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projected on to a ground glass eovered on the hack by black paper with a
hole for the beam and an adjustable diaphragm fitting close to the glass. The
observer viewed the light pateh through two eye holes in a dark sereen in
front of the glass at a distance of 50 ecm. The light beam was interrupted by
a rotating dise with two symmetrical opaque sectors of 90° each driven by
a Singer sewing machine motor connected to the rotating axle of a Weston
eleetric tachometer. By watching the voltmeter of the speed counter and
compensating for any deviation of the needle, the speed of the motor was
kept constant to within less than 1% of a revolution per second, by means of
a speed regulating rheostat in series with the driving motor, The tachom-
eter showed an accuracy of less than 1 per cent. Two calibrations of it,
the one by means of an ordinary speed counter and a speed reducing wheel
system, the other one—three months later—by photographing a light beam
interrupted by the rotating dise and by the lever of a Jacquet time marker,
gave a difference of only 0.02 revol. per sec.

The illumination of the room-as determined by the average size of the
pupils of four observers placed before the dark sereen was at about 0.032
millilambert. This value has been read from the graph published by
Reeves (29) which shows the relation between the illumination and the
average size of the pupils of 6 observers. After each observation experi-
menter and observer changed places. Theformer kept the dise running at a
constant speed, unknown to the latter. Attention was paid to the necess-
ity for fixating steadily even when, as in experiments on the peripheral
portions of the retina, fixation time was no longer than one second.

The lamps were calibrated in a Lummer-Brodhun photometer against a
standard furnished by the Bureau of Standards. The 110 volt D.C.
supply operating these lamps was stabilized by shunting a set of condensers
across the mains. In later work a 110 volt high capacity storage battery
was available.

The intensities, given in meter eandles, refer to the illumination pro-
jected on to the ground glass. Two lamps were used, of 144.0 and 63.2 can-
dle power respectively. The highest intensity employed was obtained by
moving the stronger lamp nearer to the grounda glass; otherwise, the inten-
sity was varied by means of neutral tint Wratten filters (nos. 1 to3). The
lowest intensity used was 0.094 meter candle (m.c.) The background was
kept constant throughout the series at an intensity of 0.037 m.c. We have
used the arithmetical means of three double readings taken on different
days, the individual readings heing controlled with speeds just over and
under the fusion frequency.

THE RELATION BETWEEN AREA STIMULATED AND THE FUSION FREQUENCY
AT DIFFERENT INTENSITIES, HExperiments covering a large range of inten-
sities have been carried out with two ohservers. In spite of considerable
individual differences the findings have been constant and show an in-
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creased fusion frequency with increased area. This increase is larger with
high intensities and greater in the periphery than in the centre. Such
typical results are well illustrated by figure 1 in which the fusion frequencies
(one-half the number of flashes per second) are plotted as ordinates against
log area as abscissa. The numerals against the curves represent identical
intensities in the center and in the periphery, the values of which are given
below the figure. At the lowest intensity stimulus and background are of
nearly equal brightness when the disc is in rotation. At this low intensity
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Fig. 1. Subject R. G. Figures below abscissa give area in square degrees of diam-
eter., Radius of circles marking observations drawn to correspond to average maxi-
mal deviation from the mean. Explanation in text. I = 428.6, IT = 214.3, IIl =
04.0, IV = 21.43, V = 9.4, VI = 2.14, VII = 0.94, VIII = 0.094 m. c.

Fig. 2. Subject R. G. 8Six volt storage battery and Mazda headlight lamps.
Upper curves: high intensity. Lower curves: 0.1 time this intensity. Absolute
values not determined.

(Cf. curve VIII, fig. 1, central fixation) the heterogeneity of the receiving
apparatus of the fovea and the paracentral area may have introduced
complications. It is signficant that the break in the curve occurs at the
visual angle with which the test patch transgresses the rod-frec area. But
for all intensities above this, both in the centre and 10° out toward the
periphery there is a linear relation between fusion frequeney and log area in
accordance with the formula

1) n=clogA-+d
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where n = fusion frequency, 4 = area and ¢ and d are constants. The
well known Ferry-Porter law (Ferry, 16, Porter, 27) similarly relates fusion
frequency and intensity.

