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type of movement, which has been known for many years to psychologists
and is the very basis of the cinematographic effect, has been termed the
"phi phenomenon".) The whole subject has been reviewed in exhaustive
detail by Neff (1936) and Vernon (1952). The slower the rate of intermit-
tence of the light, the coarser (larger) the apparent horizontal movement.
As the disk accelerated this movement became a finer oscillation from side
to side, and became smoother.

This apparent horizontal movement is related to the flickering background,
as it is obviously of the same frequency Ras the fficker. When the threshold
of stereoscopy was approached, the horizontal oscillatory movement was
quite small, and did not prevent the subject from observing the end-point-
a phenomenon quite distinct from the movement. For some subjects the
apparent movement was still present to a moderate degree when they could
see the scene in depth, but for others, including the author, the phi pheno-
menon had long since disappeared when the letters slowly began to place
themselves at different depths. Similarly, the presence or absence of flicker
was independent of the end-point.
The first phenomenon of stereoscopy took the following form:
The letters began to oscillate forward and backward in the plane per-

pendicular to the photographic slide. This movement was at right angles
to the phi phenomenon and was qualitatively unlike it. For a second or
two, one letter was closer to the subject than another, and just a moment
later, it seemed to recede slowly into the background. It did not jerk back
and forth with the frequency or the speed of the flicker, as did the phi
phenomenon. This state of slow to-and-fro movements of the letters could
be prolonged indefinitely by keeping the disk running at the same speed.
The subjects began to sense a depth phenomenon, but cQuld not yet, with
certainty, list the sequence of the letters, which constantly changed in their
relative positions. This state was probably the physiological end-point.

It was necessary, for a reliable determination, to run the disk just a bit
faster. When this was done, the to-and-fro movements ceased and the
letters slowly began to move towards the subject. The letter which was
destined to be the closest moved out from the plane of the background
earliest, and could be distinguished as the "closest". Almost every subject
stated that he was sure which letter would turn out to be the nearest, because
this was the first one that moved forward quite markedly at this stage.
When this happened the proper position of the remaining two was still in
doubt, the closest letter stimulating the retinal points which are more dis-
parate than the retinal points stimulated by the "farthest" letter (when the
visual axes are parallel). * But as the disk was slowly accelerated, the second,
or middle, letter emerged from the background upon which the third, or

* An analogy can be drawn at this point to a " two-point discrimination test" used clinically in neurological practice.
In this analogy, the two retiaal points can be compared to the cutaneous points of the test. As in all tests for "cortical"
sensory thresholds, fluctuations are found in the absolute threshold.
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STEREOSCOPIC VISION

most distant, was still seen. This was the end-point used for all the results
reported below.
At this stage the subject saw quite clearly that the three letters were all at

different distances from him. He insisted that he was correct, and at this
stage, could not be persuaded to change his mind. This emergence of the
three-dimensional scene was chosen as an end-point because it developed
suddenly, was easily recognized, and was psychologically impressive. All
new subjects were told that this feeling of sudden, absolute certainty would
constitute the end-point.

It is important to note that, when the disk ran still faster, the letters
protruded even more markedly from the background, until finally they were
as three-dimensional in appearance as they were when the slide was viewed
under continuous illumination of both eyes. It was quite difficult to deter-
mine the exact point when maximum depth effect was achieved, and for
this reason, the obvious stage of abrupt recognition was chosen for the
end-point.

It is of considerable psychological interest to note that the subject who
once sees a true stereoscopic scene at a given rate of rotation will persist
for some time in seeing this scene in depth although the disk is markedly
slowed. His threshold for this slide cannot be determined in the reverse
direction-from the stage of stereoscopy to its dissolution at slower speeds-
since he already "knows the answer". A new slide will give the absolute
threshold again. The first slide may be re-used when the subject has for-
gotten the sequence of letters on it. Thus, with one hundred slides the
combinations of letters are so numerous that the subject cannot remember a
particular slide for more than a few minutes.
One further psychological effect was noted. When the letters were

arranged so that the sequence, as described by the subject, spelled out a
word such as D-O-G or M-A-D, the subject tended to see the scene in depth
at a significantly lower threshold than if the combination of letters was
meaningless. This was a minor factor which was easily corrected. In no
case did it ever alter the threshold value by more than 10 per cent. The
phenomenon was not studied further.

