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Maximum displacement (dmax) in compound bandpass-filtered

images: A simple averaging rule

Walter F. Bischof & Vincent Di Lollo

University of Alberta

An image displayed successively in adjacent screen loca-
tions is seen as moving in the direction of the displace-
ment. The maximum displacement at which directional
metion can be seen is known as dmax. Medels based on
individual motion sensors can account for dmax in one-
dimensional sinewave gratings but not in two-dimension-
al bandpass filtered images. Tn earlier work we found that
dmax in bandpass filtered images varies according to a
simple averaging ruie. To wit, dmax is proportional to the

average horizontal frequency of all frequency components
of the image, weighted by the observer’s contrast scnsi-
tivity function. The generality of this rule was tested in
two experiments with bandpass filtered images that dif-
fered in centre frequency and in orientation bandwidtk.
There was excellent agreement between the empiricai re-
sults and guantitative predictions based on the averaging
rule. These outcomes place definite constraints on mod-
els of motion integration.

An image displayed successively in adjacent
screen locations is perceived as moving in the
direction of the displacement. Such apparent
motion has been studied extensively with ran-
dom-dot images (Baker & Braddick, 1985;
Braddick, 1974; Dawson & D Lollo, 1990) and
with bandpass-filtered images (Bischof & Di
Lolio, 1990; Chang & Julesz, 1985; Cleary &
Braddick, 1990).

Quality of perceived motion depends on the
magnitude of displacement. At small displace-
menis, apparent motion is indistinguishable
from real motion. As displacement is increased,
more parts of the image are seen to move in
various directions umtil, at even greater dis-
placements, coherent motion is no longer seen.
The maximum displacement at which coherent
directional motion can be seen is known as
dmax. '

Theoretical accounts of apparent motion
have postulated discrete motion signals pro-
duced by populations of directionally-selective,
frequency-tuned sensors (Adelson & Bergen,
1985; Marr & Ullman, 1981; Reichardt, 1961;
van Santen & Sperling, 19835; Watson & Ahu-
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mada, 1985). However, such accounts are un-
ambiguous only if the stimul are sinewave
gratings: Additional considerations arise with
two-dimensional images, If the stimulus is a
sinewave grating, a simple relation can be in-
ferred between activity of motion sensors and
perception of motion in the whole image. This
is so because the only sensors stimulated by a
sinewave grating are those tuned to an orienta-
tion orthogonal to that of the grating. Since sen-
sors preferentially tuned to other frequencies or
orientations are activated weakly or not at all,
motion in the whole image is signalled unam-
biguously by the most active sensors.

In images other than sinewave gratings, per-
ception of motion is related less simply to sen-
sor activity. Consider an image of isotropical-
ly bandpass-filtered noise. By definition, the
image contains components of all orientations.
When transiated, the image will stimulate sen-
sors mned not only to the direction of motion
but to other directions as well. The motion sig-
nals generated by sensors stimulated in “spuri-
ous” directions will vary in complex ways with
the magnitude of displacement (Bischof & Di
Lollo, 1990; Cleary & Braddick, 1990). In this
case, an account based solely on the outputs of
individual sensors is no longer sufficient. In-
stead of just one, there are now several motion
signals, issued from groups of sensors tuned to
different orientations. Clearly, the activity of
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only one such group cannot provide reliable in-
formation as to direction of motion in the whole
image. What needs to be known is how the out-
puts from the various groups of sensors com-
bine to yield the perception of overall motion.

