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LYLE EDWARD HUFFORD

ABSTRACT

Two well practiced subjects were presented visual stimuli
at a constant duration of .003 seconds.

Subjects reacted to stimuli

by releasing a switch and reaction times were recorded.

In the first

experiment a stimulus patch subtending a visual angle of 20' was sepa
rated into five smaller circular parts, the total area remaining
constant.

These part-areas were gradually dispersed so that visual

angle was increased in eight steps over a range from 20' to 3°10'
visual angle.

In the second experiment the procedure was the same ex

cept that as visual angle increased the total area subtended increased
accordingly.
experiment.

The same five stimulus luminances were used for each
For subject P these values were .65 mL, 1.03 mL, 1.64 mL,

20.7 mL, and 2670 mL.

For subject B the values were .82 mL, 1.30 mL,

2.07 mL, 20.7 mL and 2670 mL,
pendent variable.

Reaction time was measured as the de

Subjects reacted to the stimuli by releasing a

switch upon seeing a flash.

For each subject flashes were presented

to the temporal retina, 18° peripherally.
Curves were plotted for each subject which describe reaction
time as a function of visual angle for each of the five Ivuninance
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values used.

The curves of both experiments demonstrate the familiar

conclusion that reaction time decreases as intensity increases.

The

extent of this relationship is not, however, independent of area or
spatial dispersion of a stimulus.
In experiment I the curves for the two brightest luminance
values show that reaction time remains constant as the stimulus field
is dispersed.

The curves for the three dimmer luminance values reveal

an increase in reaction time with increase in stimulus dispersion up to
a visual angle of about 2°46'.
action time is constant.

Beyond this degree of dispersion, re

Results are interpreted as demonstrating

retinal physiological summation.
The results of this study are discussed in relation to their
support of current probability summation or physiological summation
theories.

The following hypothesis is advanced to account for the re

sults.
It is known that the magnitude of a gross retinal potential
depends on stimulus luminance and to some extent on the adaptation
state of the retinal receptors.

It can be assumed that the gross optic

nerve response is related in magnitude to the gross changes in the
retinal potential.

A subsequent cortical response depends on the total

optic nerve input.

Presumably the greater the input, the shorter the

cortical latency.

In line with this same argument it also is reasonable

to suppose that the muscular response latency may depend on the magni
tude of the central-motor input.

If this reasoning is sound, a reduction

in the latency of the muscular response (reaction speed) with increased
dispersion of stimulated retinal elements is explained - if the optic
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nerve response caused by stimulation of those elements is diminished
as dispersion increases.

There are some grounds for believing this to

be the case, but to our knowledge there is no direct evidence on the
point for the human eye.
In experiment II all luminance curves reveal a sharp drop in
reaction time with the first increase in area (20' to 44* of visual
angle).

The magnitude of the change decreases as the stimulus lumi

nances become brighter.
luminance used.

However, it is still present for the highest

Beyond the 44' visual angle area, for all except the

brightest luminance, there is a slight decrease in reaction time with
increase in area.

For the brightest luminance curve, however, the re

action time becomes constant as area increases.

While a concise ex

planation of the mechanism underlying these results cannot be offered,
the data can be interpreted as evidence for a complex or dual function
ing summation mechanism where non-independent elements of the visual
system interact at some neural level.
The area data of experiment II are used to establish cumula
tive frequency distributions and from these, by application of simple
\

probability theory that assumes independence among retinal areal seg
ments, theoretical reaction times for various luminance - area condi
tions are predictedo

These predictions are then compared with empiri

cally derived reaction times.

Results indicate that such a probability

theory is not the appropriate mode of analysis for changes in visual
reaction time with changing area, at least within the conditions set by
this study.
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HISTORY

Studies in human reaction time have played an important role
in the early history of psychological science.

Perhaps no other type

of measurement is so well known to the student of behavior.
Originally, interest in reaction speed arose in the field of
astronomy.

Because individuals reacted with different speeds in

judging star transits, astronomers developed the so-called "personal
equation" - a method which resolved individual differences in reaction
time,.

For a time early psychologists believed it might be possible to

measure the time required in "mental" events such as choice and judg
ment, by subtracting simple reaction time from the time required to
react to more complex situations.

This early optimism soon disappeared,

however, for the total time necessary for a reaction is complicated by
many variables.
Reaction speed - the reciprocal of the latent period - is not
truly the reciprocal latency of the sensation but rather the latency of
a total reaction.

Included in the response latency are central-motor

events as well as sensory events.

The assumption is usually made, how

ever, that the central-motor component of the response latency is a
finite, constant interval.

Further, it is assumed that that component

can be deduced from data in which the exciting stimulus is varied in
magnitude from very strong to threshold.

When this constant time is

substracted from the total reaction time one is left with the actual
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latency of the sensation.

Simple reaction time for the purposes

of this study is defined as the time consumed from the onset of a
stimulus to the completion of subject's response*
Although the determination of thresholds of various sense
modalities by the psychophysical methods enjoys a distinguished
history, such results are of limited value for a study of sensations
themselves.

Much of the emphasis has been in the determination of

thresholds to determine a single end point - that stimulus value
which is seen fifty percent of the time.

From threshold studies of

the classical type nothing can be determined concerning the range of
behavioral values above that threshold point.

Only in the past half-

dozen years have we had such threshold techniques as the one included
under the name of detection theory to shed much light on sub-threshold
events.

Moreover, threshold values depend on the validity of the

psychophysical methods employed for their measurement.

Pieron (1952)

devotes a whole chapter to the valuation of the psychophysical methods
and presents experimental evidence for his final conclusion that the
general validity of the Fechnerian postulate (i.e. that sensory magni
tudes can be assumed from discrimination and absolute thresholds) is
admissible.

He goes on to point out that there are, however, measure-

able consequences of the variation of stimulus intensity and perhaps
the best one is the reaction time measurement.
The use of reaction time as a psychophysical measure has been
at least implicit in the design of some experiments involving visual
thresholds.

Steinman (1944) designed several studies to test the
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adequacy of simple reaction time to change as a psychophysical
method.

For example", in one study she examined the effect of direction

of change upon reaction time.

The stimulus used was an increase or de

crease in the illumination of a ground-glass disk, 1 in. in diameter.
The disk was positioned two feet in front of the subject against a
well lighted background.

Results showed quicker reactions to the

greater amounts of illumination change, but the reaction time to a
decrease in stimulus luminance was consistently less than reaction
time to an equal amount of increase in luminance.

The reaction time

results of this experiment were compared with judgments of magnitude
obtained by the method of Single Stimuli.

The reaction time function

plotted against the function obtained by the method of Single Stimuli
were in close agreement.

It was consluded that simple reaction time

to change is an adequate psychophysical method.

