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Color Science
and Color Photography

For high-fidelity reproduction of color, films and television would

use principles defined by Maxwell and elaborated by Ives. Color scientists

are coming back to old ideas that have been neglected for many years.

by David L. MacAdam

COLOR SCIENCE IS based on important
contributions of many well known fig-
ures: Isaac Newton, Thomas Young,
Hermann Helmholtz, Hermann Grass-
man, James Clerk Maxwell and Erwin
Schrodinger to mention only the most
prominent. Seemingly as an aside,
incidental to one of his lucid lectures,
Maxwell invented three-color photog-
raphy. He explained the principle on
which all modern color photography,
color printing and color television are
based. Despite years of development,
however, those who practice those arts
still have much to learn from Maxwell
and Frederic Ives, who first practiced,
interpreted and championed Maxwell's
idea, and from the science of color
that grew out of the work of Maxwell,
Ives and Ives's son Herbert.

Experimental color science has ad-
vanced greatly since Maxwell's time.
We know how to plot the colors on a
map from which we can determine
such quantities as hue and purity. We
oan also plot tolerances based on
human vision and the ability of the
human eye to discriminate between
nearby colors. On a map of all colors

the tolerance limits around any point
make an ellipse, but unfortunately on
a simple map, these ellipses on differ-
ent parts of the map vary greatly in
size. If you take a projection of a
small portion of the map, you can easi-
ly make the tolerance ellipse into a cir-
cle as one maps a small portion of the
earth on a plane. But only with an im-
possibly complex surface can you hope
to map all colors so that tolerance
ellipses become equal circles every-
where.

Equations and computers simplify
the matter of setting up standards and
tolerances. And when appropriate
standards are established and these
standards are used to make a color
film that responds as Maxwell and
Ives said it should, you can get ex-
tremely accurate color photographs-
good enough, in fact, to satisfy flower
fanciers.

Maxwell and color

Maxwell's principle was that it is not
necessary to recreate the spectrum of a
color to make a color photograph. He
identified the much less difficult cri-

teria that are sufficient for fully satis-
factory reproduction of color as far as
human vision is concerned. For com-
plete color matching, he pointed out,
only three quantities need be con-
trolled, rather than the myriad quanti-
ties, shown by a spectroradiometric
curve, that are required for complete,
physical specification of a colored
light or a colored object. The simplic-
ity of Maxwell's so called "trichromat-
ic" principle made color photography
feasible. Modern color photography,
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color printing and color television are
all based on it.

It matters not whether the three
controls Maxwell prescribed are ex-
ercised by three superimposed or
mixed dyes or pigments (as in so
called "subtractive" processes, exem-
plified by almost all modern color pho-
tographs) or by physical control of
three ultimately superimposed, differ-
ently colored lights (as in rather rarely
practiced "additive" color photogra-
phy and in all contemporary color tele-
vision) or by combinations of the ad-
ditive and subtractive methods (as in
all commercial color printing with the
halftone screens invented by Frederic
Ives). All of these processes work by
controlling, more or less independent-
ly, the amounts of light from the
three thirds of the visible spectrum
that Maxwell identified.

Maxwell was quite specific about
the required character of the controls.
He said that three photographs should
be made with spectral sensitivities pro-
portional to the three spectral sensitiv-
ities that Young had shown can be at-
tributed to the eye to account for all
of the infinite varieties of spectral dis-
tributions that can look alike (that is,
"have the same color"). The three
photographic plates, thus sensitized,
with which Maxwell proposed to ana-
lyze and record all of the colors of na-
ture were the prototypes of all of the
photographic plates and films that
have been used for color photography
ever since and of the camera tubes of
color television.

