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: Is the perception of velocity determined by the prior discrimination of spatial
L and temporal distances? Two experiments sought to answer this question
1 by comparing the discriminabilities of moving stimuli varied in spatial extent,

temporal duration, or in redundant combinations of both variables. The sub-
ject’s task was to identify which of two alternative stimuli was presented on
each trial. A set of four stimuli was constructed from two values of spatial
extent and two values of temporal duration. Separate conditions required
discrimination of each of the six possible pairs of these stimuli, Experiment
1 examined continuous motion and Experiment 2 examined apparent motion
for stimuli with short (50 versus 65 msec) and with long (500 versus 650
msec) interstimulus intervals. With continuous motion and with good ap-
parent motion (short intervals), the discrimination between the different-
velocity bivariate pairs was too accurate to be attributed only to discrimina-

with poor apparent molion,
related.

A fundamental and ancient question about
the perception of moving stimuli is whether
velocity is perceived as a primary attribute
of visual encoding or whether it is a sec-
endary characteristic derived from the prior
discrimination of spatial and temporal posi-
tions. In physical terms, velocity is simply
the rate of change in spatial position. Aver-
age velocity is thus given by 7= A s/Af
where As and At are the spatial and temporal
distances between t{wo successive positions of
a moving object. Since there are only two
independent terms in this equation, direct
sensory information about velocity is un-
necessary; knowledge of velocity might be
derived from discriminations of spatial and
temporal positions. The empirical question
might be phrased in several] alternative ways,
but one useful way is in terms of the relative
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tions of the spatial and temporal extents of the motion.
Evidently, time and space are perceptually
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This did not occur

accuracy of discriminations of stimuli differ-
ing in spatial, temporal, and velocity vari-
ables,

Support for the hypothesis that velocity is
a directly perceived attribute of stimulation
has been taken from several lines of evi-
dence: (a) Apparent motion can be pro-
duced by the successive presentation of two
discrete stimuli at an appropriate inter-
stimulus interval (Wertheimer, 1912/1966;
also see Boring, 1942, and Kolers, 1972)
(b) Motion is a sufficient cue for the dis-
crimination of otherwise undifferentiated
spatial patterns (Bell & Lappin, 1973;
Biederman-Thorson, Thorson, & I.ange,
1971; Gibson, 1965). (c¢) The minimum
detectable target velocity at short exposure
durations is dependent upon total energy,
the product of luminance and duration

1 This inference relies on certain assumptions
about the wvalidity of phenomenological evidence:
Since a compelling subjective impression of motion
can be produced by stimuli, that are known by
the observer to be in two discrete spatial and
temporal positions, then the sttbjective experience
is thought to arise directly from sensory processes.
The same premises, however, could lead to the
opposite conclusion: Since the observer has prior
knowledge of the successive spatial and temporal
positions of the stimulus, direct sensory information
about velocity is unnecessary in this case.
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Frovre 1. Schematic illustration of the stimulus
set in terms of the space-time plots of each of the
four alternative stimuli. (The velocity is deter-
mined by the slope of the dashed line from the
origin to the stimulus poiut [although in the actual
experiments these would have been much more
similar, since the spatial and temporal values were
proportional to the numbers 8 and 9 in Experi-
ment 1 and the numbers 10 and 13 in Experiment

21.)

(Brown, 1955; Leibowitz, 1955b), is un-
affected by the addition of reference cues to
spatial position (Leibowitz, 1955a), and
seems therefore to be hased upon “elementary
retinal” processes. (d) Extended viewing
of a continuously moving pattern produces
an aftereffect of subjective motion of a
stationary pattern in the opposite direction
(see Boring, 1942) and a lowered sensitivity
fo motion in the same direction at the same
velocity (Pantle & Sckuler, 1968; Sekuler
& Pantle, 1967). (e) Magnitude estima-
tions of subjective velocily are described by
a power function with an exponent that is
larger than the exponent for magnitude esti-
mations of the spatial and temiporal extent
of the motion (Mashour, 1964). With the
exception of the experiments by Mashour
and Biederman-Thorson et al., however,
most of these studies have not controlled or
measured the spatial and temporal dis-
criminations on which the perception of mo-
tion might Dbe based. Nevertheless, they
tend to indicate that prior discriminations

of time and space are not necessary pre-
requisites for the perception of motion.

