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Abstract—Following adaptation to movement in one direction. subsequenily seen movement in both the
same and opposite directions can be distorted in its apparent velocity.

Experiments in which the adaptation and 1est stimuli moved in the same direction systematically
varied the spatial and temporal parameters of the stimuli. These experiments suggest that the velocity
rather than the emporal [requency of the adaptation stimulus determines the magnitude of the velocity

after-effect.

When adaptation stimuli move in the opposite direction 1o the test stimuli. changes in adaptation
velocity or temporal frequency have little effect on the after-effect.

INTRODUCTION

If after looking at a moving pattern for a few seconds
you transfer your gaze to a stationary pattern it will
appear to be moving in the opposite direction to that
of the previously seen movement. This effect, called
the movement after-effect (MAE), is one of the most
thoroughly researched phenomena of visual percep-
tion. Despite such attention, none of the models of the
processes underlying the effect is entirely satisfactory.
One reason for this is the lack of standardization of
the stimuli used to generate the effect.

Any adequate mode! of the MAE must also be able
to explain the perceived velocity of moving patterns
after adaptation to movement. Experiments investi-
gating these velocity after-effects are few and far
between compared to the muititude of studies on all
aspects of the MAE. Both Wohlgemuth (1911) and
Gibson (1937) established that the perceived velocity
of a stimulus moving at constant velocity decreases
with prolonged inspection, a finding confirmed by
Goldstein {1959). Carlson (1962) extended these find-
ings, investigating the effects of adaptation te one rate
of movement upon a range of velocities in both the
same and in the opposite direction to the adaptation
motion, As well as confirming the findings of Wohlge-
muth, Gibson and Goldstein, Carlson found that if
the adaptation velocity was faster and in the same
direction as the test velocity. then test velocities were
reduced in apparent speed.

Scott et al. {1963) investigated the effects of adap-
tation to movement upon test velocities in both the
same and opposite directions. using both humans and

* Present address: Department of Psychology. Univer-
sity of York, York. England

a rhesus monkey as subjects. Their results showed a
small but significant increase in the velocity of a test
stimulus moving in the opposite direction to the
adaptation motion.

Rapoport (1964), in an experiment similar to Carl-
son’s but using rotary movement, also investigated a
wider range of test velocities than Scott et al. When
testing in the adaptation direction. velocities equal to
or slower than the adaptation velocity appearsd
reduced in speed, as found by Carlson. Test velocities
in the same directicn and faster than the adaptation
velocity appeared faster after adaptation: this result
was suggested but failed to reach significance in Carl-
son’s study. The effects of adapting to movement in
one direction upon the perceived velocity of stimuli
moving in the opposite direction were inconclusive.
but the increase in perceived velocity predicted by

. Gibson and the ratio model was not found.

Clymer (1973) has also investigated velocity after-
effects, using a matching technique. Clymer found
that following adaptation to moving patterns, pat-
terns moving in the same direction were generally de-
creased in their apparent speed, although with slow
adaptation velocities fast test velocities appeared
faster after adaptation,

The experiments described in this paper extend the
previous work on velocity after-effects and attempt to
evaluate these effects in the light of some theoretical
predictions.

METHCDS

Definitions

Any linearly moving repetitive pattern has a vel-
ocity which can be defined in terms of the number of
degrees of visual angle traversed by a point of that
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pattern in one second. The pattern ziso has a tem-

poral frequency, the rumber of periods of the pattern

which pass a point in one second. and a spatial fre-

quency defined as the number of periods of the pat-

tern contained within one degree of visual angle.
These properties are related such that:

Velocity = Temporal Frequency/Spatial Frequency
(degs/sec) = (cycles/sec)/(cycles/deg)

Generation of stimuli

The stimuli in ail the experiments were one dimen-
sional sinusoidal gratings generated on the screen of
an osciiloscope (Telequipment D83) by the technique
described by Schade {1936), as modified by Robson
and described by Campbell and Green ( 1963).