Ivess contribution
Since the matter was quite incidental
and obvious to Maxwell and since the
photographic materials available to
him were quite primitive and unsuita-
ble for his purpose, Maxwell did not
try long nor succeed in carrying out
the quantitative details of his idea—the
mimicry of the spectral sensitivities of
human eyes. Thirty years later, Fred-
eric Ives had much more suitable ma-
terials, and also the single-minded
persistence required to carry out
Maxwell's idea and to demonstrate its
validity to a skeptical and even hostile
world. But his success had little in-
fluence on the development of modern
color photography. Through his son
Herbert, however, it had a significant
influence on the modern technology of
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color measurement that very effective-
ly supplements spectroscopy (spectro-
photometry) in all industries that sup-
ply colored products. That technol-
ogy is a scientific discipline in itself; it
owes basic contributions also to Grass-
man, Arthur Konig and Schrodinger
and is properly called the "science of
color."

In the half century since Frederic
Ives was active, color photography has
developed quite independent of and
without further basic contributions
from physics. Chemistry has contribut-
ed all of the real innovations to which
we owe modern color photography. In
the process, the principle that guided
Maxwell and Ives was half forgotten
and misunderstood. Although ad-
vances in sensitizer chemistry made
possible quite accurate fulfillment of
Maxwell's principle (the spectral sen-
sitivities of the film should simulate
those of the eye), little or no effort was
made to do so, and in most instances
contradictory teachings led to greater
departures from the proper sensitiza-
tions than characterized color photog-
raphy at the beginning of the 20th
century.

Fortunately color television escaped
this diversion; despite all its other
shortcomings, color television has
clearly vindicated Maxwell and Ives. I
hope to complete the rehabilitation of
Maxwell's principle with some photo-
graphs made with a color film that
conforms to it as closely as is feasible
with modern means.

But first, let us establish our founda-
tion in color science.

Matches and measurement

Color can be measured with a reflec-
tion spectrophotometer. Such an in-
strument determines the fraction of
light reflected by a sample for every
wavelength of the visible spectrum.
The solid curve in figure 1, for a green
sample, shows that it reflects about
40% in the middle of the spectrum,
which is green, and only about half as
much near the ends of the visible spec-
trum, which are blue and red. But the
curve shows that it reflects some light
of every wavelength. This is true of all
samples. The dotted curve in figure 1
is for another green sample. Although
the curves are quite different, the sam-
ples from which they were made look
alike (that is, they "match") when

they are compared in the light from an
incandescent tungsten lamp. They do
not match, however, but have quite
different colors when they are com-
pared in daylight.

Color specifications are not spectro-
photometric curves, even though spec-
trophotometric measurements are re-
quired in case of dispute. Color speci-
fications take the human eye into ac-
count.

The three curves, labelled x, y, and
z in figure 2, recommended in 1931 by
the International Commission on Illu-
mination, represent normal color vi-
sion. They are called "color-mixture
functions."

Tristimulus values
Since colors look different in different
kinds of light, we have to decide what
kind of light we want to use. Let's use
daylight, the spectral distribution of
which is shown by the curve labelled
E in figure 2. Now at every wave-
length, multiply the reflectance R of
the sample by the height E of the
curve for the light source to obtain the
curve R X E, which shows how much
energy of each wavelength in daylight
is reflected from the green sample.
Then, for each wavelength, multiply
the height of the R X E curve by the
heights of the three curves x, y, z for
normal color vision. The results are
shown by the three curves at the bot-
tom of the chart. Finally, find the area
under each of these three curves.
Label these areas, X, Y and Z, we call
them the "tristimulus values" of the
sample. We agree that if they are ex-
actly the same as the tristimulus values
of the standard, the sample matches
the standard.

Easier methods have been devised
for getting these results, but we
needn't go into the details. A bright
high-school graduate can be quickly
taught to do the job, using a desk cal-
culator. He or she will require about
10 minutes per sample. When we have
hundreds of samples to do per week,
we compute the X, Y and Z directly
with an accessory connected to the
spectrophotometer, or we digitize the
spectrophotometric results and do the
integrations on an automatic com-
puter. By digitizing the spectrophoto-
metric data we can get color specifica-
tions for any number of light sources,
and even for color photography and



color television, instead of for the eye.
The same data are simply reused for
each additional source or receiver for
which we want results. The sample
need not be put back on the spectro-
photometer. We can do this several
years later, even if we have thrown
away the sample.

