UNIVERSITYW

This is a repository copy of Summation and discrimination of gratings moving in opposite
directions.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/115534/

Version: Published Version

Article:

Watson, Andrew, Thompson, Peter Gage, Murphy, Brian et al. (1 more author) (1980)
Summation and discrimination of gratings moving in opposite directions. Vision Research.
pp. 341-347. ISSN 0042-6989

Reuse

Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of
the full text version. This is indicated by the licence information on the White Rose Research Online record
for the item.

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

\ White Rose -
university consortium eprinis@whiterose.ac.uk
/,:-‘ Uriversities of Leecs: Shetfiekd & York https://eprints.whiterose.ac.uk/




Visioa Rescarch Yol. 20, pp. 341 o 347
Pergamon Press Lid 1980, Printed in Cireal Britain

SUMMATION AND DISCRIMINATION OF
GRATINGS MOVING IN OPPOSITE DIRECTIONS*

ANDREW B, Warsont, Prrrr G, Tuomesont, Brian J. MURPHYS and JAcos NACHMIAS
Department of Psychology, University of Pennsylvania, Philadelphia, PA 19104, U.8.A.

(Received 8 May 1979)

Abstract

We have measured the amount of summation occurring at thresheld between gratings which

move in oppasite dircctions, The small amount of summation observed at low spatial and high temporal
freyuencics is approximately consistent with the action of direction-selective mechanisms, as proposed
by Levinson and Sekuler (1975), provided that probability summation between such mechanisms is
taken into account. However, at high spatial and low temporal frequencics much more summation is
found, an amount approximately consistent with detection by dircctionally non-sclective mechanisms.
We have also measured thresholds for identifying the direction of a moving grating. For those gratings
which show little summation, dircction of motion is judged correctly at the detection threshold, while for
those gratings which show the most summation, the identification threshold is considerably ubove the

detection threshold.

INTRODUCTION

Levinson and Sckuler (1975) have reported that the
sum of two gratings of equal contrast and spatial fre-
guency which move with equal velocity in opposite
directions is little or no more visible than either grat-
ing alone. They have taken this lack of summation to
indicate that mcchanisms cxist in the human visual
system which respond to motion in one direction, but
are inscnsitive to motion in the opposite dircction,
This same conclusion has also been drawn from many
cxperiments on  direction-specific  adaptation  and
movement  aftercficets.  These  studies  have  been
reviewed by Sekuler (1975) and Thompson (1976),
* The sum of two oppositcly moving gratings (a
counterphase grating) docs not itself move, but varies
in contrast sinuscidally in time. Since the time-course
of a grating stimulus may always be resolved into a
collection of temporal sinusoids, it may also be
resolved into a collection of moving gratings. If
Levinson and Sekuler’s result were obtained at all
spatial and temporal frequencies, then all grating
stimuli, whatever their time course and whether or
not they moved, might be detected by direction-selec-
tive mechanisms. Furthermore, it has been shown that
many spatially aperiodic stimuli are detected at con-
trasts at which one or another of their periodic con-
stituents is at threshold (Graham, 1977), so it is poss-
ible that alf visual stimuli arc detected by mechanisms
which are selective for direction of motion. This out-
come would have important consequences for models

* Some of these results were reported i May, 1978 at
the meetings of the Association for Rescarch in Vision and
Ophthalmology (Nachmias et al., 1978).

+ Present address: Physiological Laboratory, Cambridge
University, Cambridge CB2 3EG, England,

f Present address: Department of Psychology, Univer-
sity of York, YOI 51D, England.

§ Deceased, 5 January, 1978,
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of the spatial and temporal sensitivity of the cyc, and
we have thercfore atiempted to assess its validity, To
do this we examined sensitivity to drifting and coun-
terphase gratings with spatial frequencies of 2, 4 and
% ¢/deg and temporal frequencies of 1.5, 3.1, 6.2 and
12.4 Hz.