(2) n=ualogl+4bh

Although this is an approximation which sometimes shows deviations sur-
passing the limits of error (Lythgoe and Tansley, 24, and below, p. 221) it is
often surprisingly accurate (Porter, 27; Ives, 22) and therefore seems to
be too useful to be left without consideration as has been proposed.

In our formula (1) the constant ¢ determining the slope of the curve in-
creases with the intensity of the stimulus. This is true for both the centre
and the periphery but a ecomparison of the curves in figure 1 for these two
parts of the eye shows that the slope of the peripheral curves is influenced
to a greater extent by the intensity. Thus at higher intensities the periph-
eral curves become steeper and steeper in comparisonwith the central ones
obtained at corresponding intensities. The effect of size of area stimulated
is therefore relatively greater in the periphery and at higher intensities.

It is to be emphasized that there is no absolute difference between the
fusion frequencies of central and peripheral stimuli. This is evident from
figure 2 which gives typical results for two observers in both the centre and
periphery and shows that the size of the object is a determining factor:
small objects give a lower fusion frequency in the periphery than in the
centre whereas large objects give a lower value in the centre than in the
periphery. The difference between the fusion frequencies in the centre and
in the periphery is also determined by the brightiness of the test patch, If
the fusion frequency is higher in the periphery than in the centre the differ-
ence becomes still greater as the intensity of the stimulating light is in-
creased. This is in accordance with the findings of Sherrington (31) and
Lythgoe and Tansley (24).

The curves of figure 2, if plotted against log area instead of against
diameter, would also show the linear relationship between area and fusion
frequency illustrated in figure 1. From these data we may infer that the
range of approximate validity of equation (1) involves a minimum of at
least 0.09 sq. mm. of retinal area, corresponding to a diameter of 0.95 mm.
or 21 of visual angle and a maximum of about 2.66 8q. mm., corresponding
to a retinal diameter of 1.63 mm. and a visual angle of 6°. Above that
value the straight line will tend to become horizontal, as indicated by
figure 2. Below the minimum a similar tendency must become evident at
a certain size as there undoubtedly is a minimaum fusion frequency above
zero. Thus there is reason to believe that the complete curve relating the
fusion frequeney to log area is S-shaped and the equation (1) is an approxi-
mation referring to its rising branch, or perhaps only to the upper part of it.
A similar curve is obtained when plotting fusion frequency against log
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intensity as abscissa. Its lower part and ascending branch have been
determined by Ferry (18), Porter (27), Ives (22), Lythgoe dnd Tansley
(24); this with its upper, more horizontal, portion-is plotted below (figs.
5-6).

Because of the variation of fusion frequency with the size, intensity and
retinal location of the stimulus it becomes easy to see why the question as
to the relative frequencies of fusion of an intermittent light in central and
peripheral vision has given rise to so much controversy in the past (Cf.,
e.g., papers by Ives, 22; Allen, 7; Woog, 36, and others).

Figure 1 also shows that at maximal intensities the limiting value of the
critical frequency is reached at different intensities with objects of different
size—and regularly first with the small ones—and also at different intensi-
ties in the centre and in the periphery (ef. the eurves I, II, and III).
There the compared values of the fusion frequency of the centre and periph-
ery will be determined by the limiting eritical frequency obtained under
different conditions. These questions will be reconsidered below (p. 221).

The high fusion frequency of the periphery at high intensities and with
large objects is strongly indicative of a summative mode of function in this
latter part of the retina. This was the explanation suggested in part I (17)
to account for the difference found between central and peripheral vision.
In view of the fact that the relation (1) holds both for eentral and peripheral
vision and in view of the likewise common increase in the value of thecon-
stant C as the intensity increases, it would seem natural to assume this
difference between the two parts of the retina to be quantitative rather than
qualitative. But such an inference is difficult to reconcile with the facts
derived from measurcments of the visual. acuity at different intensities,
established by Uhthoff (34), Koenig (23), Roelofs and Zeeman (30) and
others. The resolving power of the fovea increases with the strength of the
illumination. How then would it be possible to separate adjacent stimuli
at a small distance at high intensities if by virtue of the increased spatial
summation they would tend to fuse?