Error and tolerance

Now it would be easy if the X, Y and
Z of the sample always came out ex-
actly equal to the values for the stand-
ard. But they never do. We have to
accept slight differences. This means
we never get an exact color match,
and we have to agree on tolerances.

Because it is practically impossible
to express tolerances in terms of X, Y
and Z, we have to look into the matter
further. For many purposes, slight er-
rors of overall (called "luminous") re-
flectance depend differently on the
conditions of examination than do tol-
erances of color quality.

Luminous reflectance is indicated
simply by the second tristimulus value
Y. Therefore, if the sample has a lower
Y than the standard, the sample looks
too dark.

We specify a color quality by fig-
uring the proportions of X, Y and Z in
their sum. We may think of X as red,
Y as green and Z as blue even though
Y alone also specifies the luminous re-
flectance. The proportion of red in the
color is x-X/ (X+Y+Z). The pro-
portion of green in the color is y—
Y/(X+Y+Z). We don't need to calcu-
late the proportion of Z in the mixture;
it is enough to tell the proportions of
red and green; the rest is blue. If the
tristimulus values are all equal, the
color is white or gray. If one of them is
much greater than the others, that is,
of course, the dominant color. That is
also the dominant color if that color is
only a little bit more than the others,
but then the saturation, or vividness
of the color is low, as in a pastel or a
tint.

The color map
If I go further with examples like this,
everyone will get confused, including
me. It would be like telling a motorist
the latitude and longitude of the place
for which he asked directions. A map
is the best way to answer; so let's
make a map for colors.

We use x like longitude and y like
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SPECTRAL REFLECTANCE of two green samples. To the normal hu-
man eye they match in tungsten light but not in daylight. —FIG. 1

COMPUTATION FLOW CHART. R is spectral reflectance of a green
paint; E is spectral distribution of daylight falling on it; x, y, z are inter-
national color-mixture data. Separate products (R X E X x, etc.) at
bottom are tristimulus values needed for color specifications. —FIG. 2
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latitude. Figure 3 shows such a map.
This is usually called the "chromaticity
diagram," but I think it is helpful to
call it a "map of color quality." White
and gray are represented by the point
in the middle; the colors of the spec-
trum are on the curved boundary. In-
termediate colors are between white or
gray and the spectrum locus. This is a
map of color quality only; the amount
of color, or luminous reflectance, is not
shown. Just as we indicate the heights
of hills on a road map, if we want to in-
dicate the luminous reflectance of a
color on this map, we may write a
number on it beside the point repre-
senting the color quality.

The spade-shaped outline represents
the most vivid colors, which are the
colors of the spectrum. It encloses all
colors; no colors can be made corre-
sponding to places outside the spec-
trum boundary. The curved part of the
boundary at the left represents the col-
ors of the short-wave end of the spec-
trum, from violet at the bottom
through blue and bluish-green to
green at the top. The nearly straight
part of the boundary represents the
long-wave colors, from green at the
top through yellow and orange to red
at the lower right-hand corner. This
much of the boundary of real colors,
consisting of the left, upper and right
portions is called the "spectrum locus."

The straight line that closes the bot-
tom is the boundary of the most satu-
rated, or vivid, reds, red-purples, true
purples and purple-violets.

The closer a point is to the center,
the less vivid or saturated is the color
it represents. But except for that, it is
qualitatively similar to the part of the
spectrum represented by the intersec-
tion of the boundary curve with the
straight line drawn through the color
point from the white point. Therefore
we can specify the color conveniently
by drawing that line and finding what
wavelength is represented by the point
where that line cuts through the spec-
trum boundary. For the example in
figure 3 it is 525 nanometers. This is
called the "dominant wavelength."
The dominant wavelength is not the
highest point on the spectrophotomet-
ric curve. The only way you can find
the dominant wavelength is by draw-
ing such a line as that shown in figure
3.

