate over whether we process
speed independently of temporal frequency (McKee et al 1986) or whether speed is
derived from temporal frequency (Smith and Edgar 1990, 1991) is still continuing. The
use of nonrepetitive stimuli may avoid the confounding of temporal frequency and speed
cues, or at least reduce this problem, and therefore shed some light upon this issue.

Gratings contain the conspicuous features of light and dark bars. It is therefore
possible that such features could allow the observer to mentally track the positions of
these features. Cavanagh (1992) reported a difference between the perceived speed of
attentively tracked stimuli and the perceived speed of stimuli in which tracking was
preventedöwhich he termed a more `global' judgment of motion. The `global-motion'-
processing system was shown to be susceptible to misperception as a function of
contrast, whilst `attentive processing' showed no such dependence on stimulus contrast.
Stimuli which vary in how conspicuous their features are, and therefore how easy they
are to track, may hence produce differing results. For instance in the study of McKee
et al (1986), where random variations in contrast did not influence speed discrimination,
it is possible that the subjects might have been able to utilise this tracking mechanism
(and thus show little influence of contrast). This particular study (McKee et al 1986)
utilised foveal patterns and a successive presentation of the stimuli to be judged, both
of which may have aided a tracking mechanism. Studies which have involved perifoveal
or peripheral presentation, and simultaneous presentations, have often revealed greater
effects of stimulus contrast (Thompson et al 1995, 1996).

The fact that gratings are nearly always presented within a static window may
also be of some relevance. Some interesting findings have been found when window ^
grating interactions have been systematically varied. As early as 1931, Brown noted
that the size of a window has an influence upon the perceived speed of a stimulus,
such that a large expanse appeared to decrease the speed of the object. The `hardness'
of the window has also been found to interact with the perceived motion of the stim-
ulus (Zhang et al 1993). Gratings within a `sharp window' show a form of motion
contrast. When the patch as a whole is kept stationary and the grating within it is
moved the whole patch appears to drift in the opposite direction to the movement of
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the grating. When the window was `soft' the grating merged with the window. In this
case motion integration was observed. The patch was c̀aptured' and appeared to move
in the direction of the motion of the grating. One can speculate that similar effects
could occur when judging perceived speed rather than merely the direction of motion.
Note that Stone and Thompson (1992) used `soft'-windowed grating patches in their
speed-matching study.

For these reasons a replication of the grating studies utilising some very different
stimuli varying in their spatiotemporal features and other stimulus properties may allow
us to address two questions. First, is the misperception of perceived speed as a function
of stimulus contrast limited to, and perhaps merely an artifact of, grating stimuli? Second,
if the effect does generalise to other stimuli, are some of the properties mentioned above
important for the actual occurrence or the strength of the effect?

The stimuli utilised in these studies were chosen for a number of reasons, includ-
ing whether or not the patterns were different from gratings on some of the criteria
mentioned earlieröie whether they were periodic, conspicuous of feature, or `windowed'.
Also, stimuli that have been commonly used in other visual studies (eg random-dot
patterns) deserve to be included in the study. After all, if these stimuli are utilised in
motion tasks it is important to realise any possible limitations they may impose in other
studies and applied settings.

Another limitation to this area of study has been its fixation upon only one form
of motion; that being movement across the frontoparallel plane. To what extent does
the effect transfer to other possible motions such as rotations and expansions/contrac-
tions? Such motions can be characterised by the relative motion of points/elements
within the pattern and are thought to be encoded in different areas of the brain from
those involved in frontoparallel motion (Snowden 1994). Different forms of motion
may be affected by contrast in very different ways. Will contrast affect the speed
matching of these types of stimuli?

With these additional stimuli attention should also be paid to the results of the grating
studies (eg Thompson 1982; Stone and Thompson 1992). These include the reversal of the
effect at temporal frequencies of 16 Hz (Thompson 1982), the differences observed
between simultaneous and successive presentation, and even the intersubject variability
of the effect, which has also been observed in plaid studies (Stone et al 1990).

2 Experiment 1: Speed matching of gratings over a range of speeds and contrasts
We began this series of experiments by a simple replication of the effect of contrast
on the perceived speed of grating patches (Thompson 1982; Stone and Thompson
1992). The ranges of contrasts and speeds were chosen to allow a general comparison
with the stimuli used in the later experiments.