SPATIAL EFFECTS AND THEIR INFLUENCE ON VISUAL ACUITY. In order
to attack this important question experimentally the apparatus illustrated
in figure 3 was designed to allow two bright half-circles to be set at different
distances from one another. Their fusion frequencies were determined
separately, S, and simultaneously, D. With central fixation (0°) the
fixation point was in the middle between them. From this point to the
peripheral fixation point the distance was 10° of visual angle. In the periph-
ery only a few values for the single patches were sampled at random. In
the centre a control of the singles was taken at nearly every distance tested,
as regular variations in the fusion frequeney were sometimes found, due no
doubt to the greater heterogeneity of the central receptor pattern and its
ganglionic connections.
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The question was: would the fusion frequency in the centre for both
patches together suddenly rise when they were just about to fuse into a
complete cirele, or would it rise gradually as the stimulated areas ap-
proached one another. The latter type of behaviour clearly was to be
expected in the periphery on account of the experiments deseribed in the
previous paper (17).

In spite of individual differences the experiments show conclusively that
the fusion frequency increases gradually as the half circles are brought
closer together in both the centre and the periphery. Typical results,
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Fig. 3. Scheme showing arrangement in experiment combining test on visual acu-
ity with test on spatial effeets. The angle between the opaque pieces is variable,

Fig. 4. Subject E. H. Abscissae: distance between semicircular test patches;
S¢e = single patches at 0°, D¢ = both together at 0°, 8, = single patches 10° out
towards periphery, Dioe = both patches together at 10°. Intensity about 250 m.c.

except for the fact that the fusion frequency for the singles at 0° increases
toward the foveola, are shown in figure4 and indicate that the centre nceds a
somewhat shorter distance between the patches in order to show the same
degree of interaction and that the central spatial effect is never as great as
the peripheral one. At long distances (about 400 u)only peripheral effects
are found. The difference in range between centre and periphery is more
marked at low intensities (cf. the previous communication, 17). The main
outcome of this test, however, seems to be that the difference between the
spatial effects of centre and periphery is merely quantitative.

Rather interesting is the fact that the central effects of interaction do not
in the least interfere with the resolving power. With four observers the
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spatial effect was practically complete at an intervening retinal distance of
about 30u between the areas stimulated, both in the centre and in the periph-
ery, and yet the line separating them was seen as a perfectly steady,
sharply contoured part of the background, about 1.5 mm. wide. It seems
as if the interaction met with were confined to the areas stimulated, passing
from one stimulated neurone to another and evoking little or no discharge in
interjacent neurones. On this basis it is possible to see why spatial summa-
tion does not interfere with the resolving power. An additional possibility
which must also be taken into account when synaptic reactions are con-
cerned is that inhibition may occur at the edge of the area stimulated.
Hering’s (21) view, supported by some of Allen’s (7) experiments, was
that the mechanism of contrast, compensating for irradiation, enables us to
distinguish sharp eontours. (Good spatial effeets on the basis of the above
experiment may be expected to favour visual diserimination. This concep-
tion is substantiated by the interesting observations of Wertheim (37) that

TABLE 1
Lateral part of human eye*

AL ATGH 1 MM. NEAREST 3.2 MM, 4.6 MM, 6 M,
FOVEA MIDDLE | PERIPHERAL PERIPHERAL PERIPHERAL

Quter nuclei
Ggl. optiei

* The chrom-silver method of Golgi-Cajal that enabled differentiation between
the cells with regard to their connections was not at that time (1889) in use, so that
the outer nuclei need not all be the nuclei of rods and cones; the foveal value, however
(1.09) indicates a eonsiderable accuracy in Chiewitz’s work.

