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Magnitude of luminance modulation specifies
amplitude of perceived movement

JURI ALLIK and ALEKSANDER PULVER
University of Tartu, Tartu, Estonia

A compelling impression of movement, which is perceptually indistinguishable from a real dis
placement, can be elicited by patterns containing no spatially displaced elements. An apparent os
cillation, w-movement, was generated by a stationary pattern containing a large number of horizon
tal pairs of spatially adjacent dots modulated in brightness. The observer's task was to adjust the
perceived amplitude of the w-motion to match the amplitude of a real oscillation. All of the data can
be accounted for by a simple rule: If the relative change in the luminance, W = MIL, between two
adjacent stationary dots is kept constant, the distance over which these dots appeared to travel in
space comprises a fixed fraction of the total distance by which they are separated. The apparent am
plitude of the w-motion increases strictly in proportion with luminance contrast, provided that the
contrast is represented in the motion-encoding system by a rapidly saturating compressive Weibull
transformation. These findings can be explained in terms of bilocal motion encoders comparing two
luminance modulations occurring at two different locations.

It is somewhat astonishing that when Wertheimer's
(1912) famous paper on <p-movement was published, the
fact that a vivid impression of motion can be produced
by a sequence of stationary stimuli was widely known.
Simple toy stroboscopes were available in stores, and
Wertheimer had no difficulty purchasing one after his
sudden decision to leave a train in Frankfurt 2 years ear
lier. But he probably was the first to realize that <p-motion
violates the layman's concept of motion. According to
this concept, movement is an intrinsic property ofan ob
ject, and encountering a situation in which a clear im
pression of motion is elicited without that property must
come as a big surprise. For the physicist, however, mo
tion appears to be a quality attributed to an object by an
observer: The object can be decided to be in motion only
if it is observed at two different instants and it is seen to
be in two different positions at those two instants. There
fore, <p-motion may simply indicate that the movement
experience requires a perceptible change in the position
of one stimulus element with respect to another.

However, the displacement of some stimulus elements
with respect to others cannot be regarded as a necessary
condition for perception of movement. A distinct im
pression of movement can be elicited by patterns con
taining no spatially displaced elements. The perceived
movement can be evoked by changes oflight flux at dif
ferent retinal locations. Johansson (1950, 1978) de-
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scribed the "wandering motion" seen between two or
more spatially adjacent bright objects modulated in
brightness (w-motion). What is particular to this and
other analogous visual demonstrations (Anstis, 1967,
1986, 1990; Biilthoff & Gotz, 1979; Gregory & Heard,
1983; Mastebroek & Zaagman, 1988; Mather, 1984) is
that the perceived movement is generated by stimuli in
which the elements do not change their relative spatial
position and usually remain continuously visible. These
findings are surprising only if the detection of motion is
ultimately regarded as a matching process comparing
two spatial luminance patterns at two instants in time.
Most current theories of movement perception, on the
contrary, regard motion as comparing two luminance
modulations that occur at two different locations (Reich
ardt, 1957, 1987; van Santen & Sperling, 1984, 1985).
Consequently, w-motion suggests that the appropriate
stimulus for motion is a relative change in light flux at
two spatial locations-not the spatial displacement
tracking of some visual elements after they have been
individually recognized.

It is impossible to distinguish an object moving in dis
crete jumps from a continuously moving object, pro
vided that the time between jumps and their amplitude
is not too great (Burr, Ross, & Morrone, 1986b; Morgan,
1979, 1980; Watson, Ahumada, & Farrell, 1986). The
sequence of discrete jumps that occurs at rates greater
than about 30 Hz is indistinguishable from smooth con
tinuous motion because both provide the same effective
stimulus to the visual system. In the present study, we
present evidence that w-motion can be perceptually in
distinguishable from real displacements. This means
that despite their physical difference, w-motion and <p
motion are metameric, and they both rely on an identi
cal underlying mechanism in the nervous system. Many
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current theories ofmotion perception assume that the vi
sual system employs motion-encoding units with recep
tive fields extended over space and time that are tuned
to movement along a particular trajectory (Adelson &
Bergen, 1985; Burr, Ross, & Morrone, 1986a; van San
ten & Sperling, 1984, 1985; Watson & Ahumada, 1985;
Wilson, 1985). These units, measuring the amount oflu
minous energy in some spatiotemporal volume, are in
different to whether this change in the luminance flux is
produced by a moving object traveling from one location
to another, or by the luminance modulation of two sta
tionary objects at these two locations.
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METHOD

Subjects. Two observers, M.R. (female) and A.P. (male; one of
the authors), participated. One of the subjects was naive, having
no knowledge of the way visual motion was generated in the ex
periment.