2.1 Stimuli
The stimuli, generated by using a Cambridge Research graphics card (type 2.3) and
a Research Machines 486/66 PC, were displayed upon a Mitsubishi 20X monitor in a
darkened laboratory. The stimuli were horizontal gratings drifting upward or downward
presented on a background of mean luminance 20 cd mÿ2. The gratings were presented in
circular patches with hard edges. In the `simultaneous' condition two gratings were
presented with an abrupt temporal onset and travelled in the same direction for an equal
duration (randomised around a mean of 320 ms� 32 ms). The starting phases of the
gratings were randomised to reduce any colinearity cues. The gratings had a diameter
of 5 deg and were centred 3.5 deg either side of the fixation line. Fixation was maintained
by using a thin vertical line equidistant from the gratings and with a length of 2.5 deg.
In the `successive' condition the gratings were presented separately in the same spatial
locations, and with the same temporal characteristics as in the simultaneous case.
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The gratings were presented in a random order separated by an interstimulus interval of
480 ms. In both conditions the spatial frequency remained constant at 1 cycle degÿ1 and a
range of standard speeds and standard contrasts were used throughout the experiment.
The contrast of the test grating was 64%.

2.2 Procedure
Subjects sat at a viewing distance of 114 cm and were presented with the two gratings,
both travelling either upwards or downwards. The subject judged the speed of two
gratings, indicating whether the left or right pattern was travelling at the faster speed
via a mouse press. The speed of the test pattern was controlled by using a QUEST-
routine program (Watson and Pelli 1983) that adjusted the speed of the test grating
from trial to trial via a staircase procedure depending on the responses of the subject
during previous trials relating to that staircase. The initial starting point for the
QUEST routine began each test speed at 3 ^ 6 dB faster than the standard speed and
the QUEST could be altered in steps of 1 dB. Within a block of trials the standard
pattern was presented at four different contrast levels (64%, 16%, 8%, and 4%), with
each contrast having a separate QUEST routine. Within the block of trials each contrast
level was randomly interleaved. Three standard speeds were tested (0.5, 4, and 8 deg sÿ1)
with each speed being tested in a separate block of trials.

After a block of trials the probability of a `faster' response to the test grating was
plotted as a function of its physical speed for each of the standard speeds and/or contrasts.
The data were fitted by probit analysis (Finney 1971) to extract the point of subjective
equality. All data points plotted in figures 1 ^ 5 are the mean of at least three such replica-
tions (and the standard errors where they are shown are also for three replications).

2.3 Subjects
Three subjects with normal (RJS and KW) or corrected-to-normal (MRB) vision took
part in the study. Subject KW was naive to the purpose of the experiment.

2.4 Results
The six graphs presented in figure 1 show both the simultaneous and the successive speed
matches for all three subjects. The contrast of the standard pattern is presented along the
x-axis and the velocity match is presented along the y-axis. The velocity match is the
adjusted test speed set by the observer relative to the actual physical speed of the standard
patterns.The line at the velocity-match level of 1 therefore indicates a veridical speed match.

When comparisons between different standard contrasts are made the difference in
the relative velocity-match values will be stated rather than the actual physical speed
difference. For example the 4%-contrast standard matched to a 64%-contrast test pattern
will be compared with the match between the test and standard at equal contrasts
(both 64%). Any decimal value stated will be the difference (faster or slower) in these
velocity-match values. Such comparisons will account for the relative perceived speeds
of the stimuli rather than absolute physical speeds.

In the simultaneous condition (data in the left panels of figure 1) all three subjects
generally show a slowing of the perceived speed as standard contrast decreases. Thus as
the contrast of the standard was reduced the subjects adjusted the test pattern to
slower speeds to match the standard. The 4%-contrast standard was perceived as being
from 0.17 to 0.46 slower than the velocity-match value produced when the standard
was matched at a contrast of 64%. Additionally, it appears from the graphs that contrast
has a greater influence on perceived speed when matching is made at slower speeds.
Indeed at the fastest speed of 8 deg sÿ1 subject KW demonstrates almost identical
velocity matching for both a high-contrast (64%) or a low-contrast (4%) standard.

In the successive condition (data in the right panels of figure 1) the reduction in
perceived speed at lower contrasts is still apparent when the standard patterns are moving
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at 0.5 and 4 deg sÿ1. At the fastest speed of 8 deg s ÿ1 the effect is again less pronounced
(with subject RJS showing veridical matching) or even reversed, with subject MRB show-
ing an increase in the perceived standard speed as contrast is reduced.