More recently Galifret

and Pieron (1951) have obtained visual functions based on reaction
time differences and such findings support Steinman's conclusions.
Among the many variables affecting the speed of a reaction
to a visual stimulus are the duration of the stimulus, the intensity
of the stimulus, and the size or retinal area subtended by the stimulus.
That the duration of a visual stimulus affects visual thresh
old determinations has been established by many investigators (e.g.,
Bloch 1885, Pieron 1920).

The relationship is reciprocal in nature

within certain limits and thus obeys the Bunsen-Roscoe Law Lt= C, where
Illuminance, t«time, and C is a constant.

The facts are not so clear

however when reaction time is used as a measure.

It appears that if

one begins with a brief visual stimulus and gradually increases its
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duration, the apparent intensity increases a small amount.

Froeberg

(1907) using primitive apparatus demonstrated this relationship.
Wells (1913), however, concluded that there is an optimal duration which
varies with individuals and beyond which reaction time increases.

In

view of the uncertainty of the reaction time-duration relationship the
present study used a very brief stimulus duration of .003 sec. as a
means of controlling this variable.
The relationship between visual stimulus intensity and reaction
time is well established".

Most studies agree on one point, namely, that

visual reaction becomes shorter as the intensity of light is increased
and it is generally agreed that the function is non-linear.

Froeberg

(1907) and Pieron (1920) measured human reaction time to changes in
visual stimulus intensity against a background of fixed intensity.
Hovland (1936) and Steinman (1944) have investigated the effect on re
action time of changing the intensity of the surround and thus the adap
tation of the eye.

Hovland found that reaction time became shorter as

the difference between the adaptation field and the stimulus increased.
Steinman, who was measuring the effect on reaction time of the magni
tude of change of a stimulus found reaction time to be shorter as the
magnitude of change increased.

However, this relation held only to a

point after which reaction time increased once more.
uted the reversal to an adaptation effect.

Steinman attrib

Gaiifret and Pieron (1948)

presented bright stimuli to dark adapted subjects and found that te«
action time to foveal stimulation was faster than reaction time to
peripheral stimulation.

Lemmon and Geisinger (1936) found that the

reaction time of dark adapted subjects to a dim visual stimulus was
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faster in the periphery than in the fovea.

With a brighter stimulus

and under light adapted conditions the fastest reactions were to foveal
stimulation.

Bartlett and McLeod (1954) noting that previous studies

had been limited in scope and in experimental controls investigated
the relationship between reaction time and signal and field luminance
over a wide stimulus range in both the central and peripheral retina.
They found that for bright stimuli foveal reaction time was faster
than reaction time to peripheral stimulation.

With dim stimuli the

reverse was true, for peripheral reactions were faster than foveal re
actions.

Thus these investigators were able to explain some of the

apparently discrepant results of earlier investigators and to fit them
into a single comprehensive theory modeled after Pieron's (1920) early
study.
Finally, if one is to describe the effect on reaction time of
a visual stimulus, it is necessary to consider the area of the stimulus.
If an investigator begins with a very small spot of light and increases
its area, the apparent intensity is also increased within narrow limits.
Froeberg (1907), in the only systematic reaction time - area experiment
to date, reflected daylight from squares of white paper of various
brightness and size.

His results confirmed a decrease in reaction time

with increase in stimulus area.

At least two possible explanations of

his results are suggested. (a)

As the area of the stimulus is increased

a greater number of receptors are exposed to the stimulus light.

Thus

a greater number of low threshold receptors may be excited resulting in
a decrease in reaction time. (b) The greater the number of receptors
stimulated, the shorter the latent period due to neurological interaction

or summation at the retinal level.

Specifically, due to physiological

summation, a combination of simultaneous stimuli may produce a shorter
reaction speed than any one of those stimuli alone.

It is possible, of

course, that both mechanisms may be operating.
The relationship between area and intensity has been investi
gated in numerous threshold studies (Graham, 1930; Graham and Margaria,
1935; Karn, 1936; Graham, Brown and Mote, 1939; Graham and Bartlett,
1940; Riopelle and Chow 1953).

One of the first to investigate the

relationship between the area (A) and visual threshold intensity (I)
of a circular stimulus field was Ricco (1877) who discovered an inverse
relation (IxAsC) between the area of the retinal image and the inten
sity of light required to evoke a threshold response.

The generaliza

tion that the product of area and intensity is a constant (C) is known
as Ricco1s law.

Ricco' determined that this relationship held for the

dark-adapted, extra-foveal retina up to a diameter of 42'40".

Subse

quent investigation by Lohle (1929) showed the law to hold in both the
fovea and parafovea for stimulus diameters up to 10'.

Peripheral

measurements of the relation between area and intensity outside the
range for which Ricco's law holds were made by Piper (1903).

Piper,

using parafoveal stimulus fields between 2° 45' and 26° diameter,
found the threshold to be inversely proportional to the diameter of
the stimulus field.

Thus the product of intensity and the square root

of the area equals a constant.

This relationship, known as Piper's

law, holds for peripheral visual angles between 2° and 7°.

With very

large areas, intensity threshold remains unchanged with a change in
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area (Lohle, 1929).

The relationship thus becomes I-C.

In short,

different simple relationships were reported for various ranges of
size.
Abney (1897) noted that the light from a stimulus circle is
a fuzzy grey patch immediately before extinction, but seems to disap
pear finally as a point.

Apparently light has some prolonged effect

on the visual apparatus even though the original light sensation is
gone from the peripheral portions of the stimulus circle.

Abney sug

gested that the effect was due to radiation of sensation in every
direction - the greatest effect of the light being at the center of
the stimulus circle.
Graham, Brown, and Mote (1939) pointed out that the results
of many previous investigations (e.g. Abney, 1897; Pieron, 1929) sug
gest that the validity of Ilicco's and Piper's laws is questionable.
Such descriptions will not hold over a wide range of areas.

Graham,

Brown and Mote designed a study therefore which covered a range of
areas from 1.86' to 25°6' in the parafovea.

Their results indicated

that while portions of the obtained curves could be described by
Ricco's or Piper's laws, the curve for the entire large range of areas
could not be described by any simple power function.

In view of

Abney's findings and of their own results, Graham, Brown & Mote (1939)
reasoned that for weak luminances such as apply in threshold measure
ments, the sensory value of a circular stimulus field is a function of
the amount of neural excitation produced at the center of the field.
Every element within the stimulus field contributes excitation towards
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the center - their contribution being proportional to a power func
tion of the distance of each element from the center.

These investi

gators stressed the fact that any adequate explanation of the areaintensity relationship must take into account the effects of spatial
summation and inhibition which have been demonstrated in physiological
studies of the vetebrate retina.

Adrian and Mathews (1927) for ex

ample were able to show that spatial summation may be related to the
anatomy of the visual system.

These investigators directed four spots

of light at the excised eye of an eel.

