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Antiphase flicker induces depth segregation
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Weexamined the influence of the temporal phase of flickering stimuli on perceptual organization,
When two regions of a uniform random-dot field are flickered in temporal alternation with the same
flicker rate, one of the regions appears to lie in front of the other. Within the range of temporal fre
quencies used in the present experiments, depth perception was maximal between 5 and 31.3 Hz.
Which region of the two is perceived as lying in front is different from person to person and some
times fluctuates within the same subject, but when two regions are of different sizes, the smaller re
gion tends to be perceived in front for longer than the larger region. The depth segregation was not
due to a luminance difference, because the average temporal luminance of the regions was kept
equal. Strikingly, the illusory depth segregation is perceived even between two adjacent regions
whose densities of dots, sizes, shapes, and flicker rates are identical. This result suggests that a dif
ference of temporal phase between two flickering regions is crucial for this new depth perception.

Many studies have pointed out that depth cues in a vi
sual scene are necessary for monocular depth perception,
and they are classified into several classes, such as pic
torial cues and kinetic cues (e.g., Coules, 1955; Gogel,
1964; Levine & Shefner, 1991; O'Shea, Blackburn, &
Ono, 1994; Rogers, 1993).

Recent studies have added flicker to the list ofmonoc
ular depth cues. In a series of experiments, Weisstein and
colleagues showed that when some regions ofa random
dot field are flickered and the others are not, the flicker
ing regions appear to lie behind the nonflickering re
gions. Their work also indicated that the nonflickering
region was perceived as figure, whereas the flickering
one was perceived as ground (Meyer & Dougherty, 1987;
Wong & Weisstein, 1984, 1985, 1987). This "flicker
induced ground" effect was optimal when the flicker
rates were between 6 and 8 Hz. At low (1.4 Hz) and high
(12.5 Hz) flicker rates, the depth segregation between the
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flickering and nonflickering regions diminished (for re
view, see Weisstein, Maguire, & Brannan, 1992).

Weissteinand colleagues proposed a temporal-frequency
channel theory to explain why flicker-induced depth seg
regation was perceived (e.g., Weisstein et al., 1992;
Weisstein & Wong, 1986). According to the theory, a low
temporal-frequency channel carries the nonflickering
stimulus and determines the figure, whereas a high
temporal-frequency channel carries the flickering stim
ulus and determines the ground. Furthermore, activities
of these two temporal channels locate the nonflickering
region in front and the flickering region behind in depth.
Thus, the temporal-frequency content of suprathreshold
textures in the adjacent regions reliably and systemati
cally determines their figure-ground organization (Kly
menko & Weisstein, 1986; Klymenko, Weisstein, Topol
ski, & Hsieh, 1989; Wong & Weisstein, 1984, 1985, 1987).

The theory that flickering signals are transmitted through
a high-temporal-frequency channel specifying the ground
region brought to mind the following question: If two re
gions are flickered under the same conditions (e.g., lu
minance, contrast, average spatial frequency, average tem
poral frequency) except for temporal phase (antiphasic),
how are the two flickering regions perceived? If signals
with the same temporal frequency are transmitted through
the same temporal channel, irrespective oftemporal phase,
signals from both flickering regions should be located in
the same plane. In this case, no difference between these
two regions would be perceived, and the two regions
would seem to lie in the same depth plane. On the other
hand, if temporal phase exerts a crucial effect on figure
ground organization or depth segregation, the two re
gions would be perceived as different.
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To clarify the role of temporal phase in flicker-induced
figure-ground organization, we studied how two such
flickering regions in antiphase are perceived. We found
that depth segregation could be perceived between the
two flickering regions with an optimal frequency of
lOA Hz. The average temporal luminance of the two
flickering regions was kept equal, and the depth was per
ceived even when the sizes of the two regions were iden
tical; therefore, the depth segregation is not due to a lu
minance or size difference.

In the present paper, we will report this new depth phe
nomenon induced between two flickering regions in anti
phase and suggest a role of temporal phase in figure
ground organization and monocular depth segregation in
a visual scene.

EXPERIMENTl

Method
Apparatus. All of our stimuli were generated under computer

control on an AV tachistoscope (Iwatsu Ise1, IS-70IAB) whose
frame rate was set at 4 msec/frame. The size of the screen was 30
X 18 em (width X length). The experiment room was darkened,
and the display was installed into a cavity lined with black nonre
fleeting felt in order to eliminate extraneous stimulation from
other parts of the room. .

Stimuli. A random-dot-filled square (6.0° X 6.0°) was divided
into two regions: an inner square and an outer edge (Figure I). One

of three sizes of the inner square (1.5° X 1.5°,3.0° X 3.0°, or 4.5°
X 4.5°) was used, and the remaining region of the original square
was used as the outer edge. Each dot subtended a 2.26' X 2.26' of
are, and the dot density was 27.2%. There were no contours be
tween the regions, so when the two regions were presented simul
taneously without flicker, they were indistinguishable.

The two random-dot-filled regions were generated in advance
and stored in two frames (Frame A and Frame B) of the tachisto
scope. When Frames A and B alternated (i.e., A-B-A-B ...), one
cycle lasted 8 msec, for a temporal frequency of 125 Hz. To alter
this frequency, we alternated two or more successive exposures of
Frame A with the same number of exposures of Frame B. For ex
ample, two exposures (i.e., AA-BB-AA-BB ...) yielded a cycle
length of 16 msec and a temporal frequency of62.5 Hz. In a sim
ilar manner, we produced temporal frequencies of 41.7, 31.3, 25,
20.8, 15.6, 1004,6.6, and 5 Hz (Figure 2). This range of temporal
frequencies was selected from pilot studies showing that, at lower
rates, apparent movement was perceived and, at higher rates, the
regions were indistinguishable.

