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Dynamic, state-dependent thresholds for the
perception of single-element apparent motion:
Bistability from local cooperativity

HOWARD S. HOCK, KRIS KOGAN, and JESSICA K. ESPINOZA
Florida Atlantic University, Boca Raton, Florida

Previous studies have indicated that the formation of coherent patterns for multielement motion dis-
plays depends on global cooperative interactions among large ensembles of spatially distributed mo-
tion detectors. These interactions enhance certain motion directions and suppress others. It is reported
here that perceiving one element moving between two nearby locations likewise is subject to cooper-
ative influences (possibly facilitating and inhibiting interactions within a local ensemble of overlap-
ping detectors). Thresholds depending on luminance contrast were measured for a generalized single-
element apparent-motion stimulus, and evidence for spontaneous switching and hysteresis effects
indicated that motion perception near the 50% threshold was bistable. That is, for conditions in which
motion and nonmotion were perceived half the time, the two percepts were distinct; when one was per-
ceived, it clearly was discriminable from the other. These results indicated that (1) single-element
apparent-motion thresholds depended on the immediately preceding state of the ensemble of motion
detectors responding to the stimulus, and (2) the stimulus activation of individual motion detectors al-
ways might be influenced by recurrent, cooperative interactions resulting from the detectors’ being

embedded within interconnected ensembles.

Previous studies have indicated that the formation of
coherent patterns for multiclement motion displays de-
pends on global cooperative interactions among ensem-
bles of spatially distributed motion detectors that enhance
certain motion directions and suppress others. Chang and
Julesz (1983) and Williams and Sekuler (1984) have shown
that all the dots in a random cinematogram appear to move
coherently when a limited number of motion directions are
stimulated consistently by a relatively small percentage of
the moving elements, and Petersik (1990) has demon-
strated that motion perceived in one part of a random cin-
ematogram can increase the likelihood of motion being
perceived in a neighboring part of the cinematogram.
Nawrot and Sekuler (1990) and Hock and Balz (1994) have
provided evidence that, depending on the distance, global
spatial interactions can either facilitate or inhibit the per-
ception of motion in a particular direction.

In this article, we report the results of experiments in-
volving the perception of single-element apparent mo-
tion over small spatial displacements. When motion is
not perceived, two stationary elements are perceived in-
stead (the perception of nonmotion was sometimes, but
not always, accompanied by the perception of flicker).
The key finding is that the motion perceived for single-
element apparent motion is like the perception of global
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(e-mail: hockhs@fau.edu).
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motion in that both are subject to cooperative influences.
As in the case of global motion, the cooperativity observed
for single-element motion can be attributed to facilitat-
ing and inhibiting interactions among an ensemble of di-
rectionally selective motion detectors (Chang & Julesz,
1983; Williams & Sekuler, 1984). However, for single-
element motion, the cooperative interactions are likely to
be limited to the /ocal ensemble of overlapping, direc-
tionally selective motion detectors that is activated directly
by the moving element. They cooperate with the effects of
the stimulus on the motion detectors by enhancing rela-
tively high levels of stimulus activation and/or suppress-
ing relatively low levels of stimulus activation, thereby
stabilizing competing motion and nonmotion percepts,
reducing the likelihood of a spontaneous switch between
them. As a result, the perception of both motion and non-
motion can be relatively stable near the 50% threshold.
That is, the competing percepts can “resist” noisy fluctua-
tions in sensory activation or changes in the value of stim-
ulus parameters to values that favor the alternative percept.

It is implicit in classical psychophysical methods that
perception near the 50% threshold is vague and uncertain.
Much effort, therefore, has been concerned with develop-
ing analytic procedures to account for the guessing strate-
gies (e.g., Blackwell, 1953) and changes in decision cri-
teria (Green & Swets, 1966) that appear under conditions
of perceptual uncertainty. The latter, signal-detection ap-
proach, treats sensory noise as the source of perceptual
uncertainty near the threshold. Signal and noise are ad-
ditive effects on sensory activation, and the decision cri-
terion (threshold) functions essentially as a passive, all-
or-none filter for deciding whether a signal is present
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(sensory activation passes through the filter) or not (sen-
sory activation does not pass through the filter).

The research reported in this article was motivated by
the observation of sudden, spontaneous switching (with-
out any change in stimulus conditions) between the per-
ception of motion and nonmotion for a generalized single-
element apparent-motion stimulus similar to a stimulus
first described by Johansson (1950). Anstis, Giaschi, and
Cogan (1985) and Finlay and Von Griinau (1987) have
previously reported motion-to-nonmotion switches for
single-element apparent motion and attributed the result
to motion adaptation. Our observation of nonmotion-to-
motion switches in addition to motion-to-nonmotion
switches suggested that the two percepts could be bi-
stable near the motion/nonmotion threshold; that is, the
threshold is state dependent, or dynamic.! The impor-
tance of this is that when the alternative percepts are suf-
ficiently stable, the perception of motion versus nonmo-
tion near threshold can be clear and distinct rather than
vague and uncertain. From this point of view, the per-
ceptual uncertainty near threshold that is an assumed
characteristic of classical psychophysical methods would
be expected only under conditions for which the alterna-
tive percepts were so unstable that neither would be re-
alized in perceptual experience long enough for a distinct
percept to be established (Schoner & Hock, 1995).