In a recent paper, we proposed one way in
which the outputs from many motion sensors
may be integrated (Bischof & Di Lollo, 1991).
In brief, we suggested that the outputs of all
motion sensors, weighted by the observer’s
contrast sensitivity function (CSF), can be av-
eraged to yield an expected value of dmax. In
an initial series of studies, we found that this
simple averaging rule could account success-
fully for directional motion detection in band-
pass-filtered images (Bischof & Di Lollo,
1991). The present work was designed to ex-
tend the earlier studies. The main objective was
to determine whether the simple averaging rule
could account for detection of motion in more
complex compound images. Each compound
image was constructed from component images
passed by filters of different frequency and ori-
entation bandwidths. In the first of two experi-
ments, the simple component images were used
separately to provide a basis for comparison
with the spectrally more complex images. In
the second experiment, the stimuli were com-
pound images constructed by summing pairs of
images used in Experiment 1. The simple av-
eraging rule provided a remarkably good fit to
the outcomes of both experiments.

Experiment 1
Methods

Observers. One of the authors and two patd
undergraduate students, naive as to the purpose
of the research, served as observers. All had
normal or corrected-to-normal vision.

Stimuli. The stimuli were bandpass-filtered
images with a resolution of 128 x 128 pixels. At
the viewing distance of 57 cm the square im-
ages subtended an angle of 4 deg. Bach image
contained up to 256 grey levels, and was nor-
malized to a mean Iuminance of 54 cd/m? (in-
cluding screen luminance of 10 c¢d/m?) and
peak Michelson contrast of (.56, yielding a
range of 24-84 cd/m?. Each image was con-
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Figure I: In the left portion of each panel are the Fouri-
er domains of the filters used 1o produce the stimuli. The
filter in panel (2) has an orientation bandwidth equal to
zero. The filter in panels (b) has an orientation bandwidth
of 180 deg. In the right portion of each panel are sample
images passed by the correspending filter with lower cut-
off frequency = 0.5 c/deg, and frequency bandwidth 2 oc-
taves,

siructed from a 1282 random-dot matrix in
which each dot could be either black or white
with a probability of 0.5. The images were fil-
tered with one of the two ideal bandpass filters
illustrated in Figure 1. The filters in Figure la
had: an orientation bandwidth equal to zero, and
passed only components with an orientation of
90 deg, which produced vertical compound
gratings. The filter in Figure 1b had an orien-
tation bandwidth equal to 180 deg; that is, the
filter was isotropic and therefore passed com-
ponents of all orientations. Alsoe shown in Fig-
ure 1 are sample images passed by the corre--
sponding filter with frequency bandwidth 2 oc-
taves and lower cut-off frequency 1 c/deg. For
each filter, frequency bandwidth was fixed at 2
octaves, but there were five lower cut-off fre-
guencies: 0.5, 0.75, 1, 1.5 and 2 c/deg. In the
experimental design, the two orientation band-
widths of the filter (0 or 180 deg) were com-
pletely crossed with the five cut-off frequencies
to yield a total of 10 experimental conditions.
To avoid effects peculiar to the random struc-
ture of any individual image, 20 different im-
ages were constructed for each experimental
condition. On any one trial, the image to be dis-




played was chosen randomly from the pool of
20 images.

Apparatus. All stimuli were displayed on a
Tektronix 608 oscilloscope equipped with fast
P15 phosphor. The screen was front-illumninat-
ed by a 500-w Sylvania CBA tungsten-halo-
gen projector lamp. A variable neutral-density
filter, mounted in the path of the light-source,
was adjusted to yield an average screen lumi-
pance of 10 cd/m?2, as measured by a Minolta
L8110 luminance meter. The X, Y, and Z (in-
tensity) coordinates of the filtered images were
displayed from a fast plotting buffer at the rate
of one dot per microsecond (Finley, 1985). To
improve brightness and contrast, each image
was plotted four times in succession for a total
exposure duration of just under 65 ms.