The spots were far enough

apart so that the latency of the optic nerve discharge to stimulation
of a single spot was no larger than to the four spots together.

The

eye was then treated with strychnine which facilitates synaptic re
sponse.

The result was that the latency to stimulation of the four

spots now became shorter than to a single spot alone - demonstrating
that single points on the retina can act independently but may inter
act under proper conditions to produce spatial effects.
Granit (1930) and Granit and Harper (1930) in an extension
of the Adrian, Mathews effort used the critical flicker frequency
(CFF) as a measurement tool.

Using human observers they noted that

the CFF to two semi-disk spots of light in close proximity was higher
than for that of a single spot.

In a second experiment two half-discs

of light were gradually brought closer together and an attendant rise
in CFF was recorded.

Beitel (1934) using a similar design substituted

parafoveal stimulation and obtained threshold measurements.

He found

first a rapid, then a slow and finally a rapid rise in threshold as
two half-disks of light were separated.
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A number of experiments with similar results strongly suggest the
presence of a basic interaction mechanism.

With perfect summation

the same quantity of light should be barely perceptible whether it
comes from a large or small area.
of Ricco's law.

This of course is the expression

It is clear however that perfect summation does not

occur over a large range of areas (e.g. Graham 6c Margaria, 1935; Karn,
1936,j Graham and Bartlett, 1940).

Is this basic mechanism a summa

tion effect where elements contribute to a maximum center effect, or
is the total effect the result of the individual contribution of a
number of independent elements?
type of eye studied.

The answer probably depends upon the

Graham (1932), working with the horseshoe-crab

(Limulus polyphemus) eye found that an increase in area brings in
more active fibers but has no effect on the latent period of a given
fiber.

The active period of any number of responding units was that

of the most rapidly acting element.

The magnitude of the retinal re

sponse was proportional to the number of receptors illuminated.
Graham felt therefore that the effect of area increase was not summa
tion per se, but rather a sampling effect.

That is, as more area is

exposed, more nerve endings have the chance of being excited.

While

Graham thought he was working with a preparation without lateral con
nections, Hartline (1949) demonstrated that the ganglionic plexus of
Limulus may in fact mediate spatial interaction and is inhibitory in
nature.

Hartline (1940) also showed that the receptive field of an

optic peripheral nerve fiber of the frog, a cold blooded vertebrate,
covers an area much greater than that occupied by a single rod or
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cone.

A retinal ganglion cell therefore can receive excitatory in

fluences over many convergent pathways and its axon represents the
final common path for nervous activity originating in many sensory
elements.

Here then is an anatomical basis for spatial summation

effects in the vertebrate eye.
Walcl (1938), who also studied changes in threshold with
changes in area about the same time as Graham, Brown, and Mote (1939),
reported that his results could be explained from the simple statis
tical properties of the retinal mosaic.

Wald avoided a spatial summa

tion explanation by suggesting that within a uniform retinal area
there exists a population of receptors which are independent of each
other.

A given receptor region contains elements of differing thresh

olds and on the basis of his data Wald concluded that a critical num
ber of receptor elements must be stimulated to produce a threshold
response and increase in area satisfies this condition.

His simple

probability formulation was of the nature, (A-nt)^CI =G, where A=area,
nfc = a constant threshold number of elements, Isthreshold intensity,
and k and C are constant.
Pirenne and Marriott (1959) have championed the theory of
probability summation.

They suggest that if certain receptors or re

ceptor groups can be assumed to function independently and the activa
tion of some one of these alone were required for threshold perception
then the probability of seeing as the result of the activation of at
least one of them becomes P= l-(l-p)n, where P is the probability of
activation of any single receptor group and n is the number of such
groups.

In the case of true physiological summation, however, Pirenne
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points out that P>l-(l-p)n.

With very large fields, light is seen

over the entire visual field almost as soon as any light is seen at
all.

Luria (1958) found the absolute threshold for large fields to

be no lower than for fields in the 10° to 20° range.

The above proba

bility equation would not predict such results since with the opera
tion of millions of independent units of approximately similar sensi
tivity detection probability would approach unity even for small values
of p.

Since this does not happen one must conclude that either these

units are not independent or Luria's 10° to 20° areas were covering a
region with especially sensitive receptors.

Such a conclusion is

strongly supported by physiological evidence already mentioned.
Clearly, research covering the role of the extent of retinal
area stimulated upon visual response is incomplete.

Although physio

logical summation of retinal elements and retinal inhibition of these
elements upon each other undoubtedly exists, there is inadequate un
derstanding concerning its limits except in so far as the threshold
response index of visual behavior has been involved.

Certain investi

gators prefer to ignore summation in preference to a simple statis
tical prediction for visual response.

It can be shown, however, that

this approach is inadequate since it does not hold for small areas.
Specification of the properties of the relation between the area of
a visual stimulus and its effect on the speed of behavioral response
appears to be a promising lead for a more complete understanding and
prediction of visual behavior.
The purpose of the present research is to investigate further
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the principles of retinal interaction in terms of the effect of area
and intensity variables.
dependent measure.

Gross manual reaction time is used as the

METHOD
Apparatus

The Visual Discriminator, a light tight, 2%' x 3%'' x 2%"
tunnel device including the components presented in figure 1 pro
vided both stimulus and fixation sources.

A Sylvania Glow Modula

tor (type R1131C) tube (A) having a rise and decay time of less than
0.0001 seconds was used to provide the stimulus light.

Light then

passed through collimating lens (B) which was 22mm in diameter and
had a focal length of 162mm.

Neutral density filters could be in

serted at C to control light intensity.
ulus area were inserted at D.

Field stops to control stim

Light then passed through a beam

splitter (E) and on through a converging lens (F) which was 35mm in
diameter and had a focal length of 90mm.

Light converged at H where

there was an artificial pupil 3mm in diameter.
was mounted directly above G.

A fixation device

Mounted inside a small cylindrical

film can (J) was a neon bulb (type NE51).

Light escaped from this

can via three minute holes drilled in one end in the form of a tri
angle.

Each side of the triangle measured 3.5mm.

A triangle was used

as the fixation point in order to minimize the apparent wandering of
the fixation source under dark-adapted conditions.

Light from the

o
fixation device (J) was reflected from a 45 inclined cover glass
slide at point G.
for each S.

A dental plastic bite plate (I) was fabricated

The fixation device was positioned so that as the SI
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FIGURE 1

Visual Discriminator.

Apparatus

is described in text.

IEW
A

SIDE

VIEW

]
D

G
G
H

g(f H
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grasped the bite plate (I) with his teeth and fixated the fixation
source, any stimulus flash was projected on a temporal region of
the retina 18° peripheral to the fovea.

