
Vi.wn Rrs. Vol. 3. So. 12. pp. 1947-1955. 1985 
Pnnred in GreJt Bntain. All nghts ressnsd 

00X-6989 85 5.00 + 0 00 
Cop:.nght (_ lYX5 Pergamon Press Ltd 

INVARIANT TUNING OF MOTION AFTEREFFECT 

M. J. WRIGHT and A. JOHNSTON 
Department of Psychology, Brunei University, Uxbridge. Middlesex UB8 3PH. England 

(Receired 29 Ocroher 1984: in recisedform 31 .rfa.r 1985) 

Abstract-Motion aftereffects (MAE) to drifting gratings were measured with a cancellation technique. 
For a constant adapting grating. MAE cancellation velocity increased linearly with visual field eccentricity. 
The slope of the function was dependent upon adapting temporal frequency. MAE velocity was 
independent of spatial frequency Q-16 c/deg) and approximately constant when expressed as an &/-scaled 
velocity. The MAE was broadly tuned to temporal frequency and temporal tuning was independent of 
spatial frequency and eccentricity. Reducing contrast over the range I.(M.I reduced the magnitude of 
the MAE at high temporal frequencies but had no influence at low and moderate temporal frequencies. 
The results support a ratio model of velocity coding whose spatial reference varies with eccentricity in 
approximate accordance with the human cortical magnification factor. 

Vision Psychophysics Motion aftereffect Visual field Gratings 

lNTRODl_!CTlON 

The apparent velocity of a moving stimulus is re- 
duced on prolonged inspection (Wohlgemuth, 1911). 
While measuring contrast thresholds for drifting 
gratings as a function of eccentricity (Wright and 
Johnston, 1983), we noticed gratings at peripheral 
locations, initially appeared to move more slowly 
than fovea1 gratings and slowed markedly with 
prolonged inspection. That stimuli moving in the 
periphery can appear to slow down or to stop has 
been the subject of recent interest (Campbell and 
Maffei, 1979; Campbell and Maffei, 1981; MacKay, 
1982). Differences in fovea1 and peripheral motion 
perception have been considered to be qualitative in 
nature but Johnston and Wright (1983) showed that 
variation in lower threshold for motion and motion 
aftereffect (MAE) with eccentricity could be nor- 
malised using Rovamo and Virsu’s (1979) estimates 
of cortical magnification (M). The velocity of real 
motion required to cancel the MAE was a constant 
when expressed as an M-scaled velocity, that is, 
velocity relative to the changing spatial grain of the 
visual system. This finding indicates independence 
from both spatial frequency and visual field locus. 
M-scaling is usually interpreted as normalising 
stimuli relative to the projection of the visual field on 
the cortex, and hence equalising psychophysical 
performance, but we have argued that lower motion 
threshold is normalised by scaling of stimuli relative 
to mean receptive field size, which also increases with 
eccentricity (Johnston and Wright, 1985). 

Our previous study (Johnston and Wright, 1983) 
found a constant M-scaled cancellation MAE for 
all stimuli used, but though the spatial frequency, 
size and spatial location of the adapting stimulus 
were varied the temporal frequency and contrast 
parameters of the stimulus were fixed. Here we extend 
the study to include variations in temporal frequency 

and contrast. The influence of temporal frequency 
and contrast upon strength of MAE has been studied 
principally for fovea1 viewing (Bonnet and Pouthas, 
1972; Pantle, 1974; Bonnet et al., 1976; Keck et nl., 
1976; Thompson, 1976; 1981; Keck and Pentz, 1977; 
Keck et nl., 1980). Our aim therefore was to extend 
measurements of temporal sensitivity across visual 
field locus, and test the invariance of M-scaled 
cancellation velocity over changes in temporal fre- 
quency. The data from MAE studies are often inter- 
preted as revealing the properties of directionally- 
selective motion-sensitive channels. Characterising 
in detail the changes in motion adaptation across 
the visual field places additional constraints on such 
proposed mechanisms of motion encoding, which 
should account not only for motion perception at a 
given locus in the visual field but also for the gradual 
change in performance of the motion analysis system 
with eccentricity. The present results are discussed 
in relation to possible mechanisms for encoding the 
velocity of motion. 