Lines drawn from the white point
through points in the lower portion of
the map do not cut the spectrum
boundary. The straight boundary of
the purples does not represent colors
found in the spectrum. To interpret
colors represented by points in the
lower portion of this map, we draw the
line backwards, as in figure 4, from
the point representing the sample, up

through the white point, until it cuts
the spectrum boundary. Then we call
the wavelength where that line cuts
the spectrum boundary the "com-
plementary" wavelength of the purple.

For all cases, the distance of the
sample point from the white point
(measured as a percentage of the
length of the line through the sample
point from the white point to the near-
est boundary) is called the "purity" of
the sample.

The slightest separation of points in
any direction, in any region of the
color map, represents a real color dif-
ference, which may be quite visible.
The bigger circle up to the right in fig-
ure 5 represents the standard for a cer-
tain yellow material. Down to the
right from it, a very small distance, the
small circle represents the reddish tol-
erance limit. Any samples represented
by points farther than that from the
standard point are too red. Carloads of
material have been rejected as being
too reddish on this basis.

Tolerance ellipses
These points are so close together that
it is inconvenient and dangerous to
work at this scale. We had better use a
map of the immediate vicinity of our
standard yellow. The point represent-
ing the yellow standard is in the mid-
dle of the cluster in figure 6; the red-
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COLOR-QUALITY MAP, usually called "chro-
maticity diagram," has wavelengths in nanometers
around spectrum locus. Open circle represents
average daylight and white or gray samples in
daylight. Point labeled "Y" = 19%" represents a
green reflecting 19% as much daylight as perfect
white. Intersection of dashed line with spectrum
boundary shows that 525 nm is dominant wave-
length of green sample. Since distance from
white to green point is 33% of distance from
white to boundary, purity of green sample is
designated as 33%. —FIG. 3

COMPLEMENTARY WAVELENGTH of a purple
sample is at intersection of spectrum locus with
line drawn from sample point through white
point and extended to boundary. —FIG. 4

TOLERANCE LIMIT. Standard yellow (large
circle, upper right) has a reddish tolerance limit
shown by smaller circle. —FIG. 5

tffi dish limit is down at the right; the
• e ci greenish limit is up at the left; the
' rc high-purity or strong limit is up at the
"COB right and the low-purity or weak limit
mrplc is down at the left. The differences are
)f4 small, but they are important. Because
poii they are so small, color has to be meas-
)f 4 ured very accurately if the measured
ampi differences are to be reliable for evalu-
;nei ating visible color differences. Short
itff cuts, "good-enough" instruments and

carelessness are simply not good
ints* enough for the purpose.
of 4 The set of tolerances shown in fig-
ori ure 6 was set up a quarter of a cen-
0 tury ago in terms of dominant-wave-
infi! length and purity limits; they are rep-
ace resented by a quadrilateral whose cor-
to tl ner is sketched in figure 6. But what
ce.lt about the sample that is strong and
jliia reddish but represented by the point
sent? just barely within the corner of the
Bi quadrilateral? The quadrilateral, of
)ads( which a corner is indicated in figure 6,
beii would justify acceptance of such a

sample. But we now know that its dif-
ference from the standard is visually
about 40% greater than the difference

grtk between the standard and any of the
3USt four tolerance limits. For equal notice-
rUSe ability in such cases, the tolerance
o[0r boundary should be the ellipse shown
^ in figure 6. That ellipse excludes and
Sjjj dictates the rejection of that strong
J $ reddish sample.

Similar tolerances for other colors-
green, blue, purple, red, orange,
white, brown and various pastels—are
shown by the ellipses in figure 7. They
represent differences ten times as large
as the tolerance shown by the ellipse
in figure 6. The tolerance ellipses had
to be expanded so we could examine
them all simultaneously. We may slide
the nearest ellipse, taking care not to
twist it, and center it on any inter-
mediate standard color. But, for stand-
ards midway between two of these
ellipses, or near the middle of a group
of three or four of them, it is difficult
to guess what should be the size and
shape of the ellipse or even which way
it should point.

