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INTRODUCTION

THE PRINCIPAL characteristics of a visual motion response associated with certain classes
of moving stimuli, and the elements of a mathematical model describing the system in that
response have been given in an earlier report (FOSTER, 1969). It is the purpose of the present
investigation to extend this study, both experimentally and theoretically.

First, the main findings of the earlier work are reviewed.

It has been demonstrated (FOSTER, 1968) that in the perception of moving, spatially-
periodic patterns, there exist transitions in sensation associated with certain critical values
of the temporal frequency, £, the angular area, 6, and the spatial period, A, of the stimulus.
Thus, if the temporal frequency of the stimulus is the controlled variable, we have the
following:

(i) For f < f, (the lower critical frequency)—a sensation of well defined, directed motion,

(i) for f; < f < £, (the upper critical frequency)—a sensation of non-directed motion, or
flicker,

(iii) for f > f,—fusion.

At certain values of the input parameters, a stationary stroboscopic effect is also
observed.

Using a rotating radial grating as the primary stimulus, and restricting the field of view
to a foveal annulus, the interrelationships of the variables, f,, f;, 0, and A, were investigated
(FOSTER, 1969). Square waveform gratings, only, were employed.

A typical set of curves, obtained for the author, is shown in Fig. 1.

The most significant results of this investigation are summarized below:

(i) The variation of the upper critical frequency, f,, with angular area, 6, is independent
of the spatial period, A, including the limiting case, A = co. (The latter is equivalent to a
spatially uniform flashing source.)

(ii) The variation of the lower critical frequency, f; with angular area, 8, is not indepen-
dent of A, and at fixed 6, f; decreases with increasing A (q.v. Fig. 1).

(iii) The stationary stroboscopic effect (marked *“s” in Fig. 1) occurs when 6 > A/2, for
all A < 180°,

(iv) The visual response at motion threshold is insensitive to the phase structure of the
stimulus pattern (at § = 360°).

On the basis of these observations, the following conclusions were drawn, concerning the
nature and organization of the information processing clements present in the human visual
system.
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(i) There exist two types of information processing unit: a vertical (V) unit, which deals
with local temporal fluctuations of the stimulus, and a horizontal (H) unit, which deals with
the spatial ordering of these local temporal fluctuations. These units are replicated across the
visual field as shown in Fig. 2.

T T 1 T 14 T T
c/s Observer DHF
30 + .
I U | =
0 - -|-——-l—-l" 4
15 .
all X
0 .
5+ -
/.-
3k wets t ! .
| s i
2} x40 R -
Vi
/o 7
. | 4
i 90 I/
os | 10/ J
7 ?
11 s
3 P+ _‘t ‘—s .o{' /0— -~
30 -4 ’ ,/:/‘ "
T v v q/ ]
60°7 ./
b Vv -
\\
120/ JRRENEY
05 ¢ ‘9 v -
Voo N
LY /y
AN s
03 P 360°/ AT <
~_ -
STIMULUS FIELD
[:)
1 L L 1 L 1 1

10 20 30 SO 100 200 300 deg

F1G. 1. Curves showing the variation of the upper critical frequency, f., and lower critical

frequency, f;, with angular area, 6, and spatial period, A. The onset of the stationsry strobo-

scopic effect is indicated at the points matked “'s”’. The root mean square deviation associated
with each reading is shown by the vertical bars.

(ii) The V-unit was identified with the de Lange filter (DE LANGE, 1954). This describes
the frequency response of the human visual system at flicker-fusion threshold.

(iii) The H-unit was identified with some form of Reichardt multiplier (REICHARDT and
Varyu, 1959, see Fig. 3a). This was originally developed in order to describe the optomotor
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Fi6. 2. The organization of the information processing elements: R are receptor (or groups of

receptors), V are de Lange low pass filters, and H are Reichardt multipliers (see text). The

channels marked B carry information about local temporal fluctuations of the stimulus, and

those marked C carry information about the spatial ordering of these local temporal fluctuations.
The angular area, 9, is included as a parameter in the V-unit description.

response of the beetle Chlorophanus. The response of the multiplier to sinewave inputs is
given below:

kw?

(@ +w) (B + v?)

r= . sin(27. A 6/A) (1)
where w = 27,

a, b and k are real positive constants,

A4 is the input (receptor) pair separation,
and A is the spatial period of the stimulus.
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Fia. 3. Complex frequency (s) domain representation of two-element movement detectors. In

(n) is shown the Reichardt multiplicative interaction scheme (T(s) is a time averaging ehnem).

In (), is shown Thorson’s simplification of the Reichardt scheme. The sinewave response of
each system is indicated.
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[It may be seen that for A > A/2 (and Af < 2) the motion response r is negative. It
may also be shown (REICHARDT and VARIU, 1959) that the response is insensitive to the
phase structure of the stimulus pattern.]

(iv) Summation/threshold mechanisms associated with the V-unit output channels were
shown to spatially phase insensitive in their action. In the case of the H-unit system, it was
concluded that positive and negative outputs from different units do not undergo
“arithmetic’ summation. Since negative outputs only arise when A8 > A/2 (see above), this
was shown to provide an explanation of the stationary stroboscopic effect.

(v) The maximum input (receptor) pair separation, measured angularly around the
annular field, was deduced to be between 60° and 90°.

Using the system outlined above, it was shown possible to describe, in a qualitative
fashion, the observed characteristics of the visual response to certain moving, spatially-
periodic stimuli.

In order to provide a quantitative description of the observed motion response data, the
construction of the functional units making up the system model must be specified in greater
detail. Thus, it is necessary to determine the modification of the Reichardt multiplier most
appropriate in the H-unit description, the frequency response characteristics of the V-units,
and the dependence of the response upon the number of units operating (a function of §).

In contrast to the earlier investigation (FOSTER, 1969), both sine and square wave stimuli
are used in the present study, and experimental observations are extended to four subjects
(including the author). The general experimental approach is the same, however, and “small-
signal” stimuli are employed to prescribe system linearity (q.v. THORSON, 1966).

