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Dynamic visual noise and the stereophenomenon:
Interocular time delays, depth,

and coherent velocities

DAVID S. FALK
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and

ROBERT WILLIAMS
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This study concerns the stereophenomenon obtained with binocular viewing of dynamic
visual noise with a neutral density filter over one eye. Such a display offers the opportunity
to study quantitatively the way in which perceptions are organized when the stimulus provides
virtually no organization. Measurements are reported of interocular delay times, apparent
depth, and horizontal streaming velocity. The effects of changes in filter density, viewing
distance, and dot rate are discussed within the context of various theoretical models that
have been proposed. These models attribute the stereophenomenon to temporal disparity, the
Pulfrich effect, and random spatial disparity. None is shown to account fully for all aspects
of the phenomenon. Finally, the effects of tracking are explained as a property of dynamic
visual noise.
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Dynamic visual noise, a changing random dot
array, changes its appearance strikingly when an
interocular delay is introduced. The plane of dots
changes its appearance from random motion within
the display plane to coherent horizontal motion in
depth planes in front of and behind it. A similar
effect has been achieved in a variety of ways. Ross
(1974) presented separately to the two eyes two
computer-generated displays, identical except for a
time disparity, to. Tyler (1974) viewed a detuned tele
vision receiver binocularly with a neutral density
filter over one eye to produce the desired interocular
delay. The noise pattern can be created by a thermal
white noise generator (Mezrich & Rose, 1977) or a
dynamic laser speckle pattern (MacDonald, 1977).

What is striking about these results is that the per
ceived organization in the random display is
produced entirely by the organization within the
brain, working with the single hint provided by the
interocular delay. Subjective coherent motion ap
pears in the absence of real or ordered apparent velo
cities, and depth, in the absence of classical depth
cues. Thus, this phenomenon offers a rare oppor-
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tunity for quantitative study of subjective order pro
duced from minimal stimulus order.

Rose (1974) attributed this effect to a form of
stereopsis resulting from delay between the reception
of a display in the two eyes, as would happen if the
display really were moving horizontally on a plane
different from that of fixation. Tyler's model (1974,
1977) requires parallel processing of monocular ap
parent motion and stereoscopic fusion of dots with
random spatial disparity which, after the interocular
delay is imposed, appear to occur simultaneously. In
this model, apparent motion in one horizontal direc
tion could only be associated with a definite disparity
(crossed or uncrossed, depending on which eye
suffers the delay). Mezrich and Rose (1977) suggested
that monocularly observed apparent motion, due to
random association of neighboring dots in successive
frames, generates depth as in the classical Pulfrich
phenomenon. The observed coherent motion occurs
because only horizontal motion in the dynamic noise
is amenable to the Pulfrich effect. What is required
is a quantitative check on the validity of the proposed
explanations.

EXPERIMENTS

We measured, independently but under identical
conditions, the following parameters associated with
the phenomenon: (1) the interocular time delay pro
duced by a neutral density filter over one eye, (2) the
apparent depth of the planes of dots, and (3) the ap-
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parent velocity of the coherent motion of the planes.
Each measurement was made as a function of filter
density, viewingdistance from the screen, and average
rate of dot presentation.

Procedures
For all experiments, a random noise signal was presented on a

television monitor using the video-data sampling technique
(Williams, 1973). Using a blank field, the apparatus plots .l-ssec
pulses, derived from a wide-band noise source, producing
l-mm-diam spots. As the pulses occur randomly in time, they are
distributed by the raster process in a spatially random pattern,
which is completely changed every 20 msec. The mean rate can
be varied (0-3 MHz), and a digital counter monitors the l-sec
time average. The 380x 300 mm monitor screen was masked to
provide a 230x 170 mm viewing region. Viewing distance ranged
from 380 to 1.040 mm (corresponding screen sizes, 3S x 26 deg to
13x 9 deg). A 2oo-mm half-silvered mirror, angled at 45 deg, al
lowed the subject to view, optically superimposed. the monitor
screen and the comparison test display (different for each experi
ment). Two filter holders defined the viewing distance, acting as
viewing peep holes for the subject. The monitor background and
mean luminances, at preset spot rates, were checked before each
session with a photopically calibrated diode. Absolute average lu
minances were obtained using an S.E.I. direct vision photometer.
Ambient light was provided by two ceilingfluorescent fixtures, since
the phenomenon was more easily seen in an illuminated room.