In contrast, several discrimination ex-
periments suggest that spatial and temporal
discriminations are more accurate than those
of velocity and are therefore likely to govern
the perception of motion under many con-
ditions. The most relevant study was con-
ducted by Mandriota, Mintz, and Notterman
(1962), who measured difference thresholds
for velocity of continuous motion under con-
ditions differing in the availability of spatial
and temporal cues. The thresholds for
velocity discrimination were lowest under
the isochronal condition (duration constant
and distance varied), slightly higher under
the isometric condition (distance constant
and duration varied), and were highest
under the heterodimensienal condition
(duration and distance both varied) which
presumably required discrimination pri-
marily by velocity. Similarly, Kinchla and
Allan (1969) concluded that detection of
motion in successive light flashes can be
represented as a spatial discrimination task
in which accuracy is limited by memory for
the initial stimulus position. Kinchla and
Allan obtained an invariant estimate of the
temporal rate of decay of this hypothesized
memory for spatial position from a variety
of tasks.

Current research thus offers conflicting
indications about the role of spatial and tem-
poral cues in the perception of motion. The
present study was designed to determine
the contributions of space, time, and velocity
to discriminations between moving stimuli.

Subjects were asked to identify which of
two alternative stimuli was presented on
each trial. The experimental condition was
determined by the particular pair of stimuli
that was presented in a given block of trials.
The stimulus set consisted of four stimuli
varied in two values of spatial distance and
two values of temporal duration; in separate
conditions the two alternative stimuli were
each of the six possible pairs that could be
obtained from this set. A schematic descrip-
tion of the stimulus set is given in Figure L
As may be seen, two of the pairs provided
a variable temporal duration with constant
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spatial distance, two others provided a vari-
able spatial distance with constant duration,
and the remaining two pairs varied in both
the spatial and temporal dimensions with
one palr having a constant velocity and the
other pair providing the maximum variation
in velocity. The specific question asked in
these experiments concerns the accuracy
of discrimination for the two Dbivariate
stimulus pairs in relation to the discrimina-
tion for the univariate stimulus pairs (con-
sidering the spatial and temporal extents
of the motion as the two stimulus variables).

Several alternative predictions can be given
for the level of discrimination produced by
the redundant combination of the spatial and
temporal variables. One family of pre-
dictions can be generated by the general
class of linear models for integration of the
spatial and temporal information. The
general assumption in this class of models is
that discriminations of velocity are depen-
dent on the discriminabilities of the spatial
and temporal positions of the moving
stimulus.  One familiar model in this class
postulates that the spatial and temporal di-
mensions are perceptually independent (in
the sense that errors of discrimination are
stochastically independent or uncorrelated),
so that both dimensions simultaneously
contribute to discriminations Dbetween uni-
tary stimuli compounded from redundant
combinations of the two dimensions. Dis-
criminations between the bivariale pairs of
stimuli in this study may then be predicted
fromi the spatial and temporal discrimina-
tions by the Pythagorean formula for cal-
culating distance in a two-dimensional
Euclidean space. Specifically, if we let
D(S) and D(T) represent the discriminal
distances  between two univariate stimuli

2 We used the measure —Iny from Tuce's choice
theory as the measure of discriminal distunce:

Prads)P(ri]sa)7

p(’i’l 'Sl)P(H \82)

This measure is very similar to the measure d’
from signal detection theory—in terms of the re-
ceiver-operating-characteristic curve and in terms
of the implied distributions of sensory events as-
sociated with the two response alternatives. The
numerical values are approximate scalar trans-
forms of d'. Similarly —Ing is a ratio scale of

Disy, 80) = ~lnn = —1/2 loge[
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differing along the spatial and temporal
dimensions, respectively, and if D(F) and
f)(E ) are the predicted discriminations for
the bivariate pairs with variable velocity and
equal velocity, respectively, then we can
write the prediction as

D(V) = D(B) = [DA(S) + D*(D)J (1)

We will refer to this prediction as the
perceptual independence model.

The assumption that the spatial and tem-
poral dimensions are perceptually indepen-
dent can be relaxed to include the more
general case in which they are perceptually
correlated, corresponding to a perceptual
space in which the spatial and temporal
vectors meet at an obtuse or acute angle.

