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I
Purpose of This Research

When I and I + AT are two light intensities which can just barely
be recognized as different, then the fraction AI/I is considered the
measure of intensity discrimination. The value of this fraction and
its relation to the intensity I have been the subject of many researches,
and these have established that as the intensity I increases, the frac-
tion AI/I decreases, tending toward a minimum value at the highest
intensities. This is true not only for the human eye, but for all other
organisms thus far studied, namely, Drosophila, the bee, and Mya
(for a summary, see Hecht, 1937 a).

Besides the general relation of AI/I to I, the human eye shows an
additional phenomenon due to the duality of its retinal structure.
There seem to be two relations of AI/I to I, one at the lower in-
tensities representing rod function, and the other at high intensities
representing cone function. This rod-cone dichotomy is apparent
in nearly all the published measurements from the earliest by Aubert
(1865) to the most recent of Steinhardt (1936). In addition, Stein-
hardt showed that the double function appears only in measurements
with central visual fields larger than 2°, while the single function
appears with fields smaller than 2° and this corresponds to the pres-
ence of rods and cones in the larger fields, and to the complete absence
of rods in the smaller fields. Moreover, the extent of the low intensity
rod section increases with the size of the field because of the increasing
number of rods present in comparison with the number of cones.

*The first paper in this series is by Steinhardt (1936).
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8 INTENSITY DISCRIMINATION AND COLOR. II

The rods and the cones possess different sensibility distributions
in the spectrum, and this has been used to separate the two systems
in measurements of dark adaptation (Kohlrausch, 1931), intermittent
stimulation (Hecht and Shlaer, 1936), visual acuity (Koenig, 1897;
Hecht, 1937 4), and instantaneous threshold (Blanchard, 1918;
Hecht, 1937 b). For intensity discrimination this would mean that
in measurements made with extreme red light, the relationship be-
tween AI/I and I would be a single high intensity function even when
the field is large; while with other parts of the spectrum more and
more of the low intensity section should appear as the wavelength
of the light moves toward the blue. The data of Koenig and Brodhun
(compare Hecht, 1935) show precisely this for red, orange, yellow,
and green lights. However, their data (Koenig and Brodhun, 1888;
1889) with blue, violet, and even white lights show no break between
the higher and the lower intensities; instead the points form a flat
continuous function which corresponds neither to their own measure-
ments with the other colors, nor with those of Blanchard, of Aubert,
and of Steinhardt with white light. We have therefore investigated
the situation anew, making measurements not only with different
parts of the spectrum, but with white light as well, in order to establish
the relation definitively, and to confirm the identification of the two
sections of the function.

I

Apparatus

We started with the actual materials of Steinhardt’s original apparatus B,
and rebuilt them into a new instrument.! Steinhardt used two light sources,
one for 7, and the other for AZ. This introduces obvious difficulties in control.
Our apparatus therefore uses only one light source. A diagram of the optical
system is shown in Fig. 1.

The light source S, which is a glowing ball of tungsten in an arc furnished by
a Punktlicht, is at the principal focus of the two lenses L and L’. These two
lenses then start completely symmetrical optical paths. The light emerging
from the lenses L’ and L is reflected by the prisms P; and P, respectively, and is
brought to a focus at S on a hali-silvered mirror by means of the lens pair L;
and L, and the corresponding L,’ and Ly’. At .S, the two images of the source

1In doing this we had the help and advice of Dr. Simon Shlaer, to whom we
gratefully acknowledge our indebtedness.
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overlap. The reflected light of one and the transmitted light of the other then
traverse a common path to the ocular, O, which focuses an image of Sy at S; in
the plane of the pupil of the eye. The size of the image S is about 1 X 1.5 mm.
This image becomes an artificial pupil, since its size remains constant at all intensi-
ties, and it is smaller than any pupil size achieved even by the most intense
illumination.

What the eye E sees may be made out in terms of the dashed construction
shown in the figure. A point on the lens Ly, which is at the focal distance of the
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F16. 1. Diagrammatic top view of the apparatus. S is the light source, and
S1 and S; are its two double, superimposed images formed by the two trains of
lensesL,L;....and L', L’y . ..., and the ocular 0. Pyand P; are right angled
prisms; Sk is a shutter; D a diaphragm; W is a neutral wedge and B its balancer;
M is a hali-silvered mirror; Fy to Fg are neutral filters; MF is a monochromatic
filter. The actual appearance of the field to the eye E is shown in the lower right
corner.