Procedure. On any given irial, the sequence
of events was as follows: the observer sat in a
dimly-illuminated chamber and fixated on a
cross shown in the centre of the screen. Upon
a button-press by the observer, the fixation
cross disappeared and the first image (F1) was
displayed for 65 ms, Trmmediately upon termi-
nation of FI, the second image (F2) was dis-
played for 65 ms. The two images were iden-
tical except that F2 was displaced horizontally
with respect to F1 so as to produce the appear-
ance of motion of the left or to the right, ran-
domly. The parts of F2 that were displaced out
of the viewing area by the horizontal shift were
“wrapped around” to appear at the opposite side
of the image. The observer indicated the direc-
tion of motion by pressing one of two hand-
held buttons.
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In the present experiment, dmax was defined
as the F1-F2 displacement that produced 80%
correct responses. For this purpose, the range
of F1-F2 displacements was adjusted for each
observer and condition so as to bracket a level
of 80% correct responses. In any one session,
observers made 350 observations for every
F1-F2 displacement (presented randomly) in
one of the 10 experimenial conditions.

Contrast sensitivity functions (CSF) were ob-
tained separately for each observer under dis-
play conditions matching those of the main ex-
periment, Upon a button-press by the observer,
two vertical gratings were displayed sequential-
ly for 63 ms each. The two gratings were iden-
tical except that the second was displaced by
.25 cycles to the left or to the right, random-
ly. The observer pressed one of two buttons to
indicate the direction of motion. Contrast of the
gratings was adjusted by a dynamic tracking
procedure (PEST, Taylor & Creelman, 1967) to
a level that yielded approximately 80% correct
responses, which was taken as the threshold for
directional motion detection for that spatial fre-
guency. Threshold estimates were taken at spa-
tial frequencies ranging from 0.5 to 9 c/deg.
Figure 2 shows the CSFs for the three observ-
ers. It should be pointed out that CSF values
for the lowest spatial frequency (0.5 c/deg)
were probably biased. Namely, owing to equip-
ment limitations, the gratings used to estimate
thresholds at the lowest frequency had only two
cycles per image. Depending on initial phase
angle, these images often produced a strong im-
pression of expanding or contracting horizon-
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tal motion that interfered with perception of di-
rectional motion and decreased response accu-
racy (see also Hoekstra, van den Goot, van den
Brink & Bilsen, 1974). In turn, this may have
led to a biasing of the estimate.

Results

In the present work, we followed convention
by defining dmax as the displacement at which
direction of motion can be identified correctly
with a probability of 80%. Obtained values of
dmax for all conditions are shown by the un-
connected symbols in Figure 3, separately for
each observer. Also shown in Figure 3 (by the
continuous lines) are the predicted individual
values of dmax derived from the averaging rule
described below.

The averaging rule. The averaging rule en-
compasses two central assumptions: First, that
dmax for horizontal motion is proportional to
the average horizontal period of all frequency
components of the image and, second, that the
frequency components of an image contribute
to perceived motion in weighted measure, ac-
cording to the observer’s CSF. The first as-
sumption is best illustrated by reference to Fig-
ure 4 which shows the two-dimensional Fouri-
er domain of an image passed by a filter whose
frequency band is represented by the shaded ar-
ea. In Figure 4, S denotes an oblique frequen-
cy component having vertical frequency vs
(with corresponding vertical period pvs) and
horizontal frequency wus (with corresponding
horizontal period pu). Consider a display in
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Figure 4: Two-dimensional Fourier domain of an image,
showing an ideal bandpass filter with cut-off frequencies
Fu and Fun. Also shown is an oblique frequency compo-
nent S with vertical frequency v; and horizontal frequen-
CY Us.

which the image is translated to the right. A
motion signal m = (my, my) generated by an ar-
bitrary motion sensor is said to be correct if
>0. Now consider an arbitrary frequency com-
ponent f = (i, v) where u and v denote horizon-
tal and vertical frequency, respectively, as in
Figure 4. A correct motion signal is generated
for fif the horizontal displacement du, < (2u)1,
that is, if the displacement is just short of /2
cycle of f with respect to the horizontal axis in
Figure 4.