Procedure. The observer decided whether two display areas, the
central part and its surround, showed identical movement. The im
pression of movement in the central part was generated by lumi
nance modulation of stationary patterns (w-movement). The per
ceived movement of the surround was produced by spatial
displacement of the elements-that is, by their stroboscopic dis
placement, or et>-movement. Thus, the observer's task was to ad
just the perceived amplitude of periodic oscillation of a stationary
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Figure 1. An illustration of one stimulus composed of two patterns--the original (A) and its slightly modi
fied replica (B~xposed in an alternation rate of33 Hz. Each pattern consisted of a large number of hori
zontal pairs of dots (dipoles); one was dark with a rued luminance L (small circles), and the second one was
light with adjusted luminance L + AL (large circles). In the central area (dashed rectangles), movement was
produced by luminance modulation; aUthe dark dots became light, and, in tum, aUthe light dots became dark.
Surround movement was elicited by a real displacement of all dipoles without exchange of position between
light and dark members within a dipole. (C) A magnified picture of two dipoles in the surround and central
area from three subsequent frames-i-tt, t2, and tJ. The height of the cylinders represents luminance.
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pattern to the amplitude of real oscillation. In this experiment,
stimuli were composed of 1,500 micropatterns distributed ran
domly within a rectangular area that, viewed from 250 cm, had a
size of about 5.3° X 3.5° (see Figure I). The central area (indicated
by a dashed rectangle), within which the movement was produced
by luminance modulation, was approximately 2.75° wide and
2.07° high. Each micropattern consisted of a horizontal pair of
dots (dipoles), separated from each other by a spatial distance, d.
The dot size was I pixel, or about 0.0084° of arc (about half of a
minute). Special care was taken to avoid overlap between rni
cropatterns by applying a rule prohibiting any two micropatterns
from being closer to each other than 5', One of the two dots in each
dipole had a fixed luminance, L (dark dots), and the second one
had a variable contrast, L + t:..L (light dots), which could be ad
justed by the observer. The dark dots served as a standard, and the
light ones served as a test. The motion stimulus was generated by
endless cycling of a given stimulus pattern and its slightly modi
fied replica. These two patterns, the original one and its slightly
modified duplicate, were presented in alternation at the rate of
3.3 Hz on the screen ofan Amstrad color monitor. Thus, each pat
tern remained visible for 300 msec and was thereafter instanta
neously replaced between two frames with the second pattern.

In the central part of the display, all the dipoles remained sta
tionary; only dark (with a fixed luminance, L) and light (with a
variable luminance, L + t:..L) dots exchanged their spatial posi
tions. In the first and every subsequent odd frame, all the left
members of the dipoles were dark, and all the right members were
light. In the second and every subsequent even frame, the left el-

ement became light and the right element became dark. If the lu
minance difference t:..L between the two types of dots was small,
no motion of the central area could be seen. Above a certain lu
minance increase, however, the coherent horizontal oscillation of
the whole central area began. Shortly, a luminance increment, t:..L,
was alternatively added to the left and the right dots, which pro
duced cyclical w-motion of the central portion of the display. With
the increase of the luminance modulation, t:..L, the perceived am
plitude of oscillation increases. In the surround area, there was no
exchange ofpositions between dark and light elements of dipoles;
their relative spatial positions remained the same. Instead, all the
dipoles were uniformly displaced by a distance, s, to the right in
the second and every subsequent even frame, and back to the left
on the third and every subsequent odd frame. This displacement
produced a coherent to and fro q,-motion of the surround area. In
most cases, it was phenomenologically difficult, if not impossible,
to tell whether the motion was induced by luminance modulation
or by real displacement, provided that the perceived amplitudes of
both movements were equalized.