If perceived spatial extent and perceived
temporal duration were inversely related by
the visual system, then differences in veloc-
ity would be magnified: The perceptual space
for the four stimuli shown in Figure 1 would
thus be changed from a rectangle, as in the
perceptual independence model, into a paral-
lelogram, with the longer diagonal belween
the different-velocity bivariate pair extended
and with the diagonal between the equal-
velocity pair correspondingly compressed.
Ry using the law of cosines to express the
two bivariate distances and then substituting
for the unknown angle between the spatial
and temporal vectors, we obtain the follow-
ing prediction:

D(V) = [2D*(S) + 2D*(T) — D*(E)]* (2)

discriminability that may be interpreted as a
measure of distance between the two stimulus
alternatives. See Luce (1963) for further details.
The main assumption in using this measure to test
the perceptual independence of time and space is
that discrimination accuracy is determined by the
amount of overlap of two approximately logislic
distributions of perceptual events associated re-
spectively with the fwo stimulus alternatives. If
two variables are stochastically independent, then
the variance of their sum is equal to the sum of
their variance. Accordingly, we have D2(S+7T)
= D2(SY+-D2(T) as a test of the assumption
that the discriminations of time and space are
perceptually independent. The finding in Experi-
ment 2 that the equal-velocity discriminations
were close to this prediction provides partial
support for this measurement model.
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We shall refer to this as the correlated
dimensions model.

If, however, discriminations between
stimuli moving at different velocities are not
based on linear combinations of perceptual
information about spatial and temporal posi-
tions, then the above predictions may not
hold. If velocity is a perceptually unique
attribute that is_not dependent on discrim-
inations of spatial and temporal distances,
then the accuracy of discrimination of the bi-
variate pair of stimuli with different veloci-
ties is likely to exceed the predictions of the
linear models. Additionally, the discrimi-
nability of the equal-velocity pair might be
poorer than predicted by the perceptual
independence model if velocity contributes
to the discrimination of the univariate stim-
ulus pairs. Such nonlinear effects produced
by redundant combinations of two physically
distinct variables have been demonstrated
in a few previous experiments—e.g., varying
both the height and width of rectangles
produced forms that were more ecasily
identified by their shape and area than by
the height and width variables per se (Wein-
trauh, 1971). One interpretation of these
nonlinear effects is that the redundant vari-
ables have combined to produce a new per-
ceptual dimension based on their relation-
ship within a given stimulus (Garner, 1972).
Whereas previous examples of these non-
linear effects have involved relations De-
tween physically similar variables, in the
present case time and space are different
“fundamental” physical variables. The
question of whether velocity is perceived
as a primary attribute of stimulation may
be regarded as a question of whether a
unique perceptual dimension is formed by
the relationship between the spatial and tem-
poral extents of moving stimuli.

ExperIMENT 1

The purpose of this experiment was o
determine whether discriminations of con-
tinuous (rather than apparent) motion are
hased on discriminations of the spatial dis-
tance and temporal duration of the motion
or, alternatively, whether unique perceptual
information can Dbe obtained about the
velocity of motion. This experiment differed

from that of Mandriota et al. (1962) in two
respects: (a) Whereas Mandriota et al. ad-
justed the physical discriminabilities of their
stimuli in order to determine a “just
noticeable difference” in physical units, we
held the physical variables constant and
measured the accuracy of discrimination for
cach pair of stimuli. One advantage of the
lutter strategy is that it permits the evalua-
tion of several quantitative models for the
gain in discrimination accuracy produced by
redundant combinations of stimulus vari-
ables. (b) More importantly, we randomly
varied the initial and {inal positions of the
moving stimuli in order to prevent dis-
criminating spatial distance by only the final
position, which was apparently possible in
the experiment of Mandriota et al.

Method

Stimuli. The stiinuli were small spots of light,
continuously moving at a constant velocity for
some fAxed distance and duration. These stimuli
were displayed on a cathode-ruy tube display scope
{ Tektronix 604), equipped with a rapidly decaying
phosphor (P-135), and controlled by a small digital
computer (PDP-8/I). The stimuli were viewed in
a dimly lighted room in which the surface and
sides of the display scope were clearly visible.
{This should enhance the discriminability and
salience of the spatial positions of the stimuli)
The viewing distance was approximately 127 cm,
resulting in a visual angle of about 4.5° sub-
tended by the face of the display scope.

The horizontal and vertical positions of the
stimuli were randomly vatied from trial to trial.
There were 64 alternative starting positions,
roughly evenly distributed in the horizontal and
vertical dimensions. The direction of motion was
always horizontal. When the initial position was
to the right or center of the scope, the movement
was right to left, and when the initial position was
on the left, the movement was from left to right.

As shown schematically in Figure 1, there were
{four alternative stimuli composed of two distances
and two durations of motion. The ratio of shorter
1o longer distances and shorter to longer durations
was 8:9—so that two of the stimuli had the same
velocity, while the velocities of the other two
stimuli were 8/9 and 9/8 of this value, The
horizontal distances of motion were either 192 or
216 of the 512 possible locations on the face of
the scope. At the particular viewing distance
used, these distances of motion corresponded to
approximately 90 or 101 minutes of visual angle.
The total duration of motion was either 341 or
609 msec. (Due to a computational error in
inappropriately rounding one figure, the total dura-
tion for the stimulus with the shorter distance and
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TABLE 1
PERCENTAGES OF CORRECT RESPONSES FOR EacH DiscrRiMiNaTIoN CONDITION 1IN EXPERIMENT 1

Discrimination condition

Time Space Bivariate

Short Long Short Long Equal Different.

