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Motion standstill is different from the usual perceptual experiences
associated with objects in motion. In motion standstill, a pattern
that is moving quite rapidly is perceived as being motionless, and
yet its details are not blurred but clearly visible. We revisited
motion standstill in dynamic random-dot stereograms similar to
those first used by Julesz and Payne [Julesz B, Payne R (1968) Vision
Res 8:433-444]. Three improvements were made to their paradigm
to avoid possible confounds: The temporal frequency of the mo-
tion stimuli was manipulated independently from that of individ-
ual stereo gratings so that the failure of motion perception is not
due to inability to compute stereo. The motion of the stereo
gratings was continuous across the visual field so that the per-
ceived pattern in motion standstill was not a simple average of a
back-and-forth display wobble over time. Observers discriminated
three spatial frequencies to demonstrate pattern recognition.
Three objective psychophysical methods, instead of merely self-
report, were used to objectively demonstrate motion standstill.
Our results confirm that motion standstill occurs in dynamic
random-dot stereogram motion displays at 4-6 Hz. Motion stand-
still occurs when the stimulus spatiotemporal frequency combina-
tion exceeds that of the salience-based third-order motion system
in a spatiotemporal frequency range in which the shape and depth
systems still function. The ability of shape systems to extract a
representative image from a series of moving samples is a signif-
icant component of a biological system’s ability to derive a stable
perceptual world from a constantly changing visual environment.

illusions | perception | psychophysics | stereopsis | vision

here are several categories of perceptual experience associated

with objects in motion. When an object moves very slowly, such
as the moon moving across the night sky, we are not aware of the
motion even though we can clearly see the object. As the speed of
an object increases, we begin to perceive motion. When we see a
strolling cat, a child riding a bicycle, or a leaf blowing in the wind,
we recognize the object while also having a clear sense of its motion.
Beyond a certain speed, objects become blurred, but we still can
perceive their motion, as occurs when riding in a train and a second
train passes in the opposite direction on an adjacent track.

A class of phenomena termed “motion standstill,” distinct from
the perceptual experiences mentioned above, provides valuable
information about the limits of both human motion and pattern
computations. In motion standstill, an observer perceives a pattern
that is moving quite rapidly as being motionless while its details are
clearly visible. This study is concerned with a particular motion
standstill phenomenon, stereo motion standstill. The percept of the
stereo motion studied here is computed by the “third-order”
motion system, so this is an instance of third-order motion standstill.
An overview of motion standstill is given below, followed by a
detailed investigation of stereo motion standstill.

Motion Standstill Phenomena. The significance of motion standstill. The
significance of motion standstill is that it demonstrates that the
pattern-recognition system can produce a single, stable perceptual
image from a changing sequence of images that represent move-
ment. This principle as a goal of human pattern recognition was
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clearly enunciated by Lu et al. (1, 2). They also proposed a theory
for the circumstances under which the (third-order) motion system
would fail but pattern recognition might easily succeed and thereby
produce the phenomenon of motion standstill. Earlier reports had
concentrated on motion standstill as a failure of motion perception,
which of course it is. However, failure of motion perception in itself
is an incomplete account of the phenomenon. Motion perception
must fail, yes, but concurrently, pattern recognition must succeed.
That a sequence of rapidly translating images can provide the
perception of a stable, motionless object is the remarkable aspect
of the phenomenon of motion standstill.

Parameters of motion standstill. Motion standstill has been observed
in isoluminant color motion (1-8), stroboscopic motion (9-15),
motion adaptation (16-20), and stereo motion (21). The temporal
frequency range in which motion standstill is most frequently
reported is <6 Hz, well within the range in which motion is easily
detected. This range indicates that the failure of an observer to
detect motion (both the direction and velocity) is not simply due to
the stimulus exceeding temporal resolution of the human visual
motion system. Rather, motion detection fails because, for various
other reasons, input to the motion system is too weak to enable a
motion computation. Motion standstill in the displays mentioned
above occurred over a wide selection of sizes, contrasts, and spatial
arrangements, as well as at both fovea and periphery. One impor-
tant shared attribute, which is also the critical feature that sets
motion standstill apart from the blur of extremely fast-moving
objects, is the observer’s ability to identify spatial details in the
moving stimulus. Observers sometimes find that the moving pat-
terns gradually fade if they remain fixated after the motion standstill
phenomenon begins. This fading is similar to the Troxler effect, in
which a stationary stimulus in the periphery disappears after
prolonged gaze (22).