The procedurces used in these experiments differed
in several ways from those of Levinson and Sckuler.
First, we collected frequency-of-sceing data for dis-
crete presentations rather than using the method of
adjustment with continuous exposure of the stimulus,
This technique allows precise control of the stimulus
time-course, reduces the probability and magnitude of
¢yc movements occurring during the stimulus, and
allows for morc rigorous tests of direction selective
and non-sclective models.

W have also examined the informational properties
of the detecting mechanism. 1f the mechanism re-
sponds only or primarily to one dircction of motion,
and if the mechanism always indicates to the observer
motion in that preferred direction, then the direction
of a moving grating should be reported as accurately
as its presence or absence. This test has been applicd
to a subset of the stimuli noted above.

THEORY

The stimuli used in both the Levinson and Sekuler
study and in these cxperiments were vertical sinusoi-
dal gratings. The luminance, L, at a peint x in spacce
and ¢ in time of a stimulus consisting of some modu-
lation, M(x, 1) about a mean level, Ly, is given by

Lix,t = Lo[1 + M(x.0)]. —l<M<1 (1)

A vertical grating which moves with a constant left-
ward velocity is described by

M (x.8) = mgltyeos[2m(fgx + frt)] {2)
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where
o= contrast
Js — spatial frequency in c/deg
Sy o temporal frequency in He

and where g(t) is a gating function, normalized so that
its maximum is unity, which governs the overall time
course of the stimulus. The velocity of the stimulus in
degfsce is given by fi/fg. The sum of a grating of
contrast m which moves to the left and one of equal
contrast which moves right is then

M - My == mglt)fcos2nl fyx + fir1)
1 cos2alfyx — fr0)] ()
which reduces to
My b My = 2mgln)] cos@rfyx)cos(2nfy1)] 4

The expresston on the right deseribes a counterphuse
grating, which does not move but whose contrast
varics as a cosine function of time. If we denote a
counterphase grating of contrast m by M(x, 1), then
we have

M+ My =2M, 3

In words, the sum of two gratings of contrast m which
move in opposite dircetions is equal to a counter-
phase grating of contrast 2 m.

In the remainder of this paper, the “threshold con-
trust” for a counterphase grating will indicate the con-
trast of either of its moving compenents, rather than the
overall contrast of their sum. For example, if the
stimulus described by cquation (5) was just visible, it
would have a threshotd contrast of m.

Levinson and Sckuler argued that if 1 counterphase
grating were defected by mechanisms cach of which
responds only to one or the other of its moving com-
ponents, then the sum of M, and M, would be no
mare visible than M, or My alonc. In other words,
the threshold contrasts for moving and counterphase
gratings would be cqual, On the other hand, they
reasoned, detectors which respond to both directions
of motion would sum the contrasts of the oppositcly
moving components, so that the threshold contrast
for a counterphase grating would be half that of a
moving grating. This ratio of threshold contrasts, or
cquivalenily, the decibel dilference in sensitivity to
counterphase and moving gratings thus provided a
test of the two models: the direction-sclective model
predicts a difference of (0 dB, the non-selective mode!
predicts a difference of 6 dB*. The results they
reported were for the most part consistent with a dif-
ference of approximately 0dB, and they therefore
concluded in favor of the direction selective model.

Several features of these models are improbable,
howaever. If, in the sclective model, the two mechan-
isms sensitive to opposite directions of motion are

* By convention, decibels of contrast or of ratios of con-
trasts are given by dB(x) — 20log, , (x).
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independently perturbed by noise, then we might
expeet to observe the effects of probability summation
between them. Effeets of this sort have been observed
by Sachs ¢t al. (1971) and Graham er al (1978),
among others. Probability summation between direc-
lion-sclective mechanisms would improve the visibi-
lity of a counterphasc grating, which stimulates both
mecharisms, relative 1o a moving grating, which
stimulates only onc,

Similarly, the non-selective model neglects the
effects of probability summation over space (Robson
and Graham, 1979) and time {(Watson, 1979). Con-
sider a collection of mechanisms, cach having the
same temporal impulse response, and each having
spatial weighting function of identical shape, whose
centers are distributed densely and uniformly across
the retina. Suppose that cach mechanism is noisy, and
that a stimulus is detected if and only if the response
in at least one mechanism cxceods some magnitude.
Threshold contrast for a stimulus will then reflect
probubility summation over space, that is, over the
collection of spatially distributed mechanisms, and
over time, that is, over the temporal response within
cuch  mechanism.  Here, probability summation
reduces the advantage of a counterphase grating over
a drifting grating, since the drifting grating has con-
trast peaks at many points in space and time.