Subject Seasion space space time time velocity velocity
DH A 64 66 60 60 60 77
B 68 66 66 59 50 87
JH A 62 66 60 64 60 90
B 72 68 60 60 56 86
SN A 66 65 70 66 66 78
B 72 66 58 69 68 90
HT A 69 74 70 72 56 90
B 70 76 70 69 67 90
jT A 78 69 62 72 68 88
B 74 o7 72 68 56 88
MW A 74 66 72 77 68 86
B 80 78 70 78 74 94

M 70.7 68.8 66.0 67.9 62.5 87.0
longer duration was actually 616 instead of 609  session. The sequence of conditions was counter-

msec.) The resulting velocities were thus approxi-
mately 146, 166, and 187 minutes of angle per
second. As the stimulus moved across the face of
the scope, each of the 192 or 216 consecutive
positions was activated in sequence, To simulate
the physical characteristics of a continuously mov-
ing spot of light of constant intensity, the number
of times each position was activated was in-
versely proportional to the velocity of the stimulus
—either 164 (this should have been 162 and
accounts for the longer duration), 144, or 128
times for each point, with a constant 19.5-microsec
iterval between pulses to the same point and an
additional 12-microsec interval between adjacent
points.,

Subjects.
at Vanderbilt University who
volunteers,

Procedure. There were six experimental con-
ditions, each requiring discrimination between
one of the six pairs of four stimuli, as illustrated
schematically in Figure 1. Two conditions re-
quired temporal discriminations between stimuli
with the same spatial extent (either short or
long) and different durations; two conditions re-
quired spatial discriminations between stimuli with
the same temporal duration (either short or long)
and different spatial extents; and {two bivariate
conditions required discrimination between stimuli
differing redundantly in both distance and duration,
with the wvelocities of the two stimuli being either
equal or different. A given experimental session
was devoted to either the spatial, temporal, or
bivariate discriminations, and both versions of a
given type of discrimination were run in each

The subjects were six male students
served as paid

halanced across subjects and sessions.

The subject’s task was to identify which of the
two alternative stimuli was presented on each
trial. The two alternatives appeared with equal
probability. The subject initiated each trial by
depressing two telegraph keys, the stimulus ap-
peared .5 sec laler, the response was made by
releasing one of the two keys, and a bell was
then rung if the response was correct. The left
key was assigned to the shortest distance or
duration in the univariate and equal-velocity Dbi-
variate conditions and to the slowest stimulus in
the different-velocity bivariate condition. The
subjects were informed as to which of the six
conditions was operative during any given block
of trials.

Each session consisted of two blocks of 230
trials: 30 practice trials followed immediately by
200 experimental trials. The two blocks were each
devoted to a different version of the type of dis-
crimination employed in that session. There was
a short break between the two blocks of trials.
A session required about 20 min. Each subject
participated in three practice and six experimental
sessions, which were devoted equally often to the
thiree types of discriminations. The experimental
data were thus based on 40Q trials for each sub-
ject under each experimental condition.

Resulis

The results are presented in Tables 1 and
2. Table 1 gives the percentages of correct
responses under each experimental condi-
tion. As may be seen, the most accurate
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TABLE 2
OBTAINED AND PREDICTED DiscRIMINAL DiISTANCES (—Inn) BETWEEN tHE Two STIMULI
1N EacH DiscrimINATION CONDITION OF EXPERIMENT |
Linear predictions of
Average obtained discriminal distances bivariate distances
_u Equal D_igferen: Perceptual Correlated
Subjects Time Space velocity velocity independence dimensions
DH .08 46 .19 1.56 .82 1.14
JH .70 46 32 2,04 .83 1.14
SN ~74 .67 3 1.74 1.00 1.20
T .97 91 A7 2.18 1.33 1.82
JT .96 .80 51 1.97 1.24 1.68
MW 1.10 1.08 .90 2.26 1.54 1.98
M .86 a3 52 1.96 1.13 1.49

Note, See test for definitions of models.

discrimination occurred under the different-
velocity bivariate condition and the poorest
discrimination occurred under the equal-
velocity bivariate condition. In order to
determine how the performance in the bi-
variate conditions compares with the predic-
tions of linear models for the integration of
information about time and space, Table 2
presents these data in terms of the dis-
criminal distance between the two stimuli
in each condition, along with the predic-
tions of the two models given in Equations
1 and 2 above. (The measure of discriminal
distance is the measure —Iny from Luce’s
choice theory. See Luce, 1963, and Foot-
note 2.)