METHODS 

The apparatus has been described previously 
(Johnston and Wright, 1983). Vertical gratings with 
sinusoidal luminance profiles were viewed through an 
aperture in a mask, matched to the mean luminance 
(100 cd/m’) and colour of the grating. The contrast of 
the grating was attenuated at the edges by a trans- 
lucent film overlap (5 mm). Black dots (2 mm) were 
placed vertically below the centre of the aperture at 
appropriate distances to provide fixation points for 
eccentric viewing of the grating. For fovea1 viewing 
no dot was provided as this would have introduced 
strong relative position cues, instead, the centre of the 
base of the aperture was fixated at its inner border. 
Natural pupils and normal accommodation were 
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used, and a chin and head rest stabilised the head. 
Viewing was binocular in Experiment I but mon- 
ocular in the remainder. Both authors were subjects 
in all experiments, and the results of Experiments 2 
and 5 were each contirmed with a different naive 
psychophysical observer. All observ.ers had corrected 
or uncorrected Snetlen acuity of 6,6 or better. 

On each trial subjects observed a drifting grating 
for 60sec to produce adaptation. A warning bell 
oriented the observer 3 set prior to substitution of the 
adapting grating by a test grating. A continuous tone 
signalled the intervals in which the subject could 
control the drift frequency and direction of the test 
grating by the adjustment of the multi-turn poten- 
tiometer; the initial setting was randomised between 
trials. Subjects were allowed one 3 set and five 2 see 
periods. in which control over drift rate was passed 
to the observer, to cancel the MAE with real motion 
in the adapting direction. Over- and under- 
cancellations could be corrected successively, so that 
the last setting was the most accurate. Provided 
fixation was steady. “nulling” gave an unambiguous 
perception of a steady grating (see Discussion). The 
direction and temporal frequency of the null settings 
were recorded automatically. In data analysis these 
temporal frequencies could be converted into vefoci- 
ties by applying the relation: velocity = temporal 
frequency/spatial frequency. Adjustment periods 
were interlaced with 6 set periods of top-up adapta- 
tion and the spatial frequency, contrast and orien- 
tation of test and adapting gratings were always 
identical. After a recovery period of 60 xc the MAE 
was much reduced and a repeat measurement was 
made using an identical grating drifting in the oppo- 
site direction. Each data point resulted from an 
average of two (Experiments I and 2) or four (Experi- 
ments 3,4 and 5) final settings in alternate adaptation 
directions. The typical standard error of four settings 
was 0.01 deg,kec. 

RESL’LTS 

Experiment t 

Our preliminary study (Johnston and Wright, 
1983) showed an increase in retinal MAE cancellation 
velocity with eccentricity for M-scaled stimuli; stimu- 
lus dimensions were increased with eccentricity, and 
measurements were made at four locations in the near 
periphery. The purpose of the present experiment was 
to define the eccentricity function for stimuli of 
constant retinal size, and to estimate its dependence 
on the temporal frequency of the adapting grating. 
We measured MAE as a function of eccentricity for 
gratings of three spatial frequencies; 0.5, 2.0 and 
8.0c/deg, and three temporal frequencies of the 
adapting grating; 0.5 , 2 and 8 Hz. A grating patch of 
7 cm horizontal by I cm vertical (which stimulated a 
restricted range of eccentricities at each fixation 
position) was viewed binocularly at 2OOcm. Cancel- 
lation MAE expressed as a velocity increased with 
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Eccentricity (dep ) 
Fig. I. MAE cancellation velocity as a function of eccen- 
tricity for gratings of 0.5 cideg (diamonds), 2 c/deg (squares) 
and 8 c/deg (triangles), for three temporal frequencies of the 
adapting grating. Contrast of adapting and test grating 

=0.X Subject A.J. 