The average temporal luminance of the flickering stimuli was
1104 cd/rn- (each dot had a luminance of 83.8 cd/m- so that, aver
aged over space and time, a patch of the stimulus had a luminance
of 1104 cd/m-), and background luminance was 0.1 cd/m-. The lu
minance of the stimuli was set low so that phosphor persistence
was reduced to a minimum during flicker. The monitor had P4
phosphor with a persistence of 1.2 msec.

The stimuli were observed monocularly (with left or right eye)
at a distance of 80 em through a viewing window. The dots were
luminous, not black as in the figures.

Subjects. Eight paid naive subjects (3 undergraduate students, I
graduate student, and 4 office workers) and 1 of the authors (A.I.)

(a) original = inner square + outer edge

(b) small (c) medium (d) large

Figure 1. Stimulus configurations used in Experiment 1. A random-dot-filled square (6.0· X
6.0")was divided into two regions, an inner square and an outer edge (a).These two regions were
alternated continuously.In each trial, one of three sizesof the inner square was used: (b) SMALL

(1.5" X 1.5"),(c) MEDIUM (3.0· X 3.0"),or (d) LARGE (4.5· X 4.5").Each dot subtended a 2.26' X

2.26' ofarc, and the dot density was 27.2%. There were no contours on the pictures, and the bor
der between the two regions was defined only by temporal phase difference. The dots were lu
minous, not black as in the figures.
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one cycle
,-----,

Figure 2.Schematic representation of flicker.The inner square and
the outer edgewere repeatedly presented in alternation. In each trial,
I of 10 kinds of on-otT square-wave flickering stimuli with a flicker
rate ofl25, 62.5,41.7,31.3,25, 20.8, 15.6, 10.4,6.6, or 5 Hz was used.
Interstimulus interval was O. Total presentation duration for a trial
was 20 sec. Refresh rate of the monitor was 4 msec/frame.

participated in this experiment (7 males, and 2 females). They
ranged in age from 21 to 32 years, with a mean age of 24.2 years.
All subjects had normal or corrected-to-normal vision.

Procedure. The three size conditions, each with 10 temporal fre
quencies, generated 30 stimulus conditions. Each stimulus was
presented once during the experiment, for a total of 30 trials for
each subject. Sequences ofpresentation ofthe 30 trials were totally
randomized. In each trial, the two regions were alternated contin
uously for 20 sec.

In preliminary experiments, the subjects were instructed to re
port what they saw during presentation ofa total of 30 stimuli, and
all (N = 8) reported spontaneously perceiving depth segregation
between the two regions at examined temporal frequencies below

31.3 Hz (Figure 3). The subjects typically reported that the sub
jective appearance of the perceived depth was very similar to the
impression of the depth obtained from a random-dot stereogram.
The magnitude ofthe perceived depth was less than I mm, and the
perceived depth was unstable: The region perceived to be in front
was different from subject to subject, and sometimes the region in
front and the region behind spontaneously alternated while the
subject was viewing the display. In summary, at examined fre
quencies below 31.3 Hz, the subjects perceived depth segregation
most of the time. In contrast, at temporal frequencies of 31.3 and
62.5 Hz, regional segregation without depth segregation predomi
nated. At frequencies above 62.5 Hz, neither depth segregation nor
regional segregation was perceived.

Tn Experiment I, we investigated depth perception more quanti
tatively by measuring the cumulative times of four different expe
riences.

The subjects used a chinrest and viewed the stimuli monocu
larly. The fixation cross was presented in the center of the display
at all times during the session; the subjects were instructed to fix
ate on this cross.

Before being tested, the subjects were given the following in-
structions:

Look at the fixation cross at the center of the display and answer which
of the following is true: (1) the inner square looks like it is in front of
the outer edge; (2) the inner square looks like it is behind the outer
edge; (3) the inner square and the outer edge appear to lie in the same
depth plane; and (4) other (it is difficult to judge the percept).

The subjects were instructed to respond by moving ajoystick in
front of them. Each subject underwent several practice trials before

ON

OFF

ON

OFF

Regional
Segregation

Yes Yes No

( Frequency:

No

HighMiddle

No

Low___~J

YesDepth
Segregation

5 31.3 62.5 125 [Hz]
Figure 3. Schematic diagram of visual impression ofthe inner square/outer edge picture

when the two regions flickered in antiphase. In the high-frequency range, regional segre
gation could hardly be perceived. In the middle range, regional segregation, but not depth
segregation, was mainly perceived. In the low-frequency range, aUsubjects could perceive
depth between the two regions.
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the test trials. In the test sessions, a total of30 trials were presented
to each subject. The order of presentation was randomized. Each
display was exposed for 20 sec; the interval between displays was
4 sec, during which time the screen was dark.

During the trials, the position of the joystick was recorded con
tinuously. The subject was required to respond as soon as the dis
play was turned on and to continue responding until the display
turned off.

Results
We found that the percentage of response time (RT)

that a region was seen as lying in front (or lying behind)
was strongly dependent on the flicker rate. Although
there were individual differences, all subjects perceived
depth segregation. The average temporal luminance of
the two flickering regions was kept equal, so depth seg
regation was not due to a luminance difference. Similar
to in the preliminary experiment, the region perceived to
be in front and that perceived to be behind alternated
from time to' time even for the same subject.