_S sat in a light tight ven

tilated booth which measured 65" x 24" x 36"„

Three inches of the

visual discriminator, the section including G and H, extended into
the partition of the booth.
mounted inside the booth.

The fixation source and bite plate were
To the right of J3, at elbow level as he

sat positioned to react, was a shelf 6" wide under which was mounted
a micro-switch (BZ-2RW80).

The lever of this switch was bent so

that it extended through a slit in the shelf about 2mm above the
horizontal plane of the shelf.

A metal stop was added below the

lever so that ji, using his forefinger and about lOgm pressure could
move the lever only 2mm.

This distance was sufficient to place the

normally open contact in the closed position.
Reaction times were recorded by an electronic device manufac
tured by The Psychological Instruments and Research Laboratory of Rome,
New York.

The device includes a Berkeley Electronic Counter which

measured response delays to 0.0001 seconds.

This unit was also used

to deliver stimulus flashes of controlled duration.
stimulus duration was always .003 sec.

In this study the

A Hunter Interval Timer, con

nected to the electronic response indicator, was started by a foot
pedal switch in the S's booth.

This was used to control foreperiods

for various values set in by j£ before each trial.
Five intensities were used in this study.
from just above threshold to very bright.

Luminance ranged

These intensities, achieved
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by inserting Wratten neutral density filters in front of the 20,670
millllamberts light source, were (a) 0.65 mL (4.5 filter); (b) 1.03
mL (4.3 filter); (c) 1.64 mL (4.1 filter); (d) 20.7 mL (3.0 filter);
(e) 2670 mL (1.0 filter) for subject P. and (a) 0.82 mL (4.4 filter);
(b) 1.30 mL (4.2 filter); (c) 2.07 mL (4.0 filter); (d) 20.7 mL (3.0
filter); (e) 2670 mL (1.0 filter) for subject B.
Two series of 8 field stops, one series for each experiment
reported in this paper, were manufactured.
opaque, exposed cut-film.

Holes were drilled in

The film was mounted on an aluminum frame

for ridigity and these frames could be inserted in the visual discrimi
nator.

Number one field stop of series 1 was a single circular hole

which subtended a visual angle of 20' at the retina and was .083 inches
in diameter.

Numbers two through eight field stops consisted of 5

holes, .037 inches in diameter, the total area of which equaled that
of field stop one.

These field stops were patterned so that they

formed a square with one circle in the center of the square.

Based

on a logarithmic scale determination the 4 corner circles were spaced
progressively farther apart from field stop to field stop so that the
four peripheral holes fell on an imaginary circle subtending the fol
lowing visual angles:

Number two visual angle 44'28"; number three

visual angle 1°8'; number four visual angle 1°32*; number five visual
angle 1°571; number six visual angle 2°22'; number seven visual angle
2°46'; number eight visual angle 3°10'.
Each field stop of series 2 consisted of a single circular
hole, but the diameter of each circle increased according to the same
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logarithmic scale as used in series 1 field stops.

Thus, while they

subtended the same visual angle as the geometric patterns of series 1,
the field stops of series 2 were of ever increasing area.
of the series 2 field stops were as follows:

The diameter

Number one, .083 inches;

number two, .183 inches; number three, .284 inches; number four, .384
inches; number five, .486 inches; number six, .589 inches; number
seven .689 inches; number eight, .789 inches.

SUBJECTS
Subjects were two male graduate students 23 and 25 years of
age.

Each was highly practiced in reaction time responses.

PROCEDURE
The research reported in this paper was divided into two
similar experiments;

these will be referred to in the text as Experi

ment I and Experiment II.
Each subject dark-adapted for 30 minutes in the reaction booth
before the trials began.

Trials were administered in blocks of 20.

Each experimental session consisted of 4 blocks of reactions with four
different intensities represented - one luminance value to each block
of reactions.

Eight different visual angles (Experiment I) or areas

(Experiment 2) were represented according to the random design pre
sented in Table I.

18

TABLE I
Experimental Design of Experiments 1 and 2
The design shown below was used in the second and third data
replications for a total of 24 consecutive daily sessions.

The letters

in alphabetical order represent the field stops of series 1 and 2 in
their increasing order of visual angle.

The subscript numbers repre

sent luminance values as described in the text in order of increasing
luminance.
Conditions

DAX
A1

H2

B3

G4

2

°2

G3

C4

E1

3

E3

A4

D1

B2

4

D4

B1

F2

H3

5

E4

F3

O

6

C3

61

F4

A2

7

E2

D3

H4

F1

8

H1

C 2

A3

B4

MC

1

C1

Experimental Design for Added Intensity Value
Series 1 Field Stop Conditions
Day

Session 1

Session 2

1

A5B5C5D5

H5G5F5£5

2

E5F5G5H5

D5C5B5A5

3

A2C5E5G5

H5F5D5B5

Series 2 Field Stop Conditions
4

B5D5F5H5

C5E5G5A5

5

F5C5G5B5

EijD^AcjHij

6

E5D5H5A5

B5°5F5G5
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About 30 seconds elapsed between each block of trials during
which time E changed the field stop and filter value as determined by
the experimental design.
Prior to each reaction £ would set into the Hunter timer a
randomly selected foreperiod.
second intervals.

Foreperiods included 2, 3, 4, and 5

J£ would then say 'ready'.

Whenever ^ was ready to

react he would depress the finger switch and then depress the foot pedal
holding the pedal down until the reaction was over.
foot pedal initiated the foreperiod.

Depression of the

At the end of the foreperiod in

terval a stimulus flash .003 sec. in duration was delivered to Si and
the electronic counter began to record time.

When S saw the stimulus

flash he released the finger switch which stopped the electronic counter
Ji then reported the duration of the reaction to j>, recorded it on paper,
set in the new foreperiod and a new reaction sequence was ready to begin
Total time between reactions was about 10 seconds.

The length of each

experimental session including the dark-adaptation period was approxi
mately 1 hour.
Subjects ran for 8 days until all combinations of areas and lumi
nance were used.

Two more replications were then taken over the follow

ing 16 days until a total of 60 reactions were recorded for each area luminance condition.
Experiment 2 was conducted in exactly the same fashion as ex
periment 1 except that the second series of field stops, those with in
creasing total area, were used.

A period of ten days elapsed between

experiment 1 and experiment 2.

Subjects practiced for 3 days prior to

the beginning of the second experiment.
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Originally in the two experiments only four luminance values
were used.

Upon inspection of the data it was decided that one

brighter intensity might yield added valuable information.

Therefore

Ss practiced for two days and then ran twice a day, once in early
morning and once in late afternoon, for six additional recording days.
The design for these sessions is shown in the lower half of Table I.
Although in the opinion of the experimenter these added data are re
liable, it should be pointed out that the design for their collection
differed somewhat from that of experiments 1 and 2.

Subjects reacted

to only one luminance and also reacted twice a day in contrast to the
procedure of experiments 1 and 2.