The differences in sensitivity to moving and coun-
terphase gratings predicted by these noisy direction-
selective and non-selective mechanisms are shown re-
spectively as open and illed circles in Fig. 1. Both
predictions depend upon a parameter fi, which reflects
the siope of the psychometric function, as described in
Appendices A and B. Typically, estimates of § lic
between 3 and 6, so that the remaining difference in
the predictions of the two models is between 1.5 1o
3.5dB. The original predictions of Levinson and Sek-
uler, which neglect probability summation, are shown
as filled and open arrows on the right margin,

METHODS

Two experiments were performed. In both, moving
sinusoidal gratings were generated by a PDP 11/10
computer on the face of a Tektronix 604 oscilloscope
at a frame rate of 200 Hz. Additional details of our
method of stimulus generation are available elsewhere
{(Watson, 197%9). The face of the oscilloscope was seen
through a rectangular hole (2.5 by 1.99) in an £ dia
circular screen whose color and brightness closely
matched  that of the oscilloscope (green P-31,
[5cd/m?). A small central fixation spot was used. The
display was viewed binocularly from a distance of
228 e,

For all stimuli, the gating function, g(t) in equation
(2), was a raiscd cosine, that is,

g(t) = 0.5 — 0.5 cos(2nt /0.82)
=10

0<t <082

elsewhere.  {6)
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[Fig. 1. Values of the decibel difference in sensitivity 1o
moving and counterphase gratings predicted by noisy di-
rection sclective mechanisms G and noisy non-sclective
mechanisms @, as a funclion of the psychometric function
slope parameler . Also shown as open and filled arrows
arc the simple predictions of Levinson and Sekuler.

Ixperiment [

Yes no frequency of seeing data were collected for
left-moving, right-moving, and counterphase gratings.
For cach of the three stimulus types, four contrasts,
spanning 6 dB in 2 dB steps, were sclected so as to
bracket a previously estimated threshold. Within a
session of 1300 trials, the spatial and temporal fre-
quencies were fixed, and the three types of grating as
well as 7.7%, catch trials were randomly intermixed.
Two obscrvers participated in Experiment 1.

Experiment 2

In the sccond cxperiment cach trial consisted of
two observation intervals marked by tones. In a ran-
domly sclected one of the two intervals a left or a
right-moving grating was presented. On cach trial, the
observer attempted to identify the interval containing
the grating, and the direction in which it moved. Fol-
lowing cach response, feedback tones indicated the
interval in which the grating was presented and the
direction in which it moved. As in Experiment 1, four
contrast levels were used for cach stimulus type, and
all stimuli appeared with cqual frequency in cach ses-
sion of about 480 trials, Again, the spatial and tem-
poral frequencies were fixed within a session. Three
observers took part in Experiment 2.

RESULTS

Experiment |

Figure 2 shows sensitivity (defined as the reciprocal
of the threshold contrast) of one observer to leftward
moving (open circles), rightward-moving (solid circles)
and counterphasc gratings (squarcs) at spatial fre-
quencics of 2 and &c¢/deg. Results for a second
observer were very similar in all relevant respects.
According to Levinson and Sckuler, at cach temporal
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frequency the sensitivity lo a counterphase graling
should be equal to the sensitivity to & moving grating,
1t is clear that the actual sensitivitics to counterphasce
gratings depart consistently from those fo moving
gratings: both observers are more sensitive (o the
counterphase grating than predicted by the simple
direction-sclective model which neglects probability
summation. .