Figure 4 shows the mean percentage of RT during
which depth segregation was perceived between the two
flickering regions and the mean percentage ofRT during
which depth segregation was not perceived between the
two regions.

The percentage ofRT that the subjects answered"other"
was 10.1%-34.7%, because most subjects took several
seconds to judge the depth relation and to identify the
percept by moving the joystick. At all of the examined
frequencies below 31.3 Hz, the subjects perceived depth
segregation most of the time. In contrast, at temporal fre-

(a) SMALL

quencies of 62.5 and 125 Hz, depth segregation was
hardly perceived.

Figure 4 also shows that there was a relationship be
tween the size of the inner square and which region was
seen to be in front during the depth perception. When the
inner square was small or medium, it was perceived as
lying in front most of the time that depth was perceived.
When the inner square was large, however, the percent
age ofRT in which it was perceived to be in front and the
percentage of RT in which it was perceived to be behind
were comparable. This suggests that smaller regions tend
to appear in front of larger regions.

In Figure 5, replotted data from Figure 4 are shown,
with the percent RTs of"perceived in front" and of"per
ceived behind" summed and presented as percent RT of
"perceived depth." Mean percent RTs ofperceived depth
ofthree configurations (SMALL, MEDIUM, and LARGE) are
shown in the upper-right panel of Figure 5. Note that the
peak of depth perception was at 10.4 Hz.

The percent RT of perceived depth ("perceived in
front" + "perceived behind") was analyzed. To fit psy
chometric functions to the three curves in the upper-left
panel of Figure 5, we replotted the data of perceived
depth to between 10.4 and 62.5 Hz (Figure 6a).

To test whether the psychometric functions are signif
icantly different or not, we transformed the data as z
scores using the cumulative probability density function.
The z-scores should portray the linear depth scale un
derlying the sigmoidal shape of the psychometric func
tions. Data having a percentage value of 0 have indeter-
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- Q)c E
Q) .
uf-...
Q) Q)
a.. CIlc
c 0
<tl Q.
Q) CIl
~ Q)

0:

100%

80%

60%

40%

20%

0%

r- r-r- r-t- r-t- r-r- r-t- r-

+-

I i

I , •
Flicker Rate [Hz]

- Q)c E
Q) .
uf
(j5 Q)
a.. CIlc
c 0
C'il Q.
Q) CIl
~ Q)

0:

100%

80%

60%

40%

20%

0%
~ ~ v ID 00 ~ M ~ ~ ~

ID a ~ 0 N ~ ~ N N
T""" T""" C\I C") V (0

Flicker Rate [Hz]

(c) LARGE
Gather

- Q)c E
Q) .
uf
(j5 Q)
a.. CIlc
c 0
<tl Q.
Q) CIl
~ Q)

0:

100%

80%

60%

40%

20%

0%

- r-
I ~ I--- I--- I---
I -- I---

i

\
! ...
~ (0 v (0 00 ~ M ~ ~ ~

(0 0 ~ 0 C\I ~ ~ N N
,.... T""" C\J C"? -.::t to

Flicker Rate [Hz]

Gisoplane

II inner square
behind

II inner square
front

Figure 4. Results of Experiment 1. The mean percent of response times that a region was seen to be in front are plotted
as a function oftemporal frequency and size ofthe inner square for (a) SMALL, (b) MEDIUM, and (c) LARGE inner squares.
Note that data are the means of9 subjects.
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Figure 5. Replotted data from Figure 4. In the upper two panels, mean percent response times of
"perceived depth" are plotted: time for each configuration and the average time are plotted in the
upper-left panel and in the upper-right panel, respectively.In the lower two panels, mean percent re
sponse times of "isoplane" are plotted: time for each configuration and the average time are plotted
in the lower-leftpanel and the lower-right panel, respectively.The vertical bars represent standard er
rors of the mean.

minable z-scores. For four such data, az-score of -4.265
was calculated.

In Figure 6b, the best-fitting lines for the SMALL, ME

DIUM, and LARGE inner squares are shown. We found a
linear relationship between the mean percent RT of per
ceived depth and flicker rate for each group. The results
of these linear regressions are given in Table 1. The 95%
confidence intervals of the slopes for SMALL, MEDIUM, and
LARGE overlap one another. Ifthe slopes of the three lines
have no statistical difference, then the size difference of

the inner square (SMALL, MEDIUM, or LARGE) had no sig
nificant effect on depth perception.

To test the significance of differences in the slopes of
the three fitting lines, we conducted an analysis ofvari
ance (ANOYA). Deviations from a single regression line
were not significant [F(2, 15) = 0.25], indicating that the
size difference of the inner square had no significant ef
fect on depth perception. The regression equation for
total z-scores (including SMALL, MEDIUM, and LARGE) is
y = 2.46 - 0.105x, where y represents the mean percent
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Figure 6. Replotted data from Figure 5. (a) Data of mean percent response times of "perceived depth" replotted to between 10.4 and
62.5 Hz. Psychometric functions were fitted to the data. (b) Data from Panel a transformed into z-scores and replotted. The linear regres
sion coefficients ofthe best-fitting lines for each group are given in Table I. The equations for the SMALL, MEDIUM, and LARGE inner squares
arey (mean percent response time in z-score form) = 2.40 - 0.116x (flicker rate), y = 2.28 - O.lOOx, andy = 2.70 - O.IOlx, respectively.
The equation for the total data isy = 2.46 - 0.105x (see text).

EXPERIMENT 2

RT in z-score form and x represents the flicker rate (see
bold dashed line in Figure 6b). This equation accounts
for 84.5% of the variance (R2 = .845).