We need a method for interpolating
among these ellipses. If we take the
standard values of x and y (the coordi-
nates of the center of any ellipse) and
subtract them from the values of x and
y for any point on the same ellipse,
and call the differences Ax and Ay,
then we can find three numbers, call
them g u , gi2 and g22, for which
[gn(A*)2 + 2g12 Ax Ay + g22(At/)2]1/2

= 10.

Tolerance contours
The experimental ellipses gave us 25
sets of g's, one set of three for each of
the 25 standard colors. I wrote the val-
ues of gn at the locations of the cen-

ters of the corresponding ellipses on an
outline map of colors. I treated those
numbers like altitudes on a map and
sketched contour lines just like those
on a relief map. For any location you
please on the map, these contours indi-
cate the value of g n ; it can be taken
as the value for the tolerance ellipse
centered at that location. I did the
same for the values of 2g12 and g22

and sketched two other contour maps.
Those maps have been used quite
widely to interpolate values of the g's.
They are not reprinted here because
they have been published in several
other places and because they have
now been supplanted by algebraic for-
mulas for coefficients that play the
same roles as the g's. Centered on any
standard color, a tolerance ellipse has
its long axis tipped at an angle 0
(measured counter-clockwise from the
horizontal toward the right, east)
given by tan 20 — 2g 1 2 / (g n — g22).
The length of the longest radius of the
ellipse is (g22 + g12 cot $)-*. The
length of the shortest radius is ( g n —

g12 cot $)-K.

When all that is needed is a decision
whether samples are within or outside
tolerance, you need not compute the
angle or the lengths of the axes or
draw the ellipse. Simply subtract the
xs to get Ax and subtract the y's to
get Ay. Then the amount of color dif-
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New T8/50 Accelerators offer both tandem and sing-le-stage operation in neutron and charged particle work.

HVEC Van de Graaff systems
for many kinds of research:

This one offers
previously unattainable currents
at proton energies up to
8 MeV with tandem precision.
High Voltage Engineering Corporation,
recognized leader in the design and
development of particle accelerators,
now offers a new, high-precision sys-
tem — the T8/50 — for use in expand-
ing university physics research and
teaching programs.

Designed for tandem and single-
stage operation in neutron and charged
particle work, the T8/50 has a guar-
anteed performance rating of 50 /*A of

protons at 8 MeV in the tandem opera-
tion with a design aim of 200 /iA; and in
single-stage operation, a guaranteed
performance rating of 600 /iA of protons
at 4 MeV.

The new T8/50 features High Voltage
Engineering's direct extraction nega-
tive-ion source, which has already dem-
onstrated its extraordinary capability in
producing large quantities of heavy
ions up to uranium.

The T8/50 is compatible with present
and planned developments from HVEC,
such as improved power supplies, strip-
ping techniques, and sources.

For a comprehensive, detailed de-
scription of the T8/50 accelerator, and
a copy of our "Technical Note #16" on
the diode source, write: High Voltage
Engineering Corporation, Burlington,
Massachusetts 08103, or Amersfoort,
The Netherlands.

HIGH VOLTAGE
ENGINEERING
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TOLERANCE BOUNDARIES. En-
larged representation shows that yel-
low sample represented by dot just
inside dashed corner is not within
tolerance although it is neither so
reddish as the red limit nor so pure
as the pure limit. —FIG. 6

ference is given by Ac = [gn(Ax)2 +
2g12 Ax Ay + g22 (At / ) 2 p.

If Ac is less than 1, the sample is
within the tolerance; if Ac is more
than 1, the sample is outside of the tol-
erance. After trying a few, you may
decide that my tolerances are too
tight, in which case you can change
the requirement. If you double my tol-
erances, then values of Ac less than 2
indicate acceptable color matches and
greater values are outside of the re-
laxed tolerance.