RESULTS
Experiment I
It was anticipated by the design of the research that certain
reaction time values would be missing.

Some of the stimulus condi

tions (e.g. a small stimulus area at a low luminance value) were only
slightly above the threshold of seeing and therefore some stimulus
flashes would not be seen.

When the flash is not seen the reaction

time is considered infinite.

For this reason it was decided that the

data should be reduced in the form of median reaction times and nonparametric statistical techniques (Siegel 1956) would be used in data
analysis.

Since the form of the distributions of these data could

not be predicted, it was impossible to select relevant statistics on
an a priori basis.

Therefore the statistics reported in this section

are those suggested by inspection of the collected data.

For all

statistical tests used the coefficient of risk is .05.
In experiment I five stimulus luminance values were used, and
although the area of the stimulus remained constant for each luminance
condition, the angular subtense of the retinal area involved was
gradually increased by increasing the distance between the five cir
cular dots of the stimulus field.

Figures 2 and 3 present curves for

each luminance value where median reaction time is plotted as a function
of increasing visual angle.
Inspection of the curves of figures 2 and 3 reveals that re
action time increases as luminance values decrease.

It is also clear

that for low luminance values reaction time increases as the total
21

FIGURE 2

Curves for each stimulus luminance
value used.

Median reaction times

are plotted as a function of increasing
visual angle for subject P.
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FIGURE 3

Curves for each stimulus luminance
value used.

14edian reaction times

are plotted as a function of increasing
visual angle for subject B.
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visual angle of the field incorporating the stimuli increases.

For

bright luminance (20.7 mL and 2670 mL) values there is no increase
in reaction time as a function of increasing visual angle.

The non-

parametric statistic, Friedman's two-way analysis of variance, was
applied to test for differences between the luminance curves for
each _S.

Results indicated that the curves differ significantly

(p^.Ol).

The same statistical method also indicated that the in

creasing visual angles tend to differ significantly (p<".01) from one
another.

Since it is obvious from visual inspection, as from compari

sons of the data for the highest_and lowest luminances, that all of
the luminance curves do not have the same form the data for each
luminance curve was treated by the non-parametric statistic, the ex
tension of the median test.

The results of this test show that there

is no significant difference in reaction time between the increasing
visual angle conditions for either of the bright luminances (20.7 mL
and 2670 mL) for either _S.

In contrast, however, the dim luminance

curves do show significant (p^.001) differences over different visual
angle conditions for both _Ss.
These reaction time data are in conformity with earlier re
ports (e.g. Froeberg, 1907*, Pieron, 1920j Steinman, 1944) showing
that as stimulus intensity increases, reaction time decreases.

The

relationship holds where only rod functions are involved (our dim
luminance values) and also where both rod and cones are presumably
active (our high luminance values).
At the brighter luminance stimulus values it appears that dis
persion of the stimulus field, at least up to the 3°10' visual angle
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used in this study, has no effect on the speed of a reaction.

It is

possible that at higher luminances the light energy is sufficient to
excite enough of the faster elements of the visual system so that re
action time is comparable over the stimulus dispersion range used in
this study hence physiological areal summation is not a factor signi
ficantly affecting reaction time.
On the other hand the results of the dim luminance stimulus
values present a different picture.
as stimulus dispersion increases.

Reaction speed decreases steadily
It appears that physiological sum

mation is active up to a visual angle of 2°46'.

Beyond this degree of

stimulus dispersion summation appears to be no longer a factor and
reaction time values reach asymptote.
Table II summarizes the reaction time data of experiment I
in the form of medians, means, and standard deviations.

These data

show, where it is possible to compute means, that the mean data do
not differ appreciably from the corresponding median values.

Standard

deviations are low, presumably the direct result of using highly
practiced

and a large number of replications for each condition.

Subject B was in general more variable than _S P and the
variability of both _S!s increased as luminance values decreased.

Experiment II
This experiment was similar to experiment I but differed in
that the total stimulus area increased directly as the visual angle
increased.
nance used.

Figures 4 and 5 present the curves for each stimulus lumi
Median reaction time is plotted as a function of increasing

stimulus area. The Mann-Whitney U non-parametric statistic indicates

TABLE II
Reaction time in milliseconds for subject F and 5 taken under
conditions of variable visual angle and stimulus luminance
Medians

Stimulus
Subject P

luminance
(mL)

Subject B
Visual angles

10

22

2k

Ok

a

21

82

397

400

402

radius in min)

10

22

392

21

2k

M

sa

21

82

21

339

365

342

387

392

412

410

411

.65

321

344

341

382

1.03

300

306

314

338

364

344

369

350

309

298

307

356

358

346

386

360

1.64

290

288

296

309

322

316

325

316

258

288

304

301

312

314

336

332

20.7

252

254

250

262

257

261

262

261

252

250

250

260

257

262

258

263

2770

197

190

192

192

196

200

194 194

203

198

204 189

197

200

203

210

Means

.65
1.03

305

1.64

290

287

296

311

319

317

330

317

283

291

304

298

315

317

337

330

20.7

251

254

246

262

253

257

258

259

252

249

249

258

257

261

260

260

2770

199

194 196

192

196

199

195

193

208

202

205

191

200

203

202

209

21 ' 18

26

24

S D'a

.65
1.03

14

1.64

14

20

14

55

22

17

25

13

41

16

18

59

20.7

10

12

28

11

15

11

6

9
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12
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2770

9

10

11

9

9

8
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9

16

11

13

7

14
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12

7

FIGURE 4

Curves for each stimulus luminance
value used.

Median reaction times

are plotted as a function of increasing
stimulus area for subject P.
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FIGURE 5

Curves for each stimulus luminance
value used.

Median reaction times

are plotted as a function of increasing
stimulus area for subject B.
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that the curves for the various luminance values are significantly
(p(.03) different for both jjis, which again supports the inverse
relation between stimulus intensity and reaction time.
Further inspection of these curves shows that reaction time
decreases abruptly with the first increase in stimulus area and then
continues to decrease with increase in area, but at a greatly re
duced rate.

The Kolmogorov-Smirnov one-sample test shows that for

the top four luminance curves of

P, the differences between the

first three stimulus areas (subtending 20', 44', and 68') are signi
ficantly (p^.001) different one from another.

More specifically the

test shows that when adjacent pairs of areas are tested against one
another beginning with the 68' area, differences between adjacent
areas are not significantly different.

However when one compares

either of the last two stimulus areas with the 68' area, the re
sulting differences are significant.

This statistical evaluation of

the distributions of reaction time data supports what visual inspec
tion suggests - that there is a continuing decrease in reaction time
with increase in area for dim luminances.
For the highest luminance value used no reaction time dif
ferences were found between any of the stimulus areas beyond the 44'
area.