increasing eccentricity in an approximately linear 
fashion (Fig. I). MAE was similar for 2c/deg and 
8c/deg gratings at a given eccentricity and eccen- 
tricity functions for these gratings increased in slope 
with increasing adapting temporal frequency by the 
same degree. The data for 0.5 c/deg also showed a 
linear increase in the velocity of the MAE with 
eccentricity whose slope depended on the temporal 
frequency of the adapting grating. Plotting the results 
in terms of MAE temporal frequency or adapting 
velocity would yield different slopes for different 
spatial frequencies. Inverse magnification (l/M) 
increases in an approximately linear fashion with 
eccentricity over the near periphery of the visual field, 
so a linear increase in retinal velocity with eccentricity 
is consistent with a constant M-scaled cancellation 
velocity for the MAE. 

Experiment 2 

To provide a basis for studies of the effect of 
temporal frequency and contrast upon M-scaled 
MAEs we needed to repeat our preliminary study 
(Johnston and Wright, 1983) under conditions of 
monocular rather than binocular viewing; the appli- 
cation of M-scaling is more straightforward in the 
monocular case. A semicircular grating path was 
fixated at the centre of the horizontal base of 7cm, 
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Fig. 2. Left: MAE cancellation velocity (ordinate) as a function of spatial frequency (abscissa) for 
M-scaled gratings at four eccentricities in the visual field; (diamonds) =0 deg. (squares) = 1.5 deg. 
(triangles) =4deg, (circles) =7.5 deg. Right: same data plotted as M-scaled cancellation velocity 
(ordinate) against M-scaled spatial frequency (abscissa). Contrast of adapting and test grating ==0.3. Data 

for two subjects are presented. 

at a viewing distance of 200cm. The MAE was 
measured for 8 spatial frequencies (2, 4, 6, 8, 10, 12, 
14, 16 c/de& and for the two horizontal directions of 
motion. The temporal frequency of drift was 8 Hz. 
These observations were repeated under identical 
stimulus conditions with the aperture base located at 
varying eccentricities (1.5,4, 7.5 deg.) along the verti- 
cal meridian of the upper visual field, at correspond- 
ing viewing distances of 122, 74 and 48cm. This 
ensured that each retinal spatial frequency (SF, c/deg 
of visual angle) presented increased with eccentricity 
such that SF/M remained constant, where M is 
cortical magnification factor estimated by Rovamo 
and Virsu (1979). 

In confirmation of our original study. MAE 
(retinal) cancellation velocity was constant across 
spatial frequency but increased with eccentricity 
[Fig. Z(a,b)]. MAE was approximately constant in 
units of M-scaled velocity [Fig. 2(d)]. However, we 
noted a small but reliable departure from the ideal 
relationship; N-scaled cancellation velocities tended 
to be lower for central fixation and to increase with 

peripheral fixation. These differences were apparent 
for two out of three subjects (A.J., A.McD.) and were 
greatest for the naive subject A.McD. One possible 
explanation is a greater tendency to track the grating 
when the stimulus is close to the point of fixation; any 
involuntary tracking of the grating would tend to 
reduce the strength of the aftereffect. 

Experiment 3 

It is notable that in Experiment 2 an adapting 
grating of constant te~p~ruf frequency produced a 
cancellation MAE which was constant in ceiocity 
at a given eccentricity. In Experiment I the slope of 
the eccentricity function for cancellation velocity 
depended on the temporal frequencies of the adapting 
grating. The purpose of Experiment 3 was to define 
systematically this temporal frequency dependence of 
the MAE over a wide range of temporal frequencies 
of the adapting grating. A single eccentricity (1.5 deg) 
and viewing distance (122 cm) were used and the 
measurements were repeated at three spatial frequen- 
cies (2.45, 6.13 and 9.8 c/deg). 
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Fig. 3. Left: temporal frequency of MAE nulling grating (ordinate) as a function of the temporal frequency 
of the adapting grating (abscissa) for different spatial frequencies (diamonds) =245c,!deg. (squares) 
= 6. I3 c,‘deg. (triangles) = 9.8 c/deg. Eccentricity = 1.5 deg. Right: same data with cancellation velocity 
on the ordinate. Contrast of adapting and test grating =0.3. The velocity data for all three spatial 
frequencies are used to find the best fit ofequation (I). The parameters arrived at with k fixed were k = 9.7, 
c = 2.02 and p = 86 giving a correlation of r = 0.90. Curves for the temporal frequency data were derived 

from the velocity function. 

