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A single line was presented in a succession of orientations, each orientation separated
by a fixed angle and by a fixed interval of time, and subjects reported the number
of successive lines that appeared to rotate together. The perceived number of rotating
lines increased linearly with the rate of stimulus presentation, with a slope that
was proportional to the spatial separation. The linear functions obtained in this
first experiment predicted the results of a second experiment in which subjects
adjusted the spatial and temporal variables to a discrimination threshold for seeing
two rotating lines. If the slope of the linear functions is considered to be an estimate
of the duration of visible persistence, then these results suggest that the visible
persistence of a briefly presented stimulus increases with the distance separating
that stimulus from other stimuli.

Visible persistence refers to the fact that a
briefly presented visual stimulus appears to
be visible for some time after the physical offset
of the stimulus. A large number of articles
have been published on the topic of visible
persistence over the last 20 years (see reviews
by Coltheart, 1980, and Long, 1980). Many
of these researchers have observed that the
visual system maintains the visibility of a
stimulus for approximately 100 ms regardless
of its actual physical duration (e.g. DiLollo,
1980; Efron, 1970a, 1970b, 1970c; Eriksen &
Collins, 1967,1968; Haber& Standing, 1970;
Hobgen & DiLollo, 1974).

Visible persistence is an advantage in pro-
cessing stationary images because it extends
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the length of time available to analyze the con-
tents of the image. It is a disadvantage, however,
when viewing moving images because it in-
troduces motion smear. In fact, we do not per-
ceive the amount of motion smear we would
expect given visible persistence times as long
as 100 ms (Burr, 1980). The current literature
raises the question: What are the rules gov-
erning the mechanisms of visible persistence
so that the duration of stationary images may
be extended and yet blurring during eye move-
ments and stimulus motion can be avoided?

Visible Persistence of Stationary Images

The visible persistence of a stationary image
has been compared to a memory trace that
decays much like the phosphor of an oscil-
loscope (Rumelhart, 1970). The analogy is a
natural consequence of the idea that visible
persistence is the result of photoreceptor per-
sistence (Sakitt, 1975, 1976a, 1976b; Sakitt &
Long, 1978, 1979; cf. Adelson, 1978, 1979).
The results of the study I will report, however,
suggest that some types of visible persistence
depend on visual processing beyond a passive
photoreceptor response. There are, no doubt,
many types of visible persistence that are me-
diated by different visual mechanisms. For the
purposes of this article, I adopt the classic def-
inition of visible persistence as the apparent
visibility of a stimulus that extends beyond its
physical duration (Coltheart, 1980).

The visible persistence of stationary images
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has been studied in a variety of experimental
paradigms including perceived simultaneity
tasks, such as flicker fusion (Boynton, 1972),
temporal synchrony judgements (Bowen, Pola,
& Matin, 19.74; Efron, 1970a, 1970b, 1970c;
Haber & Standing, 1970; Sperling, 1967), and
figural completion tasks (Eriksen & Collins,
1967, 1968). Despite the differences in these
methodologies, some general findings have
emerged.

One general finding is that very briefly pre-
sented stationary images remain visible for
approximately 100 ms. Several studies support
this conclusion. For example, Eriksen and
Collins (1967,1968) used a figural completion
task to estimate the duration of visible per-
sistence. They successively presented two dot
patterns which, when superimposed, formed
a pronounceable nonsense syllable. The two
dot patterns were separated by a variable in-
terstimulus interval. Eriksen and Collins found
that subjects were able to identify the nonsense
syllable when the interstimulus interval was
less than 100 ms. They concluded that the first
pattern was visible 100 ms after its physical
offset and could therefore combine with the
second pattern to complete the pronounceable
nonsense syllable.

Hogben and DiLollo (1974), who intro-
duced another version of the figural comple-
tion task, concluded that a briefly presented
stationary image generates a visible persistence
of approximately 100 ms. They presented 24
of 25 possible dots in a 5 X 5 matrix. The
subject's task was to detect the location of the
missing dot. In one condition, the dots were
briefly presented at regular intervals over time.
Hogben and DiLollo found that detection per-
formance deteriorated when the time between
the presentation of the first and last dot was
greater than 120 ms. Moreover, dots presented
within 120 ms of the last dot were less likely
to be reported as missing. Their results suggest
that a briefly presented stimulus is visible for
approximately 120 ms.