The effects of sensory noise remain an essential as-
pect of dynamical thresholds, but if the only effect of the
noise were to randomly add to or subtract from the sen-
sory activation due to the signal, the situation would be
no different from that described for signal-detection
methods. The dynamical approach is distinctive, how-
ever, because the effects of signal and noise are not ad-
ditive. That is, perceptual switching may be caused by
the presence of sufficiently high levels of sensory noise,
but cooperative interactions arising from the visual sys-
tem’s response to the signal could result in the formation
of percepts that “resist” the effects of more moderate
noise levels. Such percepts then would have the quality
of being temporally stable. As a result, one or the other
would be realized in perceptual experience long enough
to be perceptually distinct, even near threshold.

Three experiments are reported in this study. The pur-
pose of the first was to identify the stimulus parameter
that controls the motion/nonmotion threshold for the gen-
eralized single-element apparent-motion stimulus. This
parameter, which involves luminance contrast, was then
manipulated in the second and third experiments in order
to provide evidence for the dynamic, state-dependent
quality of perception near the 50% threshold. Experi-
ment 2 measured the temporal stability of competing
motion and nonmotion percepts. Experiment 3 measured
hysteresis effects.

EXPERIMENT 1

In most studies of single-element apparent motion,
one element is presented at a time, first in one spatial lo-

cation, then in another. Because motion is perceived over
a wide range of spatial and temporal parameters, mea-
surement usually has been limited to judgments of mo-
tion quality or motion strength (e.g., Attneave, 1971;
Kolers, 1972). llustrative is what may be the first demon-
stration of state dependence in motion perception (Sek-
uler, 1996; Wertheimer, 1912): When an apparent motion
stimulus with an interstimulus interval that was judged
to yield “good” motion perception preceded one with an
interstimulus interval that was judged to yield “poor”
motion perception, Wertheimer’s observers tended to see
“good” motion for the otherwise “poor” motion stimu-
lus (and vice versa when a “poor” apparent motion stim-
ulus preceded a “good” apparent motion stimulus).

A potential difficulty, however, lies in consistently de-
fining such inherently subjective qualities as “good” and
“poor” for different observers, different experiments, and
different laboratories. This is made evident in another ex-
periment in which observers comparing real and appar-
ent motion sometimes reported that the apparent rather
than the real motion was the best movement of all (Sek-
uler, 1996; Wertheimer, 1912). As an alternative to judg-
ments of motion “goodness” or motion “strength,” we
have measured apparent-motion thresholds with a gen-
eralized version of the single-element apparent-motion
stimulus for which subjects discriminate between the
perception of motion and nonmotion.

For the generalized single-element apparent-motion
stimulus, two elements can be seen simultaneously, each
with a luminance that is different from the background
luminance. Motion between the two elements (small
squares) can be perceived when their luminance values
are exchanged on successive frames. A stimulus very
similar to this was described by Johansson (1950). In-
stead of discrete exchanges in luminance on successive
frames, he sinusoidally varied the luminance of two
nearby circular areas, introducing a phase difference of
180° between the luminance variations at each location.
Johansson’s observers reported seeing a light with con-
stant brightness moving through the space between and
behind the stimulated circular areas, which were per-
ceived as semitransparent windows. Although the stim-
uli presented in the current study sometimes resulted in
a similar sort of aperture motion, the subjects were in-
structed to respond positively only when they perceived
object motion, that is, when one of the small squares was
perceived as moving through the space between them. In
additional experiments, we have found that the percep-
tion of motion behind perceptually semitransparent aper-
tures is eliminated when the squares are sufficiently small,
and furthermore, that similar results to those reported in
this article are obtained when the possibility of perceiv-
ing aperture motion is eliminated. The comparison of
perceived aperture motion with perceived object motion
will be the subject of a future article.

It should be noted that standard apparent motion (only
one of the two elements is visible at a time) is a special
case of the more general single-element apparent-motion
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paradigm studied in this article. That is, in the general
paradigm, the luminance values of the two simulta-
neously presented elements are different, the luminance
values are exchanged on successive frames, and both lu-
minance values are different from the background lumi-
nance (it is called single-element motion because only
one element is perceived as moving). In the special case
of standard apparent motion, the lower luminance value
always corresponds to the background luminance. An-
other special case of the more general single-element ap-
parent-motion paradigm is the reversed luminance po-
larity stimuli studied by Anstis and Mather (1985); for
their stimuli, the background luminance was intermedi-
ate to that of the two simultaneously visible visual ele-
ments (one was lighter than background, the other,
darker than background). They found that it was the el-
ement most dissimilar in luminance from that of the
background that was perceived as moving, and further-
more, that nonmotion was perceived when both elements
were equally dissimilar from the background. With the
exception of a subset of stimuli in Experiment 2, both of
the small squares presented in the current study were
lighter than the background. Consistent with Anstis and
Mather’s results, the lighter of the two squares was per-
ceived as moving through the space between them.2

What is critical for the current study is that when dif-
ferences in the luminances of the squares are relatively
small, nonmotion rather than motion is perceived. Since
the motion and nonmotion percepts are easy to discrim-
inate, reliable psychophysical judgments for the percep-
tion of single-element apparent motion could be ob-
tained over a wide range of luminance values.