APPARATUS AND METHODS

Referring to Fig. 4, the primary stimulus consisted of a rotating radial grating, RG, transilluminated by
the incandescent lamp, L,, via the liquid filter, F, and flashed opal diffusing screen, D,. The view of the
grating was restricted, with the mask, M,, to an annulus of 1-5° total mean angular subtense, and angular
width, 0-21°. Portions of the annulus could be sectioned off; the remaining sector was specified by the angular
coordinate, 9 (see inset of Fig. 4).

A rectangular background field, uniform to within 5 per cent and of total angular subtense, 4-7°, was
provided by the light box, L, and diffusing screen, D,. In front of D, was placed the mask, M, the comple-
ment of M;.

The primary stimulus field and background field were combined with the beam splitter, P, and the de-
magnified whole viewed via a 2 mm artificial pupil, 4P. Retinal illumination was approximately 390 trolands,
and the colour temperature of the background field, approximately 2500°K.

The radial grating was driven by an electric motor via a system of gears; grating speeds of from 0-1 rev/sec
to 40 rev/sec could thus be obtained. Angular velocities were monitored continuously using an electronic
tachometer.

Both square and sinewave radial gratings were employed. The square wave gratings consisted simply of
sectored discs, with spatial periods ranging from 40° to 360°. The sinewave gratings were approximated by
discs consisting of constant thickness radii, the angular separation of which was proportional to the mean
angular coordinate (see Fig. 4). The high frequency content of these sine-approximated gratings was reduced,
in situ, by placing a second diffusing surface between the grating and the prism. Using this method, nominal
sine gratings with spatial periods of 180° and 360°, were prepared. [The harmonic contents of both square
and sinewave gratings were checked, and deviations from the ideal waveforms shown to be within ex-
perimental tolerances (FoSTER, 1970).]

To provide the required small-signal operating conditions, a 10 per cent neutral density filter was inserted
between the grating and the prism.

General experimental procedure

A dental bite was used to locate the head of the subject, who fixated, monocularly, the centre of the
annular stimulus. The speed of rotation of the grating could be controlied by the observer.

In order to define a fixed-coordinate, input (receptor) array, it was necessary to ensure good fixation. Two
criteria were used to judge when such fixation ceased:
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(i) The disturbance of the gradual trend of the stimulus sensation to that of steady state.

(ii) The interruption of the gradual “washing-out” of the surround field (see R1GGS, RATLIFF, CORNSWEET
and CornsweeT, 1953).

Sharp eye movements, or flicks (q.v. DircHBURN and GINSBORG, 1953), could also be identified by the
sudden brightening of some dark contours which formed part of the fixation spot (q.v. LORD and WRIGHT,
1950). [Residual eye tremor (see DIrCHBURN and GINSBORG, 1953) was not thought to be significant, in view
of the findings of Wesr (1968) and GreerT and FENDER (1969). West showed that the temporal frequency
response, at fusion threshold, remains of the same form both in stabilized and non-stabilized vision, Gilbert
and Fender demonstrated a similar result for the spatial frequency response characteristics.]

Before commencing observations, the stimulus intensity was standardized against the background field
intensity. The stimulus pattern (fused by the observer) was superimposed on the negative mask, M,
{q.v. Fig. 4) and the two fields matched for colour and brightness with the liquid filter, . M, was then
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Fia. 4. The experimental apparatus: L, and L, are incandescent light sources; F, a liquid filter

for colour cotrection; S; and S, stops; D, and D,, diffusing screens; RG, radial grating, M,

and M, positive and negative masks; P, split prism; AP artificial pupil. In the inset: sine and
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removed, leaving a uniform background field, and the 10 per cent neutral density filter reintroduced between
grating and beam splitter. 'l‘lms,thesmﬂmmmtymhonwumthm 10 per cent of the background
{mean) intensity, and superimposed upon
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GF who was 20 years old and was slightly myopic (a correcting lens was introduced), RAE who was emmetro-
pic and 22 years old, and WHK who was also emmetropic and 42 years old.

EXPERIMENTS AND RESULTS
As in the previous investigation (FOSTER, 1969), the general characteristics of the system
were first examined. Thus, the uniformity in the motion response around the annular

field, and the symmetry of the motion response with respect to reversal of stimulus direction
were established for each of the observers.

The dependence of the lower critical frequency on angular area, spatial period and waveform

The lower critical frequency, f;, was determined as a function of the angular area, 6, with
grating periods, A, ranging from 40° to 360° for the square wave stimulus, and 180° and 360°
for the sine wave stimulus,
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F1G. 5. The variation of the lower critical frequency, f;, with angular area, 0, and spatial

period, A. Both sine and square wave responses are displayed, with the onset of the stationary

stroboscopic effect indicated at the points marked “s”. The root mean square deviation
associated with each point is also shown.

The recorded data of Figs. 5a-5f show the general upward trend of f; with both increasing
0 and decreasing A (q.v. Fig. 1). The sine response curves are depressed with respect to those
for square wave stimuli, the difference being most marked at low f; values. The onset of the
stationary stroboscopic effect is indicated at points marked *“s” and is seen to occur for ail
A values tested, except for A = 180° and A = 360°. It is also noted that at the onset of the
stationary stroboscopic effect, the angular area, 6, is approximately equal to half the spatial
period, A/2.

The dependence of the upper critical frequency on angular area, and spatial period
The upper critical frequency, f,, was also determined as a function of the angular area of
the stimulus, 6, for a range of grating periods, A. Square waveform gratings were used only.
The results obtained are displayed in Fig. 6. For each A value, the corresponding curve
has been displaced for ease of examination. Included as a limiting case (in Fig. 6a) is that
of f, vs. 8 for infinite spatial pe.iod. It is noted that the f, vs. 0 response is independent
(within experimental error) of the spatial period.

The de Lange low frequency attenuation characteristics

To determine the modulation transfer function of the V-units, i.e. the de Lange flicker-
fusion attenuation characteristics, the following procedure was adopted.