Figure 1. The speed of the test pattern (contrast of 64%) that matched the standard contrast
patterns (y-axis) is plotted as a function of the standard contrast (x-axis) with the speed of
the test pattern as a parameter (open circles 0.5 deg sÿ1, filled squares 4 deg sÿ1, open squares
8 deg sÿ1). This speed is represented as a fraction of the physical speed of the standard pattern.
Hence values greater than 1 indicate that the test pattern was moving faster than the standard
(and for values less than 1 it was moving slower) when they were judged to have equal speed.
The three panels on the left are the results of three observers under conditions where the two
patterns were presented simultaneously, whilst the three on the right are for the same three
observers under conditions where the two patterns were presented successively. The panel at the
top gives an illustration of the stimulus but does not represent the spatial dimensions of the
display. Error bars (�1 SEM) have been plotted only for data in the 4 deg sÿ1 condition in order
to avoid unnecessary clutter. These are representative of the errors at the other speeds.
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2.5 Discussion
The results of experiment 1 were as expected, the results clearly demonstrating an effect
of contrast upon the perceived speed of gratings, in agreement with the findings of
Thompson (1982) and Stone and Thompson (1992). The effect was generally found to be
a reduction in perceived speed of lower-contrast gratings when the gratings were presented
at slower speeds. As expected, veridical matching was more likely at faster speeds and
with successive presentations. In one case (subject MRB) a speeding up of the perceived
speed with reduced contrast was found when the gratings drifting at 8 deg sÿ1 (and there-
fore at 8 Hz) were presented successively. Such data were also reported in Thompson's
(1982) earlier study when the gratings were presented at higher temporal frequencies.

Stone and Thompson (1992) also report that the influence of contrast upon perceived
speed is more marked when the gratings are presented simultaneously rather than
successively (see also Kooi et al 1992). Our data do not provide unanimous support for
this finding. It appears that this manipulation had little consistent effect from subject
to subject. Large intersubject differences are also striking in the data provided by Stone
and Thompson (their figure 8).

3 Experiment 2: Speed matching of Julesz patterns over a range of speeds and contrasts
Random-dot patterns (made by randomly placing a set number of dots within an area)
and Julesz patterns (made by setting each pixel to be randomly above or below the
mean luminance level) have been much utilised tools for both psychophysical (McKee
and Watamaniuk 1994) and physiological (Snowden et al 1992) research on motion
perception. Such patterns have many properties that differ from those of a sinusoidal
grating. First, they have a broad spectrum in Fourier space, containing approximately
equal energy for all Fourier components (for a pattern of infinite size), whereas a
grating contains only a single component (for a pattern of infinite size). Such broad-
band properties are common to natural scenes. If no effect of contrast is found with
Julesz patterns we may assume that the effects found for gratings may be unimportant
in relation to natural images. Second, the random-dot pattern is aperiodic as opposed
to the periodic nature (in time and space) of a grating. Last, it has been suggested that
random-dot patterns lack conspicuous features (although see McKee and Watamaniuk
1994) and thus may isolate motion mechanisms from those sensitive to position
(Nakayama and Tyler 1981).

Can we make any a priori predictions as to what we might expect in this experiment?
The role of spatial frequency upon perceived speed has already received some attention.
For low spatial frequencies increases in spatial frequency increase the perceived speed
(Diener et al 1976; Kooi et al 1992) whereas at high spatial frequencies increasing spatial
frequency decreases perceived speed (Campbell and Maffei 1981; Smith and Edgar 1990).
Given that random-dot patterns contain many different spatial frequencies one is faced
with the problem of how the estimates arising in differing spatial-frequency bands
might be combined (for discussion see Smith and Edgar 1991). Differing presentation
modes might favour the subject's reliance upon differing parts of the Fourier spectrum
as indeed might the subject's individual strategy (such as attention to a particular part
of the spatiotemporal spectrum or deliberate covert trackingösee below). It is therefore
difficult to make any precise a priori predictions about the effects of contrast upon
perceived speed for these patterns.