Method

Stimuli and Design. Two horizontally separated (42" apart),
4.2' X 4.2" squares with different luminance values were presented
simultaneously in the center of a gray rectangular background
(6.7° X 3.3°) that was centered in the darkened (1 cd/m?2) screen of
a Macintosh II 13-in. RGB monitor (a head restraint maintained the
viewing distance at 30 cm). The luminance of the rectangular back-
ground (Ly,) was discriminated easily from that of the surrounding
computer screen. L, was 2.2, 3.3, or 4.5 cd/m? during three sepa-
rate blocks of 108 randomly ordered trials (the order of these blocks
was counterbalanced during each of the six testing sessions). At
each location of the apparent-motion stimulus, L., the approximate
average luminance,3 was 6.6, 7.7, or 8.9 cd/m?2 , and L, — L, the lu-
minance difference, was 0.4, 0.8, 1.1, 1.5, 1.9, 2.3, 2.7, 3.1, or
3.4 cd/m?2. The order of the 27 stimuli generated by the orthogonal
combination of L, and (L, — L,) was randomized in subblocks of
27 trials. The two luminance values of each square were exchanged
on alternating 195-msec frames.

Procedure. Subjects were instructed to fixate midway between
the two squares (there was no visible fixation point) and, after each
20-frame trial, to press one of two computer keys (without speed
stress) to indicate whether or not motion had been perceived any-
time during the trial. They were instructed to respond positively if
a square appeared to be moving through the space between the ac-
tual locations of the squares, and to respond negatively when the
squares looked like stationary apertures behind which motion (of an
ill-defined shape) was perceived. Although the instructions did not
distinguish between motion of the lighter versus the darker square
(or both simultaneously), postexperimental subjective reports indi-
cated that the perceived motion was always of the lighter square.
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Subjects. Two of the authors and a naive undergraduate student
(a 22-year-old female) with no previous experience in psychophys-
ical experiments served as subjects. All had normal or-corrected-to-
normal vision.

Results

Nine psychometric functions were obtained for each
subject (Figure 1) by varying the squares’ luminance dif-
ference (L) — L;), average luminance (L,,), and back-
ground luminance (Ly). These functions approximately
covered the entire space of luminance values studied in
this experiment. Motion perception increased with in-
creases in the luminance difference (L; — L;), decreases
in the average luminance (L,,), and increases in the back-
ground luminance (Ly). However, whether or not motion
was perceived was predicted most directly by a single
variable, (L} — Ly) + (Lm — Ly), the background-relative
luminance contrast (BRLC). As can be seen in the far
right graphs of Figure 1, when the proportion of trials for
which motion was perceived was graphed on the basis of
the BRLC value for each stimulus, the nine functions for
each subject collapsed into a single psychometric func-
tion with a steep slope. Probit-determined 50% thresh-
olds (the BRLC was approximately equal to 0.5) are pre-
sented with each graph.

Discussion

The results of this experiment indicated that whether
motion or nonmotion was perceived for the generalized
single-element apparent-motion stimulus depended on
the BRLC, which is the ratio of the time-varying
(L1 — L) and time-invariant (L,,— L) luminance char-
acteristics of the apparent-motion stimulus. In effect, the
extent to which time-varying components provide evi-
dence for spatial changes in the visual world (motion) is
tempered by the extent to which time-invariant compo-
nents provide evidence that nothing has changed. The
BRLC served as the parameter controlling the stability
of the motion and nonmotion percepts in Experiments 2
and 3.

EXPERIMENT 2

The purpose of this experiment was to determine
whether the motion and nonmotion percepts formed for
the generalized single-element apparent-motion stimuli
were temporally stable near the 50% threshold. Tempo-
ral stability here means that the percept resists sponta-
neous change to the competing percept despite the pres-
ence of noisy sensory fluctuations that would encourage
such a change. Thus, a threshold is dynamic when what
is perceived at a given moment depends on the preced-
ing perceptual state; that is, the likelihood of perceiving
motion during a pair of frames is increased when motion
is perceived during the preceding pair of frames.