The 360° sine wave grating was arranged to interrupt the primary stimulus at the inter-
mediated focus, O, of the source, L, (Fig. 4). (This produced a spatially uniform field, with
temporal modulation only.) A neutral, variable density wedge was placed in front of the stop
S,, and the fixed 10 per cent neutral density filter removed. With the temporal frequency
of the stimulus fixed by the experimenter the transmission of the wedge was adjusted by the
subject so that flicker could just be discerned.

Note. The primary stimulus was superimposed on the background field, and therefore changes in stimulus
modulation depth rosult in changes in the total mean intensity level. These departures from fixed Jovel working
conditions were restricted to 10 per cent of the background level by limiting the range of modulation depths
available. Only low frequency response characteristics could therefore be determined (see DE LANGE, 1954).
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Using the above method, low frequency attenuation characteristics were obtained for
angular areas, 6, ranging from 13° to 360°. In Fig. 7, results for three observers are
shown. Each curve has been displaced vertically for ease of examination.

It will be seen that there is no well-defined change in shape of the characteristics with
variation in area, apart from a bodily downward shift with decreasing 6. Significant attenua-
tion does not commence until the temporal frequency exceeds 9 cfs.

ANALYSIS

Some general comments are first made concerning the validity of the conclusions reached
in the earlier study on the visual motion response (FOSTER, 1969).

(i) The initial analysis of the response of the visual system to moving, spatially-periodic
stimuli was based primarily on the results of one subject (DHF). From Figs. 5 and 6 it may
be seen that the general characteristics of the f; vs. 6, A and the f, vs. 6, A responses are indeed
common to all subjects tested.

(ii) It was argued that the higher harmonics of the square wave stimulus are not signifi-
cant (to a first approximation) in determining the form of the motion response. This con-
clusion is supported by the results of Fig. 5, in which it is seen that the sine wave motion
response only differs markedly from the square wave motion response at very low f; values.

Thus, the initial experimental evidence for the form of the visual motion response, and
the deductions based upon this evidence, are given further weight; the conclusions outlined
in the Introduction, concerning the make-up of the system model, are therefore taken as the
starting point for the following analysis.

The intention is to give a detailed mathematical structure to the model. Specifically, we
obtain a simplified description of the V-unit, and deduce the form of the areal dependence of
the V-unit summation/threshold system. The nature of the H-unit output interaction is
examined further, and an expression is derived for the general response of the model at
motion threshold. The sinewave motion response data is then fitted.

It is shown necessary to modify the basic Reichardt scheme in order to reconcile the
theoretical square wave motion response of the model with the observed data. The resulting
expression for the square wave motion response is then used to arrive at a value for the
minimum input (receptor) pair separation, Af,,;,.

Some predictions of the model are also briefly discussed.

The V-units

It has been shown (FOSTER, 1969) that the V-units may be identified with de Lange
filters. Since the de Lange attenuation characteristics of Fig. 7 are area dependent, the
angular area, 9, must be included as a parameter in the V-unit specification (see Fig. 2).

We now show that this description may be simplified.

Referring to Fig. 7, we see that the de Lange characteristics do not exhibit a well-defined
change in shape with area, 6, although there is a downward shift of the curves with reduction
in 6. Thus, to a first approximation, the shape of the characteristics (attenuation vs. frequency)
may be considered to be independent of 8. If the sensitivity of the system to variations in 8
is then attributed solely to threshold variations, which simply shift the fundamental frequency
response along the attenuation axis, & may be eliminated from the F-unit description.

Let W (w) (w = 2nf) represent the f-independent frequency response characteristics of the
V-unit. To determine W{(w), the following was carried out.

Each of the de Lange attenuation characteristics, determined for a particular 6 value, is

vEioN 11/lw-n
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shifted vertically to set the attenuation equal to zero at low frequencies, and the curves then
superimposed. The averaged response function, thus obtained, is shown in Fig. 8. These
curves define the V-unit attenuation characteristics W(w) for the present experimental

configuration.
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FiG. 8. The é-independent frequency response characteristics of the V-units (see text), w is the
temporal angular frequency.

The summation/threshold units associated with the V-unmits

Two possible types of summation/threshold arrangement, associated with the V-units,
have been defined (FOSTER, 1969); viz:

Scheme (a) in which the V-unit outputs retain their separateness, and feed directly into
individual threshold units.

Scheme (b) in which the V-unit outputs first feed into a phase-independent summation
unit. The output of this unit then feeds into a single threshold unit.

The areal (6) dependence of the system, in case (a), is located at each threshold unit, and
in case (b), is located at the summation unit. With the data available, it is not possible to
distinguish between the two systems, (a) and (b).

The specific areal () sensitivity of the system (Py (6), say) is obtained from the experi-
mental data of Fig. 7, by plotting the attenuation at the lowest temporal frequency (f, =
0-45 c/s) as a function of the angular area, 6. For DHF only six & values are available (Fig.
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Fic 9. The arcal sensitivity, Py(8), of the V-unit summation/threshold system (see text).
(rms Deviation associated with each point is indicated.)
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7), and therefore to determine a more precise value of the areal weighting factor, Py (8),
direct measurement of the flicker threshold as a function of 8, at £, = 0-45 ¢/s, was carried
out. The same methods were used as in the determination of the de Lange characteristics,
described earlier.

The results of these measurements are shown in Fig. 9 (for one subject). This curve
defines for the present experimental configuration the areal sensitivity, Py (6), of the V-unit
summation/threshold mechanisms.

The H-units and associated summationfthreshold units

In this section, we distinguish two possible types of summation/threshold mechanism
associated with the H-units, and obtain a general statement describing the response of the
model at motion threshold. The significance of the angular area, #, and input (receptor)
pair separation, Af, in weighting the H-unit outputs is evaluated, and a theoretical ex-
pression for the sinewave f; vs. # response is derived.

First, two possible summation/threshold mechanisms are examined.