Table 1
Linear Regression Coefficients for Relationships Between Mean

Percent Response Time of Perceived Depth and Flicker Rate
in Experiment 1

Stimuli used in Experiment I had a center-surround
organization, which may function as an occlusion cue to
mediate depth segregation. In Experiment 2, by using
another simple stimulus without a center-surround or
ganization, we tested whether or not the depth effect
could be perceived.

was used: (left rectangle; right rectangle) = (1.5° X 6.0°; 4.5° X
6.0°), (3.0° X 6.0°; 3.0° X 6.0°), or (4.5° X 6.0°; 1.5" X 6.0°).

Subjects. Eight new paid naive subjects (5 undergraduate stu
dents and 3 graduate students) and 1 of the authors (A.I.) partici
pated in this experiment (8 males, and I female). They ranged in
age from 22 to 33 years, with a mean age of 24.6 years. All sub
jects had normal or corrected-to-normal vision.

Procedure. The experimental procedure was the same as that
used in Experiment I, except for the instructions.

Before being tested, the subjects were given the following in-
structions:

Lookat the fixationcrossat the centerofthe displayandanswerwhich
of the followingis true: (I) the right rectangle looks like it is in front
of the left rectangle;(2) the left rectangle looks like it is in frontofthe
right rectangle; (3) the right and left rectangles appear to lie in the
same depth plane; and (4) other.

Results
The results were similar to those for the inner square/

outer edge picture. Again, all subjects perceived depth
segregation between the two regions at low temporal fre
quencies (Figure 8). This result indicates that the depth
segregation in Experiment I can be perceived in another
kind of picture. The percentage of RT that a region is
seen to be in front (or behind) is strongly dependent on the
flicker rate.

Figure 8 shows that the same region can be perceived
as either in front or behind and that the smaller region
was seen in front for longer than the larger region. There
is, however, an asymmetry: The smaller region was per
ceived in front for longer when it was on the right (Fig
ure 8c) than when it was on the left (Figure 8a). We sus-

f3

-.909t
-.97It
-.935t

.827
943
.874

tp < .01.

-.116 .024
-.100 .011
-.101 .017

2.40
2.28
2.70

SMALL

MEDIUM

LARGE

Inner Square Intercept Slope (B) SEB

Method
Apparatus and Stimuli. The apparatus and stimuli were the

same as those of Experiment 1, except that a picture of two adja
cent rectangles (Figure 7), instead of the inner square/outer edge
picture, was used as the display.

To produce regions, a random-dot-filled square (6.0° X 6.0°)
was divided vertically into two rectangular regions: a left rectangle
and a right one. In each trial, one of three combinations of sizes

Note-f3 = standardized coefficient of slope.
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(a) small (b) medium-medium (c) large-small

Figure 7. Stimulus configurations used in Experiment 2. A random-dot-filled square (6.tr x 6.0") was
divided into two regions: left and right rectangles. In each trial, one of three configurations was used:
(a) SMALL-LARGE (left, 1.5" x 6.tr; right, 4.50 x 6.tr), (b) MEDIUM - MEDIUM (3.tr X 6.tr; 3.tr x 6.0"),or
(c) LARGE--5MALL (4.50 X 6.tr; 1.5" X 6.tr). Each dot subtended a 2.26' X 2.26' of arc, and the dot den
sity was 27.2%. There were no contours on the pictures, and the border between the two regions was de
fined only by temporal phase difference. The dots were luminous, not black as in the figures.

pect this may have been an artifact of the left-right di
rection of the monitor's raster.

In Figure 9, replotted data from Figure 8 are shown,
with the percent RTs of"perceived in front" and of"per
ceived behind" summed and presented as percent RT of
"perceived depth." Mean percent RT of perceived depth
of three configurations (SMALL-LARGE, MEDIUM

MEDIUM, and LARGE-SMALL) is shown in the upper-right
panel of Figure 9. Note that the sharp peak of depth per
ception was at 10.4 Hz.

As in Experiment 1, the percent RT of perceived depth
("perceived in front" + "perceived behind") was ana-

(a) SMALL-LARGE

lyzed. To fit psychometric functions to the three curves
in the upper-left panel of Figure 9, we replotted the data
of perceived depth to between 10.4 and 62.5 Hz (Fig
ure lOa). The z-scores were then calculated as in Exper
iment 1.

In Figure l Ob, the best-fitting lines for the SMALL

LARGE, MEDIUM-MEDIUM, and LARGE-SMALL stimuli are
shown. Again, we found a linear relationship between
the mean percent RT of perceived depth and flicker rate
for each group. The results of these linear regressions are
given in Table 2. The standard errors of the slopes show
that the slope for the LARGE-SMALL differs by more than
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Figure 8. Results of Experiment 2. The mean percent response times that a region was seen to be in front are plotted
as a function oftemporal frequency and configuration for (a) SMALL-LARGE, (b) MEDlUM- MEDIUM, and (c) LARGE--5MALL

configurations. Data are the means of9 subjects.
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Figure 9. Replotted data from Figure 8. In the upper two panels, mean percent response times of "perceived

depth" are plotted: time for each configuration and the average time are plotted in the upper-left panel and the
upper-right panel, respectively.In the lower two panels, mean percent response times of"isoplane" are plotted:
time for each configuration and the average time are plotted in the lower-left panel and the lower-right panel,
respectively. The vertical bars represent standard errors of the mean.

the 95% confidence intervals ofthe slopes for the SMALL

LARGE and MEDIUM-MEDIUM, whereas the 95% confi
dence intervals of the slopes for the SMALL-LARGE and
MEDIUM-MEDIUM overlap.