In deriving the predictions shown in Figure
3, the value of dmax for an arbitrary image was

Figures 3: Values of dmax in all
experimental conditions, separately
for the three observers, Empirical
values are indicated by the unconnec-
ted symbols, The continuous lines
show the corresponding resnits ob-
tained with the averaging rule. The
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segmented line in the right panel is
explained in the text.




taken as the weighted average of all du,
weighted in the manner described below. In the
present implementation, we used dyv=.475u.
This is the value of dmax (in cycles) obtained
by the same observers when viewing translat-
ing sinewave gratings over a broad range of
spatial frequencies (see Di Lollo & Bischof,
1991). For each observer, the predicted values
of dmax were calculated as follows. Let F(u,
v}, 0= n, v <n denote the discrete Fourier trans-
form of the filter. Then dmax is defined as

o2 nf2
dmae = 047521 > Y wlw(u, v) F (u, v) (1)
u=I v=0

where Z i3 a normalizing constant

v2 02

Z=3 Y wwviFuv) 2

=] v=(0
and w (i, v) is a weighting factor

win, v)=[log, (r+1)-log: (1)]c%(r)
PP=ut412 3)

The purpose of the term w{u, v) is to weight
all frequency components F(u, v) in terms of
the observer’s contrast sensitivity function. It
consists of two factors, both measured in terms
of radial spatial frequency {r). The first factor,
[log? (r+1) — log? (7)], ensures that frequency
components are weighted equally on a logarith-
mic frequency scale. The second factor, ¢(r),
denotes the observer’s contrast sensitivity func-
tion obtained under the same spatiotemporal
conditions as the motion experiment (see Fig,
2).

Account of the results. Predictions based on
Equation (1), illustrated by the continuous lines
in Figure 3, show excellent agreement with the
empirical data. The agreement is all the more
rematkable in that the simulation contained no
free parameters. Both independent variables af-
fected performance in accordance with the sim-
ple averaging rule. As predicted, values of
dmax were higher at the larger orientation band-
width, and decreased as the lower cut-off fre-
quency of the filter was increased. Both effects
represent systematic changes in the weighted

average of all 4y, in response to changes in the
independent variables. In every case, the direc-
tion of the empirical and simulated outcomes
are in qualitative agreement with the inverse
scaling of dmax with spatial frequency reported
in earlier studies (Bischof & Di Lollo, 1990,
1991; Chang & Julesz, 1985; Cleary & Brad-
dick, 1990).

Also shown in Figure 3 — by the segmented
line in the right panel — are the values that dmax
would assume were it to remain a constant pro-
portion of the period of the image’s lowest fre-
quency throughout the domain. Notably, the
segmented curve in Figure 3 is proportional to
prediction made by the averaging rule without
weighting in terms of the observer’s CSE. As
can be seen, such a curve is not representative
of either the obtained or the simulated values
of dmax. Clearly, the pattern of results in Fig-
ure 3 cannot be regarded as a trivial conse-
quence of expressing dmax in units of min arc
rather than in terms of the period of some fre-
quency component in the image. The sound-
ness of this procedure has been demonstrated
by Bischof & Di Lollo (1991).

Next, we check on the generality of the sim-
ple averaging rule by using images of substan-
tially more complex spectral composition than
the images used thus far. This is done in Ex-
periment 2.

Experiment 2

Orientation bandwidth, which was varied

-between images in Experiment 1, was found to

affect performance in ways that matched pre-
dictions based on a simple averaging rule. In
Experiment 2, orientation bandwidth was var-
ied within images. That is, as in the previous
experiment, the images contained frequency
components spanning a range of two octaves.
However, for half the images, the orientation
bandwidth was zero deg for the lower octave
and 180 deg for the upper octave. The reverse
was true for the remaining images (see Fig. 5).