In proposing the origin of the stationary stroboscopic effect (FOSTER, 1969), it was
necessary to postulate that the outputs of the H-units do not undergo “arithmetic’ summa-
tion, in order that positive and negative motion response contributions remain distinct.
However, the sign of the H-unit response only depends upon the input pair separation, A6,
(see equation 1), and therefore the above restriction only applies to H-units with different
A8. For H-units with identical A6, there is no such restriction, and the same two possibilities
exist for output interaction as for the V-units.

A8, a8, A8, a8, 48, a8, 48, A8,
\' 4 A\ \ 4 4 4 v

——

’ 48,

—

/ 48, 4
]
i
v A 4 v v

scheme a scheme b
Fi6. 10. Two possible H-unit summation/threshold systems. In (a), every channel, independent
of A# origin, has an associated threshold unit, 75, which is modified in behaviour by 8. In (b)
outputs from H-units with identical A# first undergo phase independent summation, before
passing into f-independent threshold units (see text).

Thus, referring to Fig. 10a, the H-unit outputs retain their separateness, even within a
group of identical H-unit Af. Each channel, independent of A@ origin, has an associated
threshold unit, Ty, which is modified in behaviour by the angular area, 8. Alternatively, in
Fig. 10b, those H-unit outputs with identical A# first feed (via some areal weighting factor)
into the phase-independent summation unit, );”. In turn, the single outputs from each of

the summation units, associated with a particular A9, feed into a single associated threshold
unit, Ty.
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As with the V-unit summation/threshold schemes, the areal (f) dependence of the
H-unit summation/threshold system is located, in case (a), at each threshold unit, and in
case (b), at the summation unit.

Let this areal sensitivity of the system be represented by the function Py (8); i.e. Py ()
describes the sensitivity of the response to variations in the total number of H-units operat-
ing. Suppose there also exists a relative weighting of the H-unit output, with input (receptor)
pair separation, A6, and that this is described by the function, py (Af); i.e. py (A6) describes
the sensitivity of the response to variations in the H-unit population with input separation,
A6, Then at some 6, w, A, (w = 2=f), the final weighted output, ', (A) say, of a single
H-unit by scheme (a), or of a group of H-units by scheme (b), is defined by the following
expression:

rows (A6) = Py (8) . pu (A8) . s (A6) @2

where r,,, (A6) is the response of a single H-unit.

The final output, describing the total motion response, consists of all those weighted
outputs, r'y,, (A6), which are each large enough to surmount the associated motion thres-
hold, T. For a sensation of directed motion to be elicited, it is also required that all
' gws (A0) have the same sign (q.v. FOSTER, 1969).

Now as the temporal frequency is increased, r,,, (Af), and therefore r's,,; (A6), decrease
in magnitude (q.v. equation 1). It therefore follows that, providing all r',,,, (A6) have the
same sign, the greatest frequency at which there exists at least one r'y,,, (A6) > Ty, is the
lower critical frequency, f; (f; = w/2n).

Thus, in order for a well-defined directed sensation of motion to be just perceived, we re-
quire that all 7'y, (Af) have the same sign, and that

r;wl (A sy = Ty 3)

where the maximum value, referred to above, is with respect to the A8 values available, viz.
Ay to Ab,,,,.

In order to determine the relationship between 6, w, and A such the above threshold
condition is satisfied, equation 2, describing the weighted H-unit output, must first be
expanded. That is, the following factors must be obtained in more explicit form.

(i) 7w (AB), i.c. the output, at some w, A of an H-unit with input (receptor) pair separa-
tion, A#4.

(ii) Py(0), i.e. the areal weighting factor associated with the H-unit outputs.

(iii) py (A0), i.c. the relative weighting factor associated with the H-unit outputs.

The above factors are now evaluated.

(i) It may be shown (FosTER, 1970) that of the various modifications of the basic Reichardt
scheme available, the most appropriate version in the present analysis is that due to THORSON
(1966), Fig. 3b. (It has also been previously demonstrated [FosTER, 1969] that this version
provides an adequate description of the £ vs. 6 response at § = 13°) Therefore, the response
of the H-unit, r,,; (Af), may be determined for any input waveform. (The sinewave response
is given in Fig, 3b.)

(ii) It has also been shown (FOSTER, 1969) that there exists a maximum value to the
H-unit input pair separation, viz, Af,,,. It therefore follows that for A6 > Aé,,,, the rela-
tive weighting factor, py (Af), must be zero. Furthermore, since the f; vs. 8 curves for A =
180° and A = 360° are monotonic (q.v. Figs. 5a~f), py (A6) must also be monotonic. There-
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fore from the above py (Af) must fall off smoothly to zero. In practice we might choose
something of the form:

1
Pa(88) =5 m2 1, for AB < Ay, @)

=0, for A0 > Ab,,.

(iii) We now determine the form of the areal weighting factor, Py (), and at the same
time, obtain an explicit expression for the sinewave response of the system at motion
threshold.

Since Thorson’s modification (Fig. 3b) of the Reichardt scheme has been chosen to
represent the H-unit function, we have for sinewave inputs:

Iy (AG) = + . sin 2 . A6/A). )

Note. The attenuation due to the V-units may be omitted. This is possible since we are dealing with sine-
wave stimuli, for which /i < 9-0 /s (see Fig. 5); significant attenuation by the V-units does not commence
until f; > 9-0 c/s (see Fig. 8).

Substituting r,,; (A0), defined by equation 5, and py (A6), defined by equation 4, into

equation 2, giving the weighted H-unit output, we obtain the following:
w2
‘a® + w?

In order to reduce the above expression for the H-unit sinewave response to a threshold
statement of the form of equation 3, it is first necessary to show that all H-unit outputs have
the same sign; we may then determine the maximum value of r',,,; (A0), defined by equation
6, with respect to Af.

Now, A, < 90° (see Introduction), and therefore for A = 180° and 360°, sin(2=.A8/A)
is positive for all values of Af. Thus, the condition that all H-unit outputs have the same
sign is satigfied for the range of sine gratings employed.