................... 1.09 10.75 42.00 80.00

visual acuity in the periphery increases with the number of elements stim-
ulated. The low visual acuity of the peripheral retina demonstrated by
Dor (14) and Wertheim (37) is probably less dependent therefore upon
spatial summation than might at first be assumed.

The anatomical evidence agrees with the experimental results. The one
to one relation between cones, bipolars, and ganglion cells in the fovea (Cajal,
9; Greeff, 18) does not exclude lateral connections, though the few rudi-
mentary branches of the basal ends of these cones may diminish the number
of possible junctions. Thelateral connections are furnished by the horizontal
cells and the cells of the ganglionic layer (Cajal, 9). Although theirrelative
distribution in different parts of the retina does not seem to have been
closely examined, we have not been able to find any evidence which would
make probable the absence of lateral connections in the fovea. Therearea
great many amacrines around the fovea but they may have some specialized
function since they are joined to incoming opticus fibres (Cajal, 9). Thus
it is clear that the great foveal resolving power will have to be explained in



STUDIES ON PERIPHERAL AND CENTRAL RETINA 219

full recognition of existent possibilities of lateral spread of excitatory
impulses. Cajal (9) did so when pointing out the one to one relation
between the anatomical elements in the foveal receptor-path as opposed to
the arrangement in the periphery, concerning which the above figures
(table 1) given by Chiewitz (11) convey an idea.

The convergence of many receptors upon single ganglion cells will be
partly responsible for the greater amount of summation in the periphery
and almost certainly it is one of the main reagons for its low visual acuity.
The retinal basis underlying the interaction must be furnished by the lateral
junctions, On many grounds this conclusion is unavoidable (cf. Adrian
and Matthews’ work). The main difference between the centre and the
periphery with regard to interaction seems to be that the peripheral neu-
rones may be further apart than the central ones and yet be functionally
interconnected, probably owing to the particularly long branches of the
horizontal cells found by Cajal (9) in the peripheral mammalian eye. In
explaining the greater spatial effect in the periphery, the greater number of
lateral connections in this region will also have to be considered.

In another way this experiment with the two half-circles serves to eluci-
date the retinal basis of interaction. It seems to show that the explanation
previously given to account for the interaction between distant areas can
also aceount for the spatial effeets observed with inecreasing areas. As the
half-circles approached one another their simultaneously determined fusion
frequency became equal to the value obtained with the whole circle. This
fusion frequency could be reached when optical fusion of the two patches
into one was still far from being imminent, which means that our curves of
figure 1 could have been obtained by varying the total area illuminated by
means of two half-circles some distance apart instead of with complete
circles (cf. below, p. 223).

These experiments make it difficult to believe that the number of recep-
tors as such should account for the results with increasing arcas. Mecans of
interaction must, as it were, be given the neurones by choosing suitable dis-
tances between them. It should also be considercd that in the periphery
(at 10°) the number of receptors must be very much the same as in the fovea
in equal areas, if all rods and cones be counted, and much less if—as accord-
ing to Hecht (19) seems proper—the many receptors per ganglion cell
(table 1) be taken as one unit. If merely total number of receptors be the
determining factor the periphery would not be able to reach a higher fusion
frequency than the centre. But a greater number of neurones stimulated
implies statistically greater means of interaction (cf. Sherrington, 32) and
thus indirectly the total number of neurones will be decisive.

In still another way the final value of the fusion frequency may be indi-
rectly determined by the total number of receptors present in a given area,
e.g., with regard to differences in threshold (Hecht, 19). It is significant



220 RAGNAR GRANIT AND PHYLLIS HARPER

that the visual acuity increases with the logarithm of the intensity as does
the fusion frequency (Koenig, 23). To account for the large variation
in visual acuity with illumination, one must suppose that as the intensity
increases high threshold receptors become incorporated and a smaller value
for the minimum separabile can thus be obtained (Hecht). A greater
total number of high threshold receptors will be present in a larger area and
such an eventuality might be reflected in determinations of the critical
frequency. It ishowever not possible at this time to answer the question
as to the relative part played by the receptors on the one hand and synaptic
reactions on the other in the complex functions we are studying.
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Figs.5-6. Subject R. G. Data of figure 1 p otted against log intensity as abscissa
for objects of different size in centre (fig. 6) and periphery (fig. 7). Area is given in
square degrees of diameter (see numerals against the curves).