‘The departures are most pronounced at 8 c/deg at
the lower temporal frequencies. At 1.5 He, sensitivity
to the counterphasc grating is about 4 dB higher than
to a moving grating,

Figure 3 provides a comparison of the sensitivity
differences actually obtained (circles) with those pre-
dicted by noisy direction-sclective {triangles) and non-
sclective mechanisms (squares). Fach point is the
mean of several sessions. Appendix C describes the
derivation of these quantities. The right panel of
Fig. 3 shows results for 2 ¢/deg. The obtained values
are certainly better approximated by the predictions
of the direction-selective mechanisms, though a dis-
crepancy of 0.5 to 1 dB is present at all temporal fre-
quencies. The data depart by about 2dB from the
simple prediction (0dB) given by ILevinson and
Sckuter.

Results for gratings of 4 and 8 ¢/deg arc shown in
the center and loft pancls of Fig. 3. At 4c/deg, the
obtained sensitivity differcnces show a  systematic
trend away from the direction-selective predictions at
the lower temporal frequencics, though they still
remain below the non-selective predictions. At 8 ¢/deg
the trend persists, so that at 1.5Hz (a velocity of
about 0.2 deg/sce) the obtained values are about 2dB
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Fig. 2. Contrast scnsitivity, defined as the inversc of

threshold contrast, for leftward moving O, rightward mov-

ing @ and counterphase gratings {7, as a function of tem-

poral frequency. For counterphase gratings, threshold is

cxpressed in terms of the contrast of cither of its moving,

components. The results of ene observer (Peter) at two
spatial frequencies are shown,
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Fig. 3. Decibel difference in sensitivity to counterphase and moving gratings as a function ol temporat
frequency for gratings of 8 c/deg (left panel), 4 c/deg (center panel), and 2 c/deg (right panel). Circles
represent experimentally obtained values, while triangles and squares represent the predictions of noisy
dircetion-selective and non-selective mechanisms, respectively. See appendices for a fuller description of
these quantitics. Solid symbols are for Peter, open symbols for Sandy.
above the direction-sclective prediction, but are  those of Levinson and Sekuler, show less summation

reasonably approximated by the non-selective predic-
tions.

Levinson and Sckuler reported that sensitivity to
moving gratings was about equal (in our terms) to
that for counterphase gratings. We find differences in
sensitivity of between L5 and 4 dB. The discrepancies
between these results may in part be explained by a
difference in procedure. Our results were obtained
by the method of constant stimuli, with a random
ordering of presentations of counterphase, left-moy-
ing, and right-moving gratings, so that the observer
was not able to predict the type of stimulus to be
presented next. Levinson and Sckuler, on the other
hand, used the method of adjustment with continuous
cxposure of cach stimulus, so that the observer pre-
sumably was awarce of the type of stimulus being pre-
sented. Suppose direction-selective mechanisms exist,
In our procedure, the observer’s attention to left- and
right-selective mechanisms must be independent of
which stimulus is presented. In the method of adjust-
ment, the observer can ignore the right-selective
mechanism when a lefiward moving grating is pre-
sented, and vice versa, If there is a “dircction uncer-
tainty effect” as reported by Sekuler and Ball (1977),
this strategy should improve performance with movy-
ing, but not with counterphasc gratings, thereby
inflating the measured sensitivity difference (See Gra-
ham et al. (1978) for a similar discussion of uncer-
tainty clfects.)

Stromeyer et al. (1978) have also compared thresh-
olds for moving and counterphase gratings, using
partly method of adjustment and partly a signal
detection method with discrete stimulus presentations
and intermixed stimuli, Their results arc on the whole
comparable to our own, though their adjustment
thresholds at the higher temporal frequencics, like

than we have obtained.