A consequence of the fact that the visual
system maintains the visibility of stationary
images for about 100 ms is that the duration
of persistence is inversely related to the du-
ration of the physical presentation. Several
studies illustrate this. For example, Efron
(1970a, 1970b, 1970c) used a temporal syn-
chrony task suggested by Sperling (1967) to

estimate the duration of visible persistence.
The temporal synchrony task requires a sub-
ject to adjust the onset of a visual or an au-
ditory probe to coincide with the perceived
offset of a visual stimulus. The duration of
visible persistence is estimated by the time in-
terval separating the physical offset of the vi-
sual stimulus and the onset of the probe. Using
this paradigm, Efron found that the duration
of visible persistence is inversely related to the
duration of the visual stimulus. He suggested
that stimulus duration and persistence dura-
tion trade off to produce an effective minimum
duration of perception.1

Visible Persistence of Moving Images

The simple estimates of visible persistence
duration from stationary targets cannot be ex-
tended to moving targets. If a moving object,
like a stationary object, generated a visible
persistence on the order of 100 ms, we would
perceive the visible trace of the object over
some portion of the motion trajectory. For
example, a car traveling 60 miles per hour,
when viewed from a distance of 50 ft (15.24
m), would generate 9 ft (2.74 m) of motion
smear, a distance equivalent to an entire car
length.

In a widely cited report, Efron and Lee
(1971) suggest, however, that the visible per-
sistence of briefly presented stimuli is ap-
proximately 100 ms, regardless of whether the
stimuli are fixed or moving. Their results are
perplexing in light of the fact that moving ob-
jects do not generate appreciable motion smear
(Burr, 1980). It is important, therefore, to con-
sider how Efron and Lee estimated the visible
persistence of moving objects.

Efron and Lee (1971) developed a method
for estimating the visible persistence of moving
objects based on the observation that when a *
single line rotating on a disk is stroboscopically
illuminated, it takes on the appearance of a

' Several investigators used the temporal synchrony task
to demonstrate that the visible persistence of stationary
images is inversely related to stimulus intensity as well as
to stimulus duration (Efron, 1970a; Haber & Standing,
1970). Bpwen, Pola, & Matin (1974) extended this finding
by showing that stimuli with different durations and in-
tensities but equal stimulus energy have equal durations
of visible persistence.
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group of lines rotating together about the cen-
ter of the disk (Allport, 1970). The strobo-
scopic illumination breaks the continuous ro-
tation into a sequence of discrete stimuli and,
depending on the velocity of rotation and the
strobe rate, the successive stimuli will appear
to temporally overlap.

Efron and Lee (1971) argued that when the
visible persistence of the first stimulus tem-
porally overlaps with the persistence of the
second stimulus, observers will see two lines
rotating in tandem. Likewise, when the per-
sistence of the first stimulus overlaps with the
persistence of the third stimulus, observers will
see three rotating lines, and so on. They rea-
soned that if visible persistence has a fixed
duration, then one should be able to measure
the duration from the number of successive
stimuli that observers can see at any one time.

For example, consider the hypothesis that
a briefly presented luminous line elicits a visual
sensation that decays at a constant rate and,
after 100 ms, the persisting sensation decays
to a level below which the stimulus is no longer
visible. Suppose also that the line is presented
every 100 ms in a new position. Observers
should report that they see only one line be-
cause the visible persistence of successive
stimuli will not overlap. And when the line is
shown every 50 ms, observers should report
that they see two lines because the visible per-
sistence of two successive stimuli will overlap.
By the same reasoning, observers should see
three lines when the line is presented every 33
ms and four lines when the line is presented
every 25 ms.