In crder to produce a grating which drifts in a
controiled manner across the screen it is necessary to
ensure that each successive frame displayed is in-
itiated at a different point in the medulation cycle.
That is. if the Z axis {luminance) modulation is of
frequency A, then the trigger signal must be of fre-
quency (A + B)in order for the grating to drift at rate
B across the screen. This was achieved by the multi-
plication method used by Cooper and Robson (1968).
Tolhurst (1973) and Tolhurst er al {1973). This

method has been described in detail by Rogers (1976)
and Shapley and Rossetto (1576). The beauty of using
sine wave gratings as the stimuli in this research is
that it enables temporal frequency and spatial fre-
quency to be manipulated independently from one
another. This allows effects dependent upon velocity
to be disentangled from those dependent upon tem-
poral frequency.

Experimental procedures

Perceived velocities of moving gratings were
measured by a matching procedure. Two screens were
positioned side by side and between them was a small
light upon which the subject fixated throughout. To
the subject, 114 ¢m. away from the screens, each had
dimensions of 6° x 4°, separated by 1°. Both screens
had a mean luminance of 31.6 cdm ™2,

Velecity matches were made in the following way.
A moving grating was displayed on the left-hand
screen, the test screen, whilst on the other, the match
screen, was displayed a moving grating of the same
spatial frequency but of variable temporal frequency
(see Fig. 1). The subject’s task was to manipulate the
rate of movement of the match grating until it seemed
to be moving at the same rate and in the same direc-
tion as the test grating,

baseline
procedure
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adaption
procedure

+——13 degrees of visual angle ———

T L Tr——————

Fig. 1. The baseline and adaptation procedures. In both the baseline and adaptation procedures the
upper pair of rectangles represents the screens during the adaptation period and the lower pair the
screens during the test period. For convenience gratings are iliustrated with square wave rather than sine
wave profiles. When no grating was displayed the mean luminance of the screen was unaltered. Although
the test and match gratings were always of the same spatial frequency. in certain experiments the
adaptation grating was of 2 different spatjal frequency. Further details in the text.
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In any adaptation experiment the matching pro-
cedure must be carried out before and immediately
after some adaptation stimulus has been presented in
order to establish the effects of that adaptation on
perceived velocity. If a comparison between pre- and
post-adaptation matches is to be made then the pro-
cedure in both phases of the experiment should be as
similar as possible. [t is well known that many effects of
adaptation decay very rapidly (e.g. Sekuler and Pantle
1967 Blakemore and Campbell 1969; Blakemore ef al.,
£970). therefore velocity matches must be made very
rapidly. To reduce this problem a “topping ug” pro-
cedure was adopted which allowed subjecis as many
attempts as they required to make a suitable match.
Following an initial 2 min adaptation period the test
and match gratings were presented for 2.5 sec. In this
time the subject could be expected to make only a
very crude match. This was followed by a 17.5sec
topping up period of the adaptation stimulus which
was again followed by a 2.5sec match period. This
procedure continued until the subject was satisfied
that the match grating appeared to move at the same
rate as the test grating, This rate of movement of the
match grating was then recorded. In each experiment
the presentation order of all test stimuli was rando-
mized.

In the baseline procedure (see Fig. 1) measurements
were made in exactly the same way except that the

adaptation grating was replaced by a blank screen of

the same mean luminance. At least four baseline and
four adaptation readings were taken in each con-
dition.

A few preliminary experiments were carried out.
One determined that the 2min adaptation period,
with topping up. was sufficient to achieve a large and
stable level of adaptation. A second confirmed that

adaptation to a grating on one screen did not affect -

the appearance of gratings presented on the other
screen. The details of these experiments are described
elsewhere {Thompson 1976).

Adaptation to a high contrast grating reduces the
apparent contrast of subsequently seen suprathresh-
old gratings (Blakemore et al. 1973). As the perceived
rate of movement of a grating is dependent upon its
perceived contrast (Thompson, 1576, and in prep-
aration). then adaptation to a moving grating may
alter the perceived rate of movement of a subse-
quently scen grating simply because of this contrast
reduction. Preliminary experiments established that
adaptation gratings of low contrast (0.11) had very
little effect. always less than 3dB. on the perceived
contrast of high contrast (0.33) test gratings. These
experiments are descried elsewhere {Thompson
1976). Therefore in all the experiments described in
this paper the aduptation gratings had a contrast of
0.11 and the test gratings of 0.33.