3.1 Stimuli
Strips of Julesz patterns that were 3 deg wide and 15 deg high were presented centred
4.5 deg either side of the fixation line. Individual pixels of the pattern were squares
of side 0.05 deg. Fixation was maintained by using a thin vertical line equidistant
from the dot patterns with a length of 2.5 deg. The contrast of the test pattern was
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50% (defined as Michelson contrast). The standard pattern was presented randomly at
four different contrast levels within a block of trials (50%, 16%, 8%, and 4%) and at
the same speed within the same block of trials (the range of speeds being 1.5, 4, and
8 deg sÿ1). Presentation timings were the same as in experiment 1.

3.2 Procedure
Observers judged the perceived speed of Julesz patterns moving either upward or
downward. Direction of motion was randomised from trial to trial, but within a trial
both patterns moved in the same direction. Measurements of perceived matching speed
followed exactly the same routine as in experiment 1.

3.3 Subjects
Three subjects were used: the two authors, MRB and RJS, and a naive subject KM.

3.4 Results
Figure 2 shows the results of both the simultaneous and the successive condition for
all three subjects.

In the simultaneous conditions the lower standard speed (1.5 deg sÿ1) showed a
perceived slowing as contrast was reduced. For subjects KM and MRB this slowing
of perceived speed was only found at this slow standard speed. Matching was found to
be veridical or near veridical at both 4 and 8 deg sÿ1. Additionally, both of these
observers showed some decrease in the perceived speed (of around 0.1 to 0.2) of the
4%-contrast standard pattern moving at 8 deg sÿ1, relative to the velocity match when the
standard and test patterns were of equal contrast. Subject RJS on the other hand showed
a stronger contrast-based misperception of speed over the range of test contrasts and
standard speeds.

In successive trials the speed-matching task generally resulted in either veridical
matching or a reversal of the contrast-based reduction in perceived speed over almost
all the conditions. Subject MRB showed the greatest tendency to show an increase in
perceived speed (relative to the 50%-contrast standard match) as contrast was reduced
with increases in perceived speed of 0.21 for 4%-contrast standard gratings when
matching at the faster speeds of 4 and 8 deg sÿ1.

Subject RJS on the other hand demonstrated near-veridical matching in all the
conditions except the matching of the 4%-contrast standard at 8 deg sÿ1. In this
case the reduction in perceived speed with decreasing contrast was produced, with
the 4%-contrast standard perceived as 0.11 slower than the 50%-contrast standard
match.

3.5 Discussion
For the Julesz patterns the effect of contrast upon perceived speed was generally found
to reduce the perceived speed at slow simultaneous speeds and reversal or veridical
matching was common in faster and/or successive matches.

Observer reports suggest that the 4%-contrast standard pattern moving at 8 deg sÿ1

may not have been clearly perceived. In the simultaneous condition subject RJS could not
perceive this low-contrast pattern whilst subjects MRB and KM seem to show a rather
incongruous reduction in its perceived speed, unexpected as no misperception of speed is
found at the slower 4 deg sÿ1 match. Perhaps a lack of stimulus visibility may account for
this perceived slowing at 4% contrast and 8 deg sÿ1.

It is clear that these patterns produced considerable intersubject variability in the
effects of contrast upon perceived speed. Further there are quite marked changes
between simultaneous and successive presentations.
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4 Experiment 3: Speed matching of moving disc patterns over a range of speeds and contrasts
In the next experiment we were interested in whether the effect of contrast on perceived
speed would remain in viewing situations that might resemble more `natural' stimuli.
We mean this in the sense that many moving objects do not move within the confines
of a window and also involve a conspicuous feature changing its position (such as a car
moving down a street or a bird travelling through the sky). We tested whether a simple
aperiodic stimulus such as a disc would also be affected by contrast. Indeed the work
of Cavanagh (1992) suggests that such a stimulus might easily engage an `attentive
tracking' mechanism that has been suggested to show little effect of contrast upon its
measure of speed (Cavanagh 1992). Such aperiodic stimuli are also commonly used in
other measures of motion perception such as time to collision/contact (eg Rosenbaum
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1975; Peterken et al 1991) and so, again, it is of interest to know if such stimuli are
affected by or immune to these effects for practical reasons.

4.1 Stimuli
The discs were of diameter 2 deg and were presented centred 2.25 deg either side of the
fixation line. A random vertical offset in their starting positions was employed of up
to 2 deg either above or below the vertical midline. The contrast of the test pattern
was 50% (Michelson contrast). The standard pattern was presented at four different
contrast levels (50%, 25%, 8%, and 4%) randomly interleaved within a block of trials,
and at the same speed within the same block of trials (0.5, 4, and 8 deg sÿ1).