With this evidence in mind a small amount of exploratory data

using a very bright luminance, were taken with one J3.

The object of

this of course was to determine whether the significant difference
between the 20' and 44' areas would finally disappear with a very
bright stimulus luminance.

All reaction times for the various stimulus

areas decreased but although the proportional reaction time between

3D
the 20' and 44' areas decreased by 8 msec., the difference between
these two areas was still significant.

These data suggest then that

for small areas, at least below 44' of visual angle, an intensity-area
function still operates, even for very bright luminances, but that for
areas larger than 44' the speed of response is constant for high
luminances.
Reaction time data for experiment II are summarized in
Table III.
It will be recalled that certain investigators have advanced
the theory of probability summation by reasoning that if certain re
ceptors or receptor groups can be assumed to function independently
and the activation of some one of these alone is required for thresh
old perception, then the probability of seeing as the result of the
activation of at least one of them becomes P=l-(l-p)n.

For example,

let p=the probability of seeing in 1 area and q-the probability of
not seeing in 1 area.

Let P2=the probability of seeing in 2 areas,

which is the probability that one will see in either or both of the
2 areas or unity less the probability of not seeing in either area.
If p=.20 and q..80, then P2=(l-q^)".36.
In order to test the validity of simple probability theory
as a predictor of reaction time the Kolmogorov-Smirnov one-sample
test was used.

Cumulative frequency distributions were established

for each of the stimulus areas for all of the luminance values.

For

each of these distributions a theoretical distribution was deduced
by applying the simple probability formula described above.

Median

TABLE III
Reaction time in milliseconds for subject P and B taken under
conditions of variable visual angle and stimulus luminance

Medians

Stimulus

Subject B

Subject P

luminance

Visual angles

(mL)

radius in min)

10

22

2k

!±6

58

21

81

92

10

22

M

.65

335

292

271

268

261

261

261

249

335

282

26k

1.03

322

275

262

261+

262

251;

257

2I4.6

310

270

1.6*4.

298

270

265

258

256

214.8

250

214.6

306

20.7

254

229

222

219

213

215

210

200

2770

198

181

182

183

175

173

176

171;

§1

22

52.

21

265

254

251

248

252

258

256

256

249

242

239

261

252

246

251

239

240

237

261;

231

22k

218

209

208

207

200

206

191

I84

182

182

180

185 184

263

265

252

253

248

252

267

258

254

253

250

245

241

Means
.65

292

270

266

260

261

261

250

1.03

275

262

263

260

254

253

21+7

1.61*

299

268

265

256

257

247

249

m

311

261

253

247

250

239

239

240

20.7

253

229

223

220

211

217

210

205

263

231

222

218

209

206

209

202

2770

198

182

181

182

175

174

178

171;

204 191

I8I4. 182

185

182

185

183

13

11

11

11

13

12

13

12

11

16

13

14

12

S D's
.65

16

15

ll

11

10

12

12

1.03

10

11

11

11

11

13

10

1.624.

16

8

11

12

10

11

9

13

19

14

13

13

10

13

17

20.7

12

16

12

10

30

12

9

18

lk

18

15

12

15

11

13

11

2770

6

10

9

9

10

7

10

6

11

15

9

5

9

8

7

6
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reaction times predicted by these theoretical distributions were then
compared with median reaction times of cumulative frequency distribu
tions derived from empirical data.

Table IV presents the results of

some of these comparisons computed from the data of _S P.

Of the

twenty-three comparisons made all except one show significant (p<"„05)
differences between the predicted and empirical reaction times.

In

general the reaction times predicted by simple probability theory are
higher than those derived from empirical data.

33

TABLE IV
At the luminance indicated, when a reference area is increased
by the appropriate multiplication factor it will then equal the empiri
cally tested area.

By application of the simple probability formula

to the reference area data, median reaction times were predicted for
the tested area.

These were then compared with the actual empirically

derived median reaction times of the tested area.
Tested

Reference
Stimulus

area

Multi

Luminance

(visual

plication

(mL)

angle)

factor

.65
.65
.65
.65
1.03
1.03
1.03
1.64
1.64
1.64
1.64
20.7
20.7
20.7
20.7
2770
2770
2770
2770
2770
2770
2770

20'
20'
1°8'
2°22'
20'
44»
1°81
20'
44'
1°8'
1°8'
20'
44'
1°8 1
1°321
20'
1°81
1°8 1
1°8'
1°57 1
2°22 1
2°46'

91
5
3
1.7
5
18.5
8
91
4
7.6
8
91
4
2
4.2
91
2
3
7.6
2.6
1.7
1.3

* Not significantly different

area
(visual
angle)
3°10'
44'
1°57 1
3°10'
44'
3°10 1
3°10 1
3°10 1
1°32 1
3°10'
3°10'
3°10'
1°32 1
1°32 1
3°10 1
3°10'
1°32'
1°57'
3°10 •
3°10'
3°10'
3°10'

Predicted

Empirical

reaction

reaction

time

time

( msec.)
298
312
259
256
297
258
249
265
259
250
252
235
212
219
210
187
175
173
167
167
169
173

(msec.)
249
291
260
249
275
245
245
245
256
245
246
200
218
218
200
172
182
173*
172
172
172
171

DISCUSSION
The principle purpose of this research was to attempt to de
termine some of the principles of retinal interaction by analyzing
the effect of area and intensity variables on reaction time.

The

first experiment showed that when area is kept constant but visual
angle is increased by dispersion of equal parts of the stimulus field,
physiological summation is demonstrated over the different amounts of
area dispersion for aim stimulus luminance values.

Summation was in

dicated by the increase in reaction time with increase in stimulus
dispersion.

Further, it was demonstrated that areal summation is ef

fective only to a critical dispersion distance (about 2°46 ' of visual
angle under the conditions of this study) whereupon summation ceases
and reaction time becomes more or less constant.

Denton and Pirenne

(1952) reported a threshold study in which they varied the distance
from each other of two test fields, each of which subtended a visual
angle of 10'.

Summation was demonstrated when tne test fields were 20

apart, but retinal units were apparently independent when test fields
were separated by 3^°.

Their results are supported by the present

study although we suspect that summation may cease to operate for
speeding the response at a separation distance somewhat less than 3%°.
In a threshold study somewhat related to the present experi
ment Adams, Chambliss and Riopelle (1955) separated 1/8 in., 1/4 in.,
and 1/2 in. circular stimulus fields over a visual angle range from
14' to 6°26'.

Two durations, 15 and 150 msec, were used.
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They

35

concluded that while summation took place over increasing separation
of stimulus fields, the curves for the various conditions were parallel
suggesting that the effects of separation were independent of the ef
fects of area and duration.

Although these results disagree with those

of the present study, important differences between the studies should
be kept in mind.