Secondly, referring to equation 6, it may be seen that the maximum value of [A8~"™.sin
(2n.A8/A)] occurs at A6 = A8, providing m > 1 (the actual value of A, has yet to be
determined).

Thus, from the above, equation 6 gives rise to the following threshold statement:

Tows (M) = Py (6) . AG~™

. sin (27 . A6/A). ©)

w? .
Py (6). Adgr . pearn L sin (27 . Ay /A) = Ty )]
and since AT, is constant, it may be incorporated into the constant, Ty, giving:
2
Py (6). o . 8in (27 . AfyafA) = ®

The above expression defines the relationship between the temporal frequency, f; (f; =
27w), the angular area, 8, and the spatial period, A of the sinewave stimulus at motion
threshold.

We now obtain the form of the areal weighting factor, Py (6).

It can be shown (FOSTER, 1970) that the rate constant, g, is only significant at low values
of w, and for the sinewave response at A = 180°, may be ignored. If the A = 180° response,
only, is considered, sin (2.A8,,,/A) is then constant.
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Therefore, for the A = 180° sinewave response, equation 8 simplifies to the approxima-
tion below:

Py (8) ~ constant . £;(6) )

where w has been replaced by f,.

Thus, the A = 180°, f; vs. 0 sine response curve gives a direct measure of the areal
weighting factor, Py ().

It will be demonstrated later that Py () may be approximated by the power function:

Py (8) = 6%, for 8 < 6, (10)
=k .02, for 6 > 6,

where 0, is constant, and k = 8,173,

To summarize, a statement defining the response of the model at motion threshold has
been obtained (equation 8), and the relevant unknowns r, A 2(A6), Py (6), and py (A6), have
been given explicit form.

To fit the observed sinewave motion response

We now fit the theoretical expression of equation 8, to the observed sinewave motion
response data of Fig. 5.

Referring to equation 8, it may be seen that with the values of A available, viz. 180° and
360°, variations in Af,,, are not significant in determining the relationship of one curve with
respect to the other. Thus, for the present, we may assign an arbitrary value to Af,,, (such
that Af,, € 13° = O, = the minimum value of 6 at which f; may be measured). A
specific value is deduced later.

By fitting equation 9 to the A = 180° sinewave response, we obtain Py (0), i.e. the
constants c,, ¢;, and 8, of equation 10. The magnitude of the rate constant, g, is obtained by
substituting for Py (6), Af,,,, and Ty, and reading off the appropriate value of f; (it will be
remembered that a is only significant at small f;). Adopting this procedure, equation 8 is
fitted to the f; vs. 8 sine data of Fig. 5 for DHF and GF. The results for each observer are
displayed in Fig. 11, and the final values of the parameters indicated. The significance of the
rate constant, a, at low 8 values is evident in the A = 360° response curve, in that values of 1
are reduced in relation to the A = 180° response curve. It is also noted that Py (6), described
by the power function of equation 10, provides an adequate fit to the observed data.

Response of the network to square wave stimuli

We now investigate the response of the model to square wave stimuli incident at the
inputs.

It was shown earlier that in order for a sensation of well-defined directed motion to be
just elicited, it is required that all weighted, H-unit outputs, r'e,, (A6), have the same sign,
and that

T ows (A0 mes = T 3

where r',,,, (A6) is defined by equation 2, and w = 24#,.

If the square wave response of Thorson’s modification of the Reichardt scheme is
evaluated, it is found (FOSTER, 1970) that the H-unit output r,,; (Af), becomes a function of
time (as well as of A#). (This time dependence arises from the cross-multiplication of the
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data of Fig. 5f. The optimum parameter values are displayed in each case.

sine components of different frequency, present in the square wave stimulus.) Thus, the
above threshold condition must be extended to the following requirement, viz. that all
I'ows (A8, t) have the same sign, and that:

':\w\ (Aa, t)mu = TH (11)
where
Towa (80, 1) = Py (0) . pu (A9) . 1, (A9, 1), (12)

r.. (A8, t) is the square wave response of the H-unit, and the maximum is evaluated with
respect to both input pair separation, A6, and time, 1.

If equation 12 is evaluated numerically and the maximum value obtained, it is found
(Foster, 1970) that at low values of w, r'y,: (A8, t)n., becomes much greater than Ty,
implying values of f; much greater than those recorded.

Thus, the model in its present form, with Thorson’s modification (Fig. 3b) as the H-unit,
does not yield a true description of the square wave response, although the sinewave data
may certainly be fitted. This failure is directly attributable to the presence of the higher
harmonics in the square wave stimulus, and the scheme due to Thorson must be modified to
reduce the significance of these harmonics.

The requirements that any modification of the basic scheme must fulfil are therefore the
following:

(1) The sinewave (fundamental) response should remain unaffected.
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(2) The response associated with the higher harmonics of the square wave stimulus
should be attenuated.

Since the time dependence of the square wave output arises from the presence of the
higher harmonics, the simplest (physically realisable) filter with the above properties has the
following transfer function:

X(s) = I-c—l-%_s (13)

where s is the complex frequency, and k is a real, positive constant.
The basic network, with this new modification, is shown in Fig. 12.
R R R
a a'

VEH V- unit vis)

F16. 12. Representation of the model in the complex frequency domain, showing the detailed
structure of the H-unit (q.v. Fig. 2). Note the introduction of output filter, k/(s + k) (see text).
The V-units attenuation characteristics, i.c. |V(s)|, are given in Fig. 8.

The response of the modified network of Fig. 12 to square wave stimuli

In the Appendix is outlined the derivation of the response of the modified H-unit scheme
to square wave inputs. The following expression is obtained:

rwi (B9, 1) =

+ @

4 e 127000/ 1 1 b use k ) .
Zz Lo [a +jw a +J'n'W] ¢ k+jm+n)w W) Wn's)
.odd 1 4 (14)

where W(w) is the V-unit attenuation function, defined by Fig. 8.

Note. The V-units are treated as pure attenuators, weighting each sine component of the input waveform
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by the factor, W(w) (see Fig. 12). Any phase shift introduced by the V-units is implicitly included in the pro-
perties of the H-unit description.