THE RELATION BETWEEN INTENSITY OF STIMULUS AND FUSION FREQUENCY
FOR OBJECTS OF DIFFERENT 81ZE. The experimental data which were used
in figure 1 to relate fusion frequency to log area are shown in figures 5 and 6
to represent the variation in fusion frequency with log intensity. FEach
curve presents data obtained over a period of about three months since any
one experiment consisted in varying the area for a given intensity. Beeause
the several curves thus represent an ensemble of experiments in which only
one factor at a time was varied it is hardly to be expected that the Ferry-
Porter law would be followed very accurately. And yet the figures show

that for observer R. G. there is a linear relationship between fusion fre-
quency and log intensity for objects of different size within a considerable
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range of illuminations tested. The other observers gave a less satisfac-
tory agreement with formula (2) but the data did not show a large devia-
tion from the linear relationship and allow of conclusions similar to those
to be drawn from the figures. The alteration in the slope of the curves for
large areas in the centre at low intensities is to be aseribed to the hetero-
geneity between the rod-free fovea and the paracentral portions (cf. above,
p. 214).

The outstanding results of these experiments are 1, the increase in
fusion frequency with intensity is greater the larger the size of the test
patch; 2, the upper limit of fusion frequency is higher with larger areas
stimulated; hence a small object cannot be flickering at a rate maximal for
a large object; 3, the upper limit of critical frequency is reached at a lower
intensity when the area stimulated is small. These statements held for
both central and peripheral vision. The centre, however, differs from the
periphery in two ways; 4, the difference between the maximal and minimal
slope determining constant is smaller in the centre, i.e., the variation in
fusion frequency with intensity is less dependent upon area in the centre,

TABLE 2

« [ ¥ 4
PorpRery. .. cowciicvssicnn sy 1.680 4 872 4.284 14.028
8] (11 T et 0.896 4.760 1.792 15.400

and §, the central curves reach the limiting fusion frequency at a higher
intensity.

Most of these statements, as well as those referred to above (p. 214) in
connection with figure 1, follow directly from the fundamental relations
between area, intensity and fusion frequency summarized in the equations
(1) and (2). Combining those equations one obtains

3) n=alogllogA+8Togl +~Tog A+ 3

Where I = candle power (1.49 m.c.); A = square degrees of diameter; n =
cycles per second. The relative values of the constants are shown in
table 2. The various factors influencing the relation between fusion fre-
quency and either area or intensity of stimulus can obviously be deduced
from this equation. It is interesting to note that the two coefficients,
and v, which undergo a significant change from the centre toward the
periphery are those that enter the equation in the terms contajning log
area. The significance of statements 2 and 3 will be considered below
(p. 224).

Before going further it is necessary to consider whether there is any rea-
son for believing that an increase in fusion frequency due to*spatial factors
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need not imply an inerease in the physiologieal process corresponding to
intensity. Certainly at the present time there is little justification for
making such an agssumption and to do so would be going counter to the
following four pertinent facts. 1. The formal identity of equations (1) and
(2) referring to area and intensity respectively. 2. Accurate hetero-
chromatic photometry is possible (Porter, 26; Ives, 22) on the basis of re-
lating fusion frequency to brightness. 3. With liminal values a lower
intensity may actually be used for the threshold if, within limits, the area
stimulated be enlarged. And finally, 4, the general similarity between the
results obtained by Adrian and Matthews with different criteria and those
described above, both eriteria pointing to inereased intensity of the physio-
logical process following an enlargement of the area stimulated. It thus
seems necessary to conclude that any inerease in fusion frequency is identi-
cal with a greater effective intensity.