The results in Table 2 show that perform-
ance in both of the bivariate conditions was
incompatible with a linear model for the
integration of spatial and temporal informa-
tion. Performance in the different-velocity
condition was consistently superior to the
predictions not only of the perceptual in-
dependence model and of the more general
correlated dimensions model, but was even
greater than the sum of the discriminal dis-
tances on the spatial and temporal dimen-
sions, which would represent an upper hound
on the predictions from the class of linear
models. The fact that performance in the
equal-velocity condition was always below
the performance in the different-velocity con-
dition is also inconsistent with the hypothesis
that discrimination in these bivariate condi-
tions was determined solely by the dis-
criminations of the component spatial and
temporal variables. Perceptual information

was evidently provided by the specific com-
binations of the two component variables.
Performance in the equal-velocity condition
was also consistently below the prediction
of the perceptual independence model, and
for five of the six subjects it was even below
the minimum discrimination on the two
component dimensions which would rep-
resent a lower bound on the predictions of
any reasonable linear integration model
With the exception of this last comparison,
all of these departures of the observed values
from the predicted values are statistically
significant by a two-tailed sign test (p <
.05).

Discussion

The principal result of this experiment was
that discriminations of the velocities of
moving stimuli were too accurate to be at-
tributed only to dicriminations of the spatial
and temporal extents of the motion. The
implication is that the perception of velocity
need not be derived from prior discrimina-
tions of time and space. Spatial distance
and temporal duration were the independent
physical variables describing the stimuli
from the experimenter’s viewpoint, but these
were not the only perceptually relevant
variables from the subjects’ viewpoint. LEvi-
dently, the relation between time and space
was perceived in this experiment.

If time and space were perceptually re-
lated in the present experiment, they have
apparently not always been so related in
other experiments. Specifically, Mandriota
et al. (1962) found that discriminations of
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spatial distance and temporal duration were
both more accurate than “heterodimensional”
discriminations that were supposedly based
on velocity alone. One major difference in
the two experiments concerns the physical
properties of the stimuli varying in spatial
distance. In the experiment of Mandriota
et al. the initial position of the stimulus was
apparently constant, permitting the subject
to discriminate between the fixed-duration
stimuli solely by their final positions. In
the present experiment, however, both initial
and final positions were randomly varied
across trials, requiring that the spatial dis-
criminations be based on the perceived dis-
tance between the initial and final positions.
A second important difference in the experi-
ments is that the heterodimensional condi-
tion in the Mandriota et al. experiment
attempted to remove the component spatial
and temporal cues from the velocity dis-
criminations by making the velocity uncor-
related with either of the single variables;
in contrast, we have examined the contribu-
tion of velocity by combining the spatial and
temporal variables redundantly, Although a
quantitative comparison of the two results
cannot be made, Mandriota et al. seem to
have succeeded in making their subjects less
sensitive to velocity than to spatial extent,
whereas we seem to have obtained the op-
posite result,

The results of the present experiment are,
however, quite compatible with Mashour’s
(1964) findings with magnitude estimation
that the psychophysical function for velocity
grows more rapidly than that for either
time or space.

EXPERIMENT 2

The purpose of this experiment was to
-discover whether the same perceptual rela-
“tion between time and space that was found
for continuous motion in Experiment 1 could
.also be found for apparent motion.

| In some respects the result of Experi-
ment 1 might not be surprising : The velocity
of a continuously moving stimulus may be
more discriminable than its spatial and
emporal extents because the latter dis-
arintinations  depend on knowledge of the
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initial and fnal positions of the stunulus,
whereas the velocity is defined between any
two successive positions. There is more
available physical information about velocity
than about spatial or temporal extent. A
subject might blink and completely miss the
onset of the stimulus and thus have no
knowledge of its spatial or temporal extents,
but could still be able to determine its
velocity by its motion between other posi-
tions. The phenomenon of apparent motion,
however, might be functionally different.
Since the stimulus physically occurs at only
the initial and final positions, its “velocity”
is determined by the same events that deter-
mine its spatial and temporal extents; its
“motion” is only in the eye of its beholder.
Even if such a discrete stimulus appears to
move, knowledge of its motion might be
completely determined by knowledge of its
spatial and temporal positions.