My whole discussion of tolerances,
so far, has been based on the assump-
tion that your samples have practically
the same lightness (luminous reflec-
tance Y) as your standard. If the Y of
the sample differs more than )i%
from the Y of the standard, subtract
them to get AY and compute Ac
= [gu(Ax)2 + 2g12 Ax Ay + g22

(AY)2 + g33(AY/^)2]1/2. The co-
efficient g33 is simply 10 000 for large,
uniform samples with edges clean and
sharp so that they can be compared
critically. When the color quality is
exactly right, that is, when Ax and
Ay are both zero, Ac = 1 corresponds
to a 1% error in luminous reflectance
Y alone. This is a tight, but not an ex-
tremely tight, tolerance.

Regional maps

When many samples have to be com-
pared with a single standard, it is more
convenient to use a different projec-
tion of the map of colors, on which the
tolerance figure is a circle. Such a pro-
jection can serve for only one map, but
we can do it for the region containing
any standard color of interest.

This procedure is like using a differ-
ent projection of a geographical map
to reduce the distortion that is caused
by the spherical shape of the world.
On a Mercator projection that is satis-

TOLERANCE ELLIPSES (10 times
enlarged) around 25 standard colors,
vary greatly in size. —FIG. 7

0.45

0.44

1

Green>

/

—

1

1

Standard

i

rong

\

\

*\Red

—

0.47 0.48 0.49

0.5 0.7

PHYSICS TODAY • JANUARY 1967 • 33



0.304 0.305 0.306

0.325N

0.324

y 0.323^

0.321

YX

\ \ \ \
0.304 0.305 0.306

x

0.4

1.0

1.0

0.5

0.2

0.8

0.7

0.6

>

0.5

0.1 0.2 0.3 0.4

TOLERANCE CIRCLE is converted
from a tolerance ellipse by use of
suitably inclined and compressed y
scale in section map. —FIG. 8

factory for England, Greenland ap-
pears much too big, like the ellipses in
the upper part of our map of colors. If
we were interested in studying Green-
land, we should get a better map. In
the same way, we can get a better
map of the green or any other portion
of our map of colors. The latitude and
longitude lines were equally spaced,
horizontally and vertically, in figure 3.
To get the undistorted map of the
small region we want, in which the tol-
erance figure is a circle, we need only
incline the y lines (longitude) at the
angle o> given by cos <,J = gi2/(giig22)1/2

and use a scale of y (along the up-
ward slanting lines) that has the ratio
(g22/gii)1/2, compared to the horizon-
tal scale. If we graph the x's and y's
for our samples on these scales, the
acceptable ones are inside the circle
that is centered on the standard and
which has the radius gn~1/2 measured
on the horizontal x scale. Figure 8
shows such a map for the neighbor-
hood of white. Sets of several dozen
such maps, together covering the
whole world of colors, are available.

Uniform chromaticity scale

For many years people hoped that a
single new map would serve for the
whole world of colors. They call such a
map the "uniform-chromaticity-scale
diagram." Figure 9 shows the best one
that has ever been suggested. In it the
x and y lines are not parallel, but con-
verge to points.

But figure 10 shows the tolerance
ellipses drawn (ten times enlarged) on
it. The ratio of greatest to smallest ra-
dius is still about 4:1. That's better
than nearly 30:1, which is the ratio in
figure 7, but it isn't satisfactory for
critical tolerance work.

In an attempt to get a satisfactory

UNIFORM-CHROMATICITY dia-
gram can be approximated with this
projection of figure 3. —FIG. 9

NEW ELLIPSES on approximation to
uniform-chromaticity-scale diagram
have size ratios of 4:1 instead of
30:1 of figure 7. —FIG. 10
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SCALE
° " » 3Q times
dard deviation

QUAD R I L A T E R A L
STRIPS, made by as-
sembling adjacent quad-
rilaterals like that of fig-
ure 8. —FIG. 11

uniform-chromaticity-scale diagram, I
cut out the parallelograms, having the
angles and scale units I have been ex-
plaining, that correspond to each of
the squares between the x and y lines
of figure 3. I fastened them together
into strips, and traced the edges of
those strips with smooth curves (fig-
ure 11). Finally, I cut out the strips
and fastened them together. Figure 12
shows the result. It is a strongly curved
surface on which all of the tolerance
figures are circles of equal size. This
surface cannot be flattened without
distortion; flattening would make the
tolerance figures ellipses again, and
quite unequal.