It was found that the MAE varied with temporal 
frequency of the adapting grating (TF) in an asym- 
metric inverted-U function (Pantle, 1974) having a 
maximum at around 6-10 Hz (Fig. 3). When MAE 
was expressed as temporal frequency, the magnitude 
of the function depended upon the spatial frequency 
of the grating but its shape did not change greatly. 
When MAE was expressed as a velocity, the data 
points for different spatial frequencies appeared to 
coincide. Curves of this general type may be 
characterised by a minimum of three independent 
parameters (p, k, c) which, respectively, influence the 
height of the peak, the position of the peak and the 
slope and extent of the tail. A good fit to all the data 
is given by the following expression 

(MAE) = : .In 
TF.eeT” + e_TF /r 

>. 
(1) 

C 

This form of the expression was chosen because the 
terms within parentheses can be characterised as low 
pass and band pass temporal filters, and tuning of the 
MAE may thus reflect the operation of spatio- 
temporal filter mechanisms in motion perception. 
However the present purpose is to define the shape of 
the curve in a way which permits comparisons across 
experimental conditions and subjects: for instance, 
differences between subjects can be characterised as 
different values of p. We found, after some initial 
exploratory work, that these data and subsequent 
temporal tuning functions could be fitted adequately 
with k held at a constant value of k = 9.7. The 
parameters p and c were fitted to individual data sets 
by an iterative least squares method and are given in 
the legends to Fig. 3 and succeeding figures. Experi- 
ment 3 showed that MAE cancellation velocity 
depends on the temporal frequency of the adapting 
grating across the whole effective range of temporal 

frequencies, regardless of spatial frequency. The 
shape of the function relating cancellation velocity to 
temporal frequency of the adapting grating showed 
little variation with spatial frequency. 

E.rperiment 4 

One of the main objectives of our study was to 
determine whether the mechanisms responsible for 
MAE show an invariance over visual field position 
given an appropriate spatial size scaling. Experiment 
2 established this for a single temporal frequency of 
the adapting grating and a range of spatial frequen- 
cies. In Experiment 4, the temporal tuning function 
was measured at range of retinal locations, using 
M-scaled stimuli. The visual field positions and view- 
ing distances of the grating patch were the same as for 
Experiment 2. A single /M-scaled spatial frequency 
was used (I c/mm) equivalent to 8 c/deg for fovea1 
viewing. 

When the MAE cancellation velocity was plotted 
against temporal frequency of the adapting grating, 
a family of curves resulted. Cancellation velocity 
increased with retinal eccentricity, as we might expect 
from the previous experiments, but the shape of the 
temporal frequency tuning curve was similar at all 
eccentricities. When expressed as M-scaled velocities 
the data for different eccentricities approximated to a 
single curve. For any given temporal frequency, then, 
the M-scaled cancellation velocity was approximately 
constant, and the value of that constant varied with 
temporal frequency in an inverted-U function. 
described by equation (1). This result shows that the 
constancy of M-scaled cancellation velocity is valid 
for all temporal frequencies, and that the temporal 
characteristics of the mechanisms underlying MAE 
are uniform across retinal locus, given an appropriate 
spatial scaling. 
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Fig. 4. Left: cancellation velocity of MAE (ordinate) as a function of the temporal frequency of the 
adapting grating for M-scaled gratings at four eccentricities; (diamonds) =0 deg. 8c!deg; (squares) 
= I .5 deg. 4.9 c!deg: (triangles) = 4 deg, 3 c/deg; (circles) = 7.5 deg. I .9 cideg. Contrast of adapting and 
test grating =0.3. Right: same data plotted as M-scaled cancellation velocity of MAE (ordinate). The 
M-scaled velocity data for ail four eccentricities are used to determine the best fit of equation (I). The 
parameters arrived at with k fixed were k = 9.7, c = I.96 and p = 23.72, giving a correlation of r = 0.96. 

