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After the end of World War II, R.C. Gibbs, former president of 
the Optical Society of America (OSA) and then chairperson of 
the Division of Physical Sciences at the National Research 
Council, asked Deane B. Judd to suggest an important research 
project unrelated to war and armaments. Judd spent 43 years as 
a staff member of the Photometry and Colorimetry Section of 
the National Bureau of Standards (now National Institute of 
Standards and Technology) and served as Director of the Tech
nical Secretariat of the International Commission on Illumina
tion (CIE) from 1948-1955. He was the premier color science 
figure in this country at that time. 

Judd suggested a study of uniform color scales. A perceptually uniform color 
space was important to both industry and the arts. Among other advantages, 
industrial color tolerances could be established more easily in a uniform color 
space. Studies leading to improvement of the uniformity of the Munsell color 
system had been completed a few years earlier. Judd, Blanche Bellamy, Sidney M. 
Newhall, Dorothy Nickerson, Carl Foss and Walter Granville, with others, had 
published supporting papers in the Journal of the Optical Society of America in 
1943. These individuals knew that although the renotation had improved spac
ing, the Munsell color system is based on radiating polar coordinates and can 
never be completely uniform. Furthermore, all color systems at that time includ
ed additional concepts that could not coexist with uniformity. Sometimes com
plementary colors, either additive or subtractive, must fall opposite one another, 
or a trio of primary colors must be evenly placed around the color wheel. 

This group believed that there should be a fresh start with the single goal of 
achieving a three-dimensional color space based on uniform color differences 
between color samples. A formal conference was held at the National Academy 
of Sciences on June 20, 1947, where a detailed research program was developed. 
There, it was unanimously decided that, with the approval of the Optical Society 
and the Inter-Society Color Council (ISCC), the National Research Council 
would be asked to establish a committee to carry out the research program. 

However, L.A. Jones, Chairman of the OSA Committee on Colorimetry, rec
ommended instead that the project be undertaken by the Optical Society. The 
OSA Committee on Uniform Color Scales was formed with Judd as chairman. 

In addition to those mentioned above, the 1947 OSA committee included 
Isay Balinkin, Forrest Dimmick, I.H. Godlove, David MacAdam and Jason Saun
derson. They were joined in 1953 by H.R. Davidson, George Ingle, Daniel Smith 
and Richard Hunter. Gunter Wyszecki joined in 1956, Leo Glasser and Charles 
Reilly in 1957, and Gerald Howett in 1959. Each of these individuals has been 
responsible for important contributions to modern color science. Together they 
comprised the most knowledgeable and prestigious group of color scientists in 
the United States. 

Twenty-two years ago and almost thirty years after the OSA committee was 
formed, Dorothy Nickerson described the committee's work and summarized 
the numerous committee reports in an article published by the Optical Society 
in Optics News.1 

The OSA committee expected that, in addition to a new color system, their 
work would produce "a color-difference formula simple enough to be conve
nient and at the same time giving a satisfactory, reliable representation of the 
essential experimental facts." They could not realize then the nature and impor
tance of the compromises that would be necessary to develop such a formula. 

At Carl Foss' suggestion it was decided that color samples exemplifying the 
proposed system would be placed at the vertices of a family of regular tetrahe
dra. When tetrahedra fill three-dimensional space, they produce a complicated 
but interesting arrangement of points. This arrangement is one of two types of 
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"closest packing," referred to as face-centered cubic. The 
interest for the committee was that each point in this 
space is surrounded by twelve equally spaced neighbor
ing points. Placing colors at these points is the most rig
orous test of uniformity possible. If the arrangement is 
looked at from the perspective of a color and its twelve 
neighbors, the primary unit is a cuboctahedron. Cuboc
tahedrons are formed by slicing off the corners of a cube 
to the midpoint of each edge. This leaves triangles where 
each corner was and a square turned at right angles on 
the four sides, top and bottom of the cube. The cubocta
hedrons are repeated to fill reproducible color space. 

This arrangement sometimes is referred to as a 
rhombohedral lattice because the triangles join to form 
parallel rhombohedral lattices lying at an angle in space 
and crossing one another from four directions. Colors 
displayed on these lattices change regularly in all three 
color attributes resulting in unusual and beautiful color 
sequences. 

The square grid formed by the bases and tops of the 
cuboctahedrons represent the lightness levels of the sys
tem. On a lightness plane the main chromatic axes of 
the system pass through neutral at the center of the grid. 
The only other decision taken relative to the form of the 
new system was that yellow (+j) would be placed to the 
right of the horizontal chromatic axis. All other colors 
would be placed where visual studies of color difference 
indicated. Although no particular color was designated 
as blue or red or green, the blue direction (-j) is oppo
site yellow on the horizontal axis while the green direc
tion (+g) lies opposite the red direction (-g) on the 
vertical axis. 