Stereo Motion Standstill Phenomena. Binocular standstill. Julesz and
Payne (21) reported motion standstill in stereoscopic displays using
dynamic random-dot stereograms (DRDSs). They used 100 X 100
black and white random dots to portray a binocularly defined grid
moving back-and-forth between two spatial locations or tilting
back-and-forth +6°. In one of their main conditions, a stereogram
depicted a 0.95 cycles per degree (c/d) vertical grid composed of
eight thick lines raised forward in depth on a flat surface. This grid
alternated between two adjacent positions separated by 120° of the
grid period, equivalent to 0.35° of visual angle. At slow alternation
rates, back-and-forth motion was perceived. At high alternation
rates (>8-10 Hz), observers perceived wide horizontal bars in the
frontal plane (simultaneity) but no motion. Wide bars are what
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would be expected from algebraic summation of the component
stimuli. At ~4-7 Hz, motionless bars of normal width were
perceived in the frontal plane location (i.e., only one intermediate
position of the laterally back-and-forth moving grid was perceived).
The authors called this phenomenon binocular standstill. It was
noted that to experience strong binocular standstill, the random-dot
textures in successive frames must be uncorrelated. Correlated
textures in successive frames produced a strong monocular motion
cue, and observers did not experience standstill with this stimulus.
Three possible confounds in the stimuli of Julesz and Payne (1968). The
display used by Julesz and Payne raises three concerns about the
validity of their observations. (i) Back-and-forth motion represents
a minimal stimulation of a motion system; the two opposite motion
directions might tend to cancel each other. A much stronger test for
the failure of the whole motion system would be the perception of
standstill during continuous motion in one direction. (if) In both
classes of Julesz and Payne’s stimulus movement (translation or
rotation) and for both of their stimulus configurations, the succes-
sive frames alternated between two strongly overlapping locations.
When standstill was reported, the object was perceived as static in
the center of the display. This percept is very similar to the spatial
average of the two image frames. In a stronger test, the spatial
average of frames would be very different from the standstill
percept. (iii) The spatial-alternation frequency was confounded
with the frame rate of new dynamic stereograms. At high alterna-
tion frequencies (e.g., 10 Hz), each stereogram is displayed for a
shorter period (100 ms per spatial location) than at slow alternation
frequencies (200 ms per spatial location at 5 Hz). This procedure
will produce weaker stereo inputs at high alternation frequencies
than at low alternation frequencies. Weakening of the stereo cues
was thereby confounded with a weakening of the motion cue.
Perhaps because of these three problems, Julesz and Payne’s claim
of stereo motion standstill was overlooked or ignored for 31 years
until Lu et al. (2) demonstrated motion standstill in isoluminant
chromatic displays. Indeed, the deficiencies in the study by Julesz
and Payne motivated us to reexamine binocular standstill with a
better-controlled paradigm to determine whether it actually occurs.
Improvements in the current study. Unidirectional movement. To
address the concern that binocular standstill may be a net result
of the minimal motion stimulation produced by rapidly alter-
nating motion in two opposite directions, the stimuli used here
contained only one moving direction. On each trial, five frames
of DRDSs depicted depth-gratings that translated vertically
from frame-to-frame, either up or down (Fig. 1), providing
multiple frames on each trial rather than the two provided by the
stroboscopic back-and-forth motion.