Two relevant studies of apparent motion
have, however, offered different answers to
this question. Kinchla and Allan (1969)
found that the detection of motion could be
quantitatively well described as a spatial
discrimination of initial and final positions.
The interstimulus intervals employed Dby
Kinchla and Allan were relatively long
(more than .5 sec), and this may have di-
minished the visual interactions between the
two flashes. Ratings of the subjective
quality of apparent motion are typically
lower at intervals of .5 sec than at intervals
around 50 to 100 msec (Kahneman & Wol-
man, 1970; Kolers, 1972). Another experi-
ment suggesting that different processes may
control apparent motion at shorter inter-
stimulus intervals was conducted by Bieder-
man-Thorson et al. (1971), who demon-
strated that spatial discriminations were
more accurate for successive than for simul-
taneously presented stimuli. At inter-
stimulus intervals in the range of about 2
to 100 msec, observers were able to identify
the direction of motion between two spatial
positions that could not be discriminated
from a stimulus at a single spattal position
when the interstimulus interval was outside
this range. Neither of these two experi-
ments, however, was directly concerned with
discriminations of velocity per se.
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There were two basic modifications in the
design of Experiment 2 from that of Experi-
ment 1: (a) Each stimulus consisted of two
successive spots of light, producing apparent
rather than continuous motion. (b) There
were two stimulus sets, one with relatively
short interstimulus intervals yielding sub-
jectively good apparent motion and the other
with relatively dong interstimulus intervals
yielding subjectively poor apparent motion.

Method

Stimuli, The stimuli were displayed and con-
trolled with essentially the same equipmeut and
viewing conditions as in Experiment 1. The only
important change was in the specific cathode-ray
tube display scope: Due to an electronic problem
with the scope used in the first experiment, it was
necessary to substitute an otherwise identical scope
with a slower phosphor (P-31, which decays to
1% luminance in 32 msec). Observations of these
stimuli displayed on both scopes revealed no dis-
cernible difference in the two displays. In any
case, no information logically relevant to the sub-
ject’s task was associated with this stimulus char-
acteristic. Kahneman and Wolman (1970) have
shown that for onset asynchronies below 100 msec
the stimulus duration has no effect on the sub-
jective quality of apparent motion.

The general design of the stimulus set was the
same as in Experiment 1. In this case, though,
cach stimulus consisted of two successive spots
separated by a variable spatial distance and {em-
poral interval. The spatial separation was either
50 or 65 units of the 512 possible display locations
across the horizontal axis of the scope; these cor-
responded to about 23 and 30 minules of visual
angle at the viewing distance used. The temporal
interstimulus interval was either 50 or 65 msec in
one set of stimuli and was either 500 or 650 msec
in the other set. According to published literature
(e.g., Kahneman and Wolman, 1970), the shorter
intervals should yield a much more compelling
appearance of motion than the longer inlervals,
The longer intervals were selected in part to be
consistent with those employed by Kinchla and
Allan (1969). Both the first and second light
flashes were activated hy 16 pulses from the com-
puter, for a total duration of 90 microsec.

Subjects. Six students at Vanderbilt University
served as paid volunteers., None had served in
the first experiment. Five of the subjects were
students in an undergraduate perception class and
received course credit for participation,

Procedure. As in Experiment 1, there were six
different discrimination conditions determined by
the particular gair of stimulus alternatives that
occurred in a block of trials. In this experiment
there were two such sets of conditions, one in
which the temporal intervals were short (50 and

63 msec) and another set in which the intervals
were long (500 and 650 msec).

There were four blocks of 120 {rials i cachy
session. One block was assigned to the spatial
discrimination (with either the shorter or longer|
of the two alternative time durations for a given
sel of stimuli), another block was assigned to the
temporal discrimination (with either the shorter or)
Ionger of the two alternative spatial separations),
another block to the egual-velocily bivariate dis-
crimination, and the remaining block to the dif
ferent-velocity bivariate discrimination. The sub-
jects were informed as to which condition was
operative during any block. The first 20 trials
in each block were considered practice and were
not counted.

Each subject served for 11 sessions. The first 6]
sessions were devoted to either the short-interval
or long-interval set of stimuli; the first two o
these sessions were considered practice and wer
not counted. The last five sessions were devoted tc
the other of the two sets of stimuli; the firs
session in this group was counted as practice]
Thus, there was a total of 400 trials for each sub
ject for each of the four basic discrimination con
ditions with each of the two sets of stimuli, Th
ordering of the experimental cunditions was coun
terbalanced over sessions and subjects.

Other aspects of the task and procedure wer
the same as in Experiment 1.