Curves for the ret&i veiocity data were derived from the M-scaled velocity function. 

Experiment 5 

Keck et al. (1976, 1980) have established that the 
contrast of the adapting test gratings has systematic 
effects upon the MAE. In Experiments (l)-(4), mod- 
erate or high contrast gratings were used throughout 
and adapting the test grating contrast were always 
identical. Nevertheless, the apparent contrast of 
stimuli showed substantial variation in different 
experimental conditions, and this might affect the 
interpretation of the observed invariances. It was 
particularly important to establish the effects of con- 
trast on temporal tuning of MAE because apparent 
contrast of the adapting grating decreased markedly 
at high temporal frequencies. The experiment was 
repeated at two spatial frequencies, to investigate 
possible interactions between spatial frequency, 
temporal frequency, and contrast, and the results are 
shown in Fig. 5. 

It was found that the data for different spatial 
frequencies could be fitted by a single curve, therefore 
the invariance of MAE cancellation velocity over 
spatial frequency (Experiment 3) was shown to 
generalise across adapting temporal frequency and 
contrast. The curves for different contrast, on the 
other hand, did not superimpose. Increasing the 
contrast of the grating increased the value of the 
highest temporal frequency at which MAE could 
be obtained, and decreased the slope of the high- 
frequency portion of the curve. The low temporal 
frequency portion of the curve, and the peak, showed 
little change with contrast, though at higher temporal 
frequencies the effect of contrast was marked. 

DlSCUSSlON 

(I) Suitability of the nulling technique 

The technique of nulling MAE with real movement 

in the opposite direction is a simple and readily 
quantifiable task. However the assumption is made 
that illusory motion in one direction can be canceiled 
by a real motion in the other direction. This assump- 
tion has been criticised since real motion entails 
displacement of contours whereas the apparent 
motion resulting from adaptation does not (Mayhew, 
1974). Any null setting made by a subject might 
represent a compromise between matching the MAE 
velocity and minimising the resulting real displace- 
ment of contours (Thompson, 1976). However, under 
our display conditions, with the absence of stationary 
reference contours close to the display, no contour 
displacement was noticeable after cancellation. A 
reliable end-point was achieved by the use of a small 
display area, a short test interval and steady fixation 
during adapting and test intervals. The first of these 
factors is important to minimise the effect of retinal 
inhomogeneity (e.g. Fig. 2) the second is important 
because MAE velocity is greatest immediately after 
adaptation, and the third is important because adap- 
tation is localised and a change in fixation during the 
test interval leads to apparent shearing in the display. 
With these precautions there is no ambiguity in the 
phenomenal appearance of the test grating after 
cancellation. 

Another criticism of cancellation is that it does 
not measure the perceived velocity of a stationary 
pattern, but the velocity of a moving stimulus which 
appears stationary (Thompson, 1976). This is signifi- 
cant since Perceived velocity changes with visual geld 
locus. However, we assume that at the fovea cancel- 
lation MAE velocity and apparent MAE velocity 
have nearly the same value, and indeed the general 
form of our results replicates earlier work with other 
methods (Pantle, 1974). The relationship between 
cancellation MAE velocity and apparent MAE 



1952 bf. J. Wurczit and A. JOHSSTOS 

A.J. 

G 20 

Temporal frequency t c/set) Temporal frequency t c/set 1 

A.J. M.W. 

Y : 0 25 

z 
0 ox) 

2 
‘8 015 
B 

.z 0.10 

: 
= 005 

Temporal frequency ( c/sex ) Temporal frequency ( c/sac 1 

A.J 

030 

r o 
025 

Temporal frequency ( C/SK) Temporal frequency t c/set 1 

0.30 r  
f2 
: 0.25 

s 
y 020 
A 

E s 0 15 

F 
- 0.10 

Y 
z=? 0.05 

OCO 
0 10 20 30 

M.W. 