(B) Objective Results.-Up to this point all the subjective phenomena have
been related to the speed of rotation of the sectored disk. We must now
translate the r.p.m. of the disk into more meaningful physiological terms.

(1) Effect of Change of Ratio of L.L/S.L-The change in the ratio of
L.I./S.I. was the most important variable in determining the maximum per-
missible time between the flash in the first eye and the flash in the second eye.
Example.-The ratio of L.I./S.I. was set at 2-86, the disk was slowly accelerated

until the end-point was reached. At this point the disk was spinning at 163 r.p.m.
The calculated S.I. was 46-1 msec., the L.I. was 132 msec., and the calculated
flash duration for each eye was 3 07 msec. These values indicate that the S.I.
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would be as long as 46-1 msec. with stereoscopic fusion still possible. When a
new ratio was chosen (such as 33 9) the S.I. changed; i.e. the disk was required to
spin at a different speed.

It is clear, therefore, that the S.I. was not a physiological constant but a
dependent variable in this experimental situation. The major factor which
was varied is the ratio L.I./S.I., and it is this change which produced the
alteration in the S.I.
When the S.I. was plotted against the variable ratio L.I./S.I. (Fig. 11), an

interesting relationship between these two variables developed, in which
they were not only related inversely, but followed, with surprising accuracy,
a hyperbolic curve. This was true for every subject. Fig. 11 shows this
curve for one subject (J. C.) and also the mean value for eleven subjects
under identical conditions. This graph indicates that the mean values for
all subjects follows the same shaped curve as the curve for an individual
subject. With only eleven subjects one cannot, of course, speculate on the
normal spread. Nine of the eleven subjects gave results that were within
10 per cent. of each other. Two subjects provided identically-shaped curves,
but gave values which were 75 to 100 per cent. higher than the mean of the
other nine subjects. The mean values in Fig. 11 include these two subjects
and this explains why the curve for the combined values is so far " above " that
for the single subject J. C., who was one of the nine "more normal" people.

O Mean values for 11 subjects70- t (620 determinetlon) Curve A:* Mean values far mvalkI determlnatiuns B ihns- etr pn<~~~f Gal StO ubjec't (<J.kdtmeX" Brightness4 sectors open.
O Namber ot determihetlons for each pint Flash Sector-30 arc.

60 Curve B:
Brightness-A sectors open.~ ~ ( Flash Sector-30 arc.
Maximum 15-1 msec.

i 0\°0 Minimum 8 25 msec.
-J40-

1o

Z 30-

0

0-
3 5 7 9 11 13 5 is

RATIO LONG INTERVAL
SHORT INTERVAL

FIG. 11.-Curve A: Mean values for eleven subjects constructed from 820 determinations.
Curve B: One subject, number of determinations for each point shown in box.

At this point it can quite definitely be stated that, the longer the interval
before the second couplet of flashes, the shorter must be the interval between
each of the two flashes of the couplet for stereoscopic vision to result. The
curve tapers asymptotically as the ratio L.I./S.I. approaches infinity, sug-
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STEREOSCOPIC VISION

gesting that a minimum value for the S.I. can be obtained. This minimum
value for subject J. C.-with the given illumination conditions-would be
about 13 msec. By mathematical extension, if the couplets are separated
by an infinite period of time, the component flashes of a given couplet may
not be separated by more than 13 msec. for stereoscopic vision to result in
this subject.

It must be stated quite explicitly that the use of the revolving disk pre-
cluded the production of an isolated couplet. The inference that an absolute
minimum value for the S.I. exists for every subject is derived from the shape
of this curve. Indeed, this inference is substantiated by Langlands (1929),
in whose study just one couplet of flashes in a non-repetitive system was
used. He found, in two subjects, that intervals of 25 and 18 msec. between
the flashes could still result in stereoscopic vision. If the interval were
greater than this, stereoscopy did not result. Langlands used very faint
flashes from Leyden jars for his illumination and also used a slightly dif-
ferent type of visual test object in which not every monocular clue was
eliminated. While we cannot compare his recorded minimum values with
ours, his data confirms our inference concerning the asymptotic nature of
the curve and allows us to determine precisely the rate of decay of this
temporal summation.
The other end of the curve represents the lowest possible ratio of 1.0.