Results

The results are presented in Tables 3 and
4. Table 3 gives the percentages of correc
responses under the four basic discrimina
tion conditions (time, space, equal-velocity
bivariate, and different-velocity bivariate)
for each of the two sets of stimuli (shor
intervals versus long intervals). These dat:
indicate that the relative discriminahilities o
the various pairs of stimuli were dependen
on whether the interstimulus intervals were
short (50 and 65 msec) or long (500 and 63C
msec). A more analytic view of these result
is provided by Table 4, which gives the dis
criminal distance (—/lnq) between the tw
stimuli in each condition and also gives the
predictions of the perceptual independenc
model for the bivariate conditions. (The dat
in Table 4 are the average distance measures
for the four sessions for each subject under
each condition. The predictions are based|
on these averages rather than the average
of the predictions in each session.) The
predictions of the correlated dimensions
model are not included in this table because]
on the average these predictions were almost
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TABLE 3
PERCENTAGES OF CORRECT RESPONSES IN FACH DisCRIMINATION CONDITION OF BXPERIMENT 2

Subjects
Discerimination condition WB G NG TH BK PP M
Short intervals, good motion
Univariate
Time 59 52 60 54 58 56 50.5
Space 70 67 62 78 71 54 67.1
Bivariate
Equal velocity 67 74 59 80 71 57 67.8
Different veloucity 78 73 72 87 75 62 74.6
Long intervals, poor motion
Univariate
Time 80 62 91 52 93 50 71.4
Space 58 62 61 61 68 55 60.8
Bivariate
Equal velocity 33 63 89 70 90 66 76.9
Different velocity 82 56 86 55 90 57 70.9

identical to those of the perceptual indepen-
dence model for these data. In both the
short- and long-interval conditions the ob-
tained discriminal distances for the equal-
velocity pair were close to the predictions
of the perceptual independence model, with
the result that the predictions given by
l Equations 1 and 2 for the different-velocity
pair become equivalent,

The data m Table 4 reflect the following
results: (a) With the short-interval set of
stimuli (50 and 65 msec), discrimination
of the different-velocity bivariate pair was
better than that for the equal-velocity pair.
This superiority was obtained in 18 of the
24 total sessions, which is statistically reli-
able by a two-tailed sign test (# < .05). (b)
Discrimination of the different-velocity pair

TABLE 4

OBTAINED DiscriMINAL D1sTANCES (—Inn) FOR EacH DiscRIMINATION CONDITION AND THE
PREDICTIONS OF THE PERCEPTUAL INDEPENDENCE MODEL FOR THE
BIVARIATE CONDITIONS IN EXPERIMENT 2

Subjects
Discrimination condition WB J G‘ NG TH BX PP M
Short intervals, good motion
Univariate
Time .38 07 A7 .16 34 25 .28
Space 90 2 51 1.35 .96 A7 a7
Bivariate
Equal velocity 71 1.13 37 1.41 97 27 81
Different velocity 1.28 1.04 99 1.99 1.16 .60 1.18
Prediction of independence model .98 3 0 1.36 1.02 30 .85
Long intervals, poor motion ~
Univariate
Time 1.49 .52 2.72 .08 2.75 —.01 1.26
Space 35 .50 46 47 .65 .20 Ad
i
Bivariate
Equal velocity 1.72 .56 231 .90 243 .68 1.43
Different velocity 1.79 22 1.82 19 2.55 3t 1.15
Prediction of independence model 1.53 73 2.76 A7 2.83 .20 142
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in this short-interval set was also hetter than
predicted by the perceptual independence
model. This superiority was obtained in 21
of the 24 sessions (p <.001, by a two-
tailed sign test). (c) Discrimination of the
equal-velocity pair in this set of stimuli was
close to the predictions of the perceptual
independence model. Accuracy was higher
than predicted innl0 of the 24 sessions,  (d)
With the long-interval set of stimuli (500
and 650 msec), discrimination was better
for the equal-velocity pair than for the dif-
ferent-velocity pair. This relationship oc-
curred in 18 of the 24 sessions (p < .05).
(e) Discrimination of the different-velocity
pair in this set of stimuli was below the pre-
dictions of the perceptual independence
model in 18 of the 24 sessions (p < .05). (f)
Discrimination of the equal-velocity pair in
this set was close to the predictions of the
perceptual independence model (above in 12
sessions and below in 12 other sessions).
The poor discrimination between the dif-
ferent-velocity bivariate pair in the long-
interval set of stimuli appears puzzling and
deserves comment. A probable explanation
is that the assignment of responses to stimuli
was confusing in this condition. In the uni-
variate conditions and in the equal-velocity
condition the left response swiltch was al-
ways assigned to the stimulus with the
smaller spatial and/or temporal distance
between the two flashes and the right switch
was always assigned to the stimulus with the
larger value on either variable. But in the
different-velocity bivariate condition, the
shorter spatial distance was paired with
the larger temporal duration, and the map-
ping of the temporal variable onto the re-
sponses was consequently the reverse of
that for all other conditions. It seems likely
that the performance with the different-
velocily pair in both stimulus sets is arti-
factually suppressed by this arrangement.