The data in the present paper are not presented in
perceived versus real test stimulus movement plots.
rather the ordinate. labelled “velocity match™ refers 1o
the ratio of the post-adaptation to the baseline vel-
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ocity matches. A value of 1.0 on this axis represents
the condition in which the perceived velocity of the
test grating is unaffected by the adaptation grating,
values less than 1.0 mean that adapiation has reduced
perceived velocity and values greater than 1.0 mean
an increase in perceived velocity,

At least two subjects took part in each experiment
and in each case there was good agreement between
them.

Although generally not shown on the figures. the
standard error associated with each point was calcu-
lated. In no case did this error exceed 6%, and the
average was about 4%, To give an indication of these
errors, standard error bars have been plotted in
Fig 2, where the average error is 3.5%.

Rationale of experiments

All the experiments followed the same pattern: the
effects of some range of adaptation gratings were
investigated on some range of test gratings. In any
one experiment the spatial frequency. temporal {re-
quency or velocity of adaptation or test gratings was
kept constant. The particular conditions examined are
represented in Table [.

In experiment T spatial frequency was held constant
at 2 cycles/deg.. so that velocity covaried with tem-
paral frequency. In experiment II the test grating spa-
tial frequency was stiil held constant. however the
adaptation temporal [requency covaried with spatial
frequency resulting in a constant adaptation velocity.
Experiment IiI kept velocity constant throughout.

Experiment IV was analogous to experiment L. the
only difference being that the adaptation gratings
moved in the opposite direction to the test gratings.

EXPERIMENT !

The velocity after-effects on moving gratings following
adaptation to gratings moting in the same direction

Experiment [ was designed to examine the effects of
adapting to a wide range of velocities upon the sub-
sequent perceived velocities of gratings of the same
spatial frequency and moving in the same direction as
the adapting motion.

Table 1. A general outline of the adaptation experiments

Adaptation Test
Experiment conditions conditions
1 Spatial Spatial
frequency frequency
constant constant
1 Velocity Spatial
constant frequency
constant
{1 Velocity Yelocity
constant constant
v Spatial Spatial
frequency frequency
constant constant
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Fig. 2. The effects on perceived velocity of adaptation to movement in the same direction. All gratings at
a constant spatial frequency of 2 cycles/deg. Adaptation contrast: 0.11. Test contrast; 0.33. Adaptation
rates of 1 Hz. {0) 2 Hz. { x ); ¢ Hz. (2); § Hz (Q; 16 Hz. (&) Subject: P.G.T.

Five different adapting rates of movement were
used (1,2,4.8 and 16 Hz), and their effects on nine
different test rates between 1-16 Hz were investigated.
Al gratings in this experiment were of spatial fre-
quency Zcycles/deg. The experimental procedure has
been described in the previous section. The results of
the experiment {Fig. 2) are plotted with the post-adap-
tation velocity match expressed as a fraction of the
corresponding pre-adaptation or baseline match.

The most striking features of the data are:

(1) The shifts in apparent velocity are very large—
compare them for example with the spatial frequency
shifts found by Blakemore and Sutton (1969} which
never exceeded 309

(2) Low test velocities tend 10 be reduced by a very
wide range of adaptation velocities. Indeed. it appears
that a fast adaptation velocity is more effective than a
slow one at reducing the apparent velocity of a slow
test rate. That is, following adaptation at some vel-
ocity all slower velocities appear reduced in speed.

(3) At test velocities greater than the adaptation
velocity the effects of adaptation decrease and disap-
pear when the test grating velocity is sufficiently
higher than the adaptation velocity.

(4) There is no reliable over-estimation of velocity
following adaptation.

EXPERIMENTS H AND I

Evidence for coding of movement in terms of velocity
All the stimuli in experiment I were of the same

spatial frequency, 2 cycles/deg. As a result. it is im-

possible 1o assess the generality of the after-effects

over a range of spatial frequencies. More impertantly.
it is impossible to distinguish coding of movement in
terms of temporal frequency from coding in terms of
velocity. That is, if information about movement is
coded by a population of units or chanrels. do these
units have some temporai frequency or some velocity
as their preferred “trigger feature™ (Barlow 1961)?

By manipulating the spatial and temporal frequen-
cies of the adaptation and test stimuli we can dis-
tinguish between coding by velocity and by temporal
frequency. Suppose that the coding of movement is in
terms of temporal frequency, then a movement detee-
tor's maximum sensitivity will be to some constant
temporal frequency over a range of spatial frequen-
cies. Coding in terms of velocity. on the other hand.
demands the greatest sensitivity in the detector at
some preferred velocity. regardless of the component
spatial and temporal frequencies.