In this case there are no longer any "couplets", but, rather, equal intervals
between the flashes (Fig. 7, bottom line). The interval between two flashes
may be much longer (up to 182 msec. for one subject) and still permit
stereoscopic fusion. This effect of repetition of the stimulus clearly reflects
a process of temporal summation within the visual pathways.
The important variable which determined the maximum possible interval

between component flashes of a "couplet", and yet allowed stereoscopy to
result, was the ratio of L.I./S.I. This ratio is, indeed, nothing more than a
reflection of the frequency of couplet repetition. When this ratio is high,
we are dealing essentially with a single couplet. There should thus be a
definite relationship between the S.I. in milliseconds and the L.I., just as
there was a relationship between the S.I. and the ratio L.I./S.I. This was
indeed the case, and the shape of this curve, too, was hyperbolic.

It is of some importance to try to locate the region in which this temporal
summation is accomplished. Is it a function of retinal "persistence" or
does it result from a more central process, perhaps in the visual cortex
itself? To answer these questions, at least in part, two other variables must
be considered.

(2) Effect of Brightness.-The results plotted in Fig. 11 were recorded
when all the four possible sectors for each eye were uncovered. The field,
as viewed by the subject after flicker disappeared, was twice as bright as it
would have been if two sectors were open, and four times as bright as it
46
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would have been if only one sector were open. The quantitative results of
these various changes in illumination differed, although the same hyperbolic
curves were obtained for each level of brightness. This feature is demon-
strated in Fig. 12, which shows the differences in the absolute values obtained
with three different brightness levels for one subject (E. M.). Inspection of
these curves shows that, the brighter the light at any given ratio, the shorter
the S.I. ha'd to be for stereoscopic fusion (although the difference became
progressively less significant as the ratios increase).

70-

60-

ux50 k'so
AE

§ 40 Curve A: 4 sectors open, 30 flash.
Curve B: 2 sectors open, 30 flash.

w 304 X Curve C: 1 sector open, 30 flash.
3 30-

0
cn

10-

0
0 5 1O is 20 25 30 35 40 45 50 55 60 65 70
RATIO =LONG INTERVAL

SHORT INTERVAL
FIG. 12.-Effect on one representative subject of altering the number of transparent sectors.
For any given ratio, the fewer the open sectors, the shorter the interval between flashes had to
be for stereoscopic fusion.

In both monocular and binocular flicker fusion experiments, it has been
similarly established that, the brighter the light, the faster the disk must spin
(the shorter the interval between flashes) for flicker fusion to result. But
the similarity of this response to changing brightness is superficial. Measure-
ments of comparative brightnesses are only valid at or above the flicker
fusion point. It is impossible to compare the brightness of one field at
flicker fusion point (one open sector) with the brightness of another field
which is still flickering violently (four open sectors)-when stereoscopy can
result in either set of conditions.
The temporal summation of stereoscopic fusion might still seem, however,

to be merely a function of the persistence of the retinal image-as is said
to be the case in fficker fusion. But two findings refute this possibility.
The well-marked dissociation between the critical flicker fusion threshold
and the stereoscopic threshold indicates not only that the latter function is
independent of the former, but that it stems from an entirely different
physiological process.

Secondly, the letters emerged from the plane background sequentially:
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STEREOSCOPIC VISION

the first letter to come forward as the end-point approached was the one
destined to be the closest. If this were a purely retinal summation of
subliminal stimuli, we would expect all the letters to emerge simultaneously,
since the retinal sensitivity is not greater for one pair of letters than for
another. That the pairs of letters did emerge in sequence indicates a "lag"
in integration. Such a "lag" clearly implies a far more complex process
than can be explained on the basis of known retinal physiology.

(3) Effect of Flash Duration.-Reference to the legend in Fig. 11 indicates
that, for the subject J. C., the flash duration was 8 25 msec. when the ratio
was 1, and was 15-1 msec. when the ratio was 21. Although the major
variable was the change in the ratio L.I./S.I., it was nevertheless observed
that at each point in the curve the flash duration had a slightly different
value. To be certain of the meaning of the curve the effect of this slight
variation in flash duration must first be determined.