Discussion

The finding of this experiment was that,
when the temporal interval between spatially
neighboring light flashes was short enough
to permit a good subjective impression of
apparent motion, then discriminations be-
tween stimuli with different “velocities” was

too accurate 1o be attributed only o dicrimi-
nations of the spatial and temporal distances
between the two successive light flashes.
Some perceptual information about the speed
of apparent motion was associated with the
specific combinations of values of the spatial
and temporal variables. Iividently, a per-
ceptual relation between time and space was
functional in this experiment, though the
effect was not as large as with the con-
tinuously moving stimuli used in Experi-
ment 1,

One difference in the results of the two
experiments was that the discriminability
of the equal-velocity bivariate stimuli in this
experiment was close to what was predicted
by the perceptual independence model,
whereas with the continuously moving
stimuli the discrimination was poor for this
pair of stimuli. Subjects apparently dis-
criminated between this pair of stimuli in
terms of the component spatial and temporal
variables, without interference from a per-
ceptual relation between time and space as
in Experiment 1. Subjects were apparently
able to attend to different stimulus char-
acteristics under various discrimination con-
ditions.

The finding with the short-interval set of
stimuli (50 and 63 msec) is compatible with
the demonstration by Biederman-Thorson et
al. (1971) that such temporal asynchronies
can enhance discrimination of the spatial
positions of adjacent stimuli.

The perceptual relation between time and
space was found in the present experiment,
however, to depend upon the temporal sepa-
ration between the successive light flashes.
When the interstimulus interval was .5 sec
or more, no evidence of a perceptual rela-
tion hetween the component variables was
obtained. This finding might account for
the failure of Kinchla and Allan {1969) to
ohtain evidence for the role of velocity in the
apparent motion of stimuli temporally sepa-
rated by such amounts. Different perceptual
processes scem to control the perception of
motion at short and at long intervals.

(GENERAL DISCUSSION

The question with which this study began
was whether the discrimination of velocity
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distance inside each rectangular space [though these are very slight underestimates of the

averages of the predictions].)

is determined by discriminations of spatial
and temporal extent. The answer provided
by both experiments is no. Discriminations
of velocity are evidently often based on visual
information that derives from a relationship
between the spatial and temporal extents of
the motion. Velocity seems to be a directly
perceived attribute of moving stimulation.
A general illustration of the results of
these experiments is provided by Figure 2.
The average discriminations between each of
the four types of stimulus pairs (differing
in temporal duration, spatial distance, both
variables with equal velocity, and both vari-
ables with different velocities) are repre-
sented in terms of vector spaces, where the
length of the vector is proportional to the
discriminability of the corresponding pair of
stimuli. The predictions of the perceptual
independence model are indicated approxi-
mately by the diagonal distance between the
spatial and temporal vectors. (These pre-
dictions are slight underestimates, since they
are based on the average lengths of the
time and space vectors. The prediction from
the average is not equal to the average pre-
diction.) The failure of the spatial and
temporal discriminations to account for the
discriminability of the bivariate pair with

different velocities is described by the dis-
crepancy between the length of the different-
velocity vector and the length of the diagonal
distance between the time and space vectors.

Perceptual relations among the individual
values of ostensibly separate stimulus vari-
ables are likely to be important in many
other situations. The perceptual advantage
in utilizing such relationships derives from
the well-known superiority of comparative
judgments based on external standards in
contrast to absolute judgments based on
internally calibrated standards (Hake,
Rodwan, & Weintraub, 1966; Weintraub,
1971). Considerable environmental infor-
mation is available in the coherent relation
among multiple physical variables, and ob-
servers generally use this information (Gib-
son, 1966). In the case of moving objects,
the invariance or coherence is defined on the
relation between the spatial and temporal
changes rather than on the discrete spatial
and temporal positions. In most previous
demonstrations of nonlinear perceptual rela-
tions among component stimulus variables
(e.g., Lappin, 1971; Pomerantz & Garner,
1973; Weintraub, 1971), the relationships
involved a single physical variable, which
was usually spatial. It is noteworthy that
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the perceptually effective relationship in the
present study was defined on two different
physical dimensions.
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