If the duration of visible persistence is in-
dependent of the spatial and temporal sepa-
ration of the presented lines, then the perceived
number of lines should increase linearly with
the rate of stimulus presentation. The slope of
the line is an estimate of the duration of visible
persistence. In the example given above, the
slope is 0.1 s, or 100 ms. Because there is
actually a lowerbound on the number of points
observers will report seeing (observers will al-
ways see at least one rotating line), the number
of lines, N, observers should see may be pre-
dicted by N = max (1, p*Hz), where p is the
estimated duration of visible persistence and
Hz is the rate of stimulus presentation in cycles
per second.

Efron and Lee (1971) assumed that visible
persistence can be roughly described by a rect-
angular function with duration p (see Figures
1 and 2, Efron & Lee, 1971). They also as-
sumed that the probability that successive
stimuli will appear to be simultaneous is pro-
portional to the degree to which the visible
persistence of successive stimuli overlap. These
assumptions lead to the prediction that the
expected number of successive stimuli that will
appear to be simultaneous, N, is equal to
pit, where t is the time interval separating the
stimuli.

These assumptions can be considerably
weakened, however, and the same predictions
will occur. For example, one need only assume
that the visibility of a briefly presented stim-
ulus monotonically decreases over time and
that there is a fixed threshold criterion that
determines whether the stimulus appears to
be present against a background of noise.
These assumptions also lead to the prediction
that N = p/t.

Efron and Lee (1971) varied the rate at
which a rotating line was strobed and asked
observers to report how many lines they saw
at any one time. They found that the number
of discrete lines observers reported seeing in-
creased linearly with the strobe rate. The du-
ration of visible persistence was derived from
the slope of the linear function relating the
strobe rate and the number of lines observers
reported. Estimates of the duration of visible
persistence ranged between 133 and 144 ms.
These estimates are comparable to previous
estimates of the duration of visible persistence
(Efron, 1970a, 1970b, 1970c). And, as in these
previous studies, Efron and Lee found that
the duration of visible persistence was inversely
related to stimulus intensity. One might con-
clude from these results that the visible per-
sistence of briefly presented stimuli is the same
regardless of whether the stimuli represent vi-
sual motion or not.

The results of Efron and Lee (1971) raise
a curious paradox: If briefly presented stimuli
are visible for as long as 100 ms, then moving
objects should appear blurred and our entire
visual image of the world should smear when-
ever we move. We know that this does not
occur (Adelson, 1983; Burr, 1980). Moreover,
we encounter stroboscopic motion when we
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move under fluorescent lights that flicker 60
or 120 times a second, and yet we do not see
the multiple images that would result from
persistence times as long as 100 ms.

There are, however, empirical reasons for
doubting Efron and Lee's estimates of the du-
ration of visible persistence. In their experi-
ments, the velocity of rotation was held con-
stant, and faster strobe rates were confounded
with smaller spatial separations. Consequently,
the results reported by Efron and Lee (1971)
are confounded with the spatial proximity of
successive stimuli.

Whereas Efron and Lee varied the strobe
rate, holding velocity constant, Dixon and
Hammond (1972) varied the velocity, holding
the rate of stimulus presentation (or, equiva-
lently, the strobe rate) constant2 and found
that the duration of visible persistence in-
creases with velocity. Because the distance
separating the successive samples of the ro-
tating disk increases with the velocity of ro-
tation, their result suggests that the duration
of visible persistence increases with increasing
spatial separation. This conclusion is tentative,
however, because Dixon and Hammond did
not vary the spatial and temporal separation
independently.

Allport (1968) reported informal observa-
tions, with no supporting data, in which he
varied the distance and time separating suc-
cessive positions of a line independently. He
reported that the temporal interval for the
perceived simultaneity of the lines increased
with spatial separation. Again, this result sug-
gests that the duration of visible persistence
increases with the distance separating succes-
sive stimuli.

The data reported by Dixon and Hammond
(1972) and preliminary observations reported
by Allport (1970) provide tentative support
for the hypothesis that the visual system mod-
ulates the duration of visible persistence by
decreasing persistence when the distance be-
tween successive stimuli is small and increasing
persistence when the distance is large. This has
the net effect of minimizing the smear gen-
erated by moving objects and maximizing the
amount of time available to process stationary
objects. Oh the other hand, if the duration of
visible persistence is independent of the spatial
distance separating successive stimulus posi-

tions, then we cannot explain why moving ob-
jects do not appear to blur despite the visible
persistence of stimuli.