An ANOYA for testing the homogeneity of the three
regression lines showed that the difference between the
slopes of the regression lines for the three groups was
significant [F(2, 15) = 3.92, p < .05], indicating that the
difference in stimulus configuration had a significant ef
fect on depth perception. As mentioned above, this sig
nificance might have been due to the artifact.

As in Experiment 1, the depth segregation was not due
to a luminance difference, since the average temporallu
minance of the two flickering regions was kept equal. It
should be noted that the depth segregation cannot be
fully explained from the viewpoint of size difference or
surrounding effect, because even in the case of the
MEDIUM-MEDIUM pattern in Figure 7b, in which the re
gions are identical in size and form, all subjects per
ceived depth segregation, with no significant bias toward
seeing one or the other region in front. In the case of the
MEDIUM-MEDIUM pattern, the only difference between
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EXPERIMENT 3

the two regions was that of the temporal phase of flicker.
This indicates that difference in the temporal phase is
crucial for the depth perception.

Table 2
Linear Regression Coefficients for Relationships Between Mean

Percent Response Time of Perceived Depth and Flicker Rate
in Experiment 2

If the depth effect is affected only by the temporal
phase, and not by the texture of the stimuli, the percepts
of the stimuli would be similar, irrespective of dot den
sity. The purpose ofExperiment 3 was to study the effect
of dot densities on the distinctness of the induced depth
perception.

Results
Figure 12 shows the mean percent RT during which

depth segregation was perceived between the two flick
ering regions and the mean percent RT during which
depth segregation was not perceived between the two re
gions. Again, all subjects could perceive depth segrega
tion, though there were individual differences.

When the picture was filled with random dots, the per
cepts of flickering regions seemed to be similar, irre
spective ofdot density (10.0%, 27.2%, or 41.9%). At ex
amined frequencies below 31.3 Hz, the subjects perceived
depth segregation most of the time. In contrast, at tem-

There were no contours on the regions, so when the two regions
were presented simultaneously, it could not be noticed that the dis
play consisted of two regions.

The four dot densities, each with 10 temporal frequencies (125,
62.5, 41.7, 31.3, 25, 20.8, 15.6, 10.4, 6.6, and 5 Hz) generated 40
stimulus conditions. Each stimulus was presented once during the
experiment, for a total of 40 trials for each subject. Sequences of
presentation of the 40 trials were totally randomized. In each trial,
the two regions were alternated continuously for 20 sec.

The time average of luminance of the flickering stimuli was
4.2 cd/m- (dot density of 10.0%), 11.4 cd/rn? (dot density of
27.2%),20.1 cd/m- (dot density of41.9%), or 62.6 cd/m- (the solid
picture); background luminance was 0.1 cd/m-,

Subjects. Eight new paid naive subjects (3 undergraduate stu
dents, 2 graduate students, and 3 office workers) and I of the au
thors (A.I.) participated in this experiment (2 males, and 7 females).
They ranged in age from 21 to 32 years, with a mean age of 23.9
years. All subjects had normal or corrected-to-normal vision.

Procedure. The experimental procedure was the same as that
used in Experiment I, except for the total number of trials per sub
ject (40 trials in Experiment 3; there were 30 trials in Experi
ment I).

,B
-.919t
-.912t
-.974t

.844

.831

.949

.021

.022

.005

2.10 -.111
1.91 -.107
1.58 -.048

Intercept Slope (B)Stimuli

SMALL-LARGE

MEDIUM-MEDIUM

LARGE-SMALL

Note-,B = standardizedcoefficient of slope. tp < .0I.

Method
Apparatus and Stimuli. The apparatus and stimuli were the

same as those of Experiment I, except that only one size of the
inner square and outer edge was used.

To produce regions, a random-dot-filled square (6.0° X 6.0°)
was divided into two regions: an inner square and an outer edge.
The size ofthe inner square was always 4.5° x 4.5°, which was the
same size as that of the LARGE inner square in Experiment I. For
each trial, one offour different dot densities (dot density of 10.0%,
27.2%,41.9%, or a solid picture) was used (Figure II).
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(a) 10.0% (b) 27.2%

slopes show that the slopes for dot densities of 10.0%
and 27.2% and for the solid stimuli differ by more than
each one's 95% confidence interval. Only the 95% con
fidence intervals of the slopes for dot densities of 27.2%
and 41.9% overlap.

The results of an ANOVA testing the homogeneity of
the four regression lines showed that the difference be
tween the slopes of the regression lines for the four
groups was significant [F(3,20) = 19.00,p < .01], indi
cating that the difference in the dot density ofstimuli had
a significant effect on depth perception.

F1gwe 11. Stimulus conf"IgUI'lltions used in ExperimentJ. A random
dot-filled square (6.1)" x 6.0") was divided into two regions: an inner
square and an outeredge. The size ofthe inner square was always4.So
x 4.5°. In each trial, one offour different dot densities [dot density of
(a) 10.0%, (b) 27.2%, (c) 41.9%, or (d) soLIDIwas used. There were
no contours on the pictures, and the border between the two regions
was defined only by temporal phase difference. The dots were lumi
nous, not black as in the figures.

poral frequencies of 62.5 and 125 Hz, depth segregation
was weak (Figures 12a, 12b, 12c).

When the picture was solid, the percent RT of depth
perception predominated at temporal frequencies of
41.7 Hz or below, and, against our expectation, the depth
perception consumed a large amount ofobservation time
even at temporal frequencies of 62.5 and 125 Hz (Fig
ure 12d).