Method

As in the first experiment, apparent-motion stimuli were formed
by simultaneously presenting two 4.2 X 4.2" squares with different
luminance values, and exchanging their luminance values on suc-
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cessive 195-msec frames. The stimuli varied with respect to
Ly — L, (0.7,1.4,2.1, 2.7, 3.4, or 4.1 cd/m?) and L, (approxi-
mately 4.1, 6.2, 8.2, or 10.3 cd/m?2). L, was 4.1 cd/m? for every trial.
One of 18 apparent-motion stimuli was presented during each trial.
For 16 of these stimuli, both squares were visible simultaneously,
including 4 for which L,, approximately equaled Ly, so that one
square was lighter than the background and the other square was
darker than the background (as in Anstis & Mather, 1985). The re-
maining two stimuli were standard apparent-motion stimuli; only
one square was visible at a time (L, = Ly).

After each 20-frame trial, subjects first pressed one of two com-
puter keys (without time stress) to indicate whether motion or non-
motion was perceived at the start of the trial, and then pressed one
of two other keys to indicate whether there had been a change to the
other percept anytime during the trial. There were four daily ses-
sions, each with two blocks of 72 trials (randomly ordered within
subblocks of 18 trials).

The subjects were one of the present authors and two naive un-
dergraduate students (one male and one female, both 24 years old).

Results

Motion versus nonmotion at the start of each trial.
When the BRLC was relatively small, nonmotion usu-
ally was perceived at the start of the trial; when it was
relatively large, motion usually was perceived at the start
of the trial. The graphs on the left side of Figure 2 indi-
cate the steep psychometric functions and thresholds that
previously were observed in Experiment 1. The depen-
dence of motion perception on the BRLC therefore was
similar, regardless of whether subjects’ responses spec-
ified when the percept occurred (at the start of the trial
in Experiment 2) or whether they did not specify when it
occurred (anytime during the trial in Experiment 1).

Included in the experiment were standard apparent-
motion stimuli (L, = Ly, so only one square was visible
at a time), for which BRLC = 2.0, regardless of the val-
ues of Ly, L,, and L. Since this value substantially ex-
ceeds threshold, motion always was perceived, as it con-
sistently is perceived for standard apparent-motion
stimuli over a wide range of displacements and temporal
frequencies (Kolers, 1972). The latter assumes, of
course, that the elements are sufficiently different in lu-
minance from the background to be detectable.

Also included in the experiment were apparent-
motion stimuli for which L., approximately equaled Ly,
(at 4.1 cd/m2). For these stimuli, which are like those
studied by Anstis and Mather (1985), the luminance po-
larity reversed on successive frames (from lighter than
background to darker than background, and so on), and
motion almost always was perceived. Anstis and Mather
found, for stimuli like these, that it is the element most
dissimilar in luminance from the background that is per-
ceived as moving. Since motion generally was perceived
in the current study for the lighter-than-background
square, it is likely, in most cases, that L;;, was somewhat
larger than L, (recall from Footnote 1 that the average lu-
minance values could not be exactly matched). The fact
that motion occasionally was not perceived was consis-
tent with Anstis and Mather’s further report that motion
perception was eliminated when the two visual elements
were equally different from the background luminance
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(Lm = Lp). The absence of motion perception may have
been due to mutual inhibition among motion detectors
that respond independently to opposing luminance po-
larities (Raymond & Braddick, 1996). Because Ly, and
Ly, were not matched exactly, the data for these stimuli
were placed between the 2.0 and o values on the BRLC
axis of Figure 2 (BRLC = o when L,, = L, but would
equal 2.0 if motion perception was based on independent
motion detectors for lighter than background and darker
than background stimuli).

Switching and state dependence. Although the ini-
tial percept often remained unchanged for an entire trial,
spontaneous switching from motion to nonmotion, or
vice versa, often was perceived. The scattergrams for
perceptual switching are presented in Figure 2. Each
point in the three scattergrams in the middle of Figure 2
(motion-to-nonmotion switches) represents the propor-
tion of trials for which the initial percept was motion and
the proportion of these initial-motion trials for which
there subsequently was at least one spontaneous switch
to the perception of nonmotion. Each point in the three
scattergrams on the right side of Figure 2 (nonmotion-to-
motion switches) represents the proportion of trials for
which the initial percept was nonmotion and the propor-
tion of these initial-nonmotion trials for which there sub-
sequently was at least one spontaneous switch to the per-
ception of motion. The number of switches per trial and
the proportion of each trial’s duration with and without
the perception of motion were not assessed.

Despite there being 18 possible points in each scatter-
gram (corresponding to the 18 different apparent-motion
stimuli generated by combinations of L, — L, and L),
the motion-to-nonmotion scattergrams have fewer
points, because there were many stimuli for which mo-
tion was never the initial percept (e.g., initial motion
usually was not perceived on trials with very small
BRLC values). Similarly, the nonmotion-to-motion scat-
tergrams have fewer than 18 points, because there were
many trials for which nonmotion was never the initial
percept (e.g., initial nonmotion usually was not per-
ceived on trials with very large BRLC values). In addi-
tion, some points were hidden because they occupied
identical locations on the scattergrams.