lens L, produces a parallel beam which is reflected or transmitted at the mirror
and forms an image by means of the lens L; in the front face of the ocular O. In
other words, the eye, looking through the ocular, sees an image of either the lens L
or the lens L, or of both superimposed, and the two may be brought sharply into
focus. Thelens L;furnishes the intensity I, and L,’ the added intensity A7. The
appearance of the luminous surface of the lens L;’ may be varied by means of dia-
phragm D to form any chosen pattern. We have found it convenient to have the
diaphragm represent two half circles subtending a visual angle of 12° and separated
by an opaque bar 3° in width. The appearance of the field is shown in the inset,
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where the larger circle represents the prevailing intensity I, and subtends an angle
of about 40° at the eye. The stippled half circles represent the pattern of the in-
tensity Al superimposed upon this field of view.

In the path of the AI beam are a shutter Sk so that the duration of exposure
of Al may be controlled, and a neutral wedge and balancer W and B, having
a range of 1:100 for the purpose of gradually varying the intensity of the Al beam.
In addition, the neutral filter F;, which has a density of 1 may be inserted to
decrease the intensity of the Al beam by 1/10 when this is necessary. This is
useful when the value of AI/I is very small. On the other hand, when A7/J
is large, it may be necessary to insert the neutral filter F, into the path of the
beam. Filter Fa also transmits 1/10, and is useful as well in making a comparison
of the absolute brightness between the 7 and Al beams.

The combined I and AT beams pass through the monochromatic filters, MF,
which are the Wratten monochromatic series 70-76 plus the Corning 428 already
used (¢f. Hecht and Shlaer, 1936) for isolating different parts of the spectrum.
In addition, both beams pass through a series of three neutral step filters, Fs,
F4, and F5. Filter F; has two steps whose densities are respectively 0 and 4.
F4 has five steps whose densities are respectively 0, 1, 2, 3, and 4. Filter Fy is
in three steps whose densities are 0, 0.3, and 0.6. Thus, with the three filters in
the position of 0 density the brightness is maximal. The brightness may then
be reduced in steps of 0.3 log unit down to a total density of 8.6, which easily
covers the whole range of intensities over which the measurements need to be made.

The lenses, prisms, and filters, as well as the wedge, mirror, lamp, etc. are
properly set and housed in metal mounts so that no stray light is visible. How-
ever, in order to avoid the stray reflections from the lamp for reading the wedge
and ammeter, the observer sits in a cubicle open at the back, into which projects
the ocular arm of the apparatus.

All the filters were calibrated with a Martens polarization photometer, using
the method described by Hecht, Shlaer, and Verrijp (1933). They were calibrated
for each of the monochromatic filters separately, as well as for the white light.
The neutral wedge and balancer were also calibrated with the Martens photometer
for white light and for each of the monochromatic filters.

In order to compare the A7 and I beams, a diaphragm is inserted near L,
and near L;’; these diaphragms cut off symmetrical halves of the respective fields.
With filter F, in position and filter F; out, the wedge is moved until the two half
fields match. Knowing the transmission of the F, filter, and the brightness of
the I beam, we secure the brightness of the AI beam at that position of the wedge.
From the calibration curve of the wedge, one can then compute the value of AI/7
for any position of the wedge and any combination of F; and F; filters.

The maximum brightness achieved with white light is about 1,000,000 photons.
This was determined by making a binocular match with a semicircular field formed
on an opal glass illuminated with a lamp whose distance was variable. The right
eye looked at a half field in the ocular, while the left eye looked at the variable
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comparison field through an artificial pupil. When the fields were matched, the
outside field was measured with the Macbeth illuminometer.

oI

Procedure

The observer was dark adapted for 15 or 20 minutes before any measurements
were made. He then started with the lowest illuminations and worked up to
the highest. The observer sat properly shielded with his chin in a rest and his
eye placed near the ocular, and looked centrally at the large field of intensity I
for at least a minute until he was adapted to it. The wedge was then placed at
such a position that an exposure of the Al beam for 1/25 of a second by means
of the shutter Sk produced an increase in brightness which was below the threshold.
The wedge was then moved to increase the value of A, and an exposure made
again. This was continued at 20 or 30 second intervals until the position of the
wedge was found at which the eye could just clearly distinguish the pattern pro-
duced by the flash of the AI beam. The wedge was reset below the threshold
and the observation repeated. If the two readings were very near each other, no
third reading was made; otherwise, a third setting of the wedge was made and
an average taken.