Predictions as to how dmax should be af-
fected by such compound images are virtually
impossible to make on a purely intuitive basis
but are straight-forward in terms of the averag-
ing rule expressed in Equation (1). The issue
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Figure 5: In the left portion of each panel are the Fouri-
er domains of the filters used to produce the stimuli. All
filters have a frequency bandwidth of two octaves. The
filter in panel (a) has an orientation bandwidth equal to
zero for the lower octave, and an orientation bandwidth
of 180 deg for the upper octave. The reverse is true for
the filier illustrated in panel (b). In the right portion of
each panel are sample images passed by the correspond-
ing filter with lower cut-off frequency = 0.5 c/deg.

of just what it is that gets averaged is discussed
below. Here, two related events are worth not-
ing: First, predictions based on the averaging
rule were as successful with the compound im-
ages in Experiment 2 as with the simple images
in Experiment 1. Second, each image in Experi-
ment 2 consisied of the linear summation of
two images from Experiment 1. Taken togeth-
er, these observations strongly suggest that
whatever it is that gets averaged, it does so in
a linear fashion.

Methods

Observers, apparatus, displays and procedures
were the same as in Experiment 1, with the
exception of the filters used in constructing the
images. At each of the five lower cut-off fre-
quencies of the filer (0.5, 0.75, 1, 1.5, and 2
¢/deg), there were two types of images, defined
in terms of orientation-bandwidth composition.
All images had a frequency-bandwidth of 2 oc-
taves. In one set of images, the lower octave
had an orientation bandwidth equal to zero,
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while the upper octave had an orientation band-
width of 180 deg. The reverse was true for the
other set of images. Each image can be consid-
ered as the sum of a compound grating and an
isotropic blob pattern. In one set of images,
high-frequency blobs were superimposed on a
low-frequency compound grating; in the other
set, a high-frequency compound grating was
supertmposed on low-frequency blobs. The fil-
ters used for producing the images are shown
in Figure 3, as are sample images passed by the
corresponding filters.

Results

Predicted and obtained values of dmax are
shown in Figure 6, separately for each observ-
er. The predictions show excellent agreement
with the empirical data, with the exception of
a single point for observers VDL and KW. In
both cases, the wayward point was obtained
with images that contained extremely low spa-
tial frequencies. We suspect that the poor fit is
due to instability of the corresponding point in
the observer’s CSF, as was noted above.
Trrespective of such minor variations, the
analysis fits the data remarkably well. In addi-
tion, it offers a coherent account of several as-
pects of the results that would not be readily
interpretable otherwise. For example, on pure-
ly intvitive grounds, it is not at all obvious why
dmax should be higher when the 180-deg or-
ientation bandwidth occupies the lower octave
than when it occupies the upper octave (Fig. 6).
Yet, this resuilt becomes readily interpretable in
terms of the weighted averaging process. It
should also be noted that the phenomenal ap-
pearance of the displays was vastly different in
Experiments 1 and 2. Yet both sets of resulis
are explained equally well in the same terms.

Discussion

It is generally agreed (Adelson & Movshon,
1982; Bischof & Di Lollo, 1990, 1991), that a
comprehensive account of directional motion
perception cannot be achieved solely on the ba-
sis of individual motion sensors functioning in-
dependently one from the other. Individual sen-
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sors can provide an adequate account of diree-
tional motion perception of “one-dimensional”
stimuli (simple sinewave gratings) but not of
more complex images. The present averaging
rule outlines one possible way in which the in-
dividual frequency components of an image
may be combined to yield perception of direc-
tional motion. We hasten to add that, although
important as a determinant of dmax, the aver-
aging rule has little to say about direction of
motion. This is so because, in the present work,
observers reported only the horizontal compo-
nent of directional motion. However, within
these Hmits, the rule was obviously successful
in distinguishing leftward from rightward mo-
tion.