The observer was instructed to adjust the luminance increment
t:..L until the movement of the central part of the display appeared
to be identical to that of the surround area. The adjustment proce
dure was as follows. The luminance of the two types of dots, dark
and light, were tuned to be equal, and the observer started to in
crease, by revolving a multirevolution knob, luminance increment
t:..L, added to all the light dots. After reaching the luminance value
that was necessary for equalizing apparent movement in the cen
tral and surround areas, the trial was stopped, and the t:..L value
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Figure 2. Upper panels: The luminance increment f..L (cd/m") required to make the apparent oscillation of the central part perceptually
indistinguishable from the surround oscillation with tbe displacement amplitude s (in pixels), for Subjects A.P. (left panel) and :\l.R. (right
panel), for nine different interdot separations (2, 3, ... , 10), d. Lower panels: The same data replotted as the function of the relative displace
ment amplitude sid (in proportion to interdot separation).
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was stored. Although the adjustment time was not limited, usually
it took only 5-6 sec to reach a satisfactory !:!.L value.

There were two different experiments. In each experimental ses
sion, one of the fixed reference luminance values, L, was selected.
There were one (L = 6 cd/rn-) and three (L = 3, 6, 12 cd/rn-) dif
ferent referent luminance values in the first and second experi
ments, respectively. Before each trial in the first experiment, one
of the interelement separations, d, was selected from nine inter
element separations (d = 2,3, ... , 10 pixels). In the second ex
periment, the interdot separation was d = 6. Before each trial in
both experiments, one of the displacement values (s) was ran
domly selected. Since the perceived amplitude ofw-motion never
exceeded interelement separation d, the amplitude of ¢-motion s
was always smaller than d.

In both experiments viewing was binocular, without head fixa
tion, in a semidarkened room. The adjustment was repeated at var
ious combinations of L, d, and s for 5 (M.R.) or 10 (A.P.) times.

RESULTS

Figure 2 (upper panels) shows the luminance incre
ment I1L required to make the luminance-modulated w
motion perceptually equivalent to the surround move
ment produced by a given displacement s, for Subjects
A.P. (left panel) and M.R. (right panel), for nine differ
ent interdot separations, d. The reference luminance was
L = 6 cd/rn-. Each set of data, corresponding to a given
interdot separation d, formed a function clearly distinct

from other functions. Two empirical rules can be noticed
in these data:

1. The luminance increment I1L that was required to
equalize w-motion in the central area with a real dis
placement in the surround area increased monotonically
with the increase of the stroboscopic displacement am
plitude s. This means, in particular, that even when the
spatial separation between the luminance-modulated
dots remained the same, the perceived amplitude of w
motion increased with the luminance modulation am
plitude 11L.

2. The luminance increment I1L that was required to
match a given stroboscopic jump s of the surround area
was smaller for small interdot separations and became
progressively larger with the increase of the interdot sep
arations, d. As the separation between the dots increased,
less incremental energy flux was needed to produce w
motion that had the same perceived displacement am
plitude. This means that the same amount of the lumi
nance modulation I1L over a larger spatial separation
conveys more evidence for the presence of motion than
those over a smaller spatial separation.

Figure 2 (lower panels) shows the same data, but nor
malized with respect to the displacement distance. In the
lower panels, the luminance increment I1L is plotted
against the relative rather than the absolute displacement
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Figure 3. Upper panels: The required luminance increase!'1L (cd/m") as a function of the displacement amplitude, s (in pixels), for three
different reference luminances, L = 3 (circles), 6 (squares), and 12 (triangles) cd/m', for 2 observers-A.P. (left panel) and M.R. (right panel).
Lower panels: The same data expressed in terms of the relative contrast W = !'1 LJL. Symbols are the same as those in the upper panels.
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saturates at low contrast (Campbell & Maffei, 1981;
Derrington & Goddard, 1989; Derrington & Henning,
1987; Keck, Palella, & Pantle, 1976; Nakayama & Silver
man, 1985; Stone, Watson, & Mulligan, 1990; Thomp
son, 1982). It has been proposed that the input signals
undergo an amplitude-distorting nonlinearity before the
motion information is determined. One function that sat
urates rapidly to a constant value as the signal amplitude
increases is the Weibull function:

where TV = 11L!L (Weber's fraction) and k 1 and k2 are two
free parameters of the contrast compression function.
We searched for such a function, f, which would allow
us to present the adjusted luminance contrast Was a lin
ear function of the relative distance between the two di
pole elements. The optimal-fit values were k 1 = 1.11 and
k2 = 0.68 for A.P., and k, = 1.56 and k2 = 0.68 for M.R.
These estimates are close to k, = 1.99 and k2 = 0.76 ob
tained by Stone et al. (1990) in a completely different
psychophysical setting. Figure 4 shows the transformed
luminance contrastf(W) as a function ofthe adjusted dis
placement amplitude, expressed as a fraction of the in
terdot separation. The correlation coefficients for the

Figure 4. Compressively transformed contrastf(W) as a function
of the relative displacement amplitude sld, for 2 observers--A.P.
(upper panel) and M.R. (lower panel). The data are from the two ex
periments shown in Figures 2 and 3.

distance. The displacement amplitude is expressed in
terms of the proportion to the interdot separation, or
simply sid. After this transformation, all nine, clearly
separate data sets come together to form one single func
tional relation. This makes it clear that almost the same
pattern of results holds for all interdot separations, pro
vided that the amplitude of the adjusted stroboscopic
jump is appropriately scaled. Thus, any given luminance
difference I1L between two dots produces an apparent
movement whose amplitude is a fixed fraction of spatial
separation. This result means, in particular, that the per
ceived movement is not scaled in terms ofvelocity; there
could be two completely different velocities correspond
ing to one sid value, provided that the transition time re
mains constant.

Figure 3 shows the results of the second experiment,
in which the luminance increment I1L, required to equal
ize w- and cfrmotions, was measured as a function of the
reference dot luminance L. Three different reference lu
minance values (L = 3, 6, and 12 cd/m-) at one fixed
interdot separation (d = 6 pixels; equivalent to 0.05° of
arc) were used. As the reference luminance L increased,
more luminance modulation I1L was needed to produce
w-motion with the same perceived amplitude. In the
lower panels ofFigure 3 the same data are replotted, but
they are normalized with respect to the luminance mod
ulation. The luminance modulation is expressed in terms
of the Weber fraction TV = I1LIL. As a result of this nor
malization, all the data became almost exactly superim
posed. Thus, at a fixed distance between two dots, any
given luminance contrast modulation 11L!L between these
dots produces an apparent displacement of the same
amplitude.

The almost perfect constancy of 11L!L is a little bit
surprising. Usually, photopic luminance discrimination
thresholds are measured in conditions in which two spa
tially separate objects, typically two squares, appear on
a large uniform background. The observer's task in the
luminance discrimination experiments is to indicate which
of these two objects is darker or lighter. Spatially sepa
rate stimuli are used to make it more likely that the re
sults will be related to the responses, both subjective and
neural, that each stimulus would produce on its own. In
these conditions, the luminance difference between two
separate objects is noticed as soon as their relative con
trast-the ratio between increment or decrement and the
standard luminance-reaches a constant threshold value
(Whittle, 1986). Unlike in the luminance discrimination
task, in the present study, two stimulus dots were always
adjacent. They were so close to each other that it was im
possible to compare their separate appearances. Instead
oftelling which of the two dots was darker or lighter, the
observer estimated the apparent amplitude of displace
ment, not ofa single micropattern, but of the whole stim
ulus area. Despite these essential differences between
the two psychophysical tasks, all the data obey the same
Weber's law: I1L!L = constant perceptual outcome.

Many independent psychophysical researchers have
indicated that the response ofthe human motion encoders
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best-fitting functions were highly significant in both
cases (r = .995 and r = .991, respectively). Thus, the pro
posed linearization function accounts for approximately
98%-99% of the variance in data.