As can be seen for both motion-to-nonmotion and
nonmotion-to-motion switches in Figure 2, the greater a
percept’s likelihood at the start of a trial, the less the like-
lihood of a spontaneous switch to the competing percept
later during the trial. Percepts occurring at the start of a
trial that are favored by the BRLC value (e.g., motion for
high BRLCs) are highly stable, and therefore relatively
unlikely to switch. Conversely, percepts occurring at the
start of a trial, even though they are not favored by the
BRLC value (e.g., motion for low BRLCs), are highly
unstable, and therefore relatively likely to switch. Thus,
the likelihood of a switch is state dependent; it depends
on whether the current percept state is established
strongly or weakly by the activating stimulus conditions.

Highlighted in the scattergrams are points for which
the measured proportions of switches from the initial
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percept were unreliable; the initial percept for these
points occurred on 4 or fewer of 32 possible trials, so es-
timates of switching proportions were based on very few
trials. Correlation coefficients calculated with and with-
out these points were consistently negative (they are pre-
sented with each scattergram).

State dependence near the 50% threshold. It can be
seen in the middle graphs of Figure 2 that when motion
was perceived at the start of approximately 50% of the tri-
als, the probability of a switch was intermediate to that ob-
served for more extreme initial probabilities. The same
was true when nonmotion was perceived at the start of ap-
proximately 50% of the trials (the graphs on the right side
of Figure 2). The critical question, therefore, is whether
these intermediate switching rates reflect the state depen-
dence of the percept (zero switching probabilities are not
necessary for a percept to be state dependent) or whether
the occurrence of spontaneous switching involves nothing
more than the independent opportunity for motion or non-
motion to be seen on every pair of frames in the 20-frame
trial. In the latter case, perception for any pair of frames
would not depend on whether the perceptual state during
the preceding frames was motion or nonmotion.

On the assumption of frame-to-frame independence,
the probability of a switch from the initially formed (dur-
ing the first pair of frames) to the competing percept
(during one of the nine succeeding pairs of frames) was
calculated on the basis of the probability, p;, of the initial
percept: pswiteh = (1 — p7). The resultant independent-
of-previous-state function is superimposed on each scat-
tergram in Figure 2; at the 50% threshold (p; = .5),
Pswiteh = -998. As can be seen in Figure 2, in the vicinity
of the 50% threshold, the probability of a switch from
motion to nonmotion, or vice versa, was much less than
what would be expected on the basis of the assumption
of frame-to-frame independence. Thus, both the motion
and nonmotion percepts near the 50% threshold were
relatively stable (state dependent); for example, the per-
ception of motion (nonmotion) during a pair of frames
was made more likely when motion (nonmotion) was
perceived during the preceding pair of frames.

EXPERIMENT 3

The dynamic (state-dependent) character of percep-
tion near the 50% threshold was examined further by
gradually increasing or gradually decreasing the BRLC
on successive frames within a trial and comparing the re-
sults to trials for which the BRLC was constant for the
entire trial. Hysteresis effects (free of response artifacts)
would provide evidence that either motion or nonmotion
could be perceived with high frequency near the thresh-
old, depending on whether the BRLC was gradually in-
creased or gradually decreased.

Method

A modified version of the classical method of limits (Hock,
Kelso, & Schoner, 1993) was used to eliminate “habituation” or re-
sponse bias effects that are artifacts in the classical method (e.g.,
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Corso, 1967). Instead of responding following each change in pa-
rameter value, subjects in the modified method do not respond until
the end of each ascending or descending trial. They indicate, with-
out speed stress, whether there had been a perceptual switch from
motion to nonmotion, or vice versa, anytime during the trial. When
these switches occurred was found by randomly varying the end-
point BRLC of each trial, which determined how “deeply” each as-
cending or descending trial had penetrated the transitional (bi-
stable) region of the BRLC. For example, a descending trial with an
end-point BRLC value of 0.6 was composed of frame pairs with the
following sequence of BRLC values: 0.9 — 0.8 — 0.7 — 0.6.
Deeper penetration into the transition zone was achieved for de-
scending trials with end-point BRLC values of 0.4, which were
composed of frame pairs with the following sequence of BRLC val-
ues: 0.9 —= 0.8 —= 0.7 — 0.6 — 0.5 — 0.4. More perceptual switches
were anticipated for trials probing deeper into the transition zone.

With Ly, = 3.3 cd/m2, nine BRLC values, ranging from 0.1 to 0.9,
were created by varying L; — L, while holding L,, approximately
constant at 7.0 cd/m2. The L,/L, pairs, 7.2/6.8, 7.3/6.6, 7.5/6.4,
7.7/6.2,7.9/6.1, 8.1/5.9, 8.3/5.7, 8.5/5.5, and 8.7/5.4 cd/m? were
changed by one step every two frames (the size of each square was
increased to 8.4" X 8.4" in this experiment). Randomly intermixed
were trials for which the BRLC remained constant during an entire
10-frame trial. The frame duration was 195 msec in all conditions.
There were three testing sessions (three blocks of 100 trials per ses-
sion). The subjects were one of the authors and a naive undergrad-
uate student (a 21-year-old female).