It summary, the relative visibility of moving and
counterphasc gratings is never precisely consistent
with the operation of channels sensitive to only one of
two opposite dircections of motion. This is so even
when probability summation among these channels is
taken into account. The inconsistency is maodest for
low spatial and high temporal frequencics (high velo-
citics), but is severc at high spatial and low temporal
frequencies (low velocitics). At the lowest velocities,
the results arc in accord with the action of direction-
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Fig. 4. Ratio of threshold for detection of a moving grating

and for identifying its direction of motion, us a function of

temporal frequency. Solid symbols arc for a spatial fre-

queticy of 2 c/deg, open symbols, 8 ¢/deg. Triangles are for
Peter; circles for Sandy; squares for Lucy.
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ally non-selective mechanisms. This pattern of results
agrees with the outcome of our second experiment.

Experiment 2

In this experiment the obscrver was required to
identify which of two intcrvals contained a moving
grating, and to identify the direction in which it
moved. The data of cach session have been converted
to two thresholds, a detection threshold, an estimate of
the contrast at which the correct interval is chosen on
some fixed proportion of trials, and an identification
threshold, a comparable measure for correct report of
dircetion. (Sce Appendix C for the method of estimat-
ing thesc thresholds.)

The ratio of thresholds for detection and identifica-
tion arc shown for three observers in Fig. 4. The filled
symbols are for gratings of 2 c/deg,, the open symbols
for 8 c/deg. Each point is the mean of the ratios from
several sessions, For the lower spatial frequency, the
ratio is nearly unity at both high and low temporal
frequencics. Apparently, whenever the stimulus is
detected, its direction is known, This sort of perform-
ance would be expected of a mechanism which itsell
encodes direction.

The ratios for a spatial frequency of 8 c/deg are also
near unity at a temporal frequency of 12.4 Hz, but
decline systematically as the temporal frequency is
reduced. At 1.5 Hz, between 2 and 4 dB more contrast
is required belore direction is reported as correctly as
interval. Evidently the mechanisms which detect these
low velocity stimuli de not themselves encode direc-
tion of stimulus motion.

DISCUSSION

At low spatial and high temporal frequencies (high
velocities) gratings which move in opposite directions
show very little summation, and arc casily discrimin-
ated at threshold, consistent with detection and iden-
tification by direction-selective mechanisms. At high
spatial and low temporal frequencies (low velocities),
more summation is found, and discrimination of di-
rection is poor. We shall consider several explana-
tions of these results.

Direction tuning

It is possible that a left-sclective mechanism might
have somc residual sensitivity to rightward motion;
and this sensitivity, relative to that of the mechanism
selective for rightward motion, might decline with vel-
ocity, Some summation would then occur at low velo-
cities, but much less than at high, and only at low
velocities would frequent confusions of direction at
threshold occur. This means that a single mechanism
might be selective or non-selective, depending upon
the stimulus velocity.

Non-selective mechanisms

Alternatively, both selective and non-sclective
mechanisms might exist. Their sensitivitics to velocity
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might be such as to favor the action of selective mech-
anisms at high velocities, and of non-selective mech-
anisms at low. Elsewhere, Watson (1977) has found
failures of summation between high and low temporal
frequencies, as would be expected of this model,

Note that there is a general correspondence
between the presumed ranges of operation of direc-
tion-seleclive and non-selective mechanisms and the
transient and sustained mecchanisms proposed clse-
where (Kulikowski and Tolhurst, 1973).

Eye movements

Motions of the eye, even during 820 msec of fixa-
tion, may be sufficiently probable and large that their
contribution to the results should be considered.

At low stimulus velocitics, the retinal velocity may
be dominated by motions of the eye. Hence gratings
with opposite but low stimulus velocities may occas-
sionally move in the samc direction on the retina.
Thus the lower the stimulus velocity, the more sum-
mation would be obtained, and the more frequent
would be confusion of direction. The eye movements
required to explain our results on this basis would
seem more rapid or frequent than arc ordinarily
observed, but the most direct test of this idca is to
conduct comparable experiments under stabilized im-
age conditions. Efforts in this direction arc now being
made (Mansfield and Nachmias, 1979).