The intensity was then increased 0.3 log unit, and the whole procedure repeated.
This was continued with increasing intensities until the complete function was
established. Such a run took between 1} to 2 hours. We made three runs
each for five portions of the spectrum and for white light. Before each run the
match point of the I and AI beams was determined, but this varied only slightly
over a year. :

v
Measurements

Measurements were made with our own eyes; J. C. P. and M. P.
served as subjects for the whole series of runs, while S. H. made
the preliminary measurements as well as an occasional run which
proved so similar to those of the other two observers that he did not
complete the series. The data are given in Table I.

The measurements with white light are shown graphically in Fig.
2, where the points for M. P. have been lowered 0.5 log unit for con-
venience. They are plotted as the logarithm of AI/I against the
logarithm of the intensity I, because only in this way can the nature
of the results be realized in view of the enormous range of intensities
covered and the rather large range of the fraction AI/I. By plotting
the data in logarithmic form the percentage error occupies the same
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space at all intensities and all values of AI/I. Moreover, the form
assumed by the results is not changed by the actual numerical values of
the fraction or by the units in which the intensity is measured.

The measurements with white light corroborate the work of Aubert,
of Blanchard, and of Steinhardt in showing a sharp transition between
the low intensity section and the high intensity section. It is hard
to understand why the measurements of Koenig and Brodhun show
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Fi1G. 2. Intensity discrimination for white light where 7 is a field 40° in diameter,
and AI is 12° in diameter exposed for 0.04 sec. The points for M. P. have been
lowered 0.5 log unit for convenience in keeping the two observers apart. Note
the two sections in each set of data; note also that at high intensities AI/I reaches
a constant minimum. The curves are all from the equation AI/] = (1 +
1/(KI)V2)?2 derived on theoretical grounds.

no break, especially since their data with orange, yellow, and green
lights do show it. With us the break has always shown up under the
appropriate conditions, though it may be added that when Steinhardt
first found a break in his measurements, it was unexpected because
of our reliance on the data of Koenig and Brodhun. When the ob-
server is tired and his fixation and attention are poor, he occasionally
gives results which, like those of Koenig and Brodhun, show no
clear break. This may have been the case also with the data of
Holway (1937).
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Another significant point about the measurements in Fig. 2 is that
the value of AI/I does not rise at high intensities, but reaches a
minimum at which it remains no matter how high the brightness.
This also contradicts the measurements of Koenig and Brodhun who
reported a rise in Al/I at high values of I. However, this aspect
of the matter is understood; the rise does not occur when adequate
adaptation is allowed and when an adequately large field surrounds
the test field. The rise also fails to appear in intensity discrimination
measurements with Drosophila (Hecht and Wald, 1934) and with
the honey bee (Wolf, 1933).

The data for the five selected portions of the spectrum are shown
graphically in Fig. 3. The intensity scale on the abscissa is the same
for all the colors, and is in Troland’s photon units (Troland, 1916).
We obtained these brightness values in two ways. One was by the
heterochromic matching of the monochromatic filters among them--
selves and against white, while the other was by the superposition of
the high intensity cone portions of the data for the different colors,
which assumes that a given brightness produces a given value of
AI/I regardless of color. The differences between the two methods
were so small that, knowing the errors of heterochromic photometry,
we have actually used the superposition method in presenting the
data. The scale on the ordinates applies only to yellow (575 mu);
the orange (605 mu) and red (670 mu) measurements have been
moved up by 0.5 and 1.0 log units respectively, while the green (535
mu) and blue (450 mu) measurements have been moved down 0.5
and 1.0 log units respectively. The data in Fig. 3 are those of J. C. P.
only because those of M. P. are essentially the same.

Judging by the measurements in Table I, it might seem that the
lowest AI/I values achieved differ for the different spectrum portions.
This is an artifact due to the circumstance that the measurements
were made over the course of many months at odd times and in no
special order. During this time the observers varied to a certain
extent, but what is more important, the shutter in the apparatus
varied because the apparatus was demonstrated frequently and this
involved resetting the shutter. When this long period variation
became evident, we deliberately tested the minimum AI/I at high
intensities for the different colors at one sitting. The measurements
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were made on the eye of J. C. P. and the AI/I values secured were
0.138, 0.125, 0.116, 0.114, 0.129 for blue, green, yellow, orange, and
red respectively; this gives a maximum variation of about 10 per
cent from the mean, and is probably of no importance.

20
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Fic. 3. Intensity discrimination for the red, orange, yellow, and blue parts of
the spectrum. The ordinates apply to the yellow data in the middle; those for
orange and red have been raised 0.5 and 1.0 log units respectively, and those
for green and blue have been lowered 0.5 and 1.0 log units respectively. Note
the increasing size of the low intensity section with decreasing wavelength cor-
responding to the increasing sensibility of the rods in the short-wave part of
the spectrum., The curves through the data are all from the equation used
for Fig. 2.