In Figure 13, replotted data from Figure 12 are shown,
with percent RTs of "perceived in front" and of "per
ceived behind" summed and presented as percent RT of
"perceived depth." Mean percent RT of perceived depth
of four dot densities (10.0%, 27.2%, 41.9%, and SOLID)

is shown in the upper-right panel of Figure 13. Again,
the peak of depth perception was at 10.4 Hz.

As in Experiment 1, the percent RT of perceived depth
("perceived in front" + "perceived behind") was ana
lyzed. To fit psychometric functions to the four curves in
the upper-left panel of Figure 13, we replotted the data of
perceived depth to between 10.4 and 62.5 Hz (Fig
ure 14a).The z-scores were then calculated as in Experi
ment I.

In Figure 14b, the best-fitting lines for the dot densi
ties of 10.0%,27.2%, and 41.9%, and for the solid stim
uli are shown. Again, we found a linear relationship be
tween the mean percent RT of perceived depth and
flicker rate for each group. The results of these linear re
gressions are given in Table 3. The standard errors of the

DISCUSSION

(;eneraiProperties
At first glance, our findings seem to indicate an effect

similar to the flicker-induced depth segregation reported
by Weisstein and colleagues (for a review, see Weisstein
et aI., 1992). However, there are certain differences be
tween the previous findings and the present ones. Below,
we summarize the differences.

Depth can be perceived between two regions with
identical flicker rates. In most previous studies on flicker
induced depth segregation, the stimulus contained both
a flickering and a nonflickering region, and depth segre
gation was perceived between the two regions, with the
flickering region always stably perceived behind the non
flickering region (e.g., Wong & Weisstein, 1984, 1985,
1987). In a few studies, a similar depth perception was
examined between two flickering regions with different
flicker rates (Klymenko & Weisstein, 1989; Klymenko
et aI., 1989).

All of the above results suggest that the difference in
temporal frequency is essential to the depth effect.

In this study, we found that depth segregation was per
ceived between two flickering regions with identical flicker
rates, which suggests that temporal phase and temporal
frequency played a crucial role in determining figure
ground organization (see also discussion below).

Optimal temporal frequencies for depth perception.
Throughout the three experiments, the depth could be
perceived for a long time between 5.0 and 31.3 Hz, and
the optimal frequency for depth perception was 10.4 Hz.

We speculate on why the perceived depth became less
distinct at higher flicker rates (beyond 31.3 Hz) as fol
lows.

For depth segregation to be perceived, it is necessary
that a boundary be formed between the two random dot
regions, and the difference in temporal phase contributes
to the boundary formation. As Y. Yang (personal com
munication, November 29, 1995) suggests, it is possible
that, at higher flicker rates, the perceived boundary
formed between the two flickering regions became less
distinct, which impedes depth perception.

If this speculation is correct, it is likely that depth can
be perceived for longer between two regions with high
dot density than ones with low dot density, because the
sharpness of the boundaries of flickering regions is in
creased as the random-dot density of flickering regions

(d) SOLID(c) 41.9%
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Figure 12. Results of Experiment 3. The mean percent response times that a region was seen to be in front are plotted as a function oftem

poral frequency and dot density for dot densities of (a) 10.0%, (b) 27.2%, (c) 41.9%, and (d) SOLID. Data are the means of9 subjects.

increases, and this helps in the formation of the bound
aries. The results of Experiment 3 support our hypothe
sis. At a high flicker rate (31.3 Hz, for instance, Fig
ure 13), the subjects were better able to perceive depth as
the random-dot density increased. Furthermore, when
the two flickering regions were solid and had very sharp
boundaries relative to the random-dot field, the subjects
were better able to perceive depth than when the two re
gions were composed of random dots.

Most previous studies on depth segregation between
flickering and nonflickering regions were conducted using
square-wave on-off flicker, as in the present study; the
maximal grounding of the flickering region behind a
nonflickering region was found to occur for flicker rates
ofaround 6-8 Hz, with a drop-off in the flicker-induced
ground effect at lower and higher temporal frequencies
(for contrast reversal flicker, see, e.g., Klymenko & Weis
stein, 1989).

These tendencies were not dependent on the texture of
the stimuli, on the specific configuration of the flicker
ing and nonflickering areas, or on the flickering method.
Among the stimuli used, for example, were flickering
and nonflickering bars composed of random dots (tem
poral modulation 100%) at 1-I2.5 Hz (Experiment I of
Wong & Weisstein, 1984), flickering and nonflickering
bars composed of random dots (temporal modulation
25%,50%,75%, or 100%) at 5-8.3 Hz (Experiment 2 of
Wong & Weisstein, 1984), flickering and nonflickering
bars made up ofhorizon tall vertical lines (temporal mod
ulation 100%) at 3.6-12.5Hz (Experiment 2 of Wong &
Weisstein, 1985), flickering and nonflickering areas
composed of concentric squares ofrandom dots (tempo-

ral modulation 100%) at 3.6-12.5 Hz (Experiment 3 of
Wong & Weisstein, 1985), flickering and nonflickering
areas composed of the three segments of Rubin's faces/
goblet reversible picture filled with random dots (tempo
ral modulation 100%) at 1.4-12.5 Hz (Experiments IA
and I B of Wong & Weisstein, 1987), and flickering and
nonflickering areas consisting of subjective contours
(temporal modulation 100%) at 0-25 Hz (Experiment I
of Meyer & Dougherty, 1987).