The experiments reported in this article
were conducted in order to determine the re-
lationship between the duration of visible per-
sistence and the temporal and spatial sepa-
ration of stimuli. In the first experiment, I
extend the original experiments of Efron and
Lee (1971) and Dixon and Hammond (1972)
by removing the confounding of spatial and
temporal separation between successive stim-
uli. I then compare the estimates of visible
persistence obtained in this first experiment
with the estimates obtained in a second ex-
periment using a different experimental
method.

Experiment 1

Method

Subjects. Seven staff members of the Life Sciences
Division of the National Aeronautics and Space Admin-
istration Ames Research Center (including the author)
served as subjects. All subjects had normal or corrected-
to-normal vision.

Stimuli. The stimulus was a luminous line (drawn
with an intensity of 486 cd/m2) that was sequentially pre-
sented in different positions on a computer-driven cathode
ray tube (an Evans & Sutherland calligraphic display with
P4 phosphor). The stimulus was presented against a back-
ground intensity of 5.5 cd/m2. The duration of each stim-
ulus presentation was less than 2 MS. Subjects viewed the
display from a distance of 0.7 meters. At this viewing
distance the stimulus subtended a visual angle of 0.9°.

In a given trial, the stimulus was presented in a series
of orientations obtained by counterclockwise rotations
through the angle S, where S = 10°, 20°, 30°, or 40°. A
fixation point was placed at the center of rotation and
stimuli were presented 0.4° (of visual angle) from the fix-
ation point, as shown in Figure 1. The starting position
of the first stimulus was always horizontal (see Figure 1),
and the total number of stimuli presented in a given trial
was equal to 360/5. Successive stimuli were separated by
a fixed time interval T, where T = 40, 56, 71, or 91 ms.

2 In their first experiment, Dixon and Hammond (1972)
repeatedly flashed a luminous line on a rotating oscillo-
scope. The time separating the successive flashes (or, in
other words, the rate of stimulus presentation) was fixed.
Dixon and Hammond effectively varied the distance be-
tween the successive flashes of the line by varying the
velocity at which the oscilloscope was rotated. In their
subsequent experiments, Dixon and Hammond varied the
distance between successive flashes in different ways, but
the spatial and temporal separation of the successive flashes
was never varied independently.
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This corresponds to stimulus presentation rates, l/T, of
25,18,14, and 11 Hz, respectively. Within trials, successive
stimuli were separated by the angle 5 and the time interval
T. Across trials, each condition of spatial (S) and temporal
(T) separation was presented 10 times, yielding a total of
160 trials that were arranged in a random order of pre-
sentation.

Procedure. Subjects were instructed to stare at the
fixation point and to estimate the number of lines that
appeared to rotate together about the fixation point. In
pilot studies, subjects reported that it was difficult to es-
timate more than five lines in a single glance. This limi-
tation was also noted by Efron and Lee (1971). Conse-
quently, stimulus presentation rates were chosen on the
basis of pilot experiments so that the apparent number of
lines never exceeded five.

Subjects pushed a button on a response panel to begin
each trial. At the end of the trial they pushed one of five
buttons to indicate whether they saw one, two, three, four,
or five rotating lines.

The entire set of 160 trials was completed within one
30-min session.

Results and Discussion

In Figure 2 the mean number of lines sub-
jects reported is plotted as a function of the
rate of stimulus presentation for each condition
of angular separation. Each mean was obtained
by averaging each subject's response on 10
trials and then averaging this mean response
across the 7 subjects. The standard errors of
the means were too small to represent in this
figure, but they ranged between 0.02 and 0.49.

ANGLE SEPARATING LINE ORIENTATIONS, deg

D40
T A 30

FIXATION POINT

Figure 1. Three successive presentations of the stimulus.
(In a given trial, the stimulus was presented in a series of
orientations obtained by counterclockwise rotations
through the angle, S, where 5=10, 20, 30, or 40°. A
fixation point was placed in the center of rotation. The
starting position of the first stimulus, labeled 1 in this
figure, was always horizontal. Examples of two successive
stimulus positions are labeled 2 and 3, respectively. The
total number of stimuli presented in a given trial was equal
to 360/S.)