SUMMARY

Over a wide range of spatial and temporal frequen-
cies, summation of gratings which move in oppositc
directions is consistent with detection by mechanisms
which are strongly selective for direction of motion, as
reported by Levinson and Sckuler {1975), provided
that probability summation between such mechan-
isms is taken into account. Furthermore, for this
range of stimulus parameters, the direction of a mov-
ing grating is correctly reported about as often as the
stimulus is detected.

At low temporal and high spatial frequencies more
summation is observed than expected from direction-
selective mechanisms, and considerably less contrast is
required to detect a stimulus than is required to cor-
rectly judge the direction in which it moves, For these
stimuli, the amount of summation is consistent with
detection by directionally non-selective mechanisms.

Acknowledgements: ABW was the recipient of a predoc-
toral fellowship from the Institute of Neurological Sciences
at the University of Pennsylvania. PGT was supported by
a Harkness postdoctoral fellowship from the Common-
wealth Fund, and BJM was the recipicnt of an NIH post-
doctoral fellowship. This research was supported in part by
NSF Grant BMS75-07658 1o JN. This paper is dedicated
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APPENDIX A

In this appendix we derive the difference in sensitivity to
moving and counterphase gratings predicted by noisy dir-
ection-selective mechanisms.

Suppose that the probability, P, that a leftward moving
grating of confrast m,, is detected by the left-sensitive
mechansm is given by

Py b expl— (g fo ) (A1)

where o is the “threshold contrast™ of the mechanism (the
contrast at which 63%, of the stimuli are detected), and fis
a paramcier which governs the slope of the function. A
psychometric Tunction of this form was suggested in
another context by Brindley (1960),

I left and right-sensitive mechanisms are independent,
then the probubility P, of a “yes™ responsc 1o any combina-
tien of left and right moving gratings witt be

Pl = (=)0 P (1 — By (A2)

where p is the probability of a “yes™ when both my, and mp
are zero. Combining equations (Al) and (A2), we obtain
the psychometric function

P |l p)exp| - R (A3)
where
Ro= Tl fae 4 (my fag]'0.

Nate that a stimulus is at threshold when B = 1,

(A4)

A. B. WATSON et ul.

A simple prediction is now possible il we suppose that
sensitivity is equal to both directions of motion, that is,
that &, = o, {2y, and o, were approximately cqual in our
own and Levinsen and Sckuler’s results.) If we wrile o for
the threshold contrast of a counterphuse grating, that is,
for the contrast of cither moving component when the sum
is at threshotd, then

Ve [ae /e 4 (og /o] (AS)
Simplilying and converting 1o dB, we have
dB(o,) — dBo,) = 6/4. (A6)

In summary, the decibel difference between sensitivities for
moving and counterphase gratings predicted by probability
summation  between  direction-selective  mechanisms s
given by 6 divided by the psychometric function sfope par-
ameter, fi. This quantity is plotted as open circles in Fig. 1.

APPENDIX B

In this appendix we describe « model for the detcetion of
moving and counterphase gratings by dircetionaily non-
sclective mechanisms.

Consider a collection of mechanisms, cach with a “recep-
tive field” of fixed size, shape, and position on the retina,
whose sensitivitics, or gains, vary according to the function
a(x) where x is the distance of the receptive field center
from the fovea in degrees of visual angle. Each mechanism
has the same temporal impulse response, which is indepen-
dent of position in the receptive ficld,

The receptive field properties are defined by two weight-
ing functions, wg{x' — x} and w,(t' — ) which describe the
contribution of modulation at a horizontal location x’ in
space and ¢ in time to the responsc at time ¢ of the mech-
anism centered at x. The responsc is given by

Hx, 1) = [IM{x', Oa(x)wsix’ — (' - 1) dx'de’ (B1)
This is a convolution integral, so we may write
Hx, ) = alx} M(x, 0* [wg (- whwe(—1)] (132)

By the convelution theorem, we may convert to a fre-
guency represcntation

) = alx) & 1 LF [Mix, 0] Ws(n i) Wr (2 fy)]