Previous work on the velocity after-effect has cast
no light on this problem although some research on
the MAE is pertinent. Pantle (i974) examined the
magnitude of the MAE. measured both by its dur-
ation and by a magnitude estimation technique. and
found that it was the temporal frequency of the adap-
tation stimulus, not its velocity, which determined
whether or not the after-effect was maximal.

Data from Moulden (1974) suggest a more compli-
cated relationship. Moulden investigated the magni-
tude of the MAE generated on a noise field by a range
of adaptation velocities. From his experiments Moul-
den concluded that provided the temporal frequency
of the adaptation grating exceeds about 4-5 Hz. the
MAE velocity was a functicn of the adaptation vel-
ocity.
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Over er ol {1973) also investigated the MAE magni-
tude lollowing adaptation to a runge of different mov-
ing patterns. Their resuits were not clear cut but sug-
gested that both the spatial frequency and the velocity
of the adaptation stimutus contribute to the velocity
of the MAE.

A different approach to this problem comes {rom
several threshold studies. Breitmeyer (1973) investi-
gated the detection threshold elevations of stationary
gratings of a range of spatial frequencies produced by
adaptation to moving wide band noise patterns and
also the threshold elevations of moving noise patterns
following adaptation to stationary gratings of various
spatial frequencies. These experiments suggested that
the mechanisms underlying these threshold elevations
are most sensitive al temporal frequencies of around
10 Hz.

Tolhurst et al. {1973) came to a gualitatively similar
conclusion following a rather different experiment
which determined the sensitivity to drifting gratings of
different spatial frequencies. For the spatial frequency
range investigated (0.5-14 cycles/deg) the peak sensi-
tivity was about 6 Hz, a result in good agreement with
the optimum modulation rate for sensitivity to
stationary gratings (Robson, 1966: Kelly 1969).

Further evidence against the analysis of movement
in terms of velocity comes from an experiment by
Tolhurst (1972). Following adaptation to moving
gratings the peak threshold elevation appeared to
occur at the adaptation temporal [requency rather
than at the adapting velocity.

Although the few studies which have investigated
the behaviour of movement channels at detection
threshold agree that such mechanisms have preferred
temporal frequencies. studies using supra-threshold
stimuli (e.g. those investigating MAESs) have produced
no such concensus. The purpose of experiments II
and IIT was to ascertain whether those mechanisms
underlying the velocity after-effect analyse movement
in terms of temporal frequency or velocity.

EXPERIMENT I

The dependence of the velocity after-effect  on

adaptation velocity

Experiment I has shown that the perceived velocity
of a 2 cycles/deg grating is clearly different following
adaptation to a 2 Hz, 2 cycles/deg. (1 deg/sec) grating
than after adaptation to an § Hz. 2 cycles/deg (4 deg/
sec) grating. If movement in the human visual system
were coded in terms of its temporal frequency then
the reason for this difference lies in the difference in
adaptation temporal frequencies. if. however, move-
ment is coded in terms of its velocity then the differ-
ent tuning of the after-effect is caused by the different
adaptation velocities.

Analysis by temporal frequency predicts that all
adaptation gratings of one temporal frequency will
produce gualitatively similar after-effects on a given
test grating. Similarly. coding by velocity requires
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similar effects from adaptation to gratings of the same
velocity. More directly the question is this: will the
after-effect following adaptation to an 8 Hz. & cycles;
deg (1 deg/sec) grating resemble the adaptation pro-
duced by a 2 Hz, 2 cycles/deg (1 deg/sec) grating. as
predicted by velocity coding. or that produced by an
8 Hz. 2 cycles/deg (4 deg/sec) grating as predicted by
tempora! frequency coding?

Experiment 11 sought to answer this question by
examining the wvelocity after-effects produced by a
range of adaptation gratings on 2 cycles/deg test grat-
ings. Adaptation velocities of 1. 2 and 4 deg sec were
investigated. several adaptation gratings with different
spatial and temporal frequencies being used at gach
velocity. The procedure was identical to that used in
the previous experiment.