Figs 8 and 9 show the mechanism by which flash duration was altered.
The alteration of the position of the light beam relative to the disk produced
three different changes in the stimulus pattern:

(i) It changed the flash duration itself-the primary objective.
(ii) It unavoidably altered the ratio of L.I./S.I.
(iii) It necessarily changed the brightness of the scene at the stage of

flicker fusion.
The importance of the ratio L.I./S.I. has been discussed. It is now useful

to separate out the effects of flash duration and brightness, which, in the
equipment used, were linked variables.
The brightness of a light the beam of which is interrupted by a sectored disk

will depend on the ratio of total transmission time to total non-transmission
time. In a disk which has one transparent sector of 3600 in width, the
brightness will be that of the 36-watt lamp and we can arbitrarily call this
one unit of light flux. In another disk with one sector of 30 width, the total
light reaching the eye will be 3/360th (or 1/120th) of the full illumination
(Fig. 13, Curve A, overleaf).
A disk with one sector of 450 width produced Curve B (Fig. 13) with

45/360th (or 1/8th) of the full illumination. Using a disk with four
open sectors of 30 each (Curve C), the total light was 12/360th (or 1/30th)
of the total light flux. The increase in brightness produced by a prolonged
flash duration could not possibly be the sole explanation for the position
of Curve B relative to Curve C. If brightness were the only significant
result of increasing flash duration, Curve B should have fallen in the region
of the hypothetical Curve D. From the actual position of Curve B, it must
be assumed that increasing flash duration had an influence on the duration
of the S.I. opposite to that exerted on the S.I. by the factor of brightness
per se. In Curve A the average flash duration was 3-5 msec., in Curve B
it was 7 msec., and in Curve C it was 42 msec. These two factors, brightness
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ROBERT EFRON

70

60 \
OX50 \Curve A: 1 sector open, 30 flash of 35 msec. 3 (or i20) light flux.

Curve B: 1 sector open, 450 flash of 7 msec.34650 (or ) light flux.
i40 \ \ Curve C: 4 sectors open, 30 flash of 42 msec. 6 0 (or 3L0) light flux.

Curve D: Hypothetical curve for j light flux.

1-.

9 0;

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70
A LONG INTERVALRATIO =SHORT INTERVAL

FIG. 13.-Effect of changing flash duration contrasted with effect of changing total brightness.
The effect of increasing brightness is distinct from the effect of increasing pulse duration.

of scene and duration of flash, are variables which will cause the basic curve
(Fig. 11) to deviate in opposite directions.
The variation in flash duration from one end of the curve (Fig. 11) to the

other was from 8-25 to 15-1 msec. (less than 100 per cent. increase). This
variation could hardly have affected the position of the curve, since an
increase in flash duration of 1200 per cent. (from 3-5 to 42 msec. in Fig. 13)
had so small an effect on the S.I. when compared with the large effect due
to the change in the ratio S.I./L.I.

Summary
(1) A scene flashed in one eye sets up a percept somewhere within the

visual system which persists for a measurable period of time (maximum S.I.)
and can later be utilized by the brain for a more complex integrative process
-stereoscopic fusion. This is memory-specifically memory of the positions
of three letters in relation to each other and to the fovea centralis. This
is a memory of the positions of various objects in the coordinate system of
each retina. Even a brief recall of the coordinate values of such a monocular
stimulation cannot properly be called " parallactic memory", since parallactic
information cannot be obtained by one eye. Parallax is determined from
the perceptual data of both eyes and these raw data must be "recorded"
according to some inherent coordinate system.

(2) If a slightly different coordinate stimulus is presented to the second eye
within the necessary time interval (maximum S.I.), the brain will still be able
to fuse it with the retinal coordinates of the letters flashed to the first eye,
and this will result in a sense of depth.
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STEREOSCOPIC VISION

(3) The period of time after which the first percept has decayed to such
an extent that it can no longer be used for fusion was found to range from
6 to 13 msec.-if the visual stimulus were limited to a single "couplet" of
flashes.