Clearly differentiating the standstill percept from the average of
the motion frames. We use displays consisting of five frames
translating in the same direction. Spatial averages of depths gen-
erated by this display are completely different from the depth in any
single frame (the standstill perception), unlike back-and-forth
motion between overlapping frames.

Constant stereo-frame rate. To provide equal stereo inputs at
different temporal frequencies of motion, the displays were
designed to produce a new random-dot stereogram at a constant
rate (every 50 ms for observers AN and CT and 67.7 ms for
observer YT). The duration of each DRDS reflected the min-
imum time requirement for an individual subject to fuse and
generate reliable stereo images. The rate of new stereo frames
was independent of the temporal frequency of the motion stimuli
(which is determined by the number of stimulus wavelengths
moved per second). This design ensures that the quality of the
stereo input is not confounded with motion frequency, which is
critical when evaluating the failure of a motion system. With this
design, failure of motion perception with an increase in motion
temporal frequency can be attributed to limitations of the
motion systems and not to limitations in stereopsis.
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Fig. 1. Stimulus configuration. (A) The fixation frame for all experiments.
The black vertical lines and central square were displayed before each trial and
continued throughout the trial to help observers maintain vergence on an
intermediate depth plane (the horopter) exactly between the front and rear
depth planes of the moving random-dot stereograting. Each trial began with
display of a Nonius consisting of an incomplete cross in each eye that became
a complete cross only upon correct binocular vergence and binocular fusion.
Upon fusion, the observer pressed a key that caused the Nonius to disappear
and stimulus motion to begin immediately. (B) A sample pair of left-eye and
right-eye frames of a dynamic random-dot stimulus. Stereoscopically fusing
the left- and right-eye images produces a binocular ““fused image’ of four
horizontal bars alternating between two depth planes illustrated partially
and schematically in the lower right image. The vertical lines appear trans-
parently behind the horizontal bars. The sequence of frames defines a hori-
zontal squarewave depth-grating moving up or down. Each successive pair of
frames is independently constructed (only the left-right eye correlation pat-
tern translates), so there is no monocular cue to motion or pattern.

Temporally uncorrelated random-dot texture. In all of the ex-
periments, the motion displays consisted of stereoscopically defined
horizontal squarewave gratings composed of DRDSs. Each DRDS
had left and right images that were correlated (and portrayed a
binocular grating). The random-dot texture in successive DRDSs
was uncorrelated to ensure that no luminance or texture informa-
tion was available for motion computation.

Observer tasks. Three tasks were used to provide an objective and
quantitative evaluation of stereo motion standstill. The three tasks
were administered in three separate experiments as follows: direc-
tion discrimination, pattern recognition, and speed rating. Motion
standstill implies (7) that observers were unable to discriminate the
direction of motion, (i) that the display appeared motionless, and
(iii) that the observers could report details of the stimuli as if they
were physically standing still, in this case, the spatial frequency of
the stereoscopic bars.

Results

Experiment 1: Motion-Direction Discrimination. Three observers
judged the motion direction of stereo squarewave gratings defined
by DRDSs. Accuracy of direction discrimination (expressed as a
percentage, Pops) is corrected for guessing (Pguess) as follows: The
observed accuracy (Pops) is assumed to be the sum of two kinds of
events: the proportion of trials on which the observer correctly
perceives the direction (true accuracy, Pye) and the other trials on
which the observer fails to perceive the direction and guesses
correctly. The guessing rate (Pguess) in this experiment is 50% (only
two possible responses in each trial). These assumptions imply
Eq. 1:

Pobs = Plrue + (1 - Plrue)Pguess~ [1]

At perfect performance, Pyys = 100% and Pirye = 100%. At chance
performance, Pops = 50% and Pyye = 0.

Fig. 2 shows guess-corrected accuracy Py as a function of
temporal frequency (open circles). Py for all observers declined
with increasing temporal frequency. In seven of nine cases, Pirye
declined to =50% as the temporal frequency of the motion stimulus

Tseng et al.