DISCUSSION

The results of the present study demonstrated that
spatial displacement of individual elements is not a nec
essary condition for motion perception. A distinct move
ment impression can be elicited by a relative change in
the light flux at two spatial locations. It was demon
strated that alternating the modulation of luminance of
two adjacentdots produced perceivedoscillatory w-motion
that could not be perceptually distinguished from that
produced by a real oscillation. Due to luminance modu
lation, two stationary dots appeared to oscillate with an
amplitude that was easy to match to the amplitude of a
real displacement. All of the data can be accounted for
by a simple rule: If the relative change in the luminance
W = /),L!L of two adjacent stationary dots is kept con
stant, the distance over which these dots appeared to
travel in space comprises a fixed fraction of the total dis
tance by which these dots are separated. This result ap
pears to be at variance with the fine-grain movement il
lusion on human periphery, in which two very closely
spaced subsequent flashes produce the impression of
movement over a path whose extent considerably ex
ceeds the spatial separation between flashes (Foster,
Gravano, & Tomoszek, 1989; Foster, Thorson, McIl
wain, & Biederman-Thorson, 1981). Assuming a rapidly
saturating luminance contrast compression, it was pos
sible to present the luminance modulation amplitude as
a linear function of the relative distance between dots.
This may mean, in particular, that exactly the same amount
of increase in effective luminance contrast causes ex
actly the same proportion of the apparent displacement.
The established equivalence between the effective rela
tive luminance increment Wand the perceived amplitude
of displacement suggests that models that posit motion
encoding based on the matching of two spatial patterns
are not suitable for this particular situation (Dawson,
1991; Lappin & Bell, 1976; Ullman, 1979). The appro
priate stimulus for motion is a relative change in light
flux at two spatial locations.

Reichardt's (1957) elegant work on the insect move
ment analyzing system made clear that the simplest op
eration to detect motion involves the comparison of a
signal registered from one spatial location with a delayed
signal from another adjacent spatial location. The most
general property ofany motion-discrimination system is
that the comparison process must be nonlinear; multi
plication is the minimal operation required to accom
plish this comparison (Buchner, 1976; Poggio & Reich
ardt, 1973; Reichardt, 1987). As a consequence of the
multiplication, motion-detection systems based on cor
relation cannot reliably measure velocity, since their out
put depends on the contrast and spatial structure ofmov
ing patterns. Like insects, the human observer is not able

to estimate the perceived velocity ofa moving pattern in
dependently of its spatial frequency (Diener, Wist, Dich
gans, & Brandt, 1976) and contrast. Thompson (1982)
found, for example, that low-contrast gratings appear to
move more slowly than a high-contrast reference mov
ing at the same speed. This contrast dependence also im
plies that the perceived motion direction of a composite
pattern can be considerably changed by selectively in
creasing the luminance of some components of this
composite pattern (Allik, 1992; Stone et al., 1990). The
results of the present experiment appear to reveal the
same property of the underlying motion-encoding oper
ation: The perceived amplitude of w-motion increases
monotonically with relative contrast W. Many previous
studies have proposed that the correspondence strength
between two elements involved in motion increases with
luminance flux (Burt & Sperling, 1981; Nishida &
Takeuchi, 1990; Shechter & Hochstein, 1989; van San
ten & Sperling, 1984; Werkhoven, Snippe, & Koen
derink, 1990b). These studies, however, were mainly
concerned with the problem ofestimating the likelihood
that two separate spatial elements form an elementary
motion path, rather than with the perceived properties of
that path. Correspondence strength, by itself, is am
biguous concerning the output velocity or displacement
amplitude. The main advantage of the method equaliz
ing w- and <t>-motion is that this approach allows the ex
pression ofmotion strength not only in terms of dimen
sionless probability of discrimination of direction of
motion, but also in metrical units of spatial displace
ment.