Experiment 1: Interocular delay. To measure the extra latency
(to) resulting from a neutral density filter, two methods were
utilized:

(1) A classical Pulfrich arrangement with an oscilloscope screen,
displaying a spot oscillating 77 mm horizontally (6.4 deg at
690 mm) at about I Hz, superimposed by the half-silvered mirror
upon the noise display. A filter over one eye gave the illusion
that the spot (whose actual motion was on the monitor screen)
was moving in a horizontal ellipse extending toward and away
from the subject. The subject set an optical track marker at the
maximum forward apparent excursion of the Pulfrich spot. The
interocular delay time was calculated from this value. Lower spot
velocities were also used to ensure that Panum's limits were not
exceeded, but the results were independent of velocity.

(2) A direct mterocular delay technique, injecting two separate
green LEO sources into the fields of view of the two eyes by
arranging further half-silvered mirrors at 45 deg immediately
behind the filter holders. The subject viewed the unfused monoc
ular images of the LEOs superimposed on the noise field. These
images were of about the same luminance as the spots in the noise
field and were pulsed at about I Hz. An apparent interocular
delay was produced by a neutral density filter in front of one eye.
This delay was offset by the subject varying the LEO phasing to
produce phenomenal simultaneity. The actual time delay between
the pulses to the LEOs was then measured. to reduce asymmetry
effects, the filter was alternated between eyes and the results
averaged.

. Experiment 2: Depth measurements. An optical bench track
with a moveablepoint light source was placed parallel to the screen, '
in front of it and to one side. This light was superimposed on the
monitor screen and binocularly viewed. The subject adjusted the
stereoscopic depth of the image of this point source to the ap
parent depth of the dots by turning the rack and pinion mecha
nism of the optical bench. The source's position was then measured.
The point source (a pinhole illuminated by a lO-W quartz iodide
lamp) was red-filtered and was 1.5 log units brighter than the
mean screen luminance.

This experiment measured b, the apparent distance that the back
plane of dots lies behind the TV screen (the positions of the dots
in the absence of the filter). We used only observers for whom the.
depth was well defined. although after a long, tiring session the

display would appear to break down into several depth planes. The
back plane was used because it was the most easily discriminated
by our subjects.

Experiment 3: Velocity matching. An oscilloscope was posi
tioned at right angles and adjacent to the monitor screen so that
its display was superimposed on the screen. A variable waveform,
low-frequency oscillator replaced the time base. The oscilloscope
trace was swept at constant speed horizontally, with amplitude
63 mm and with its frequency set by the subject to obtain a match
with the apparent coherent velocity of the noise display. To mini
mize tracing, the subject fixated on a spot attached to the screen
at about 2 Yz deg below the path of the oscilloscope trace
(Murphy, Kowler, & Steinman, 1975). To minimize adaptation
effects, the filter was alternated between eyes, and measurements
were repeated at different times within a session. This experiment
measured Vm' the velocity matched to the apparent velocity of the
coherent motion of the planes.

SOME COMMENTS ON
PROPOSED EXPLANATIONS

We first discuss some proposed explanations in
order to be able to present our results in a theoretical
framework.

Temporal Disparity Model
Ross' (1974, 1976) suggestion that a temporal dis

parity between the two eyes may be interpreted as
stereoscopic depth, "as if it had been generated by
eye movements," implies a definite relation between
the observed velocity and the angle, from a point on
the actual display plane, subtended by the two eyes.
That is, an object located at point P on the display
plane (Figure 1) is seen by one eye at time t and by
the other (delayed) eye at the time t + to. If this delay
is to beinterpreted as motion in depth, then the object
must appear to have moved through an angle +
during the time 10 with, consequently, angular velocity
+/to. Here +is the angle from P subtended by the
two eyes and is equal to (180/n)S/D(degrees), where
S is the interocular spacing and D is the viewing
distance. (Note that +is independent of the fixation
point, which need not be P, and is therefore not
necessarily the vergence angle.) Hence, a temporal
disparity interpreted as motion in depth will result in
an apparent angular velocity of the motion, of value
Vtd = (180/n)(S/toD).~athematically, this formula
is senseless for vanishingly small to' (Ross, 1974,
observed the coherent streaming of the dots only for
to> 50-70 msec.)