0 11 14 18
RATE OF STIMULUS PRESENTATIONS, hz

Figure 2. Perceived number of lines subjects reported plot-
ted as a function of the rate of stimulus presentation for
each condition of angular separation. (Each data point
was obtained by averaging each subject's response on 10
trials and then averaging this mean response across the 7
subjects. The standard error of the means range between
0.02 and 0.49. The solid lines represent the predicted re-
sults: N = max(l, p*Hz), where p is an estimated param-
eter.)

Figure 2 shows that the number of lines sub-
jects reported increased with the rate of stim-
ulus presentation and with the angle separating
successive stimuli. When successive stimuli
were separated by 10°, subjects nearly always
saw a single rotating line regardless of the tem-
poral separation.

For each condition of spatial separation, the
duration of visible persistence is estimated by
the slope of a linear function relating the num-
ber of perceived lines to the rate of stimulus
presentation. The dark lines passing through
the data points in Figure 2 represent the best-
fitting linear functions with zero intercepts.
(The root mean square error between the pre-
dicted and the observed data is 0.07,0.05, and
0.05 for spatial separations corresponding to
5 = 40°, 30°, and 20°, respectively.) The slopes
of the best-fitting lines increase with spatial
separation, indicating that the visible persis-
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tence of each line increases with the angle sep-
arating successive lines. This result can be seen
more clearly in Figure 3.

In Figure 3, the estimated duration of visible
persistence (i.e., the slopes of the dark lines
shown in Figure 2) are plotted as a function
of the angle separating successive line orien-
tations. Figure 3 shows that persistence du-
ration, p, increases with the angle, 5, by the
function p = 1 + 4.1*5 ms. The data depart
from this function with a root mean square
error of only 0.57 ms. Thus it appears as if
the duration of persistence has a minimum
value of 7 ms in the case of continuous rotation
in which the distance between successive line
orientations approaches zero and increases
with the distance separating successive line
orientations.

Figure 3 also suggests an explanation for
the fact that when successive line orientations
were separated by 10°, subjects nearly always
saw a single rotating line. The linear function
predicts that when successive line orientations
are separated by an angle of 10°, the duration
of the line's persistence is 53.3 ms. When the
temporal presentation rates were 11, 14, and
18 Hz (corresponding to interstimulus inter-
vals of 91, 71, and 56 ms, respectively), the
persistence of successive lines should not over-
lap and, consequently, subjects should report
that they see only one rotating line. When the
temporal presentation rate was 25 Hz (cor-
responding to an interstimulus interval of 40
ms), subjects should report, on the average,
that they see 1.2 lines because N = p/T, where
p = 7 + 4.1 *S or 48 ms in this case, and where
T = 40. In fact, the average number of lines
that subjects reported in this condition was
1.02 lines.

The results of this experiment demonstrate
that the duration of visible persistence, in-
creases with the distance between successive
stimuli. In order to test the estimates of per-
sistence duration, a second experiment was
carried out in which the same 7 subjects de-
creased the temporal separation or increased
the spatial separation, holding the other vari-
able constant, until they could no longer see
a single line rotating through the successive
orientations but instead saw two lines rotating
in tandem.

The temporal separation at which observers
should see two rotating lines can be predicted

10 20 30 40
ANGLE SEPARATING LINE ORIENTATIONS,

SO

Figure 3. Duration of visible persistence (estimated by the
slopes of the lines shown in Figure 2) plotted as a function
of the angle separating successive line orientations. (The
solid line is the best linear function, and the data depart
from this function with a root square error of 0.57 ms.)

given the angle separating the successive ori-
entations of the lines. The apparent number
of rotating lines is predicted by the estimated
duration of visible persistence and the tem-
poral separation of successive lines: N = p/T,
where p = 7 + 4.1*5 ms. Thus the temporal
separation that will result in the perception of
two rotating lines (N = 2) is predicted by T =
(7 + 4.1*Sr)/2. Likewise, the angle separating
successive lines required to see two rotating
lines is predicted by S = (2*T - 7)/4.1°.