Results

Hysteresis in motion perception has previously been
observed for competition between the perception of co-
herent and incoherent motion (Williams, Phillips, & Sek-
uler, 1986) and competition between the perception of
horizontal and vertical motion (Hock et al. 1993). It was
observed in the present study for competition between
the perception of single-element apparent motion and the
perception of nonmotion.

In Figure 3, the proportion of descending trials (BRLC
values were reduced during every other frame) for which
motion was perceived without any switches to the percep-
tion of nonmotion is graphed with respect to the axis on
the left of the graphs. Also graphed with respect to the axis
on the left is the proportion of constant trials (BRLC val-
ues remained constant within a trial) for which motion was
perceived without any switches to the perception of non-
motion during the trial. The proportion of ascending trials
(BRLC values were increased during every other frame) for
which nonmotion was perceived without any switches to
the perception of motion is graphed with respect to the in-
verted axis on the right of the graphs. Also graphed with
respect to the inverted axis on the right is the proportion of
constant-BRLC trials for which nonmotion was perceived
without any switches to the perception of motion during the
trial. Since the number of trials with motion-to-nonmotion
switches was not constrained to be the same as the number
of trials with nonmotion-to-motion switches, the propor-
tion of motion-without-switching trials (axis on the left)
was not the reciprocal of the proportion of nonmotion-
without-switching trials (axis on the right).

In the absence of hysteresis, the results for the descend-
ing and ascending trials would have overlapped. That is,
initially perceived motion would have switched to the
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Figure 3. Experiment 3: Hysteresis effects were assessed by gradually increasing or gradually de-
creasing the background-relative luminance contrast (BRLC) and varying the end-point BRLC
value for each trial. The proportion of descending-BRLC and constant-BRLC trials for which mo-
tion was perceived without switching is indicated by the axis on the left side of the graphs. The pro-
portion of ascending-BRLC and constant-BRLC trials for which nonmotion was perceived without
switching is indicated by the inverted axis on the right side of the graphs.

perception of nonmotion on 50% of the descending tri-
als for the same end-point BRLC value as initially per-
ceived nonmotion switched to the perception of motion
on 50% of the ascending trials. However, the results pro-
vided evidence for the presence of hysteresis; whether
motion or nonmotion was perceived for a particular end-
point BRLC value (in the transition region) depended on
the direction in which the BRLC was changed, and thus,
the preceding perceptual state. As can be seen by compar-
ing the graphs on the left and right side of Figure 3, mo-
tion was perceived for the entirety of 80%-95% of the
descending trials starting with high BRLC values and
ending with values in the vicinity of the 50% threshold
(BRLC of approximately 0.5), whereas nonmotion was
perceived for the entirety of 90%—100% of the ascend-
ing trials, starting with small BRLC values and ending
with BRLC values in the vicinity of the 50% threshold.4

In the constant condition (the BRLC remained con-
stant for the entire trial), we determined the proportion
of trials for which motion was perceived (without switch-
ing to nonmotion) and the proportion of trials for which
nonmotion was perceived without switching to motion.

Since spontaneous switches were possible in the con-
stant-BRLC condition (they were sometimes observed
for J.E., but not for D.E.), the two constant-BRLC func-
tions in Figure 3 were not constrained to be the same.
When descending trials were compared with constant tri-
als (graphs on the left side of Figure 3), there were more
trials for which motion was perceived (without switching
to nonmotion) for the descending trials. This indicated
that the likelihood of perceiving motion for a particular
BRLC was enhanced when the motion percept was es-
tablished beforehand by a higher BRLC value than when
it was established beforehand by the same BRLC value.
This provided further evidence for state dependence of
the motion percept; the likelihood of its continued per-
ception during a trial depended on how strongly the mo-
tion state was established by the activating stimulus con-
ditions during the immediately preceding pair of frames.

When ascending trials were compared with constant tri-
als (graphs on the right side of Figure 3), there were more
trials for which nonmotion was perceived (without switch-
ing to motion) for the ascending trials. This indicated that
the likelihood of perceiving nonmotion for a particular
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BRLC was enhanced when the nonmotion percept was es-
tablished beforehand by a lower BRLC value than when it
was established beforehand by the same BRLC value. This
provided further evidence for state dependence of the non-
motion percept; the likelihood of its continued perception
during a trial depended on how strongly the nonmotion
state was established by the activating stimulus conditions
during the immediately preceding pair of frames.