Now the threshold condition, stated earlier, requires that all weighted outputs,
P ewa(AA6, 1), have the same sign, and that:

’;wz (AB, t)mu =Ty (1 1)
where
7 ows (B8, 1) = Py (8) . pu (A9) . 1\, (A6, 1). (12)

Thus, we must first show for this modified scheme that r'y,; (A6, 1), defined by equation
12, with r,,, (A6, 1), defined by equation 14, has the same sign for all accessible values of A6
and ¢.

If the RHS of equation 14 is evaluated numerically, and r,,; (A6, ¢) obtained as a func-
tion of r and A#, it is found (FOSTER, 1970) that r,,; (A8, ¢) is indeed of constant sign for the
tested values of Af and 1.

It is also possible to show (FOSTER, 1970) for a first approximation, that the above is
true, analytically, for all A8 providing that A > 180°, and for all A6 < A/2,if A < 180°. The
latter requirements are consistent with the proposed explanation of the stationary strobo-
scopic effect and the deduced maximum value of Af, i.e. 60° < Af,,, < 90° (see Introduc-
tion, and FOSTER, 1969). It is also possible to show that py (AB) = A6~ le. m=1in
equation 4) yields 2 maximum value of r'y,,; (A8, ¢) with respect to A9, at Af = A6, This
latter result is the same as for the sinewave case.

Thus, the preliminary requirement that all weighted H-unit outputs have the same sign
is satisfied. In order to obtain equation 11 in a form which can be related to the observed f,
vs. 0 square wave response characteristics, we make the following substitutions into equa-
tion 12: Py (6) replaced by the power function of equation 10, p, (Af) by A6~ " (equation 4),
and r,; (A6, t) by equation 14. Since m = 1 gives a maximum of the weighted output,
' ows (AB, 1), with respect to Af at Af,,;, (see earlier), it merely remains to obtain the maxi-
mum with respect to ¢ of 74,2 (A0, 1), OF equivalently r,,, (A8 yq, t), from equation 14.

Therefore, rearranging equation 11, we arrive at the following expression:

1 1
6 = exp [E- - In {Tg / 6 l * Fwi (DBin, r)m}], foré < 6,
min

1

15
1 1 -
= eXp I:z‘_ In {(TH/Kémm' 6, € €. Twa (Aamlm t)mn)}], for ¢ > 6,

2
providing that if A < 180°, 6§ < A/2.

Now, values of the constants Ty, 6, ¢,, ¢;, and g in equation 14, have already been
derived in the sinewave analysis; trial values of A8, (AUyin 0nois = 13°) and the rate
constant k (k ~ a) may be assigned, and the right hand side of equation 15 then evaluated
numerically.

In this manner, the square wave f; vs.  data of Fig. 5 for DHF and GF are fitted. The
constants k and A#,,, can be uniquely determined, since each has a distinct effect upon
the response characteristics: k on the low frequency (long A) end of the response and Ad,,,
on the short A end. In Fig. 13a theoretical fits to the f; vs. & sine and square wave data of Fig.
5a (for DHF) with A = 180° and 360°, are shown together. Identical parameter values are
used for this set, since the sine and square wave results were recorded in the same session. In
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Fic. 13. The theoretical square wave response of the model. In (a) is shown the theoretical fit
to the sine and square wave date of Fig. 5a; in (b) is shown the theoretical fit to the square
wave data of Fig. 5d and to the sinewave data of Fig. 5f; in () is shown the theoretical fit to the
square wave data of Fig. 5c. The relevant parameter values are indicated in each case (sec text).
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Fig. 13b, a similar comparison between fits to the sine and square wave data of Figs. 5d and
5f for (GF) is shown; identical parameter values were again used, although in this case sine
and square wave data were obtained in different sessions.

Finally in Fig. 13c is shown the theoretical fit to the square wave date of Fig. 5c (for
DHF) with A taking on all experimental values from 360° to 40°.

In all cases, the relevant parameter values are indicated.

The minimum input pair separation, A8,

In the previous section, values of the rate constant, k, and the minimum input pair
separation, Af,,,, were obtained; the latter was determined, however, for only one set of
data values (Fig. 13c). In this section, a specific determination of Af,, is made using experi-
mental data values for 6 = 6, = 13°, only. In this way, it is possible to evaluate more
directly, the effect of variation in Af,,, on the response shape.

The following method is used to determine the optimum value of Af,,,.

Equation 15, describing the square wave motion response, is solved for all experimental
values of A (40°-360°), with various values of Af,,,. All other parameter values are fixed
from previous analyses. The resulting theoretical values of the f; vs. A response, for fixed
6 (8 = 13°), are then compared with the observed square wave, f; vs. A response data,
obtained by “sampling” the f; vs. 8 curves (Fig. 5) at 6 = 13°.

Note. The choice of value for Afy,, is only significant at small A. This may be seen from the following.
(a) With sine stimuli, the H-unit response, given by equation 5, contains the term, sin(2x.A6/X). If
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FiG. 14. Optimum values of the minimum input (receptor) pair separation, Afy.. In (a) is

shown the fit of the theoretical f; vs. A squarewave response, at § = 13°, to the data of Fig. 5a.
In (b) and (c) are shown the fits to the data of Figs. Sc and 5d (see text).
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Al = Abny, € A, 8in(2n.A84,/X) may be replaced by its argument, (27.A0,,/A), and therefore providing
A3 Alya, variations in Ab., affect all outputs similarly, independently of A.

(b) For square wave stimuli, similar arguments apply. Thus, referring to equation 14, it may be seen that
choice of A6,,;, is only significant when we can no longer write 71A08y:, <€ A. For the case of A large, this only
fails if » is also large, where the associated attenuation is also high (see Fig. 8). It then follows that as in (a),
the choice of Af,,, for large A, is not significant in determining the shape of the f; vs. A response.

Any bodily shift in f; vs. A curves, associated with changes in A6,,,, may therefore be
corrected by adjusting Ty for optimum fit at the long A end.