Although it was a lot of fun trying, I
conclude that the surface portrayed in
figure 12 is of no use for tolerance
work. In my opinion, the local maps,

UNIFORM-TOLERANCE SURFACE was assembled by fastening to-
gether strips of figure 11. All tolerance ellipses are equal circles. —FIG 12
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World's first plastic-isolated cryogenic chamber
eliminates electrical decay

in super-conducting generators!

Today, for the first time, super conducting gen-
erators, motors, magnets, alternators, solenoids
and switches can increase output up to 100
times without increasing input.

The use of a remarkable plastic developed by
Hofman-Paul completely eliminates electrical
decay caused by metal in ordinary cryogenic
chambers . . . maintains a clear field . . . in-
creases efficiency many fold.

Used in Space Ship Generator
The tiny super-conducting generator above was
developed for use in interplanetary space ve-
hicles. Hofman-Paul developed the multi-walled,
vacuum-tight plastic chamber that isolates the
stator from the iron core thermally and elec-
trically, giving each a separate cryogenic
environment. Liquid nitrogen (—320°F) sur-
rounds the iron core. Liquid helium (—453°F)
surrounds the stator. Vacuum chambers sepa-

rate these environments from each other and
the rest of the generator. The result is a tiny
generator that produces an abundance of
power.

Hofman-Paul will adapt its plastic isolated
chamber to any super-conducting application.
The chamber's special plastic is already being
used in dewars for transporting and storing
cryogenic fluids.

Complete Cryogenic Capability
Systems Engineering • Tankage • Containers
Research Equipment • Pumps • Converters
• Turbines & Compressors • Specialty
Components.

For detailed information on any of the above
products, write Hofman-Paul Cryogenic Div.,
225 Parkhurst Street, Newark, New Jersey'
Call 201-824-4900.

West Coast facility: 6750 Caballero Blvd
Buena Park, Calif. Call 714-521-2917.

HOFMAN-PAUL CRYOGENIC DIVISION

Air Reduction
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each of a different size and shape, pro-
vide the only satisfactory tolerance di-
agrams. Recently, I have used a fast
automatic computer to establish a ma-
chine method for evaluating color dif-
ferences. This method eliminates the
arbitrariness of the crudely sketched g
contours and the ambiguities of inter-
polating among them. The modified
formulas are ideally adapted for the
use of modern computers. I won't go
into details here since they have been
published and are available for any
who are interested. I may note, how-
ever, for geometers and others who
may be interested, that they are very
simple algebraic expressions, so that
the Gaussian curvatures of the color
surface (figure 12) or the Riemannian
curvatures of color space can easily be
evaluated, as suggested by but not
possible for Helmholtz, Schrodinger,
Ludvig Silberstein, Alexander Wund-
heiler, Hermann von Schelling and
others.

PRIMARIES can be
selected anywhere in
these regions of the
chromaticity diagram,
and they will correspond
to the spectral sensi-
tivities (color-mixture
functions) displayed in
figure 14. —FIG. 13

Color functions and photography

We are now, I think, ready to talk
about color photography again. The
Maxwell criterion advocated by Ives
calls for spectral sensitivities defined
in terms of the color-mixture functions
x, y, z shown in figure 2. The precise
requirements for the spectral sensitiv-
ities depend on the dyes used in the
final color print or transparency or on
the color filters used to project the
separation positives in an additive sys-
tem or on the colors of the phosphors
excited in a color kinescope used in
color television.