Additional Results

An additional experiment was conducted in order to
confirm that the hysteresis effect observed in this exper-
iment was associated with each trial’s end-point BRLC
value rather than its duration (e.g., ascending trials with
an end-point BRLC value of 0.3 were briefer than as-
cending trials with an end-point BRLC value of 0.9). In
this experiment, the total duration of every trial was the
same, nine pairs of 195-msec frames. For example, in the
primary version of Experiment 3, the longest duration
ascending trial started with a BRLC value of 0.1 and
ended after nine pairs of frames with a BRLC value of
0.9 (0.1 -02—-=03—>04—-05-0.6—>0.7—0.8
— 0.9). To maintain a constant trial duration of nine
pairs of 195-msec frames, ascending trials with small
end-point values had a compensating number of frames
for which the initial BRLC value (0.1) was repeated, and
descending trials with large end-point values had a com-
pensating number of frames for which the initial BRLC
value (0.9) was repeated. For example, the starting value
of ascending trials with an end-point value of 0.3 was
presented for seven pairs of frames, so that the trial again
was composed of nine pairs of 195-msec frames (0.1 —
0.1-=0.1—-0.1—-0.1—-=0.1—=0.1 =0.2—0.3). Ran-
domly intermixed with the descending and ascending tri-
als were trials for which the BRLC remained constant
during an entire trial (nine pairs of 195-msec frames).
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The results were in close agreement with those ob-
tained in the primary experiment (Figure 4).

Discussion

Despite changes in the BRLC to values favoring the
competing percept, the stability of the initially formed
motion and nonmotion percepts reflected the dynamic
character of perception near the 50% threshold; that is,
in addition to the effect of the stimulus on the motion de-
tectors, what is perceived is influenced by the immedi-
ately preceding perceptual state of the motion-detecting
system. If motion has just been perceived, it is likely to
continue being perceived. The additional results, ob-
tained with trial duration controlled, showed that the per-
sistence of the percept established at the start of each trial
depended on how far the ascending or descending BRLC
value penetrated into the range of values favoring the
competing percept and not on the duration of the trial.

GENERAL DISCUSSION

The results of Experiments 2 and 3 provided evidence
for the state dependence of the motion and nonmotion
percepts formed for the generalized single-element
apparent-motion stimulus. Since the “stabilization” of
these percepts near threshold occurred for small, closely
spaced stimuli (small squares 42" apart), local coopera-
tive effects that enhance and/or suppress stimulus-
dependent detector activation were implicated. Although
the reported experiments are not definitive regarding the
source of the cooperativity, studies involving global co-
operativity (Chang & Julesz, 1983; Hock & Balz, 1994,
Nawrot & Sekuler, 1990; Petersik, 1990; Williams et al.
1986; Williams & Sekuler, 1984) point to the role of
long-range (Gilbert, 1985) facilitating and inhibiting in-
teractions among directionally selective motion detec-
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Figure 4. Experiment 3 (additional results): Hysteresis effects obtained when the total duration of each
ascending and descending trial was the same, regardless of the end-point background-relative luminance
contrast (BRLC) value. The proportion of descending-BRLC and constant-BRLC trials for which motion
was perceived without switching is indicated by the axis on the left side of the graphs. The proportion of
ascending-BRLC and constant-BRLC trials for which nonmotion was perceived without switching is in-
dicated by the inverted axis on the right side of the graphs.
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tors. Similar, but shorter range, interactions among the
overlapping, spatially /ocal ensemble of detectors di-
rectly activated by the single-element apparent-motion
stimulus could likewise account for the cooperativity ob-
served in the current study. When a motion detector is
strongly activated by the stimulus (high BRLC), the ac-
tivation can be further enhanced by facilitating interac-
tions with other strongly activated motion detectors with
similar directional selectivity. However, when the stim-
ulus activation of a motion detector is weak (low BRLC),
facilitating interactions are weak and, therefore, can be
overwhelmed by inhibiting interactions with other weakly
activated motion detectors (assuming that the ensemble
of mutually inhibiting detectors is larger than the en-
semble of mutually facilitating detectors; Hock, Balz, &
Eastman, 1996). Motion-detector activation would then
be suppressed, and the nonmotion percept realized.>

If the thresholds measured in this study were nondy-
namic, the likelihood of motion perception would be ex-
pected to vary smoothly with activation level (see the hy-

pothetical activation functions in Figure 5). Thereupon,
when activation was slightly above the nondynamic 50%
threshold, even a small stochastic fluctuation would have
been sufficient to reduce it below threshold, causing a
perceptual switch from motion to nonmotion. Switches
in both directions would have occurred so often that both
percepts would have been highly unstable, and percep-
tion would have been vague and uncertain.

The “forcing apart” of activation levels by cooperative
interactions, which provides the essential difference in
the hypothetical activation functions of dynamic as op-
posed to classical, nondynamic thresholds, can be repre-
sented by a bifurcation in the dynamic activation func-
tion (Figure 5). The upper branch of the dynamic acti-
vation function reflects the cooperative enhancement of
relatively high, stimulus-dependent activation levels,
perhaps by recurrent facilitating interactions. The lower
branch reflects the cooperative suppression of relatively
low, stimulus-dependent activation levels, perhaps by re-
current inhibiting interactions. Because of these cooper-
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Figure 5. Hypothetical functions relating the activation of motion detectors to
the perception of motion for nondynamic and dynamic thresholds. For nondy-
namic thresholds, the likelihood of motion perception varies smoothly with acti-
vation level. The hypothetical activation function for dynamic thresholds is bi-
furcated, the upper branch reflecting the cooperative enhancement of high,
stimulus-dependent activation levels by recurrent facilitating interactions, and the
lower branch reflecting the cooperative suppression of low, stimulus-dependent ac-
tivation levels by recurrent inhibiting interactions.
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ative effects, when motion and nonmotion each were
perceived approximately half the time (near the 50%
threshold), activation was either substantially above or
substantially below threshold, so, in contrast to nondy-
namic thresholds, only relatively large stochastic fluctu-
ations produced spontaneous perceptual switches. Since
large fluctuations occur relatively infrequently, the mo-
tion and nonmotion percepts were relatively stable, and
therefore realized long enough in perceptual experience
to be perceptually distinct.