In a few studies, however, no consistent results on the
tuning of the flicker-induced ground effect with respect
to temporal frequency were obtained. For example, using
a pattern in which two regions containing sine-wave grat
ings underwent on-off flicker at 0-15 Hz, Klymenko
et al. (1989) found that, under certain experimental con
ditions, the magnitude of the depth effect increased as
the temporal frequency increased and reached its peak at
15 Hz.

Although the exact reason that the optimal temporal
frequency for flicker-induced depth perception using on
off flicker in the previous studies (6-8 Hz) differs from
that in the present study (l0.4 Hz) is unknown, we spec
ulate that it is due to a difference in the manner of pre
sentation of the two regions. In our case, both regions
were flickered, which tends to induce apparent motion
from one region to the other at low flicker rates. It is pos
sible that, at low flicker rates, including 6-8 Hz (which
is the optimal frequency range for perceiving depth seg
regation between two flickering regions), apparent mo
tion was perceived and the depth segregation was abol
ished, and optimal frequency for our case shifted to a
higher temporal frequency (10.4 Hz).
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Figure 13. Replotted data from Figure 12. In the upper two panels, mean percent response times of "per

ceived depth" are plotted: time for each dot density and the average time are plotted in the upper-left panel and
in the upper-right panel, respectively. In the lower two panels, mean percent response times of "isoplane" are
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panel, respectively.The vertical bars represent standard errors of the mean.

Instability of perceived depth. The flicker-induced
depth perception in previous studies seems to be highly
stable, because the flickering region was always seen in
front ofthe nonflickering region (e.g., Weisstein & Wong,
1986; Wong & Weisstein, 1984).

The spatiotemporal channel theory of Weisstein et al.
(1992) explains the figure-ground organization in such
previous studies fairly well, on the basis of the spatial
frequency content of the stimuli as well as the temporal
frequency content. The theory predicts that if regions

with relatively higher temporal frequency content are ad
jacent to regions containing relatively lower temporal
frequency content, then the regions with the lower tem
poral frequency appear closer in depth than those with
the higher temporal frequency, and that if regions with
relatively higher spatial frequency content are adjacent
to regions with relatively lower spatial frequency con
tent, then the regions with the higher spatial frequency
appear closer in depth than those with the lower spatial
frequency.
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Figure 14. Replotted data from Figure 13. (a) Data of mean percent response times of "perceived depth" replotted to between 10.4 and
62.5 Hz. Psychometric functions were fitted to the data. (b) Data from Panel a transformed into z-scores and replotted. The linear regres
sion coefficients ofthe best-fitting lines for each group are given in Table 3. The equations for the dot densities oftO.O%, 27.2%, and 41.9%,
and for SOLID stimuli arey = 1.88 - 0.065x,y = 2.98 - O.l11x,y = 3.01 - O.I09x, andy = 1.05 - 0.016x, respectively. The abbreviation
D.O. stands for dot density.

Table 3
Linear Regression Coefficients for Relationships Between Mean

Percent Response Time of Perceived Depth
and Flicker Rate in Experiment 3

Roughly speaking, the pattern shown in our results in
dicating that smaller regions, on average, tend to be per
ceived in front for longer than larger regions is in accor
dance with their theory, because smaller regions have
relatively higher spatial frequency content than larger re
gions. However, if the figure-ground organization can
be completely determined by the spatial (and temporal)
frequency content ofstimuli, as the theory suggests, then
the relative depths offigure and ground should be stable
and unvarying. In other words, regions with relatively
higher spatial frequency should be stable and should al
ways appear to be in front. In the depth effect we found,
however, the region perceived to be in front and that per
ceived to be behind alternated from time to time even for
the same subject. This means that the smaller regions
with relatively higher spatial frequency content some
times switch from in front to behind.

Thus, it is difficult to explain fully the depth percep
tion reported here by the theory ofWeisstein et al. (1992)
alone (see also discussion by Grossberg, 1994, p. 55).

Dot Density Intercept Slope (B) SEa R2

10.0% 1.88 - .065 .006 .957
27.2% 2.98 - .111 .013 .935
41.9% 3.01 -.109 .014 .924
SOLID 1.05 -.016 .005 .701

Note-13 = standardized coefficient of slope. 'p < .05.

13
-.978t
-.967t
-.96Jt
-.837*

Considering all of these differences, we conclude that
the depth perception reported here cannot be attributed
to previously reported factors.

Relationship With Other Monocular Depth Cues. It is
known that pictorial depth cues are effective for induc
ing monocular depth perception (e.g., Levine & Shefner,
1991). For example, if there are two regions with differ
ent luminances at the same distance from an observer,
the dimmer region is judged as being farther away than
the brighter one (Coules, 1955). Our result cannot be ac
counted for in terms of luminance difference, since the
average temporal luminances of the two flickering re
gions were identical. As another example, many investi
gators showed that relative size can be an effective cue of
depth (e.g., Gogel, 1964). When two objects of different
sizes are viewed from the same distance, the larger one
is always thought to be closer to the subject. In our result,
when depth was perceived between two regions, the
smaller region tended to be judged more frequenctly
as lying in front more frequently than as lying behind.
Therefore, our results are not attributable to such size
differences.