The spectral sensitivities appropri-
ate for use with various possible sets of
phosphors or projection filters (called
"primaries") are linear combinations
of the standard color-mixture func-
tions, x, y and z. Only the numerical
coefficients of the combinations are
different for different sets of prima-
ries. Widely different selections of pri-
maries call for amazingly similar spec-
tral sensitivities. If the chromaticities
of the primaries are anywhere within
the large regions shown in figure 13,
the appropriate spectral sensitivities
are limited to the narrow ranges
shown by the broken curves in figure
14. Note the slight differences of the
wavelengths of the maximum sensitiv-
ities written above each set of curves.
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IDEAL COLORS compared with
those of conventional film. Figures at
left are with one of the best cur-
rently available color films; those
at right are with film whose design
aims at Maxwell-Ives curves. Red-
ish cast on flowers at left is well
known and objectionable; colors at
right are correct. —FIG. 15

The most apparent differences are
near the wings of the prescribed spec-
tral-sensitivity curves. But those differ-
ences are of slight significance because
the spectral sensitivities are low in the
wings. Furthermore it is so difficult to
obtain spectral sensitivities resembling
these that sensitizations that result in
curves anywhere within the indicated
limits would be triumphs of photo-
graphic technology. For this reason
they could justifiably be used with any
reasonably conceivable set of prima-
ries.

In a subtractive process of color
photography, the effective primaries
wander around in the chromaticity di-
agram, depending on the spectral
characteristics and concentrations of
the color-synthesis dyes at each spot in
the picture. This is in contrast with the
additive system, in which the prima-
ries remain fixed, determined only by
the phosphors or the projector lamps
and primary filters. But although they
wander, the chromaticities of the ef-
fective primaries of any respectable
subtractive process remain within the
regions shown in figure 14. For the
same reason that any spectral sensitiv-
ities within the limits corresponding to
those regions can be used in an addi-
tive system with any set of primaries
located in these regions, the wander-
ings of the effective primaries in a sub-
tractive system are insignificant. The
slight effects of such changes on the
strictly corresponding spectral sensitiv-
ities are insignificant compared to the
enormous disparities of the spectral
sensitivities of all generally available
color films from the limits that are im-
plied by the Maxwell-Ives prescrip-
tions. In figure 14, spectral sensitiv-
ities typical of a modern color film
(solid curves) are superimposed on
the Maxwell-Ives limits.

Ideal color films

Experimental films whose sensitivities
conform much more closely to the
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Maxwell-Ives limits have recently
been made. Figure 15 shows three
pairs of comparison pictures taken on
a conventional film and on the experi-
mental film. The top pair shows some
bluish sand verbena photographed in
the Anza Borego Desert of California.
The photograph to the left was taken
on one of the best currently available
color films. Notice the reddish cast on
the flowers. This is well known and
disapproved by flower fanciers. It is at-
tributable to the excessive far-red sen-
sitivity that is quite apparent in the
curves for the typical modern film. To
the right is the picture of the same
scene taken within a minute of the
other, on a film whose spectral sensi-
tivities were designed with the
Maxwell-Ives curves as aims. Although
this is an experimental film, and there-
fore not as perfectly adjusted as the
other film in many other respects, the
colors of the flowers are right in this
picture. The second pair of pictures is
of blue anemones in the Descanso
Gardens, Los Angeles; the third pair is
of bluish orchids in the horticultural
hall in Golden Gate Park, San Fran-
cisco. In all cases, the pictures at the
right show the correct colors. The false
appearance of the flowers in the pic-
tures at the left is a direct consequence
of excessive sensitivity to the extreme
red wavelengths of the visible spec-
trum, where chlorophyll and many re-

i lated botanical colorants have sharp
i decreases of absorption. Figure 14

shows that, according to the Maxwell-
Ives prescription, the maximum of the
red sensitivity, for color photography
should be between 599 and 607 run,
and the half-maximum sensitivity
should be at a wavelength not greater

. than 640 nm. For the typical color film
used in these tests, the maximum
sensivity is at 655 nm and the half-
maximum sensitivity is at 675 nm. So
we should not be surprised that the ex-
perimental film, which conforms much
more closely to the Maxwell-Ives pre-

u scription, gave us the much more real-
is tic pictures.

Figure 12 is reproduced by permission
from the December 1965 Official Digest,
Journal of Paint Technology and En-
gineering, published by the Federation
of Societies for Faint Technology, Fhila-
delphia. n
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