Another consequenceof the correlation-type movement
encoding systems concerns the perception of motion
without spatial displacement. A motion-encoding sys
tem does not need to establish correspondence between
similar individual spatial features in a motion sequence.
Bilocal motion encoders can ignore the correspondence
problem by measuring the asymmetry in the change of
the luminance flux at two sampled locations. The bilo
cal encoding model is indifferent to whether this change
in the luminance flux is produced by a moving object
traveling from one sample point to another, or by the lu
minance modulation of two stationary objects at these
sample points. Despite obvious physical differences, the
motion-encoding system is not able to distinguish these
two cases. This explains why w-motion caused by lumi
nance modulation is perceptually indistinguishable from
motion evoked by a real displacement. Many current
theories of motion perception, which have been shown
to be formally equivalent to the elaborated Reichardt
model (van Santen & Sperling, 1985), assume that the
visual system employs motion-encoding units with re
ceptive fields extended over space and time that are
tuned to movement along a particular trajectory (Adel
son & Bergen, 1985; Burr et al., 1986a; Watson & Ahu
mada, 1985; Wilson, 1985). These units measure the
amount ofluminous energy in some spatiotemporal vol
ume irrespective of the distribution of the luminous en
ergy in that volume. That is why the luminance incre-
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ment !'!,.L added alternatively to two stationary objects
evokes the perceived motion that is indistinguishable
from the impression ofmotion caused by an object mov
ing from one location to another.

The extended-in-space-time receptive fields means,
in particular, that during motion encoding some part of
the stimulus information is discarded. For example, when
different local motions are spatially superimposed or
given within a sufficiently small region, information
about individual motion components will be lost and the
region is perceived to move in the direction representing
a resultant combination of these individual components
(Mather & Moulden, 1980; Williams & Sekuler, 1984;
Williams, Tweten,& Sekuler, 1991). Similarly,motion en
coders seem to ignore the absolute luminance values and
respond to the ratio of luminance fluxes, W = !'!,.L/L, at
two sampled locations: Two different pairs of dots with
different absolute distance but the same luminance ratio
W produce exactly the same magnitude of w-motion.

The results of our experiment suggest that it is easier
to elicit motion between two elements with larger spa
tial separation than between those with smaller spatial
separation. As is shown in Figure 2 (upper panels), less
modulation in the luminance flux is needed to evoke mo
tion with a required displacement amplitude for a larger
interdot separation compared with a smaller one. This
finding contradicts the traditional viewpoint that the
strongest apparent motion occurs over short inter
element distances (Burt & Sperling, 1981; Miller &
Shepard, 1993; Shechter & Hochstein, 1989; Shechter,
Hochstein, & Hillman, 1988; Ullman, 1979; Werkhoven,
Snippe, & Koenderink, I990a, 199Gb). It is more nat
ural, however, to assume that larger displacements con
vey more information for the presence of object motion
than small displacements, which are, for example, diffi
cult to separate from displacements caused by involun
tary eye movements. Many other psychophysical data,
including kinematic thresholds and the detection ofmo
tion onset or instantaneous displacement, also require
for their proper explanation an assumption that the mo
tion-weighting function increases with the displacement
magnitude (Allik, 1992; Allik & Dzhafarov, 1984;
Dzhafarov, 1992; Dzhafarov & Allik, 1984; Dzhafarov,
Sekuler, & Allik, 1993). In order to avoid dependence on
a variable motion-weighting function, we analyzed sid as
a fraction of interdot separation. After this normaliza
tion, all the curves converged to a single functional re
lationship, specifying exactly the perceived amplitude of
w-motion. For any two values, the luminance modula
tion increment !'!,.L and the interdot separation d, there is
only one amplitude of the perceived oscillation.

Finally, the idea that the motion-encoding system sub
jects the input signal to a nonlinear compression is not
a new one. The existence of such a compressive opera
tion has been suggested in various contexts (e.g., Bulthoff
& Gotz, 1979; Chubb & Sperling, 1988, 1991; Egelhaaf
& Borst, 1989; Stone et al., 1990; Thorson, 1966). The
rapid contrast saturation seems to be an inevitable con
sequence of a motion-encoding scheme based on the

computation of correlation between two input signals.
As already noted, this scheme has an intrinsic difficulty
with estimating the velocity of a moving object. A sim
ple solution, for a system based on correlation but at the
same time not very dependent on stimulus contrast, is to
apply the input signal to a rapidly saturating compressive
transformation. In that case, only near-threshold low
contrast stimuli are vulnerable to luminance-dependent
changes in perceived velocity.
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