For example their dependent variable was the thresh

old of seeing with all of its attendant measurement difficulties while
our dependent measure was reaction time.

Also, the present study con

trolled for duration effects by using a 3 msec, stimulus duration.
To summarize briefly material already covered in a previous
section, in general two approaches have been made to the understanding
of the relation between the area and intensity of a visual stimulus.
Graham, Brown and Mote (1939) proposed a theory based on spatial summa
tion.

According to these authors an increase in area results in in

creased excitation at the center of the stimulus area.

The effect of

any area receptor element which contributes to the effect at the center
of the stimulus area is inversely related to some power of its dis
tance from the center.
Wald (1938) however, proposed a different theory which ignores
spatial summation and is based on probability sampling of independent
retinal receptor units.

The elements of the population of retinal

units found in a homogenous retinal area were assumed to be independent
of each other.

Receptor elements of differing thresholds are present

over the area, and it was assumed that a critical number of receptor
elements must be stimulated in order to produce a threshold response.
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Thus an increase in stimulus area provides the opportunity for more
low threshold elements to be stimulated and a lower response thresh
old is achieved.
In a study of the effect on visual threshold of the disper
sion of a stimulus area into several smaller areas, but with total
area remaining constant, Riopelle (1951) found that with increase
in dispersion of the stimulus part areas there was an increase in
threshold.

The threshold increase depended on both size and number

of the part areas.

Riopelle pointed out that his results do not fit

Wald's hypothesis.

Of course the same conclusion must be reached on

the basis of the results of our experiment I.

If area is held con

stant and if receptor units are independent, then the spatial distri
bution of the stimulus areas will have little effect upon the distribu
tion of receptor thresholds in a homogenous area.

Thresholds (or

reaction times as we have shown) would be expected to remain constant
for all conditions of dispersal.
The results of the present study more nearly fit the theoreti
cal formulation of Graham, Brown, and Mote.

As dispersion of the

stimulus part areas increases, reaction time increases or in other
words the effect on reaction time is directly related to some function
of the distance of the part areas from the center of the stimulus area
One other feasible approach might be suggested.

Bartlett and

MacLeod (1954) designed a study to determine relationships between re
action time and signal and field luminance, for foveal and peripheral
stimulation over a wide range of conditions.

Their stimulus circle
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subtended a visual angle of 20' and flash duration was 575 msec.
Flash luminances ranging from -3.32 to 3.18 log mL were used with
each of three field luminances (0.0, 0.4, and 40.0 mL).

Part of

the important contribution of this study to the understanding of the
visual process has already been discussed in a previous section.

Re

action time was plotted as a function of the background luminance, to
which the eye was adapted and upon which the flash was projected.

A

comparison of the curves of light adaptation and of dark adaptation
revealed certain differences.

Reaction time was shortest under dark

adaptation conditions over all flash durations, a result which might
logically be expected from our knowledge of the sensitivity of scotopic receptors.

Johnson and Bartlett (1956) designed a study to

determine whether stimulus intensity and duration are similarly re
lated with respect to their affect on the human electroretinogram
(ERG) b-wave.

They experimented with both the light (field luminance

of 0.02 ft-L) adapted and dark adapted eye.

Four stimulus durations

(10, 40, 90, and 150 msec.) were used at a stimulus intensity of 200
ft-L.

The stimulus patch subtended a visual angle of 7.5°.

For our

purposes the most interesting result of this study appeared in the
comparison of the curves of light adaptation and dark adaptation.
When latency (time from onset of flash to initial rise of b-wave)
was plotted as a function of flash duration, the curve for the light
adapted eye displayed the shortest latencies over all durations.
Since the b-wave is thought to reflect some activity of the scotopic
mechanism one might have expected the opposite result.

When one

compares the b-wave of the dark adapted eye with the b-wave of the
light adapted eye with conditions of stimulus duration and luminance
remaining constant, two facts stand out.
is longer for the dark adapted eye.

First, the b-wave latency

Second, the amplitude of the

b-wave of the dark adapted eye is much larger than that of the light
adapted eye.

While such results are most interesting it should be

pointed out that the causal mechanism is not yet understood and it
is sufficient for our purposes here to describe the relationship in
order to clarify the following formulation.
We are faced then with two studies, the results of which, on
the surface, appear to be contradictory.

It is possible however to

think of a visual response as being initiated by some just sufficient
amount of nervous input.
for the dark adapted eye.

With this idea in mind, picture the b-wave
The intensity of a stimulus may reach

sufficiency i.e., activate enough receptors to initiate a triggering
nervous signal to the central nervous system, at a position somewhere
on the initial rise of the b-\"?ave„

In contrast, for the light adapted

eye, that just sufficient amount of light intensity which initiates
an impulse to the central nervous system is not attained until a
point somewhere on the final descending slope of the b-wave.

With this

kind of reasoning the results of the two studies reviewed above are no
longer contradictory.

Since the triggering set of impulses to the

central nervous system is sent earlier in the case of the dark adapted
eye, the reaction to the visual stimulus would be faster and this is
exactly what Bartlett and MacLeod found.
can be summarized as follows:

In other words, the hypothesis

It is known from evidence obtained with
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ERG studies that the magnitude of the gross retinal response depends
on the stimulus luminance and to some extent on the state of adapta
tion of the retinal receptors.

The response latency is dependent, it

is assumed, on the state of adaptation of the eye.

The cortical re

sponse depends on the magnitude of the total optic nerve input.
the greater the input, the shorter the cortical latency.

Thus

Incidentally,

it might also be reasoned that the muscular response latency depends
on the magnitude of the central-motor input, but this is immaterial to
the argument.

Therefore, a reduction in the latency of the muscular

response (reaction speed) with increased dispersion of the stimulated
elements of the retina is explained - if the optic nerve response
caused by stimulation of those elements is diminished as dispersion
increases.
Such a formulation can easily be applied to the results of
experiment I.

As separation of the stimulus parts increases, the input

to the central nervous system presumably is diminished in magnitude and
this is reflected in longer reaction times.

Of course it is possible

to introduce arguments against such an interpretation of the intensity area relationship.

It can be argued that as separation increases it

simply takes longer for the relay of nervous impulses to the center of
the stimulus field and this delay is directly reflected in longer re
action times.

Rains (1961) studied reaction time as a function of

retinal position for each of four stimulus intensities.

He found that

the nasal retina yields faster reaction times than the temporal retina.
However, when one inspects the temporal retina portion of his lumi
nance curves it is clear that there is only a small change in reaction
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time between the 15° and 25° temporal retina positions..

While some

change is apparent over the 10° span, and while this change varies
with the Ss used, in no case is the reaction time change as large
as that obtained for the dim luminance values of experiment I; and in
experiment I the extent of the retinal area covered is only 3°10!.
Therefore, distance traveled by an impulse toward the center of a stimu
lation may be a contributing factor in increased reaction time, but
is not the complete explanation of the phenomenon.
It also might be argued that the retinal area stimulated is
not homogenous and as separation increases receptor populations differ
this being reflected in longer reaction times.