The form which the data assume follows expectation. The meas-
urements with red light show only a single continuous intensity-
discrimination function. The data with orange light, however,
already show a slight break quite comparable to that shown by Koenig
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and Brodhun’s measurements, and the same is true of measurements
with yellow light (¢f. Fig. 7 in Hecht, 1935). The data as a whole
show that the extent of the low intensity section steadily increases
as the spectrum goes from red to blue, and this is in conformity with
the Duplicity theory as implemented by the spectrum sensibility
curves of rods and cones.

4
Photochemical Theory

In addition to their relation to the Duplicity theory, these measure-
ments, in their quantitative implications, are consonant with the
theory developed for intensity discrimination in vision and photo-
reception (Hecht, 1935). Essentially, this theory supposes that in
order to discriminate between an intensity 7, and another just per-
ceptibly brighter intensity, / + AI, a constant increment in the
photochemical decomposition must take place in a given time when
the photosensory system in the receptor is exposed to the added
intensity AI. Since the exposure to A7 is constant in these measure-
ments, this is equivalent to saying that a constant initial photo-
chemical change must be produced by AI, in order that its addition
to I will be just perceptibly recognized.

Of the equations deduced in terms of such an interpretation, the
one which fits the cones best by far is

AI/I = ol + 1/(KDv2p

and it is actually the curve for this equation which is drawn through
all the cone data in Figs. 2 and 3. This is the equation which orig-
inally (Hecht, 1935) was found to fit Blanchard’s data, those of
Steinhardt, of Koenig and Brodhun, and has since been found to
describe the more recent data of Smith (1936) and of Graham and
Kemp (1938). Its agreement with the present measurements is
obvious.

The same curve has been drawn through the measurements of the
rod sections. One cannot be too sure of the rod curves, because the
data do not cover a large enough range. Steinhardt’s rod sections,
as well as our own, are best fitted by this equation; however, this
does not exclude a fair agreement with the other equations involving
slightly different exponents.
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The double logarithmic grid on which the data are plotted is useful
for comparison with theory, because on such a plot the form of the
curve resulting from the equation is invariant. The constants ¢ and
K merely fix the position of the curve on the ordinates and abscissas
respectively, and comparison between measurements and theory may
be made by inspection without computing the numerical values of
¢ and K. The constant ¢ is obviously the asymptotic value of AI/I
at the highest intensities, and K is the reciprocal of the intensity at
which AI/I is four times as large as its minimal value.

It is to be noted that for the data with blue light, three points near
the transition are distinctly off the theoretical curve. This phenom-
enon has already been noted with intermittent stimulation (Hecht
and Shlaer, 1936). These aberrant points cannot be attributed to
summation of the effects of rods and cones, since such a summation
could just as well take place at the transition for white light, for
green, and for yellow, but is not evident in any of these functions.
There is some evidence that these points may represent the behavior
of elements which have the spectrum visibility curve of rods but the
threshold of cones, and are comparable to those described in the eye
of a completely colorblind individual (Hecht, Shlaer, Smith, Haig,
and Peskin, 1938).

SUMMARY

1. A new apparatus is described for measuring visual intensity
discrimination over a large range of intensities, with white light and
with selected portions of the spectrum. With it measurements were
made of the intensity AI which is just perceptible when it is added
for a short time to a portion of a field of intensity I to which the eye
has been adapted.

2. For white and for all colors the fraction Al/I decreases as [
increases and reaches an asymptotic minimum value at high values
of I. In addition, with white light the relation between AI/I and I
shows two sections, one at low intensities and the other at high in-
tensities, the two being separated by an abrupt transition. These
findings are contrary to the generally accepted measurements of
Koenig and Brodhun; however, they confirm the recent work of
Steinhardt, as well as the older work of Blanchard and of Aubert.
The abrupt transition is in keeping with the Duplicity theory which
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attributes the two sections to the functions of the rods and cones
respectively.

3. Measurements with five parts of the spectrum amplify these
relationships in terms of the different spectral sensibilities of the
rods and cones. With extreme red light the relation of AT/ to I
shows only a high intensity section corresponding to cone function,
while with other colors the low intensity rod section appears and
increases in extent as the light used moves toward the violet end
of the spectrum.

4. Like most of the previously published data from various sources,
the present numerical data are all described with precision by the
theory which supposes that intensity discrimination is determined by
the initial photochemical and chemical events in the rods and cones.
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