Experiment 2

Method
Subjects. The 7 subjects who participated in Experi-

ment 1 were also the subjects in this experiment.
Stimuli. The stimulus conditions were identical to the

conditions of Experiment 1 with the following exceptions.
Procedure. The experiment consisted of two 1-hr ses-

sions. Each session was separated into two response con-
ditions that are described below. Within each session, the
order of response conditions was chosen randomly.

Condition A; Adjustment of spatial separation. The
stimulus was presented in a succession of orientations ob-
tained by rotating the stimulus about the fixation point,
as in Experiment 1. Successive stimulus presentations were
separated by a fixed time interval T, where T was either
16, 24, 32, 40, 48, 56, or 64 ms. Subjects initiated a trial
by pushing a button. At the beginning of each trial, suc-
cessive line orientations were separated by 15°, and subjects
saw a single line rotating about the fixation point. The
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subjects were told to stare at the fixation point and to
increase the angle separating successive line orientations
by pushing another button until they saw two lines rotating
about the fixation point. (Each button press increased the
angle, S, by 5°.) When the perception of a single rotating
line was replaced by the perception of two rotating lines,
subjects pushed a third button that recorded the angle and
the time interval separating successive stimulus presen-
tations accompanying this transition.

Subjects saw each condition of temporal separation, T,
10 times yielding a total of 70 trials that were separated
into two blocks of 35 trials each. Within each block, the
trials were presented in a random order.

Condition B: Adjustment of temporal separation. As
in Experiment 1, the stimulus was presented in a succession
of orientations. Successive line orientations were separated
by the angle S, where S = 10°, 15°, 20°, 25°, 30°, 35°,
or 40°. At the beginning of each trial, successive stimulus
presentations were separated by 80 ms, and subjects saw
a single line rotating about the fixation point. Subjects
began a trial by pushing a button. They were told to stare
at the fixation point and to decrease the time interval
separating successive stimulus presentations by pushing
another button until they saw two rotating lines. (Each
button press decreased the time interval, T, by 8 ms.)
When the perception of a single rotating line was replaced
by the perception of two rotating lines, subjects pushed a
third button that recorded the angle and the time interval
separating successive stimulus presentations accompanying
the transition.

Subjects saw each condition of spatial separation, S, 10
times yielding a total of 70 trials that were separated into
two blocks of 35 trials each. Within each block, the trials
were arranged in a random order.

Results and Discussion

Figure 4 shows the conditions in which the
perception of a single rotating line was replaced
by the perception of two rotating lines. The
open circles are the mean adjustments of an-
gular separation (again, averaged across sub-
jects) for each condition of temporal separa-
tion. The standard errors of the mean range
from 0.6° to 2.13° both within and across
subjects. The solid circles are the mean ad-
justments of temporal separation (expressed
in terms of the stimulus-onset asynchrony) for
each condition of angular separation. The
standard errors of the mean temporal adjust-
ments range between 2.1 and 9.7 ms.

As seen in Figure 4, the stimulus-onset
asynchrony (SOA) at which two successive
lines appear to temporally overlap increases
with the angle separating the line orientations.
This result supports the hypothesis that the
duration of the visible persistence of a line
increases with the angle separating successive
line orientations. Furthermore, the data are

. 100 r

• ADJUSTMENTS OF TEMPORAL SEPARATION

O ADJUSTMENTS OF SPATIAL SEPARATION

0 5 10 15 20 25 30 35 40 45 50
, ANGLE SEPARATING SUCCESSIVE ORIENTATIONS, deg

Figure 4. The conditions in which the perception of a
single rotating line was replaced by the perception of two
rotating lines. (The open circles are the mean adjustments
of angular separation for each condition of temporal sep-
aration, with standard errors ranging between 0.6° and
2.13°. The solid circles are the mean adjustments of tem-
poral separation for each condition of angular separation,
with standard errors ranging between 2.1 ms and 9.7 ms.
The solid line represents the predicted results, and the
data depart from the predictions with a root mean square
error of 3.74° and 5.95 ms for adjustments in angular
and temporal separation, respectively.)

predicted given the estimates of persistence
duration obtained in Experiment 1.