A question of equal importance is whether there is any justification for
assuming that the intensity of the physiological process is merely a function
of the total number of neurones as such without regard to interaction.
Undoubtedly such a view may be accepted since we know little about the
mode of function characterizing the higher centres and it might be that
they would interpret the discharge from a larger number of neurones as a
more intense stimulation. The following four considerations however
argue against this point of view and in favour of an interpretation based
as largely as possible on synaptie retinal processes. 1. The evidence of
section 4 (p. 216) showing that the spatial effects are due to interaection.
2. 'The main facts referring to spatial effects can be demonstrated on an
excised eye (Adrian and Matthews, 1, 2, 3) in experiments which 3, further
show that the fusion frequency defined by asynchronism of the impulses
with regard to area and intensity behaves as does the seen fusion point in
experiments on vision. A further point to be considered in this connection
is that 4, the synaptic reactions which oceurin the eye are to be expeected on
the basis of the anatomical evidence supplied by Cajal (9) who regards the
retina as a ‘““true nervous centre.”” It therefore seems wise to attempt an
intepretation of these experiments on the basis of the conceptions devel-
oped by Sherrington and his co-workers for synaptic reactions. All the
evidence indicates that the phenomena of interaction found in our experi-
ments are of the nature of summation.

Nor is this view invalidated by the possible presence of receptors with a
large range of variable thresholds. At least within limits an individual
receptor is capable of discharging at a higher rate as the intensity of the
stimulus increases (Adrian and Zotterman, 5) thus charging the more cen-
tral retinal neurones at a higher frequency. Incorporation of receptors of
higher threshold as the intensity inereases will likewise charge these neu-
rones at a higherrate both as a result of the increased number of receptors
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contributing to the ‘frontal input” and the greater number of lateral
junctions thereby brought into action (Adrian and Bronk, 4; Denny-Brown,
13). At present there seems to be no reason for distinguishing between
these two sources of “input” to the sensory neurones: the decisive factor
seems to be the total number-of impulses impinging upon the neurones in
unit time. On this view it is clear that the equivalence of area and inten-
sity in equations (1) and (2) is not surprising but is rather to be expected.
And likewise the greater spatial effects of the periphery are a consequence
of the greater number of frontal and lateral paths converging upon the
individual neurones.
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Fig. 7. Subjects P. H. o, E. H. @, and R. G. double circle. Arrangement of
experiment shown in upper left eorner. Four = all patches simultaneously,
one = each separately. Ordinates: cycles per sec.

OccLusioN AND FACILITATION. Convergence of a number of fibres upon
a common neurone also presupposes what Cooper, Denny-Brown and
Sherrington (12) have termed occlusion. If inhibition can be excluded the
total effect will be determined by the balance of summation and occlusion.
The latter term covers the case in which addition of fresh fibres impinging
upon an already maximally discharging neurone is ineffective since the
neurone is, so to speak, saturated. The presence of this phenomenon in
the eye is demonstrated by the following experiment. Four test patches
some distance apart as shown by figure 7 (upper left corner) are stimulated
singly and simultaneously at different intensities. By choosing a sufficient
distance between them we can satisfy ourselves that the effect of only a
limited number of long lateral junctions in the case of the “fours’ is com-
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pared with the effect of a great number of frontal paths in a “single,” plus
a considerable number of always active “local”’ lateral paths within the
“single.” Figure 7 shows that introduetion of more lateral paths raises the
fusion frequency of the “fours’ over the value obtained with the “singles”
afd the more so as the intensity increases., But at very high intensities the
comparatively few long lateral paths are unable to add to the effect ob-
tained with the frontal receptor-fibres and the short local lateral paths. The
effect of the former is being occluded and the fusion frequency is now the
same for both the “fours” and the ‘“‘singles.”