4.2 Procedure
Observers judged the perceived speed of disc patterns moving either upward or downward.
In both the simultaneous and the successive condition the subject judged the speed of
two patterns travelling in opposite directions. This was done so that subjects could not use
any change in the relative position of the two elements as a cue (eg if one element started
`behind' the other but finished `in front'of it this would be a very obvious cue to the subject).
It has previously been shown that speed-discrimination thresholds are similar when the
stimuli move either in the same direction or in opposite directions [at least for random-
dot patterns (Treue et al 1993)]. All other procedures were as in the earlier experiments.

4.3 Subjects
Three subjects took part: one of the authors (MRB) and two naive subjects (KM and IW).

4.4 Results
Figure 3 shows results from both the simultaneous and the successive trials for three
subjects. In the simultaneous condition the speed matching was affected by the relative
contrast of the disc patterns. The effect is most notable at the slower matching speeds and
is nearly absent (or even reversed) for the faster speeds. In the successive condition all
three observers demonstrated a reduction in the perceived speed of the 0.5 deg sÿ1 disc as
contrast was reduced. Subjects IWand KM demonstrate veridical or near-veridical match-
ing at faster speeds. However, subject MRB shows a reversal of the misperception at 4
and 8 deg sÿ1; the reduction in contrast producing an increase in the perceived disc speed.

4.5 Discussion
The effect of contrast upon the perceived speed of the disc patterns may be the most
surprising result of the study. Again from Cavanagh's (1992) findings, one may expect
a nonwindowed punctate stimulus to be less affected by contrast than the windowed
periodic patterns. The former stimuli would be expected to be more readily tracked and
therefore processed by Cavanagh's `tracking' motion processors as well as the `global-
motion' process (that is influenced by contrast). It was also a relatively strong effect, with
some particularly large misperceptions at slow standard speeds and low test contrasts.
Whilst these disc stimuli may engage an attentive tracking strategy it is far from certain
that our subjects did this. Cavanagh (1992) was able to show that subjects could choose to
use or not use this strategy according to the instructions they were given. The temporal
conditions also differ considerably from Cavanagh's study (where the subjects had
unlimited time to move their tracking system backwards and forwards between the two
patterns and could track for as long as they pleased) and our own (brief displays).
It might be that the short durations make attention tracking a less viable option.

The disc patterns are also very different from gratings in their spatiotemporal
makeup; ie they are two dimensional, not windowed, aperiodic, and not discrete in
their Fourier composition. Given that we have obtained strong effects of stimulus
contrast upon perceived speed for both patterns this suggests that none of these factors
is crucial in the emergence of this effect.
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5 Experiment 4: Contrast and the perception of motion translation in depth
So far the stimuli deployed in our experiments have simulated motion in the fronto-
parallel plane. In natural scenes motion can be more complex than this; however, there
has been little study of whether the effects of contrast upon perceived speed generalise
beyond this simple motion. There is some evidence that rotating stimuli do indeed
show a similar effect (Campbell and Maffei 1979, 1981; Livingstone and Hubel 1988).
We decided therefore to attempt to see if a simulation of a simple translation in depth
[ie a disc expanding or contracting (Regan and Beverley 1978)] would also show the
same effects of contrast upon perceived speed.

In recent experiments Stohr and Watamaniuk (1997) examined the perceived speed
of expanding and contracting stimuli by matching their motion to that of simple linear
motion. These expanding and contracting stimuli moved in a shearing fashion, ie towards

Discs

1.4

1.2

1.0

0.8

0.6

0.4

1.4

1.2

1.0

0.8

0.6

0.4

1.4

1.2

1.0

0.8

0.6

0.4

V
el
oc
ity

m
at
ch

V
el
oc
ity

m
at
ch

V
el
oc
ity

m
at
ch

MRB MRB

IW IW

KM KM

1 10 100 1 10 100
Standard contrast=% Standard contrast=%

Simultaneous match Successive match
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an observer and shifting leftwards or rightwards. Expanding stimuli were matched for
their rate of linear translation; that is, subjects did not use the expanding information
but merely matched the linear translations of the stimulus as it moved across the fronto-
parallel plane. Stohr and Watamaniuk (1997) found that contracting stimuli were perceived
as faster than linear discs of a constant size. This apparent difference between expanding
and contracting stimuli may also be of importance when considering the effect of contrast
on the perceived speed of expanding or contracting patterns. The results of Stohr and
Watamaniuk suggest the possibility that contracting stimuli appear to be processed for
their motion in depth and may therefore use different motion processes.