Pulfricb Model
We recall some basic properties of the Pulfrich

phenomenon (for details, see Levick, Cleland, &
Coombs, 1972). An object perceived at a depth b
behind the screen must be due to a stimulus under
going a (real or apparent) displacement d during the
interocular delay time to, where d = Sb(D +btl (see
Figure 2). Equivalently, the motion of the stimulus
during to subtends, from the subject, an angle
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ilar effect.) In either case, we would expect Vi to be
independent of to'

Random Spatial Disparity Model and
the Reverse Stereophenomenon

Tyler (1977) argues against the Pulfrich, or appar
ent movement, model, laying heavy emphasis on the
existence of the reverse stereophenomenon. Here the
two eyes are shown complementary random-dot pat
terns. The pattern shown one eye is bright where
the other is dark. When these patterns are viewed
with a neutral density filter over one eye, Tyler re
ports the observation of coherent streaming and
depth of the dot pattern, as in the usual stereophe
nomenon but somewhat weaker. The streaming
appears, however, in the opposite direction to that
observed when both eyes observe the same pattern.
Tyler argues that this reverse stereophenomenon pre
cludes the Pulfrich explanation and thus strengthens
the random spatial disparity explanation.

The reverse stereophenomenon, however, is not
inconsistent with a Pulfrich model. Because any
bright spot will have dark spots on both sides of it,
the complementary pattern has two patches of light,
one to each side of the location of each light patch

Figure 2. Left and right eyes, with interocular spacing S, view
screen from distance D. Motion in display plane from P, to PI is
perceived as occurring at P, a distance b behind display plane. if,
due to lnterocular delay, the left eye observes the motion lit PI
while the right eye is still observing it at P r- The distance d,
separating P r lind PI. subtends an angle e.
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e = (180/rr)(d/D) (degrees). Measurements of the
depth, b, may then be expressed in terms of the angle
e = (180/rr)[Sb/D(D + b)].

The advantage of expressing the data in terms of
e is threefold. First, the angle e is approximately
equal to the binocular disparity. Second, e/to is the
angular velocity in degrees/second of the motion
across the screen, and so may be compared with
Vrn- the velocity obtained by matching with a moving
spot. We call e/to = Vi the velocity inferred from
the depth measurements. Third, in the classical
Pulfrich phenomenon, with a definite linear velocity
across the display plane, the observed angular velocity
would vary inversely with D, and so would Vi (and
thus e). If, however, there is a spectrum of velocities
across the display plane (as for apparent motion in
dynamic visual noise'), and if we assume (as do
Mezrich and Rose reasonably) that the eye favors a
given angular velocity from this spectrum in the pro
duction of the depth phenomenon, then Vi would be
that angular velocity. In this presumably more rel
evant case, we should expect both Vi and e to be
roughly independent of D. (A weak dependence might
ensue because changing the viewing distance has the
effect of modifying the velocity spectrum present in
the display. Changing the dot rate would have a sirn-

Figure 1. Left and right eyes, with interocular spacing S, view
screen from distance D. Object on screen at point P is seen by left
eye at time t and by right eye at time t + 10 , From P, the two eyes
subtend an angle~.
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in the original pattern. These two light patches will
apparently move in the same direction, one preceding
and one trailing, as any apparent motion of the light
patch in the original pattern. The two eyes will cor-

0) NORMAL STEREOPHENOMENON

..
L.. ..R

•
No Delay

•
L.. ~R ..

R Delayed

•
L .. ~R

•
L Delayed

relate the light patches which are spatially closest to
each other and this will result in a reverse stereo
phenomenon by the usual Pulfrich argument, if the
interocular delay is not excessive. The phenomenon
will be weaker since the correlated patches will be
similar but not identical.