f” 015 
B 
2 0.10 

2 005 
zz 

000 
0 10 20 30 

Fig. 5. MAE cancellation velocity (ordinate) as a function of temporal frequency of adapting grating for 
two spatial frequencies: (diamonds) =6.7 c/de& (squares) =4.3 c/deg, and three contrast levels: top = I, 
middle = 0.3, bottom =O.l. The adapting contrast was equal to the test contrast. Eccentricity was l-5 deg. 
Curves generated by equation (1) are shown. Parameter k was fixed at k = 9.7. For subject A.J., the subject 
scaling parameter, p was fixed at the average value of the individual curves p = 92.8. For subject M.W. 
the value wasp = 137.6. Curves were fitted to data in variable contrast conditions by adjusting parameter 
c. For A.J. the values c = 1.23, 1.89, 3.09 were used for contrasts 1, 0.3, 0.1 and for M.W. we used the 
values c = 1.78, 2.31, 3.32. Thus the data for ail contrasts and both subjects were fitted adequately by 
equation (I), changing the parameter c as some function of contrast and using p to adjust for an overah 

change in scale of the MAE between subjects with k kept constant. 
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velocity in the periphery is taken up below but only 
influences the discussion of the effects of eccentricity 
on adaptation. Simultaneous velocity matching 
techniques provide a direct measure of apparent 
MAE velocity, and can be used to investigate velocity 
aftereffects (Thompson. 1976; Thompson, 1981). 
however with this technique differences in the 
characteristics of the two retinal areas selected for 
comparison must be taken explicitly into account in 
the experimental design. 

(2) Interpretation of temporal tuning function 

A striking aspect of the results of our experiments 
is that the cancellation velocity of the aftereffect 
depends on the temporal frequency of the adapting 
grating and is related to it by a characteristic 
inverted-U function which is independent of spatial 
frequency and visual field locus. Pantle (1974) found 
a similar inverted-U function using magnitude 
estimation of initial “velocity” and duration of MAE 
to rotating discs. 

Sutherland (1961) initiated a widely-accepted 
explanation for the MAE. According to this model 
motion is analysed in terms of the ratio of firing rates 
in motion detectors selective for opposite directions. 
After prolonged activation, one member of the pair 
is fatigued and as a result a static grating will appear 
to move in the non-adapted direction. Mather (1980) 
has extended this approach to a multi-directional 
scheme in a more complex distribution-shift model. 
The explanation could employ a build-up of inhibi- 
tion rather than fatigue but nevertheless relates the 
magnitude of the MAE to firing rates in single units. 

The MAE apparently does not arise through 
inhibition or fatigue in cells which increase their 
firing rates in proportion to velocity, or are tuned 
to velocity, since the magnitude or velocity of the 
aftereffect depends on the temporal frequency, not 
the velocity, of the adapting grating. Thus the 
presumption that the directional cells in a ratio or 
distribution-shift model of the MAE are tuned to 
velocity, or increase their firing rates in proportion to 
velocity, does not help in accounting for our results. 

We suspect the single units which give rise to the 
phenomenon are characterised by showing no signifi- 
cant shift in their temporal tuning curves with vari- 
ation in spatial frequency; that is they are temporal 
frequency rather than velocity dependent. Presum- 
ably the temporal properties of single units are more 
labile than the spatial tuning properties which are 
dependent upon anatomical structure. The fact that 
changing the spatial properties of the stimulus or the 
spatial characteristics of the receptor surface, by 
changing visual field locus, has no influence on the 
shape of the temporal tuning function argues for a 
purely temporal adaptation. However firing rates in 
cells with localised receptive fields are not solely 
influenced by stimulus temporal frequency; addi- 
tional factors include stimulus spatial frequency and 
contrast. As a candidate for a purely temporal change 

we suggest a change in the strength or time-course of 
recurrent inhibition which would influence temporal 
tuning and primarily influence sensitivity to low 
temporal frequencies. It has been suggested that 
velocity may be encoded as the ratio of activity in 
mechanisms with different spatiotemporal tuning 
properties (Tolhurst et al., 1973; Harris, 1980; Harris 
1982; Thompson, 1982: Green, 1983: Johnston and 
Wright. 1985). On this premise we would expect 
adaptation which caused an alteration of the 
temporal properties of these mechanisms to result in 
changes in apparent velocity of an aftereffect. This 
scheme could explain why the MAE is dependent 
upon the adaptation temporal frequency but gives 
rise to a constant cancellation velocity. The ratio 
model referred to here should not be confused with 
Sutherland’s ratio proposal discussed above. 