The retinal area used

in this study (18° temporal), however, is thought to be perhaps the
most homogenous of all retinal areas.

deGroot, Dodge, and-Smith (1952)

measured scotppic sensitivity in terms of brightness limens for a con
stant size stimulus.

They measured upper, lower, temporal and nasal

retinal quadrants using 2-second exposures of a white circular patch
which subtended a visual angle of 10' 35".

Their results showed that

sensitivity depends not only upon the degree of eccentricity, but also
upon the quadrant stimulated.

While sensitivity differences over

degrees of eccentricity were not large for any of the quadrants, an
inspection of their results for the temporal retina reveals a dif
ference in brightness sensitivity of only .015 micromicrolamberts for
a retinal area span from 20° to 26°.

It would appear then that the

area stimulated in the present experiment can be considered homogenous
in sensitivity.

41

From the data (figures 4 and 5) of experiment II, where the
total area stimulated increased from 20' to 3°10', an attempt was
made to mathematically describe the function between reaction time
and increase in area.

It was found that reaction time is not an

arithmetically linear function of area increase, i.e. a straight line
could not be fitted to the data points of the luminance curves.
Neither is reaction time a logarithmically linear function of increase
in area.

Rather it appears that the luminance curves describe two

different functions and that each of these functions differ from dim
to bright stimulus intensity values.
The first function is described by the sharp drop in reaction
time which appears when area is increased initially from 20' to 44'
of visual angle.

Admittedly in this study there are only two data

points to describe this function.

However, it will be recalled that

a small amount of exploratory data were taken at a very bright (20,
670 mL) luminance to determine whether the significant difference in
reaction speed between the 20' and 44' areas would disappear.

Results

showed that while proportionately, reaction time decreased, there re
mained a significant difference between the 20' and 44' areas.

Such

a result lends support to the theory of a unique function and it re
mains for another study to explore this further.
The second function begins at the 44' stimulus area and contirtires through the remaining areas.

This function describes a

gradually decreasing slope for the dimmer luminance values where re
action time is longer for the smaller stimulus areas.

However, reaction
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time decreases as luminance increases (even for the smaller stimulus
areas) until for the highest luminance used reaction time is constant
over all the stimulus areas.
Two points are relevant here.

First, no single mathematical

formulation, e.g. Ricco's law or Piper's law, two laws xtfhich fit the
area-intensity relationship for threshold over appropriate limited
ranges of areas, can appropriately describe the form of these curves.
Second, it appears that for small areas (somewhere below 44' of
visual angle) the intensity-area relationship does not ultimately
cease i.e., reverting to I*C, as luminance values become large.

How

ever, beyond the 44' visual angle area for bright luminance values
reaction times are not affected by further increases in area.

The

function at least for this region of the peripheral retina, can be
described by I=C and the area effect has disappeared.

At the dimmer

luminance values, however, area still has some effect on reaction
time.

While a concise explanation of the mechanism underlying these

results cannot be made, such data might be interpreted as evidence
for a complex or dual functioning summation mechanism.

That is, the

suggestion is that the elements of the visual system are not indepen
dent but rather that they interact at the neural level.

Due to cer

tain physiological demands the nature of this interaction might change
from small stimulus areas (less than about 44') to larger areas
(greater than 44").

That some such system might be operating has

been suggested by Riopelle (1951).

In a stimulus dispersion study

already discussed above, Riopelle found that visual threshold depends
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on the size and number of stimulus part areas used.

The larger the

part-areas, (total area remaining constant) the lower the threshold;
the greater the number of spots (total area remaining constant) the
lower the threshold.

He argues that the explanation of such results

requires some duplex summation mechanism on a neural interaction level.
The theory of simple probability summation has not been sup
ported by the results of either experiment I or experiment II.

Experi

ment I demonstrated the presence of physiological areal summation over
most of the visual angle range used in that study.

The presence of

physiological summation defeats the concept of independence of receptor
elements, which is a requirement of simple probability theory.

In

experiment II, simple probability theory failed to predict empirical
reaction times which again points to non-independence of receptor
elements.

However, it must be remembered that the areas and stimulus

dispersions used in these two experiments covered only a range of small
visual angles from 20' to 3°10'.

It is quite possible that beyond

this range, where physiological summation ceases to function, simple
probability theory may serve as an adequate predictor of reaction time.
At any rate, in a threshold study using extremely large stimuli, (Pirenne,
1948), and for stimuli falling on widely separated areas of the retina
(Denton and Pirenne, 1951) such a possibility has been tested and
found to be true.

SUMMARY
Reaction speeds have been determined for various combina
tions of stimulus luminances and areas for the peripheral human
retina.
The results of experiment I where the separation of stimulus
part-areas (total area remaining constant) was gradually increased,
for several different luminances, are summarized as follows:
1.

Reaction time decreases as luminance increases.

2.

For higher luminances reaction time is constant over

the range of stimulus separations used (201 to 3°10' of visual angle).
3.

For the dim luminance values reaction times increase as

separation increases up to a visual angle of about 2°46', after which
reaction time becomes constant.
These results are interpreted as demonstrating physiological
summation by retinal elements and indicate the limits of summation in
terms of stimulus luminance and stimulus dispersion.

Several theoreti

cal explanations of the summation mechanism are discussed in relation
to the results.
The results of experiment II, where total stimulus area in
creased over a range from 20' to 3°101 of visual angle are summarized
as follows:
1.

Reaction time decreases as luminance increases.

2.

For each luminance curve there is an initial sharp decrease
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in reaction time when the stimulus area is increased from 20* to 44'
of visual angle.

This decrease in reaction time becomes less as the

luminance increases.

However, it is still present for the highest

luminance used.
3.

Beyond the 44' area reaction time decreases gradually

over the remaining increasing areas for the dimmer luminances.

For

the higher luminances reaction time becomes constant beyond the 44'
area*
4.

Within the limits of this study, simple probability

theory assuming independence of retinal elements does not appear to be
an adequate predictor of changes in visual reaction time with areal
increases.
The above results demonstrate the interaction between intensity
and area and define the effective limits of each within the conditions
of this study.

It is argued that two different functions are described

by the luminance curves, viz. the function between the 20' and 44'
visual apgle, and the function beyond the 44' visual angle.

These dual

functions may be explained on the basis of some undetermined retinal
neural interaction process.
Non-independence of retinal receptor elements is suggested by
the results of both experiments; first, by the indicated presence of
physiological summation in experiment I and second, by the fact that
predicted reaction times, derived from the application of simple proba
bility theory to the data, were significantly different than empiri
cally derived reaction times.
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