Recall, that in Experiment 1 the number of
successive lines that appeared to be simulta-
neous could be predicted by N = p/T, where
p = 1 + 4.1*5' ms. In Condition A of Exper-
iment 2, subjects adjusted the angle separating
the successive orientations of the line until
they saw two rotating lines, N = 2. Thus, the
dependent measure, S, should be predicted by

5' = (2*7'-7)/4.1 (degrees).

In Condition B, subjects adjusted the temporal
interval, T, in order to see two rotating lines.
The dependent measure, T, should be pre-
dicted by

T = (7 + 4.1 *5)/2 (milliseconds).

The solid line in Figure 4 represents the
results predicted for both conditions. The data
are close to the predicted results: The subjects'
adjustments of the angle, S, in Condition A
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depart from the predicted results with a root
mean square error of 3.74°. And the subjects'
adjustments of the SOA, T, in Condition B
depart with a root mean square error of
5.95 ms.

These results are limited to a small range
of spatial separations: Successive stimuli were
separated by 10°, 20°, 30°, and 40° of angular
rotation which, for the line lengths used, cor-
respond to maximum linear separations of
0.23°, 0.45°, 0.67°, and 0.89° of visual angle.
Over this limited range of spatial separations,
the duration of visible persistence increases
linearly with spatial separation. This linear re-
lation does not hold over arbitrarily large spa-
tial separations, however. In a recent study,
Farrell, Pavel, and Sperling (1983) found that
the duration of visible persistence approaches
a maximum (asymptote) value with increasing
spatial separation.

General Discussion

Visible Persistence

The main finding of this investigation is
that, over a significant range of spatial and
temporal variation, the visible persistence of
a briefly presented stimulus increases with the
distance separating that stimulus from other
stimuli occurring later in time. This suggests
that, in some instances, the visible persistence
of briefly presented stimuli is determined by
activity beyond the level of the passive pho-
toreceptor response (Adelson, 1978, 1979; cf.
Sakitt, 1975, 1976a, 1976b). The finding also
removes the inconsistency between Efron and
Lee's (1971) suggested duration of visible per-
sistence for moving targets and the noted ab-
sence of motion blur.

The finding that the duration of visible per-
sistence approaches a minimum value as the
distance between successive positions of an
apparently moving object decreases, as in the
case of continuously moving stimuli, is con-
sistent with the fact that slowly moving objects
do not appear to blur (Burr, 1980). The finding
that the duration of visible persistence in-
creases with the spatial separation between
stimuli, as in the case of fixed stimuli, is con-
sistent with previous measurements showing
that the visible persistence of stationary objects
is considerably longer than the visible persis-

tence of moving objects. (Compare, for ex-
ample, the estimates obtained by Burr, 1980,
and DiLollo, 1980.)

The estimates of visible persistence reported
in this article are dependent on a weak as-
sumption that the visual response to a briefly
presented stimulus monotonically decays over
time. In other words, we need only assume
that the visibility of a briefly presented stim-
ulus monotonically decreases over time and
that the duration of visible persistence is de-
termined by the time it takes for the visual
response to decay to a fixed threshold criteria
for visibility.

A number of stronger assumptions about
the visual response to a brief stimulus and its
relation to visible persistence can provide a
qualitative account for the often-cited finding
that the time between the physical offset of a
briefly presented visual stimulus and the per-
ceived offset of the stimulus is inversely pro-
portional to the simulus energy (Bowen, Pola,
& Matin, 1974). For example, assume that the
instantaneous value of the visual response is
proportional to the time-integrated luminance
of the visual stimulus (as long as the physical
duration of the stimulus is less than 100 ms)
and that the decay of the visual response de-
pends only on the visual response at the instant
the stimulus is removed. If the duration of
visible persistence is determined by the time
between the physical offset of the stimulus and
the decay of the visual response to a fixed
amount, then stimuli with equal time-averaged
luminance will have equal durations of visible
persistence (Bowen, Pola, & Matin, 1974).
Further, if the rate of decay is monotonically
increasing with stimulus energy—as would be
the case for exponential decay—we expect the
inverse relation between persistence duration
and the intensity and physical duration of the
stimulus (Efron, 1970a, 1970b, 1970c).