Motion parallax is also known to induce monocular
depth perception (e.g., Braunstein, 1976; Rogers, 1993).
It is generated when the observer moves with respect to
a stationary world (self-produced parallax) or objects
move with respect to a stationary observer (externally pro
duced parallax). Using a stimulus display consisting of
random-dot patterns, Rogers and Graham (1979) simu
lated the transformations ofretinal image induced by ex
ternally produced parallax that would be produced while
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viewing a horizontal stripe lying in front ofsurrounding
strips. In their experiment, the subject kept his/her head
still while the experimenter moved the oscilloscope to
and fro across the subject's line of sight. The experiment
was set up so that the movement of the oscilloscope to
the right (left) caused the center horizontal stripe ofdots
to move to the right (left) with respect to the surround
ing random-dot strips. The subjects were able to perceive
depth segregation between the center and the surround
ing random-dot strips that moved in opposite directions.

There is a certain resemblance between the depth per
ception induced by Rogers and Graham's (1979) exter
nally produced parallax and our flicker-induced depth
perception. First, random-dot-filled regions were used in
both experiments. In particular, the MEDIUM-MEDIUM

stimulus used in our Experiment 2 (Figure 7b) can be re
garded as a special case of externally produced parallax
because alternating flicker of two adjacent MEDIUM stim
uli is equivalent to repeated movement of one stimulus
between two positions. Second, the subjects in both ex
periments reported similar visual impressions: During
depth perception, no relative movement of the dots in the
display was seen. In contrast, during apparent motion
perception, depth was not perceived.

As Y. Yang (personal communication, November 29,
1995) suggests, the flicker-induced depth perception and
the motion parallax-induced depth perception may share
common mechanisms.

Role ofTemporal Phase in Figure-Ground
Organization Through Depth Segregation and
Possible Mechanism Underlying Flicker-Induced
Depth Perception

Weisstein et al. (1992) examined the relation between
flicker-induced depth segregation and figure-ground or
ganization using reversible figures, such as Rubin faces/
vases, and found that flickering regions are predomi
nantly perceived as background, whereas adjacent non
flickering regions are perceived as figures (Wong &
Weisstein, 1984, 1985, 1987). On the basis of these re
sults, they related flicker-induced depth perception and
figure-ground organization and introduced a temporal
frequency channel theory (e.g., Weisstein et aI., 1992;
Weisstein & Wong, 1986).

According to their theory, the region flickering at high
frequency is coded by high-temporal-frequency chan
nels to signal "a figure in front," whereas the nonflick
ering region (and region flickering at low frequency) is
coded by low-temporal-frequency channels to signal "a
ground behind." Furthermore, their theory emphasizes
that figure and ground are processed in anatomically and
functionally different pathways in the brain. It is widely
accepted that there are two kinds ofanatomically defined
visual pathways in the brain: magnocellular (M) and par
vocellular (P) pathways. Weisstein et al. (1992) related
these anatomical pathways and psychophysically de
fined temporal frequency channels and concluded that
M and P pathways could be identified with neural sig-

nals for "a ground behind" and "a figure in front" pro
cessing, respectively.

In the present study, we showed that depth segregation
could be perceived between the two flickering regions
with identical flicker frequencies but different temporal
phases, which indicates that temporal phase was one of
the critical factors of figure-ground organization. Al
though our results do not strongly conflict with Weis
stein et al.'s theory of temporal frequency channels, ad
ditional explanation is needed because their theory does
not fully explain our results. If Weisstein's notion that
"figure in front" and "ground behind" are processed in
anatomically different pathways is applicable to our re
sults, then there must be at least two kinds ofchannel for
each temporal frequency-for example, in-phase chan
nels for figure processing and antiphase channels for
ground processing. In our view, however, it seems un
likely to assume the existence of such a temporal phase
coding channel that is specialized for figure (or ground)
processing for each temporal frequency, because our re
sults showed that the same flickering region could be
perceived as either figure (in front) or ground (behind)
by the same subject. For this reason, we believe that the
anatomical M (P) pathway is not specialized for ground
(figure) processing; in other words, the same signal that
is carried through the M (P) pathway can indicate either
figure or ground.

Here, we consider possible mechanisms of flicker
induced depth segregation to explain how the temporal
phase of the stimuli plays a role in depth segregation.

The theory of"binding by temporal coherence" is help
ful in speculating on temporal phase-dependent mecha
nisms. According to this theory, synchronization of the
cortical neurons underlies the processes by which visual
features separated in a visual scene are combined to form
perceptual groups (e.g., Crick & Koch, 1990; Eckhorn
et aI., 1988; Gray, Koning, Engel, & Singer, 1989; Gross
berg, 1994; Keele, Cohen, Ivry,Liotti, & Yee, 1988;Shim
izu & Yamaguchi, 1987).

We speculate that the synchronous mass activity of
neurons is organized depending on the timing of pre
sented visual stimuli. We hypothesize that information
on random-dot stimuli from the in-phase flickering re
gion is carried to the depth-related area of the cerebral
cortex where dot information is grouped into perceptual
units, such as rectangles, and each perceptual unit is rep
resented by synchronous mass activity of the cortical
neurons. Similarly, random-dot stimuli from the an
tiphase flickering region are represented by another burst
of synchronous mass activity in the brain. Because a
flickering stimulus induces phase-locked discharge of
the cortical neurons (Bullier, Nowak, & Munk, 1994), it
is plausible that two random-dot regions in antiphase
flicker are represented by synchronous firing oftwo cor
responding neuronal clusters in different temporal phases.
We believe that the degree of perceived depth segrega
tion is represented by the degree of phase difference be
tween the two synchronously firing clusters.
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In this work, we were concerned with a particular in
stance of the feature-binding problem-s-namely, the se
lective attribution of flickering signals to different depths
in a visual scene-s-and we found that dots having the same
temporal phase were assigned to the same depth plane.
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