In this manner, optimum values of Af,,, are obtained with reference to the data drawn
from Figs. 5a, ¢, d (for DHF and GF). The best fits and associated A6,,,, values are shown in
Fig. 14. For DHF, A4,,;, = 6-0° and 8-5°, and for GF, Afy;, = 8-5°.

Predictions of the model

We now discuss some predictions of the model, with particular reference to the phase-
sensitivity of the system.

It was stated in the Introduction, that the basic Reichardt scheme (Fig. 3a) exhibits the
property of phase insensitivity, i.e. the response of the system is independent of the phase
relationships of the Fourier components making up the stimulus pattern. (It should be noted
that the phase insensitivity described here is distinct from the spatial phase insensitivity of the
V-unit summation/threshold system referred to in the Introduction.) This phase insensitivity
of the Reichardt multiplier is directly attributable to presence of the time-averaging element
(see Fig. 3a), which renders the output time-invariant.

In the present scheme, Fig. 12, with filter, k/(s+k), on each output, there exist two com-
ponents to the general motion response, viz: a time invariant component, which is insensi-
tive to the phase structure of the stimulus pattern, and a time-dependent component, which
is not insensitive to the phase structure of the stimulus pattern (FOSTER, 1970). As the
temporal frequency (i.e. |s|) increases, the time-varying component is progressively
attenuated, and with it, the phase sensitivity of the system.

We therefore have the following:

At low temporal frequencies, (i.e. low f;) the model exhibits phase sensitivity to the
stimulus structure. At high temporal frequencies (i.e. high f;) it does not.

These predictions of the model were examined using a symmetry test (see FOSTER, 1970),
and were shown to be true for two naive observers. [These findings are not inconsistent with
the earlier deduction that the system is phase insensitive (FOSTER, 1969), since this was
established for large  i.e. high temporal frequencies.]

DISCUSSION

We now examine some of the general properties of the system model and their implica-
tions with respect to the human visual system.

The input (receptor) pair separation of the model

It has been shown that the model, describing the visual system in its motion response, has
input (receptor) pair separations, A6, ranging from a minimuam, A8,;,, of approximately 8°,
to a maximum, Af,,,,, of between 60° and 90° (the angular separation, A6, being measured
around the annular field).

Thus, to restate the results obtained earlier (FoSTER, 1969), the human visual system
behaves as if interaction leading to motion perception can take place between receptors (or
groups of receptors) separated by up to ten times the minimum interaction distance. This
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contrasts with the results of Hassenstein, Reichardt and Varju (REICHARDT and VARIU, 1959)
for the beetle Chlorophanus. In the latter, interaction leading to motion perception is found
not to extend much beyond adjacent ommatidia.

The time constants of the filters

For the final version of the model (Fig. 12), the values of the rate constants, &, for the
cross filters, and k, for the output filter, were determined to be approximately 0-3 (X 2= rad./
s) and 0-5 (X 2w rad./s) respectively, for both DHF and GF (see Fig. 13). If the correspond-
ing time constants are T, (T, = 1/a)and T; (T, = 1/k) then T, ~ 0-5(sec) and T, ~ 0-3 (sec).

Now the constants a and k, occur in filters with transfer functions of the form 1/(s + a),
where s is the complex frequency. In the full derivation of the motion response of the model
(FoSTER, 1970) it is shown that these filters give rise to transient terms, the amplitudes of
which fall off as e~ or e~*. To extract the steady state component from the general
solution for the motion response, ¢ must be made sufficiently large in order that these tran-
sient terms can be neglected, ie. t > T,, T

This theoretical requirement for steady state conditions is consistent with the experi-
mental observation that steady state motion sensation is usually achieved within about five
seconds (FOSTER, 1969). The latter period is approximatelyten times the greatest time constant
defined above.

Further implications of the model

One consequence of the model is the following:

Two fixed, time-varying input signals, with appropriate phase difference and angular
separation, A6, will produce a non-zero motion response from the relevant H-unit(s). Thus,
qualitatively, the model predicts the existence of the phi-phenomenon (Wis: HEIMER, 1912);
that is, under certain conditions, two stationary flashing light sources, with suitable time-lag
and spatial separation, will give rise to a sensation of motion between the two sources.

It is noted that this sensation of motion will be produced in exactly the same way as a
continuous moving stimulus induces a sensation of motion. This is consistent with the
arguments of WERTHEIMER (1912), BROWN (1931) and GissoN (1954) and with the experi-
mental findings of GRUSSER, GRUSSER-CORNEHLS and LICKER (1968) in the frog.

A second implication of the model is in relation to the existence of a lower speed limit for
motion perception.

Referring to equation 8, describing the sinewave response of the model, it may be seen
that for any value of the angular area, 8 (such that § > 6,,,, the minimum area for which f;
may be recorded), there exist two solutions for the temporal frequency, w, i.e. the two roots
of the equation:

w
m = constant (16)
where w = 2=af.

If these two roots are w, and w,, with w; < w,, thenforany wsuchthat w; < w € w;, 2
sensation of well defined directed motion is induced, since for this range of frequencies, the
LHS of equation 16 is greater than or equal to the threshold constant, Ty.

Now w, is the previously defined lower critical frequency, i.e. w, = 2xf;, and this pro-
vides an upper limit on the range of directed motion sensation; w,, in contrast, provides a
lower limit on the range of directed motion sensation.
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Thus, the model predicts that if the temporal frequency of the moving stimulus is steadily
reduced, there exists a frequency (w;) below which a sensation of weil-defined directed

motion cannot be induced.
This is consistent with the observations of AuserT (1886) and Broww (1931).

CONCLUSION

An investigation has been carried out into the response of the human visual system to
certain classes of moving spatially-periodic stimuli. The principal characteristics of the
response have been shown common to several subjects, and a mathematical model, deserib-
ing the system in this response, has been constructed. The model was tested and its validity
confirmed.