What, if anything, can the averaging rule
contribute towards an understanding of motion
perception? Before answering this question,
some basic assumptions must be spelled out.
Along with other researchers (e. g., Adelson &
Movshon, 1982; Movshon, Adelson, Gizzi &
Newsome, 1986) we assume that at least two
processing stages are required to account for
perception of motion in complex images: mo-
tion sensing and motion integration. The initial
stage contains a population of orientation-se-
lective, frequency-tuned sensors, each capable
of signalling motion only over a very limited
area (e.g., Reichardt, 1961; Marr & Ullman,
1981). The outputs of many such sensors must
be combined if directional motion is to be seen
over the entire visual field. As do Adelson and
Movshon (1982), we assume this integrative
function to be performed at a separate process-
ing stage, affected by different variables — and

Figure 6: Values of dmax in al! ex-
perimental conditions, separately for
the three observers. Empirical vaiues
are indicated by the unconnected
symbols. The continuous lines show
the corresponding resulis obtained
with the averaging rule.
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bound by different rules — from the stage of
“one-dimensional” sensors that supply its input.
The present averaging scheme is largely un-
concerned with the motion-sensing stage. For
example, no assumption is made as to the pre-
cise mechanism of motion detection at the ear-
lier level. In fact, the present scheme is com-
patible with the major models of motion detec-
tion, be they correlational models (Reichardt,
1961), energy models (Adelson & Bergen,
1985; van Santen & Sperling, 1985; Watson &
Ahumada, 1985) or gradient models (Marr &
Ullman, 1981). All that the present scheme re-
quires is that, at the initial stage, motion per-
ception be mediated by sensors capable of pro-
viding input to the second processing stage.
With respect to the second stage, the averag-
ing scheme makes two distinct contributions:
First, it places explicit constraints on models of
motion integration; and, second, it highlights
the importance of the contrast sensitivity func-
tion in selecting the frequency components that
contribute most to motion perception. The ma-
jor constraint stems from the finding that, to
provide suitable fits to the empirical data (such
as illustrated in Figures 3 and 6), all spatial fre-
quency components in the image must be con-
sidered. Omission of frequency components
from the averaging process results in marked
deterioration in the goodness of fit. This places
a clear constraint on models of motion integra-
tion: It questions the tenability of those that re-
Iy on sub-populations of sensors — rather than
on the entire population — for providing the mo-
tion signals to be integrated. This pertains to
“winner-take-all” models such as those pro-
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posed by Bischof and Di Lollo (1990), Grzy-
wacz and Yuille (1990), and by Watson and
Ahumada (1985). This constraint also questions
the tenability of one-dimensional analyses such
as that proposed by Cleary and Braddick
{1990).

As for using the CSF to weight the frequen-
cy components of the image, there is no ques-
tion that CSF-weighting is crucial to the suc-
cess of the model’s predictions. Without it,
there would be poor correspondence between
predicted and obtained scores in Figures 3 and
6, as shown by the segmented line in Figure 3.
Indeed, goodness of fit would be reduced even
if a generalized CSF were used in place of the
individual observer’s CSF.

On the face of it, use of the CSF as a weight-
ing function hardly needs justifying. It seems
reasonable to expect that the magnitude of the
signal from a frequency-tuned motion sensor
(and hence the input to the second processing
stage) should be scaled in terms of the CSE
However, there is evidence that, for stimuli well
above threshold contrast, the CSF is essential-
ly flat across the frequency domain (Georgeson
& Sullivan, 1975), On the strength of this find-
ing, it could be argued that the shape of the
threshold CSF may not apply to the present
stimuli whose contrast was decidedly above
threshold. On the other hand, there is reason to
believe that Georgeson and Sullivan’s results
may be specific to the contrast-matching pro-
cedure used in their experiment. When a mag-
nitude-estimation procedure is used, the char-
acteristic bow-shaped CSF is obtained even at
high levels of contrast (Cannon, 1979). Further
arguments justifying the use of the threshold
CSF with above-threshold stimuli have been
presented by De Valois and De Valois (1988,
pp. 167-168).
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