To see how the Pulfrich explanation works, con
sider Figure 3. Figure 3a shows the patterns observed
by the left and right eyes in the normal stereophenom
enon, with the arrows indicating the direction of the
apparent motion. The bright spot observed by the eye
suffering the delay lagsthat observed by the undelayed
eye. The correlation of these observed spots results,
by the usual Pulfrich argument, in the appearance of
depth. If the right eye suffers the delay, crossed
spatial disparity results when there is apparent motion
to the right. Figure 3b shows the same situations
when the two eyes are subjected to complementary
patterns. Here, because the bright spot seen by one
eye corresponds to a dark spot seen by the other,
a bright spot seen by the eye suffering the delay
leads the nearest bright spot observed by the unde
layed eye (unless the delays become excessive). For
apparent motion to the right, if the right eye suffers
the delay, uncrossed spatial disparity results, and
there is a reverse stereophenomenon, as observed.'

RESULTS

REVERSE STEREOPHENOMENONb)

•

•

No Delay

•

R Delayed
•

•

One of the most notable observations was the rel
ative instability of Vrn- as compared with to and b.
Vm tended to vary considerably for each observer
from session to session, by as much as 40%, and
larger variations could be produced if the subject
attempted to track the coherent flow. The velocity
was, however, stable over each session (about an
hour), allowing measurements of it with different
parameters, and the dependency of Vm on these
parameters was reproducible. For this reason, most
results for Vm are given as ratios showing the frac
tional change of Vm as the various parameters are
changed.

•

•
L Delayed

Figure 3. (a) The normal stereophenomenon. Patterns of light
and dark patches observed by the left eye (L) and the right eye
(R) for apparent motion to the right, as indicated by the arrows
adjacent to the light patches. The situations of no Interocular
delay, the right eye suffering a delay, and the left eye suffering a
delay are shown. When one eye suffers a delay, the bright spot
seen by It lags that with which It Is paired in the pattern seen by
the other eye. (b) The reverse stereophenomenon. Similar to
Figure 3a, except that the two eyes see complementary patterns.
Here, when one eye suffers a delay, the bright spot seen by It
leads that with which It Is paired In the pattern seen by the other
eye.

Interocular Delay
Figure 4 shows measured interocular delay times

(Experiment 1) for two subjects, R.W. and l.P.H.,
as wen as results obtained by a stereoscopic null
method of Rogers and Anstis (1972), averaged over
their two subjects, for relative visual latencies at this
luminance. (A dot rate of 14x lOS dots/sec corre
sponded to an average luminance of about 3,000 Tr.)
The direct results agree reasonably wen with the
Rogers and Anstis results, as do the Pulfrich results
for R. W. However, l.P.H. shows significantly smal
ler results for to by the Pulfrich method, indicating a
weak Pulfrich response.

Temporal Disparity Model
Knowing to, it is now possible to calculate the
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Figure 4. Interocular delay times vs. filter density. The triangles

are the Rogers and Anstis results (1972). The squares and circles
are, respectively, the direct and Pulfrich results for subject R.W.
The xs and + s are, respectively, the direct and Pulfrich results for
subject J.P.H. The direct results are averaged over dot rate. Each
point corresponds to the mean of over 50 observations. The more
precise Pulfrich results (obtained at 14 x 11)5 dots/sec) have a
standard error of about '12 msec with about 20 observations per
point.

velocity in the temporal disparity model, Vtd. The
smallest Vtd would result from the two log-unit filter
(to = .022 sec) at viewing distance D = 1,040 mm.
With interocular spacing S = 65 mrn, this gives Vtd
= 163 deg/sec. This is more than an order of mag
nitude larger than any velocity observed or inferred
by us (see below) or by Mezrich and Rose and would
be even larger at closer distances and with weaker
filters. Clearly, the temporal disparity model does
not explain the phenomenon we observe. (See also
Tyler, 1977.)