Evidently frontal as well as lateral effects may be occluded. Sherrington
(33) has pointed out that the amount of overlap of excitatory paths in the
central nervous system is measured by the deficit in the expected summa-
tion, the deficit being the occluded input. On this view the greatly over-
lapping peripheral neurones must become saturated at a lower actual
intensity because of the greater input over both lateral and frontal paths
and still be capable of giving a higher fusion frequency owing (o the higher
effective intensity as a result of the greater spatial effects. This, as we
have seen, is actually the case (statement 5, p. 221). Thus an increase in
the strength of stimulus above this point of saturation will be a “deficit” in
the frontal input, which is larger in the periphery than in the centre for
equal increments of intensity.

The presence of overlap and, consequently, of occlusion raises the ques-
tion as to whether a field of neurones can be saturated by means of frontal
or receptor-fibres alone. The supposition that the frontal input alone
should be capable of charging the neurones maximally is extremely improb-
able since on this view the spatial effect would diminish at high intensities,
whereas we have seen that it unquestionably increases with the intensity of
the stimulus. Some other important facts are equally incompatible with
the possibility of complete frontal saturation, whereas they are easily
explained on the basis of the contrary assumption. Take, for instance,
the striking result that with sufficiently small areas the periphery gives a
lower fusion frequency than the centre. Owing to the great convergence
of receptors upon ganglion cells in the periphery the number of lateral paths
decreases rapidly with the size of the object and soon the peripheral effect
will be determined more or less by the frontal “input,” whereas the great
number of ganglions in small central arcasstill covers a considerable range of
short lateral connections adding to the frontal effect in the centre. On this
basis there is likewise a simple and rational explanation of the fundamental
fact (statement 2, p. 221) that small areas cannot flicker at the rate maxi-
mal for large areas. It was shown above that the area could be composed of
two half circles some distance apart or, in other words, that the stimulated
areas need not form a unit field. The latter fact must be taken to mean
that the amount of lateral “input’ is decisive. Thus with small areas and
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a small lateral input the neurones are far from being saturated when the
region of maximal intensities is being reached and cannot be saturated via
frontal paths alone. Possibly the lateral input also is occluded, just as in
the case with the four test patches where the number of horizontal connec-
tions was'likewise limited. With large areas the lateral input is much
greater and therefore does not get occluded or what occlusion there is takes
place at a somewhat higher intensity and rather refers to the frontal
input (statement 3, p. 221). The liminal intensity of the light seems to be
determined by the balance of ocelusion against summation, It should be
remembered that the lateral input, though capable of raising the fusion fre-
quency, does not increase the frontal input, whereas an increase in the
frontal input also augments the lateral effects.

Occlusion and summation are two functional aspects characterizing a
central structure with overlapping excitatory paths both of which seem to
be demonstrable in the eye. Oceclusion is merely lack of complete summa-
tion of maximal effects. But summation may also give more than the sum
of several independent effects (facilitation) (12), owing to the fact that the
individual paths may act upon a common fringe of neurones which either
path alone is only able to excite subliminally. Stimulated together, the
afferent nerves suddenly bring a common field of now supraliminally
excited neurones into activity. In one case two individual excitatory
afferents developed a tension of 50 grams and 0 gram respectively, whereas
the reflex contraction when both were stimulated together, suddenly rose
to 2,500 grams or 50 times the sum of the individual effects (Eccles and
Granit, 15). It would seem that the greater variation of fusion frequency
with increasing area in the periphery, i.e., greater value of v in equation
(3) indicates that we have evidence of facilitation in the present experi-
ments. The nature of this evidence is perhaps better understood if we
consider an extreme case and ask whether at any intensity a doubling
of the area gives a greater increase in the fusion {requency than a doubling
of the intensity. This does not happen in the centre, but a comparison of
the slope of the two upper peripheral curves of figure 1 (log area) with the
uppermost eurve of figure 6 (log intensity) shows that the slope of the log
area curves is much steeper than the slope of the log intensity curve for the
largest area. The experiments on visual acuity in section 4, however, indi-
cate that facilitation cannot in the eye be as marked as in certain types of
reflexes.