5.1 Stimuli
Two disc patterns were presented with their central points 3 deg either side of the fixation
point. The initial sizes of the discs were separately randomised to be of diameter
2 deg � up to 1 deg (for the expanding trials) and 3.5 deg �1 deg (for contracting trials).
This randomisation of disc size prevented the initial size of the disc being used as a
cue from which the rate of the disc expansion or contraction could be derived. The
test pattern was presented at 100% contrast (dark relative to the background). Standard
patterns were presented at one of four contrasts (100%, 50%, 25%, and 4%), trials
of each type being randomly interleaved within a block of trials. Two rates of radial
expansion and contraction (1.5 and 3 deg sÿ1) were tested, each in separate blocks of
trials. Here the speed refers to the linear movement at any point on the edge of the disc.

5.2 Procedure
This was as in the previous experiments.

5.3 Subjects
One author (MRB) and two naive subjects (LDT and KF) took part.

5.4 Results
The expanding and the contracting discs produced different patterns of results and so
are presented separately (see figures 4 and 5). In the simultaneous condition a reduction
in contrast is generally found to slow the perceived rate of expansion. The magnitude
of the effect varies between the subjects. Subjects MRB and LDT showed a similar
slowing at both test speeds, whereas subject KF showed a slowing only at the slower
test speed. A somewhat similar pattern of results was obtained with the successive-
matching procedure. However, subject MRB appears to demonstrate veridical matching
at both speeds in this case.

The results for contracting stimuli are shown in figure 5. In the simultaneous condi-
tions decreasing contrast generally appears to reduce perceived speed and thus the results
are similar to those obtained for the expanding discs. In the successive condition both
subject LDT and subject KF appear to show the reversal of the effect at both speeds,
ie a reduction in contrast appears to increase the perceived speed of the lower-contrast
patterns. Subject MRB shows more veridical matching across the range of contrasts.

5.5 Discussion
For expanding patterns a reduction in contrast is generally found to produce slower
perceived speeds. This effect was more robust at the slowest speed (1.5 deg sÿ1) and
during simultaneous presentations. No reversals of the contrast effect were found to
occur at these speeds.

The contracting patterns also showed an effect of contrast on perceived speed. For
simultaneous patterns a slowing of perceived speed with reduced contrast was generally
produced. In the successive condition a reversal of the contrast effect was generally
noted at both speeds, with lower-contrast patterns perceived to contract at a greater
rate than those of a higher contrast.
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The results suggest that both contracting and expanding patterns interact with stimulus
contrast. Results varied between the two types of motionwhen presentation was successive.
Together with the findings of Stohr and Watamaniuk (1997) this suggests that the mecha-
nisms for processing the two forms of motion in depth may use somewhat different algo-
rithms. Other research also appears to support this view. Georgeson and Harris (1978)
found a bias for foveofugal motion when counterphase patterns (with both expanding and
contracting components) were presented in the periphery. Ball and Sekuler (1980) found that
the reaction times of observers to the onset of motion are shorter for expanding patterns.
Additionally, Edwards and Badcock (1993) showed that observers were more sensitive to
contracting patterns than to expanding ones, despite the fact that physiological studies
(Graziano et al 1994) suggest that there are more cells sensitive to expanding patterns.

Expanding discs

MRB MRB

LDT LDT

KF KF

1.4

1.2

1.0

0.8

0.6

0.4

0.2

1.4

1.2

1.0

0.8

0.6

0.4

0.2

1.4

1.2

1.0

0.8

0.6

0.4

0.2

V
el
oc
ity

m
at
ch

V
el
oc
ity

m
at
ch

V
el
oc
ity

m
at
ch

1 10 100 1 10 100
Standard contrast=% Standard contrast=%

Simultaneous match Successive match

Figure 4. Speed matches for expanding discs. The format is as figure 1 save that the test contrast was
now 100% and the standard speeds were 1.5 deg sÿ1 (open circles) and 3 deg sÿ1 (filled squares).
Error bars (�1 SEM) are plotted on the 1.5 deg sÿ1 data only.
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6 General discussion
These experiments have clearly shown that contrast can have dramatic effects upon
the perception of the speed of a pattern or object and thus extend the earlier findings
(Thompson 1976, 1982; Campbell and Maffei 1979, 1981; Stone and Thompson 1992;
Hawken et al 1994; Thompson et al 1996). Contrast can affect match speed, with the
magnitude and direction of the effect depending upon the type of stimulus and upon
whether matching is successive or simultaneous. The effect also varies between subjects.