Although they are usually assumed to be the same
(e.g., Mezrich & Rose, 1977), we believe this phenom
enon is different from that reported by Ross. His dot
rate was lower than ours, and to see his effect he
needed interocular delay times three times larger and
a binocularly common central square. J

Depth Measurements
Figure 5 presents the mean depth measurements,

averaged over dot rate, of Experiment 2, for two
subjects R.W. and 1.P.H., as a function of filter
density, for varying distances of observation, D.
Depth is given in terms of the angle, e. We note that

a value 9 = .040 deg corresponds to values of b =
1.6, 5.1, and 12 mm for viewing distance D = 380,
690, and 1,040 mm, respectively. Figure 5 shows the
smaller depth observed by J.P .H., consistent with
that subject's weak Pulfrich response, as noticed in
the to measurements. The order of magnitude of all
these measured depths is consistent with that estimated
by Tyler's subjects (Tyler, 1977).

From eand to, we can calculate the inferred angular
velocity Vi = 9/to. For a pure Pulfrich effect, Vi
would be the actual angular velocity of the spot that
would, with an interocular delay to, result in the
depth 9. Figure 6 plots Vi as a function of filter den
sity. The values of 9 used are those obtained for D =
690 mm and a dot rate of 14 x 105 dots/sec (as in the
to measurements). Figure 6 contains the results for
R. W., the subject for whom we obtained consistent
values of to. We will return below to the rise in Vi
with filter density.

Velocities
In Experiment 3, a direct measure of the apparent

coherent velocity, Vrn- was obtained.
Dependence on filter. A striking feature of the re

sults of the velocity measurements is that, uniformly,
at every distance and dot rate, for both subjects, Vm
increased as the filter density increased. The ratio of
the velocity measured with a two log-unit filter to
that measured with a one log-unit filter is 1.4 ± .2
for R.W., 1.6±.2 for l.P.H. This ratio has been
averaged over dot rate and viewing distance. The
same ratio for the induced velocity, Vi, is 1.3 ± .1
for R.W.

As an additional independent check on the de
pendence of velocity on filter density, the display was
observed with one eye looking through two partially
overlapping filters, so that the eye's view consisted of
part 1/2 log-unit filter and part 3/2 log-unit, with a
reasonably sharp edge separating the regions. This
side-by-side comparison clearly showed a faster and
deeper dot pattern through the darker filter.

Neither the Pulfrich model nor the random spatial
disparity model provides a convenient explanation
of this feature. In the former, the filter serves only
to produce the interocular time delay to, and con
sequently, for a given velocity will affect the ob
served depth. The model gives no reason why a given
velocity should be selected out of the spectrum present
in the dynamic visual noise display. The situation is
similar in the latter model. There the observed appar
ent motion is monocular, and it seems hard to under
stand why that motion should be affected by a filter
in front of one eye.

Clearly, there must be other effects due to the filter
in addition to the interocular time delay. Possibly the
increase in apparent velocity with increasing filter
density may be due to increasing spatial integration
which might eliminate some of the smaller velocity
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components from the spectrum of apparent motion
in the dynamic visual noise.

Dependence on viewing distance, D, and on dot
rate. At fixed dot rate, decreasing D increased Vm
Roughly, cutting D in half increased Vm by a factor
of 1.5. Similarly, when the dot rate was halved (but
all other parameters were unchanged), the mean
increase in Vm was a factor of 1.12.

The relation between the dependency on these two
parameters will depend on the nature of the patterns
used by the eye for detecting apparent motion. Doub
ling D doubles the linear dimensions within a given
viewing angle and thus quadruples the area. Doubling
the dot rate increases the dots along a given horizontal
length by a factor of two but, since the TV raster
remains fixed, only doubles the dots in a given area
(a point apparently overlooked by Mezrich and Rose).
Thus, if the eye detects apparent motion only of
individual dots along a horizontal line, the dot rate
should scale as the distance, while if the dots per
area are more important, it should scale as the square
root of the distance. The very weak dependence on
dot rate suggests that the latter is the case: The eye
is looking at patterns larger than individual dots.

The observed increases in Vm may be expected for
two reasons. One is the removal of the smaller
apparent velocities from the original noise spectrum.
Decreasing either D or the dot rate increases the
angular separation of two dots presented successively
and, hence, the apparent angular velocity between
them.