Thus it is possible to demonstrate in the eye all the important aspects of
synaptic reactions of the summative type. Even though it were shown that
our assumption that every increase in fusion frequency is equivalent to an
increase in the effective intensity does not contain the whole truth, it is a
sufficiently close approximation to justify the main conclusions drawn in
this paper. If there be a spatial effect on the fusion frequency that does not
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imply an augmentation of the effective intensity, e.g., interaction as mere
synchronization in contradistinetion to interaction involving summation,
this factor would interfere with our reasoning only with regard to facilita-
tion and to the difference in liminal fusion frequency between small and
large areas at maximal intensities.

ConcLUDING REMARKS. The results of our experiments and the general
views developed in this paper suggest a number of important questions in
the special field of physiological optics of which only a few can be indicated
in the space available.

Parsons (25), considering peripheral daylight vision as contrasted with
central vision, once remarked: ‘“There is overwhelming proof, derived from
peripheral luminosity curves, minimal field and minimal time luminosity
curves, that peripheral vision behaves in exactly the same manner as cen-
tral vision, but with diminished sensitivity. Greater stimuli are required to
produce equivalent responses, but if the stimuli are sufficiently great, the
differences disappear, including even qualitative differences, so that the
fields of vision for colours extend to the extreme periphery (p. 177).”
The great summative power of the periphery seems to us to afford the clue
to a solution of this problem. If the stimuli are strong enough, the summa-
tion in the outer parts of the retina will compensate—or even overcom-
pensate—for anylack of sensitivity. It hasbeen long known and repeatedly
confirmed (ef. references by Baird, 8) that the peripheral colour fields also
can be greatly extended by increasing the areas (Hueck, 1840). This evi-
dently is wholly in accordance with our findings as well as with the expla-
nation given to account for them.

It is worth noting that these experiments clearly demonstrate the neces-
sity for considering not only rods and cones as the anatomical basis for func-
tional differences between central and peripheral vision. A priort all low
intensity phenomensa must not be ascribed to the rods and care must be
exercised in drawing too general conclusions from experiments in which
intensity is the only variable, since the fusion frequency is a complex func-
tion of both area and intensity with different constants and liminal values
(ef. equation (3)). Much work remains to be done, particularly at low
intensitics. Before this has been accomplished the present results cannot
advantageously be linked up to the many interesting data on area and
intensity at the thresholds. Under these conditions it is possible that
the relative number of receptors of different thresholds also introduces
complications.

SUMMARY

Using the flicker method as a quantitative measure of the intensity of the
visual process we have studied the influence of size of area stimulated,
intensity of stimulus and distance between a number of test patches upon
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the fusion frequency. Our experiments support the view that the retina
demonstrates synaptic reactions of the summative type as is to be expected
in an organ which not only contains receptors but is also a ‘“true nervous
centre.”

1. The experiments indicate the approximate validity of the Ferry-Por-
ter law:

n=alogl+5b

2. It is shown that a similar relation holds for the influence of area on
fusion frequency and that, accordingly, the fusion frequency = is a function
of both these factors, of the form obtained by combining the formulae
referring to area and intensity respectively (p. 221).

3. The variation of fusion frequency with both intensity and area is
greater in the periphery than in the centre. This is more pronounced with
regard to area, a fact which is shown to bein agreement with the anatomical
differences between the synaptic structures in these two retinal areas.

4. The effect of interaction upon fusion frequency has been shown by
the fact that several patches stimulated simultaneously give a higher fusion
frequency than when each one is stimulated separately. This increases as
the patches are brought closer together although the effect may be maximal
when the retinal distanee between them is as mueh as 30u. The interaction
met with is interpreted as summation.

5. Central and peripheral retinal areas show only quantitative differences
in summative effects. In central vision full spatial effects may be present
without impairing the visual acuity.

6. At sufficiently high intensities the fusion frequency for a single patch
becomes equal to that for four simultaneously stimulated areas. This is
interpreted as being due to occlusion.

7. Large areas give higher liminal values of both fusion frequency and
intensity. The relative amount of summation and occlusion with different
areas and intensities furnishes a simple and rational explanation of these
phenomena.

We are indebted to Dr. D. W. Bronk for valuable suggestions and
criticisms.
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