The results of experiment IT are shown in Fig 3.
These results clearly show that the after-effect func-
tions are similar at equal adaptation velocities. This
suggests that the mechanisms underlying this after-
effect analyse movement in terms of velocity rather
than tempora! frequency. This possibility is [further
tested in experiment 111

EXPERIMENT 11

Velocity after-effects at constant velocity

Experiment 11 has provided considerable evidence
that the mechanisms underlying the velocity after-
effect analyse motion in terms of velocity rather than
in terms of temporal frequency. If this is so, consider
the consequences of keeping the velocity of adap-
tation and test stimuli constant throughout an experi-
ment, If a range of test stimuli, all of the same vel-
ocity, is investigated then following adaptation the
shifts in perceived velocity should be of equal magni-
tude for each test stimulus. The magnitude of this
shift may, of course, vary under different adaptation
conditions; for example, adaptation to gratings of iow -
temporal frequency may not prove as effective as
those of higher temporal frequency.

Experiment 111 examined the velocity after-effects
produced by one grating moving at some velocity
upon a range of gratings moving at the same velocity.
Three velocities were investigated: 1. 2 and 4 deg,sec.
In all other details the experiment was the same 48
experiment II. The results are shown in Fig. 4. For
each test velocity the after-effect magnitude is in-
variant regardless of the spatial and temporal fre-
quency components of that velocity. This result con-
firms that velocity after-effects are mediated by &
mechanism analysing stimulus velocity rather than
stimulus temporal frequency.

EXPERIMENT 1V

The effects of adaptation to movement in one direction
upon the perceived rate of morement fn the opposire
direction

If the human visual system contains direction selec-
tive mechanisms then the method of selective adap-
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Fig. 3. The eflects on perceived velocity of adaptation to movement in the same direction. Test gratings

at a constant spatizl frequency of 2 cycles/deg. Adaptation contrast; 0.11. Test contrast: 0,33, (A) Adap-

tation gratings at constant velocity of 1 deg/sec 1 Hz, 1 cycle/deg (0); 2 Hz, 2 cycles/deg. (x); 4Hz, 4

cycles/deg (&); & Hz, 8 cycles/deg (O0). (B) Adaptation gratings at constant velocity of 2 deg/sec. 2 Hz,

i cycle/deg. {x); 4 Hz, 2 cycles/deg (A}; 8 Hz, 4 cycles/deg (O). (C) Adaptation gratings at constant

velocity of 4 degfsec. 4Hz, 1 cycle/deg (A); 8 Hz 2 cycles/deg (O): 16 Hz, 4 cycles/deg (o). Subject:
PG.T.

tation is well suited to investigate them. Sekuler and
Ganz (1963), Clarke (1974), Pantle and Sekuler (1969)
and Tolhurst (1973) have provided evidence which
has established that at least some movement channels
are direction selective. but that there is some
threshold elevation experienced for gratings drifting
in one direction following adaptation to movement in
the opposite direction, If there are direction selective
channels in the human visual system the question
arises of whether channels for opposite directions are
independent of cone another. Levinson and Sekuler
(1975) found no evidence of subthreshold summation
between oppositely moving gratings. which suggests
the independence of channels tuned for opposite di-
rections of motion, at threshold at least. Sekuler

{1973) has suggested that this independence at and
below threshold “is quite different from what would
be expected if detection were based on a ratio of re-
sponses in mechanisms tuned to opposite directions
of motion.” More recently Watson. et al. (1980) have
modified this view. showing that at slow velocities
there is almost total summation betwesn opposite di-
rections of movement at detection threshold.

There is general agreement in all the published
studies that following adaptation to a moving pattern
the perceived velocity of patterns moving in the oppo-
site direction is affected. There is, however. little
agreement on the nature of this change. almost cer-
tainly because the lack of a standard stimulus has
made comparisons between studies impossible. This
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general confusion prompted an experiment to investi-
gate the effects of adaptation to gratings moving in
one direction upon the perceived velocity of test grat-
ings moving in the opposite direction.

Experiment IV was identical in procedure 10 ex-
periment I with the single exception that the direction
of movement of the adaptation grating was reversed.
That is, velocity matches to rightward moving grat-
ings were made before and after a leftward moving
adaptation grating had been presented. The results
are shown in Fig. 3.