The spatial frequencies involved provide the other
reason. That our measured Vi of about 4 to 6 deg/sec
is the optimal speed for detecting 1-cyc1e/deg gratings
(Kelly, 1979; Pantle, 1974; Watanabe, Mori, Nagata,
& Hiwatashi, 1968)suggests that the eye is looking at
patterns of about 1/2 deg width. Decreasing D or the
dot rate makes this and smaller size patterns rarer,
necessitating the use of larger patterns. The grating
measurements show that larger speeds become
optimal for larger patterns, consistent with our
observed increase in Vm-

Figure 5, however, shows that e does not depend
on D for R.W., although it does for J.P.H. Further
more, halving the dot rate decreased eby a factor of
.9 for both observers. Wist, Brandt, Diener, &
Dichgans (1977) observed a decrease in depth with
decreasing spatial frequency. Since the spatial fre
quency should be proportional to something like the
square root of the dot rate, our dependence of eon
dot rate is not inconsistent with the numbers quoted
in Wist et al.

What is surprising, however, is the different
dependencies on D and on dot rate of e and Vm
The simplest Pulfrich model would have these two
quantities proportional to each other. Indeed, Wist
et al. find the dependencies of Pulfrich depth and
perceived velocity on spatial frequency to be much
the same." The random spatial disparity model does
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Figure 6. Inferred velocity Vi = e/t. for subject R.W. at view
ing distance D = 690 mm and dot rate 14 x HI' dots/sec.

not require strict proportionality, as depth and
velocity are determined in parallel processing, but
greater depth and greater velocity must also occur
together here (cf. Tyler, 1974, Figure l A). The de
creased luminance at lower dot rates produces too
small a change in temporal integration time to
account for our observed differences of e and Vrn
(Rogers & Anstis, 1972).

Comparison of Vm with Vi. The results for Vi,
shown in Figure 6, may be compared with those for
Vm obtained for the same subject under the same
conditions. The simplest Pulfrich model would have
Vi (obtained by inference from the observed depth)
and Vrn (obtained by direct measurement) be the
same. Although the experimental uncertainties are
large, especially for Vm- we nevertheless find that Vi
is always greater than Vrn- the ratio Vi/V m ranging
from 1.4 to 2.8.

These differences, as well as the different behavior
of e and Vm with change of 0 and of dot rate,
suggest that higher processes enter. For example, the
apparent velocity Vrn may not be a purely monocular
phenomenon but may involve additional processing
after stereoscopic fusion (Julesz & Payne, 1968; see
also Wist et al., 1977). Even the ordinary Pulfrich
effect varies with subject and is modified by classical
depth cues, and we have seen both these effects here.

Tracking. It has been previous noted (Tyler,
1974; Ward & Morgan, Note I) that, if the eyes
attempt to track the coherent velocity, that velocity
is increased. We easily confirmed this observation
during our attempts to measure Vrn. The more we
attempted to track the coherent motion, the larger
our observed Vrn-

This effect is basically a property of apparent
motion in dynamic visual noise. Perceived velocity is

a combination (along with other information) of the
velocity of an object's image across the retina, the
image velocity, and the eye velocity incurred by any
attempt to track the object, that is, to reduce the
image velocity. 5 An increase in either of these veloci
ties results in an increased perceived velocity. The sit
uation is the same for apparent velocity as for real
motion. If the eye tracks just enough so that succes
sive flashes of light cast their images on the same
retinal spot, then the image velocity of the flashing
light will be zero, but the eye velocity will serve as the
source of perceived velocity. With dynamic noise as a
source of apparent motion, however, there is a differ
ence. Here, no matter how the eye tracks the motion,
it can never reduce the image velocity. The apparent
motion comes from a dot or dots in one frame being
associated with one or several in a subsequent frame.
Since, in both frames, the dots are randomly distrib
uted and uncorrelated, the fact that the eye has
moved between frames cannot affect the image
velocity of this apparent motion. Hence, tracking
does not reduce the image velocity at all. The same
image velocity is thus augmented by the tracking
eye velocity, and the resultant perceived velocity is
thus greater when the eye tracks than when it fixates,
as is observed.