One can imagine a number of different ways
the visual system might modulate the visual
response to a briefly presented stimulus as a
function of the spatial configuration of the
stimulus. The spatial effects might influence
the actual waveform of the visual response or
influence the threshold criteria for visibility.
The spatial effects on the duration of visible
persistence cannot be explained solely in terms
of photoreceptor mechanisms. But the issue
of whether visible persistence reflects periph-
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eral visual mechanisms or higher level in-
terpretive mechanisms remains unresolved.

The simplest interpretation of visible per-
sistence is that it reflects the output of a visual
pathway that does not respond perfectly to all
the temporal frequencies present in a transient
stimulus. Consequently, the visual response to
a brief stimulus lasts longer than the physical
duration of the stimulus.

Related Phenomena

Matin, Clymer, and Matin (1972) suggested
that the visual system might eliminate visible
persistence (visual smearing) by the same
mechanism revealed in experiments on meta-
contrast masking. They suggest that metacon-
trast masking, like persistence attenuation, is
more effective at smaller spatial separations.
DiLollo (personal communication, October
1983; see also DiLollo, 1980) pointed out,
however, that whereas metacontrast masking
is optimal at particular interstimulus intervals
(Alpern, 1953; Kahneman, 1968; Weisstein,
1972) the estimates of visible persistence du-
ration obtained in this study are constant for
different interstimulus intervals (see also Far-
rell, Pavel, & Sperling, 1983). If visible per-
sistence and metacontrast masking were dif-
ferent manifestations of the same phenome-
non, then one might expect persistence
duration to be influenced by the time, as well
as by the distance, separating successive stim-
uli. In this study, however, I found that per-
sistence duration depends only on the distance
between successive lines and not on the in-
terstimulus interval.

Visible persistence and apparent motion are
related phenomena. Previous investigators
have used phenomenal simultaneity tasks to
estimate both the duration of visible persis-
tence and the stimulus conditions necessary
for the perception of motion. In numerous
experiments on apparent motion, for example,
subjects adjusted the interstimulus interval
separating two successive stimuli until the ap-
parent motion of a single moving stimulus was
replaced by the perceived simultaneity of two
stimuli (Korte, 1915; Larsen, Farrell, & Bun-
desen, 1983; Shepard & Judd, 1976). I used
a similar method in the second experiment to
obtain independent estimates of the duration
of visible persistence. Therefore, it should not

be surprising that, as in experiments in ap-
parent motion (see, for example, Farrell, Lar-
sen, & Bundesen, 1982), I found that the in-
terstimulus interval accompanying the per-
ceived simultaneity of two successive stimuli
increases with the distance separating the
stimuli.

Perhaps what is more surprising is that in-
vestigators measuring the duration of visible
persistence using a temporal synchrony task
and investigators measuring the breakdown in
apparent motion using a perceived simul-
taneity task also report comparable results.
For example, using a temporal synchrony par-
adigm, several investigators found that the du-
ration of visible persistence is inversely related
to stimulus intensity and to stimulus duration
(Bowen, Pola, & Matin, 1974; Efron, 1970a,
1970b, 1970c;Haber& Standing, 1970). Using
a phenomenal simultaneity task, Korte (1915)
found that the interstimulus interval for ap-
parent motion between two stimuli is also in-
versely related to stimulus intensity and to
stimulus duration (see also Kahneman, 1967;
Kahneman & Wolman, 1970).

The similarities between phenomena of ap-
parent motion, visible persistence, and possibly
metacontrast masking (Kahneman, 1967; cf.
Weisstein & Growney, 1969) are intriguing.
The issue of whether, in fact, these phenomena
reflect different aspects of the same underlying
visual response awaits further research.
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