(4) If a series of subliminal stimuli are used, this interval is dependent on
the time before the next cycle of "couplets" begins. The decay period is
related to the interval between the "refresher" stimuli. If the refresher
stimulus arrives after a short period and is frequently repeated, the brain
can use the first percept for a longer period of time than would otherwise
be possible. In physiological terms, the duration of the useful memory of
the first percept depends on the temporal summation of stimuli within the
system.

(5) This temporal summation is not a retinal function, but is probably an
aspect of the central mechanism of binocular stereoscopic fusion. This is in
contrast to the phenomenon of flicker fusion, in which the major locus of
the summation process resides in the retinal neurones rather than in the
brain. Although the phenomenon of retinal persistence must influence all
visual perception, there is here a further physiological process, with charac-
teristics of its own which cannot be explained on the basis of known retinal
physiology.

(6) The amount of light reaching the eyes and the duration of the exposure
are also variables, but of less importance. They have been shown to act in
opposite directions.

(7) The shape of the curve of temporal summation is hyperbolic in form
and resembles the "learning" curves produced in psychological experiments.

(8) The original purpos'e of this experiment was to show that stereoscopic
vision or binocular fusion results from alternating "attention" by the brain
to the retinal images from the two eyes. It was expected by this technique
to show that the "Short Interval" would have a fixed value which might
represent the time interval (multiple or submultiple) between the recurrent
sweeps of a scanning mechanism. It was hypothesised that, if the short
interval were made either slightly shorter or slightly longer, it would destroy
stereoscopy by an interference phenomenon. This, however, is obviously
not the case. Extending the short interval does indeed abolish stereoscopy
but shortening it does not alter stereoscopy. In addition, the short interval
was found to be a variable factor and not a fixed value in the conditions of
repetitive stimulation. It was not possible either to affirm or to deny the
existence of a scanning mechanism by this technique.

(9) The experiment has shown that the temporal summation, previously
described in "simple" internuncial pools, exists in a similar form for such
"higher" or more complex integrative actions of the nervous system as
stereoscopic fusion.

I should like to thank the Directors of the National Foundation for Infantile Paralysis for
their support; Dr. E. A. Carmichael for his help and encouragement, and for permission to use
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the facilities of the Neurological Research Unit of the Medical Research Council; Mr. John
Cooper whose technical aid was invaluable; Mr. Richard Vandersteen for his illustrations; and
the subjects, who, by their cooperation and patience, made this whole study possible.
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size, brightness, and colour of the stimulus can be accurately controlled. If
the patient is accustomed to wearing a distance correction, this can be
worn during the test without interfering with the field of view, since the
excursion of the eye needed for the test is well within the boundary of the
spectacle frame; the image of the stimulus does not suffer from the distortion
which arises in the conventional method because of its oblique position when
situated awayfromthe centre of the screen. Such distortions are quite marked
when a strong correction is worn. The patient's attention is kept more alert
since he has to fix a spot which the examiner is constantly moving about.
In the conventional method, with a screen 2 metres square, the stimulus, when
placed at the edge of the screen, is further from the eye by a distance of nearly
30 centimetres, so that the visual angle subtended by it is smaller. This
effect is further increased by the relatively slit-shaped aperture offered by
the pupil at that angle. In this new method the distance between the stimulus
and the eye is constant. Lastly, it is of great importance that any method of
campimetry should provide some means of concealing the stimulus from the
patient's view to check his responses. In the present method this is done by
means of a push-button switch which extinguishes the light only and which
the examiner can hold in his free hand.

CORRIGENDA

In the article entitled "Stereoscopic Vision" by Robert Efron in the December issue (Brit. J.
Ophthal., 1957, 41, 709), on p. 727 in the last sentence, please read:
In Curve A the average flash duration was 3.5 msec., in Curve B it was 42 msec., and in Curve C it was 7 msec.

On p. 728, fig. 13, key, please read:
Curve B 450 flash of 42 msec.
Curve C 3' flash of 7 msec.

It is regretted that it was stated in the review of "The Effect on Binocular Vision of Variations
in the Relative Sizes and Levels of Illumination of the Ocular Images", by H. F. Gillott (Brit. J.
Ophthal., 1958, 42, 126), that the price was 50s. This should read 15s., plus ls. 6d. postage.

254 J. V. SMITH