CONCLUSIONS

A number of results have come from this study of
the stereophenomenon obtained by binocularly view
ing dynamic visual noise with a neutral density filter
over one eye. Some aspects are now clearer. These
include the understanding of the effects of tracking
and that the temporal disparity model cannot explain
the phenomenon. Some new aspects of the phenom
enon have been uncovered. The increase of the
apparent velocity with filter is both new and easily
observed. Arguments have been advanced that the
observed apparent motion involves not a dot-to-dot
correlation, but rather the correlation of larger col
lections of dots, possibly on the order of .5 deg of
visual angle. When the dynamic visual noise becomes
sparse in regions of this size, due to decrease in dot
rate or viewing distance, the apparent velocities show
a corresponding rise.

No definitive test distinguishes the Pulfrich model
from the random spatial disparity model. It would
certainly seem to be the case that whenever there is
motion, apparent (as in dynamic visual noise) or real,
there must be a Pulfrich effect. However, the variation
in the ratio Vi/V rn reflects a decoupling of the depth
and velocity that goes beyond the simplest Pulfrich
model. Here, as for the random spatial disparity
model, the different behavior of depth and velocity,
particularly with dot rate, indicates that higher
processing effects must be entering. Since such
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effects also modify the classical Pulfrich phenom
enon, a Pulfrich model is still consistent with all the
observations.

Two problems remain for the random spatial dis
parity model. This model implies the existence of
some depth when uncorrelated displays are presented
to the two eyes. The evidence here is unclear, The
very lack of agreement on this point suggests that the
random spatial disparity effect may be a weak phe
nomenon, whereas the stereophenomenon is a strik
ing effect. The other problem pertains to the lack of
definition of this model when the interocular delay
time, to, is significantly less than the interframe time
of the display, T. Here Twas 20 msec, while to ranged
from about T/4 to slightly more than T with no quali
tative changes in the stereophenomenon. While the
standard Pulfrich effect with apparent motion has
been demonstrated to exist for to « T (Morgan,
1976; Morgan & Thompson, 1975), the random
spatial disparity model is not well defined under these
conditions where the two eyes see the same display
most of the time.

In any event, the full understanding of how subjec
tive order is produced from a chaotic stimulus goes
beyond the simplest models and evidently depends
in a basic way on several information-processing
channels. This striking stereophenomenon provides
a window for us to study their interaction.

REFERENCE NOTE

I. Ward, R. M., & Morgan, M. J. Eye tracking without a target
in random noise. Unpublished manuscript, Universityof Cambridge,
1977.

REFERENCES

DIENER, H. C., WIST, E. R., DICHGANS, J., & BRANDT, TH. The
spatial frequency effect on perceived velocity. Vision Research,
1976,16,169-176.

JULESZ, B., & PAYNE, R. A. Differences between monocular and
binocular stroboscopic movement perception. Vision Research,
1968,8,433-444.

JULESZ, B., & TYLER, C. W. Neurontropy, an entropy-likemeasure
of neural correlation, in binocular fusion and rivalry. Biological
Cybernetics, 1976, 23, 23-32.

KASE, M., NOOA, H., SUZUKI, D. A., & MILLER, D. C. Target
velocity signals of visual tracking in vermal Purkinje cells of the
monkey. Science, 1979,205,717-720.

KAUFMAN, L. Sight and mind. New York: Oxford UniversityPress,
1974.

KELLY, D. H. Motion and vision. II. Stabilized spatio-temporal
threshold surface. Journal of the Optical Society of America,
1979,69, 1340-1349.

LEVICK, W. R., CLELAND, B. G., & COOMBS, J. S. On the apparent
orbit of the Pulfrich pendulum. Vision Research, 1972, 12,
1381-1388.

MACDONALD, R. I. Temporal stereopsis and dynamic visual noise.
Vision Research, 1977, 17, 1127-1128.

MEZRICH, J. J., & RoSE, A. Coherent motion and stereopsis in
dynamic visual noise. Vision Research, 1977, 17,903-910.

MORGAN, M. J. Pulfrich effect and the filling in of apparent
motion. Perception, 1976,5,187-195.

MORGAN, M. J., & THOMPSON, P. Apparent motion and the
Pulfrich effect. Perception, 1975,4,3-18.

MURPHY, B. J., KOWLER, E., & STEINMAN, R. M. Slow oculo
motor control in the presence of moving backgrounds. Vision
Research, 1975, 15, 1263-1268.