(B3)

where W and Wy are the spatial and temporal transfer

functions of the mechanisms. Tt is reasonable o suppose

that these functions have constant gain, lincar phasc, over
the spectrum of the signal. Then we may write

rix,ty = alx}k M(x —a,t — b) (B4)

where, k, ¢ and b are constants which depend only on the

{requencies fy and [,

Assume that the response of each mechanism is indepen-
dentty perturbed by noise, that cach mechanism has a
threshold, and that the probability that threshold s
excceded is given by

plec) = 1 —exp{—|rx, 1)| ") (B3)
I the stimulus is deteeted whenever the response in at least

one mechanism exceeds threshold, then for all stimuli at
threshold,

= Z (B6)

Thus the ratio of thresholds for counterphase and
moving gratings will be given by

aefoy =

1 [ L |aljAx)gliAt) oos 2u( fyjAx — .l'riA!)l”HJ”' (B9)

"m i
3o r(jAx, i Ar)\“—’

ii—m

2| X |a(jAx)g(iAr) cos (2mfs jAx) cos (2 fpiAt

In the caleutations whose results arc shown in Fig, 1 the
parameters used were: o= 40, Ax = 0.025", m = 40,
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Ar = (101 see, fy = 8efdeg. fi = 124 Hz. The actual values
of spatial and temporal frequency and the duration of the
pating function have very little effect upon the predictions,
except that, if fewer than two pertods of the temporal
modulation arc enclosed by the gating function, moere sum-
mition will result. Thus the predictions for 1.5 1z lie about
0.5 dB above those shown.
The fubction a(x) was taken 1o be

ax) = 10 AN (B11)

Thig funetion wus adopted from the data of Rebson and
Graham (1979 and deseribes a decline in gain of about
0.375 dB per period of the spatiul wavelorm distant from
the fovea.

APPENDIX €

In this appendix we describe a method of estimating
threshold contrasts and psychometric function slopes from
frequency-of-seeing data, We also provide a rule for esti-
mating a single measure of the observed sensitivity differ-
enee from the thresholds for left-moving, right-moving and
counterphase gratings.

Equation A3 specifies a form for the psychometric func-
tion. This expression, with R == w/C, may be fitted to the
frequency-ef-seeing results for cach separate type of stimu-
lus to provide maximum likelihood estimates of the thresh-
old, «, the slope, 8, and the guessing probability, y (Watson,
1979). The thresholds plotted in Fig, 2 were estimated by
this method. The detection and identification thresholds of
Lxperiment 2 were estimated by fitting separately the fre-
quency-of-detection and frequency-of-identilication results,
To fil these forced-choice results, ¢ was set at 0.5
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[n experiment 1 the frequency-of-seeing results for left,
right, and counterphase gratings from cach scssion were
also {it by a model in which the psychometric function for
cach type of stimulus has the form of cquation A3 but in
which all three functions share a common slope, This csti-
mate of the slope, i, was used in the predictions of the
models described in Appendices A and B which are plotted
as triangles and squares in Fig, . A y % statistic rejects the
fit in 10 cases out of 69 at the (105 level.

To convert the three thresholds estimated in this way tor
a single value of the abtained sensitivity difference, we have
supposed that the effects of left and right-moving gratings
are combined by the rule

R = [lmg o)’ + (o) 1. cn

where R serves as the argument in equation A3, Here a is
an arbitrary parameter which is inversely related to the
degree of summation that the rule expresses. When o == |,
lincar summation results, when & > 1. less than lingar sum-
mation occurs, and when o < [, more than linear summa-
tion takes place. When & == f#, the amount of summation
is consistent with probability summation, since cquations
Ad and C1 are then identical.
When a counterphase grating is o threshold,

TR AT (€2)

Provided that o = > o< == ay, these three threshoelds
determine the value of 5. When oy = a,

dB{x,) — dB{ag) — 6/, (C:3)

Values of the sensitivity difference estimated in this way are
plotted as circles in Fig. 3.