The reversal of the classic effect, an increase in the perceived speed of lower-contrast
patterns, was found for at least one of the subjects in all of the experiments. This could
be accounted for by the breakdown of the ratio model at threshold (Harris 1986). This
model would predict that fast-moving objects should appear faster at lower contrasts.
However, in the fast-speed conditions what was apparent to observers was an increase
in the flicker inherent to moving stimuli. Thompson and Stone (1997) recently presented
experiments that may relate this observed flicker to the reversal of the effect of contrast
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Figure 5. Speed matches for contracting disks. The format is as figure 4.
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upon perceived speed. They carried out temporal-frequency-matching studies involving
counterphase gratings and discovered that reducing the contrast of a pattern resulted in
a perceived increase in temporal frequency though, under identical conditions, a moving
grating decreased perceived speed. In experiments 1 to 4, and indeed in the study by
Thompson (1982), it could be suggested that the matching strategy used in flickering
conditions was different from that used when the stimuli are slower and simultaneous.
When a smooth percept of speed is not available, or indeed when flicker components
cannot be ignored, observers may resort to temporal-frequency matching. This temporal-
frequency matching, with its inverse relation to contrast, will produce very different
matching results. Interestingly these findings also suggest that temporal-frequency match-
ing and speed matching are different and, to some degree, separable processes; thus
supporting McKee et al (1986). It is hard to reconcile the idea that speed matching is
closely related to temporal frequency (Smith and Edgar 1991) when both interact with
contrast in a different, indeed inverse, way.

This study does not appear to suggest any clean explanations for the effect. The
wide variety of stimuli utilised in the study demonstrates the versatility of the effect,
but none of the individual features of these stimuli appeared to have any consistent
influence on its appearance or magnitude. Therefore whether the stimulus is one dimen-
sional or two dimensional, periodic in nature, closely windowed, or contains conspic-
uous features appears of little importance.

The experiments with disc stimuli represented an attempt to test the effect of
contrast upon more `naturalistic' stimuli.We still obtained strong effects of contrast upon
speed perception, suggesting that our perception of simple moving objects in `real-life'
situations may also be governed to some degree by stimulus contrast. A recent experiment
(Snowden et al 1998) has also demonstrated that contrast can affect the perceived
speed judgments of observers in a `virtual' environment. In this experiment observers
were instructed to drive at certain speeds in a `virtual' vehicle. It was found that as the
scene was made foggy (which reduces the contrast of the image outside the vehicle)
subjects drove fasteröor in other words they perceived a given speed to be slower
as the scene was reduced in contrast. Similar findings were also obtained by Distler
and Bu« lthoff (1996), who found that the perceived velocity of two simultaneously pre-
sented driving-simulation sequences was affected by the contrast and spatial frequency
of the road texture.

Additionally the use of disc stimuli will allow other factors to be investigated; namely
the effect of contrast upon time-to-collision measures and the effect of background
reference marks upon stimuli presented at different contrasts.

We would finally like to consider what this complex pattern of results might tell
us about the effect of contrast upon speed perception in general. We clearly have some
situations in which one subject would reliably find a decrease in perceived speed for a
particular manipulation whereas another subject would find that this same manipulation
would produce no effect or perhaps even an increase.Whilst hypotheses such as contrast
normalisation (Smith and Derrington 1996; Thompson et al 1996) may well have some
role to play in its explanation, we suggest that `higher-level' processes are probably of at
least equal importance. For instance the extent to which the subject attempts to covertly
track the stimulus may moderate any effects of contrast. This strategy is under the volition
of the observer, as Cavanagh (1992) could instruct his subjects to use or not use this
strategy. One might also envisage that, in displays containing many spatiotemporal-
frequency components such as random-dot patterns, the subject could selectively attend
to particular spatial or temporal components. As contrast has very different effects on
the perceived speed of high and low temporal frequencies the extent to which the
subject attends to either may be of great importance.
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