(3) Eflect of contrast 

Contrast has relatively little effect on the percep- 
tion of motion at moderate and high suprathreshold 
levels. There is little change in apparent motion 
(Campbell and Maffei, 1981) or the lower threshold 
for motion (Johnston and Wright, 1985) for contrasts 
above 0.05. The MAE follows a similar pattern; for 
adapting stimuli of 5 Hz, the effect of the contrast of 
the adapting stimulus levels off at approximately 0.05 
(Keck et al., 1976). This relative independence from 
contrast might be achieved if the analysis of stimulus 
velocity involved a ratio mechanism. A velocity code 
could be derived from the ratio of activity in single 
units with complementary spatiotemporal tuning 
functions but with equivalent contrast response func- 
tions (Johnston and Wright, 1985). In this context the 
fact that the ratio of the two exponential terms of 
equation (1) describing MAE temporal tuning, which 
we characterised as band-pass and low-pass temporal 
filters functions, gives a linear function of temporal 
frequency may prove significant. 

If as considered above the MAE is a purely tem- 
poral adaptation involving changes in the temporal 
properties of single units which we can characterise 
as spatio-temporal filters we might expect changes in 
MAE temporal frequency tuning functions due to 
additional factors which influence temporal tuning. 
Reducing contrast reduces the highest spatial and 
temporal frequencies detectable by a filtering mech- 
anism. The reduction of MAE strength at high 
temporal frequency and low contrast in Experiment 
5 may simply reflect the high frequency response of 
such spatiotemporal filters. 

(4) Interpretation of changes in MAE with eccentricity 

The absence of complex interactions between our 
main variables simplifies the interpretation of data 
and indicates a high degree of homogeneity in the 
mechanism underlying MAE. Invariance of M-scaled 
velocity of the MAE generalises over a considerable 
range of temporal frequencies and contrasts, al- 
though for two out of three subjects the lM-scaling 
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values of Rovamo and Virsu (1979) did not give exact 
invariance. It should be noted here that in general the 

shows the resulting aftereffect to take its spatial 
reference from the spatial gradient of the visual 

effects of a given eye movement on visual stimulation 
are equivalent for central and peripheral stimuli in 

system: the higher velocities required in the periphery 
to cancel the MAE are approximately constant when 

retinal. rather than &f-scaled dimensions and that expressed in .M-scaled units. Thus the data can be 
such effects cannot be compensated by scaling of understood with recourse to a ratio model of velocity 
stimuli. Involuntary eye movements may provide coding whose spatial reference varies with eccen- 
an explanation for the observed deviations from tricity in approximate accordance with recent esti- 
.W -scaling. mates of the human cortical magnification factor. 

The fact that MAE shows approximate &f-scaling 
indicates that the internal code for motion is ex- 
pressed relative to the changing spatial grain of the 
visual system. In the periphery a relatively greater 
spatial translation is required to have an equivalent 
influence on visual receptive fields. We can express 
this as a reduction in gain within a magnitude coded 
motion mechanism as a function of eccentricity 
(Johnston and Wright, 1985). As a consequence of 
this. motion at peripheral locations is a weaker 
stimulus than an equivalent stimulus at the fovea. 

We predict that, at constant temporal frequency, 
/\I-scale gratings, which are matched to the spatial 
grain of the visual system, should have the same 
apparent velocity independent of visual field location, 
result in the same apparent velocity MAE and thus 
require the appropriate M-scaled velocity for cancel- 
lation. In this situation apparent MAE velocity and 
cancellation MAE velocity should differ. Cancel- 
lation velocity is higher in deg/sec in the periphery 
but is equivalent to fovea1 cancellation velocity when 
expressed relative to the larger receptive fields of 
peripheral vision, thus it shows a spatial scaling 
invariance. 
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