How long a pattern persists in perceptual experience
before it loses its stability depends on whether it is formed
under conditions favoring or disfavoring it. When the
BRLC is substantially above threshold, strong stimulus
activation of motion detectors is likely to be coopera-
tively enhanced, placing the local ensemble of motion
detectors on the upper branch of the bifurcated activa-
tion function (see Figure 5). Motion perception, which
then is likely, would be resistant to spontaneous change
since a stochastic fluctuation large enough to reduce ac-
tivation below threshold will occur infrequently (see
points falling in the lower right corner of the “motion-to-
nonmotion” scattergrams in Figure 2). When the BRLC
is substantially below threshold, stimulus activation of
motion detectors is relatively weak, and it is unlikely that
the local ensemble of motion detectors will lie on the co-
operatively enhanced upper branch. However, on those
relatively infrequent occasions when it does lie on the
upper branch and motion is perceived, the motion per-
cept will be unstable because a small stochastic fluctua-
tion will be sufficient to reduce activation below thresh-
old (see Figure 5 as well as points falling closer to the
upper left corner of the “motion-to-nonmotion” scatter-
grams in Figure 2).

The dynamic activation function also accounts for the
observed hysteresis effects (Figures 3 and 4). For exam-
ple, when a trial begins with a large value of BRLC, mo-
tion-detector activation (already relatively high) is likely
to be enhanced further by recurrent facilitating interac-
tions so that, when the BRLC is decreased gradually, ac-
tivation is likely to be determined by the upper branch of
the bifurcated activation function. As a result, motion will
be perceived at the start of each descending trial and con-
tinue to be perceived even as the BRLC is decreased to
values that would otherwise favor the perception of non-
motion. Conversely, when a trial begins with a small
value of BRLC, motion-detector activation (already rel-
atively low) is likely to be reduced further by recurrent
inhibiting interactions. Therefore, when the BRLC is in-
creased gradually, activation is likely to be determined
by the lower branch of the bifurcated activation function,
so nonmotion will be perceived at the start of each de-
scending trial and continue to be perceived even as the
BRLC is increased to values that would otherwise favor
the perception of motion.

In conclusion, the evidence for state dependence ob-
tained in Experiments 2 and 3 suggests that local coop-
erativity influences the perception of single-element ap-
parent-motion. This implies that the effects of a stimulus
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on individual motion detectors cannot be assessed out-
side the context of the interconnected, interactive en-
semble of detectors in which they are embedded. That is,
the effects of a stimulus on motion-detector activation
may not be observable without the activation’s in some
way being modified by recurrent, cooperative interac-
tions among the ensemble of detectors activated by the
stimulus. This conclusion is consistent with Braiten-
berg’s (1978) observation that less than 1% of the input
to any cortical region originates in the thalamus (i.e., the
activation of cortical cells is only partially determined
by their direct response to the stimulus). It also is con-
sistent with Rose and Siebler’s (1995) conclusion that
large ensembles of activated detectors are not required
to observe cooperativity effects. That is, they show that
interconnectivity among small ensembles of neurons can
result in the enhancement of their collective, neural ac-
tivity. Thus, interconnectivity among the small ensem-
ble of local, overlapping receptive fields directly acti-
vated by the same moving element could provide the
bistable quality we have proposed as the basis for the
state-dependent thresholds observed for the perception
of single-element apparent-motion and the competing
perception of nonmotion.
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NOTES

1. Hock, Schoner, and Voss (1997) have shown that adaptation can in-
fluence the rate of switching between bistable percepts without being
the direct cause of the switches.

2. The single-element apparent-motion paradigm can be further gen-
eralized by varying the relative temporal phase of luminance change for
the two elements (Hock, Kogan, & Lodes, 1996; Johansson, 1950). The
relative phase is 180° in standard apparent motion.

3. The values of L, are indicated as approximate because having to
choose among 256 gray levels prevented the continuous variation in lu-
minance values. This made it impossible to make L., exactly the same
for each L,/L; pair.

4. Hysteresis involving motion/nonmotion transitions has recently
been reported for figure/ground segregation based on the perception of
a moving versus a stationary figure (Eastman, 1996).

5. Another possibility is that the cooperativity effects arise from in-
teractions with receptive fields that are more sensitive to position than
to motion (Eastman & Hock, 1995).
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