PANTLE, A. Motion aftereffect magnitude as a measure of the
spatio-temporal response properties of direction-sensitive
analyzers. Vision Research, 1974, 14, 1229-1236.

ROGERS, B. J., & ANSTtS, S. M. Intensity vs. adaptation and the
Pulfrich stereophenomenon. Vision Research, 1972, 12,909-928.

Ross, J. Stereopsisby binocular delay. Nature, 1974,248,363-364.
Ross, J. The resources of binocular perception. Scientific Ameri

can, 1976,234,80-86.
TYLER, C. W. Stereopsis in dynamic visual noise. Nature, 1974,

250, 781-782.
TYLER, C. W. Stereomovement from interocular delay in dynamic

visual noise: A random spatial disparity hypothesis. American
Journal of Optometry and Physiological Optics, 1977, 54,
374-386.

WATANABE, A., MORI, T., NAGATA, S., & HIWATASHI, K.
Spatial sine-wave responses of the human visual system. Vision
Research, 1968,8,1245-1263.

WILLIAMS, R. Investigation of temporal integration by video
sampling. Perception, 1973,2,441-490.

WIST, E. R., BRANDT, TH., DIENER, H.-C., & DICHGANS, J.
Spatial frequency effect on the Pulfrich stereophenomenon.
Vision Research, 1977, 17, 391-397.

NOTES

I. That there is a spectrum of apparent velocities in dynamic
visual noise is consistent with the demonstration of Ward and
Morgan (Note I) that, by having the subject conceive of a region
of a dynamic visual noise display as moving, it is possible to
elicit smooth eye tracking.

2. The Pulfrich explanation would argue that the reverse stereo
phenomenon would be most obvious when the random dot display
has about equal densities of light and dark patches at any given
time. Unfortunately, Tyler does not give the dot densities.

3. To better understand Ross' results, one of us (R.W.) con
structed a videosynchronized pseudorandom dichoptic delay gen
erator capable of presenting two dynamic visual noise displays
separately to the two eyes. The displays could be uncorrelated,
or correlated with an interocular time delay of up to ± 160 msec,
and the dot rate could be varied from the rates at which we had
been working down to those at which Ross worked. The results
showed the depth and streaming effect we have been observing
for interocular delays less than 60 msec, but not for greater delays.
Since this is about the time that the afterimage of a given display
remains, it is not surprising that it should serve as an upper limit
on observed correlations between the two eyes.

When Williams inserted a central square seen simultaneously
by both eyes, to obtain a beller replica of Ross' display, depth
was then observed for interocular delays greater than 80 msec,
consistent with Ross' observations. Additionally, depth was also
observed when the two eyes were presented displays that were
uncorrelated except for the central square. This point is partic
ularly interesting, as different workers have reported conflicting
results. MacDonald found neither depth nor coherent streaming
when the two eyes viewed uncorrelated displays. We observed a
similar lack of depth when the subject changed the convergence
of his eyes, so that his two eyes viewed different, uncorrelated
parts of the dot pattern. However, Julesz and Tyler (1976) report
depth for uncorrelated displays in the presence of a zero-disparity
fixation marker in the center of their displays.

It therefore seems that a central image seen simultaneously by
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both eyes is essential to the observation of depth for both the
uncorrelated displays and the correlated displays with interocular
delays greater than 80 rnsec. This strongly suggests that the
phenomenon observed by Ross is most likely dependent on clas
sical depth cues, such as interposition. In any event, it seems clear
that it is different from the one we have been studying here.

We should note, however, that Tyler (1977) observed fluctuat
ing random depths for binocularly uncorrelated displays. It is
unclear whether he had a central image which might induce clas
sical depth cues. The question of whether or not one sees any
depth from uncorrelated displays is essential to Tyler's random
spatial disparity hypothesis and must be viewed as currently un
resolved.

4. We should note, however, that the velocity referred to there
is an estimated velocity (Diener, Wist, Dichgans, & Brandt, 1976),
while Vm is a matched velocity.

5. The existence of separate systems responsive to these two
velocities, long referred to in the literature (e.g., Kaufman, 1974),
has recently been explicitly exhibited neurologically in monkeys
(Kase, Noda, Suzuki, & Miller, 1979).
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