It is emphasised that the conclusions reached in this investigation are strictly valid only
for the class and configuration of inputs defined—although it has been indicated that the
model may have implications with respect to other well established phenomena, viz, the phi-
phenomenon and the fower speed imit for motion perception.
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APPENDIX
Referring to Fig. 12, let square wave, £(¢), of unit amplitude and period T, be incident at (a), and let
Fir + Ar)be incident at (), Transforming o the Laplace domain,
- F®
and flr + A} Fle'd
1t — e~
# is the complex, frequency, snd F(s) = - W]
‘Transmission of the sxml through thc ¥ units, sach with transfer funstion F{s), gives at {5): ¥{s), F(s)
and at (5): V(). Fls)e*s*
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At (c), the signal remains the same as that at (b), but because of the cross-filter, 1/(s + a), we obtain at (d):

1

porapl Vis) . F(5) &b,

At () and (¢), the two signals are multiplied together in the time domain. In the complex frequency
domain, this is equivalent to convolution, which is represented here by the operation, *.
Thus at (¢) we have:

Ve . FON* [ = o)

and, similarly, at {¢’), we have:

[s 4‘_ V(s . B eﬂ*'] *[V(s) F(s) @41].

Let the difference of the above two expressions be R'(s). Then substituting for F(s), and writing the con-
volution in full, we get the following contour integral for R'(s):
o+iw 1 b -{s=33T/2

R'(S) =_1__.J\ (S’) 1 —e V(S—S') 1 1—e
2nj

+AL
; ‘1 4 e-v T2 * ‘- ‘1 1 e-G-sNTI2 * .
ao—jJaw

[ 1 1 ]d’s
s +a (s—~s)Y+a

where O < o < real part of 5.
Converting the above expression to a closed contour, and appealing to the residue theorem (see, for
example, McLAcLAN, 1963), yields the following for R'(s):

L 1+en™ [ L1 ]
s—jnw 1 —e T2 Jjow+a s—jnw +al

R(s) = z V(jnw) j-r—rl_v-v . ;-, V(s — jaw) .
o

The final output, R(s) say, is obtained after transmission of the above through the output filter, k/(s + k),
thus:

R(s) = R'(9) . + A

Transforming the above expression back into the time domain, we arrive at the following expression for
the steady state output, r,,(A8, 7).

4 emdlir 1 . 1
wa (A = wnsw'r
Twa (86,8) ZZ nn’ [a +]mv a -+ jn’ w] ¢ “k+jn+ r)w - Winw) W'y

odd
—0

where V(jrw) has been replaced by its modulus, W {nw), defined by Fig. 8, and wAz has been replaced by 2xA8/2.

Note. In performing the operations of convolution and inverse transformation, the steady state compon-~
ents of the solution, only, were considered. The transient terms, falling off as e~ or e ~*, were ignored.

Abstract—This study is a continuation of an earlier jnvestigation (Foster, 1969) into the
response of the human visual system to moving Wlly-penodxc stimuli. Experimental data
are presented for several observers, and a Jetailed analysis is then carried out. A specific
mathematical structure is given to the system model and theoretical fits to both sine and square
wave motion response data are obtained. It is shown that the model has implications with respect
to the interaction distance of receptor units, and to the existence of the phi-phenomenon and
the lower speed limit for motion perception.
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Résumé—Ce travail continue une recherche antérieure (FOSTER, 1969) sur 1a réponse du systéme
visuel humain a des stimuli mobiles & périodicité spatiale.

On présente les résultats expérimentaux de plusieurs observateurs, et on les analyse en
détail. On donne une structure mathématique spécifique au systéme de modéle, ce qui permet
un accord théorique 2 la fois avec les données de réponse au mouvement pour des ondes
sinusoldales et carrées.

On montre que ce modéle a des implications en rapport avec la distance d’interaction des
unités réceptrices, avec I'existence du phénomeéne phi et avec la limite inférieure de vitesse
pour la perception de mouvement.

Zassmmenfassung—Diese Versuche sind eine Fortsetzungeiner fritheren Untersuchung (FOSTER,
1969) der Antwort des menschlichen Gesichtssinnes auf raumperiodische Bewegungsreize. Es
werden Versuchsergebnisse fiir einige Beobachter geliefert und hierauf wird eine cinschligige
Analyse ausgefithrt. Es wird ein mathematisches Geriist filr das Systemsmodell erbaut und es
werden Anpassungen fiir die Sinus- und Rechteckswellenbewegungsantworten gewonnen.
Es wird gezeigt, dass das Modell iiber die Wechselspielentfernung der Rezeptoreneinheiten und
die Existenz des §-Phiinomens und der niederen Geschwindigkeitsschranke fiir die Bewegungs-
wahrnehmung auszusagen vermag.

Pexomse — Jra palora sBiIseTcs OPOACIESHECM NpEXHETo Hecnenosanmx (FOSTER, 1969)
peaxnuit 3pHTENBHOM CHCTEME! YEIOBexa HAa NBMXEHHN NPOCTPAHCTRCHHO-ICPHONMTCCKEX
CTEMYNOB.

Mpencrapican 3xCHCpUMCHTANBNEE TAHALC /A BECXOMbkHX HaGmomareneft m 3aTem
NPOMIBERCH ACTANLELIN ARANEAD HX.

JIRIOTCN CRERHANLHLIC MATCMATHYCCKES [IOCTPOCHNS UIN MOZEIH 3TOH CRCTEMS H DOy~
9EHO TCOPCTHYSCKOC COOTBETCTBHE PCAKIMiA HA NBNKCHEE KAK /S CRHYCORNATLHHMX, TaKk H
VIR KBAADATHLIX BOJIH.

Iloxasano, 9TO MOZC/IL HMCET B BH/TY JECTAHTEOS BIARMONCHCTRNS PCUCHTOPARKIX SARENI
R NMECT OTHOIICHNE X CyIeCTBOBaHMIO du-hemomena u Gonee mu3xodl NOPOrosoit CXOpPOCTH
TIPE BOCODHATHE NBEXCHAS.

vaton 11/1—p