The important features of the results are these:

(1) The velocity shifts are generally smaller than
those obtained when adaptation and test gratings
move in the same direction.

(2) At iow test rates, velocity is over-estimated. That

is, the shift in velocity is in the direction predicted by
the ratio model

(3) At intermediate rates of test movement, adap-
tation in the opposite direction leads to a small but
consistent under-estiration of velocity.

DISCUSSION

The findings of these experiments can be compared
with the results of previous studies of velocity after-
effects:

(1) The well established finding that a moving pat-
tern appears to be moving slower after protonged in-
spection, that is adapting and testing at the same vel-
ocity (Wohlgemuth, 1911:; Gibson 1937; Goldstein,
1939; Carlson 1962; Scott er al, 1963; Rapoport
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Fig 4. The effects on perceived velocity of adaptation to movement in the same direction. Adaptation
comtrast: 0.11. Test contrast: 0.33. (A) All gratings at constant velocity of | deg/sec. Adaptation stimuli of
1 Hz, | cycle/deg (O); 2 Hz. 2 cycles/deg (A); 4 Hz, 4 cycles/deg (O); 8 Hz. 8 cycles deg (O) (B) All

gratings at constant velocity of 2 deg/sec. Adaptation

stimuli of 2 Hz, 1 cycle/deg (C): 4 Hz, 2 cycles/deg

{A); 8 Hz. 4 cycles/deg {O). (C) All gratings at constant velocity of 4 deg/sec. Adaptation srjz{luﬁ of 2 Hz,
0.5 cycles/deg {O); 4 Hz. 1 cycle/deg (&); 8 Hz, 2 cycles/deg (0); 16 Hz. 4 cycles/deg (O). Subject: PGT.
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Fig. 5. The effects on perceived velocity of adaptation to movement in the opposite direction. All
gratings at constant spatial frequency of 2 cycles/deg. Adaptation contrast: (.11, Test contrast: 0.33.
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1964; Clymer, 1973) is replicated and shown to be
true over a wide range of velocities.

(2) Test velocities slower than and in the same di-
rection as the adaptation velocity were always found
to be reduced after adaptation, again a result found
by ail those who have investigated this condition
(Carlson, 1962; Scott er al, 1963; Rapoport, 1964;
Clymer, 1973).

(3) The perceived velocity of test gratings moving
faster than, and in the same direction as the adap-
tation grating was decreased or unchanged after
adaptation.

(4) Most previous studies have found that test grat-
ings moving faster than and in the same direction as
the adaptation grating tend to appear increased in
their velocity after adaptation. This discrepancy
between previous reports and the results presented
here can be explained. Blakemore er al {1973) have
shown that adapting to a high contrast grating
reduces the apparent contrast of subsequently seen
gratings. Thompson (1976 and in preparation) has
shown that the perceived rate of movement of a grat-

ing is dependent upon its apparent contrast. In par- |
ticular at high temporal rates of movement a reduc-

tion in contrast leads to an overestimation of velocity.
Therefore previous reports of velocity overestimation
following adaptation may merely reflect the results of
the adaptation pattern reducing the apparent contrast
of the test figure. In all the experiments reported in
this paper adaptation. gratings of low contrast (0.11)
and test gratings of high contrast (0.33} were used.
This ensured that the test grating contrast was never
reduced by the adaptation grating by more than
3 dB-—a reduction that produces less than a 10% shift
in perceived velocity.

These results allow certain conclusions to be
drawn. In a single direction more than 2 single chan-

nel appears to be involved in the processing of vel-
ocity, because of the “differential speed tuning”
{Clymer, 1973) found in experiment L. That is, or any
single channe! model the velocity shifts found after
adaptation should reflect the shape of that single

‘channel. Different adaptation stimuli might afect the

single chancel to different degrees, but they could not
produce the differently shaped after-effect functions
actually found.

Furthermore the channels involved in the media-
tion of the after-effect appear to be velocity channels
rather than temporal frequency channels in the sense
that for a given range of test stimuli a similar pattern
of after-effects is found when adaptation stimuli at
constant velocity are employed, but not when either
their spatial or temporal frequency alone is held con-
stant.

This conclusion, however, should be regarded with
some caution. Whilst it does accurately describe the
results of this study it is quite possible that some
combination of spatial frequency channels with suit-
able temporal response could produce the same
results.
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