Before beginning visual studies, the background 
(30% reflectance), shape and size of samples, separation 
between samples (3-4 mm), illumination (D65 at a 
minimum of 500 lm/m2) and observer requirements 
were set. Originally the work was parceled out and 
worked on individually. Dorothy Nickerson reports that 
by 1955, Judd's report included 25 references related to 
the work of the subcommittee. 

To determine chroma scaling, a set of samples at 
Munsell value 6/ were produced based on the existing 
Munsell and MacAdam spacing. Forms and instructions 
were prepared to eliminate bias or confusion and so the 
data collected would be in a form suitable for statistical 
treatment. Sets of these colored tiles were circulated, 
and results were tabulated at the Bureau of Standards. 
Judd's report indicated that a spacing significantly better 
than either the MacAdam or Munsell scales had been 
derived from the data. 

Davidson prepared samples for a hue study and in 
1957 Newhall reported on the results of the hue-spacing 
study. Before establishing the size of a value step equiva
lent to a chroma step, the committee decided to study 
additional samples near N 3/, N 6/ and N 9/. Following 
this, Davidson produced a set of samples to cover the 
whole value 6/ level to specifications derived by Wyszec
ki from the earlier data. An estimate of the nonunifor
mities among these colors was determined by consen
sus. Davidson produced two more re-formulations of 
this plane for further study. 

In 1961 Howett reported that although the hue and 
chroma scales seemed reasonably corroborated, additiv
ity failed by as much as 30%. The question of whether 
or not small color differences could be added together 
and agree with observed larger color differences was an 
important issue. A paper by MacAdam, "Nonlinear 
Relations of Psychometric Scale Values to Chromaticity 
Differences", was published in the Journal of the Optical 
Society in 1963 (Vol. 53, No. (6), 754-757). During this 
meeting 1961 meeting, Reilly presented his proposed 
cube-root color difference formula to the committee 
and another set of samples submitted by Carl Foss were 
examined. Several decisions were made in preparation 
for further studies. Statistical experts recommended 20 
to 30, rather than 100, observers for each study. A two-
category forced choice (larger or smaller) would be used 
in the studies, and three committee members agreed to 
record spectophotometric data on the samples before 
and after each study. 

In 1964, constant lightness versus constant 
reflectance was discussed and it was decided to prepare 
future samples on constant lightness planes. In addition 
to the other studies, the committee decided to test a 
tetrahedron in color-difference space around reference 
points representing saturated red, green, purple-blue 
and yellow. 

By 1966 four committee members had tested predic
tions based on the committee's empirical findings 
against the Munsell, the Adam-Friele, Reilly cube root 
and CIE U*V*W* color spaces then in common use. 
Dorothy Nickerson reported that, "Scatter diagrams 
showed that none could be described as better than 
poor." Most discouraging was the fact that it proved 
impossible to put the committee data for the value 6/ 
plane together to form a flat surface, "it was evident that 
the facts of color spacing are quite complex, even for 
colors of equal reflectance." These four color spaces were 
evaluated again using various hue weights and, follow
ing several of these adjustments, new Munsell specifica
tions achieved a correlation of 0.80 with the committee 
data; however, the OSA committee concluded that "infi-

Photograph by David MacAdam of OSA Uniform Color Scales sam
ples arranged to illustrate the color plane defined by j + g = 4. 
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nite curvature of color space at neutral is required if hue 
weight greater than 1.0 is independent of saturation." 

The committee became convinced that a perfectly 
regular cuboctahedral "sampling of color space does not 
exist for any fixed background." Nevertheless, everyone 
agreed that the beautiful color sequences inherent in the 
system would interest people in the art, design and edu
cation fields and it was worthwhile to see how close an 
approximation to complete uniformity could be 
achieved. In its 20th year the committee agreed to pro
duce the best approximation possible using a neutral 
Munsell value 6/ background. 

Using committee data on the size of a value step 
equivalent to a chroma step, Reilly constructed "a model 
in which different lengths of wires, with ends bent to 
form hooks, represented the sizes of color differences. 
These were linked together with washers of various 
inside diameters; the sizes of the washers were succes
sively reduced to tighten the assembly to produces as flat 
a surface as possible without buckling. The inner diame
ters of the smallest washers were well within the uncer
tainties of the committee's scale values." Later Reilly's 
mathematicians developed a computer algorithm that 
accomplished the same iterative flattening as his net
work of wires. 

MacAdam was also working on an Euclidean model 
and had reached a correlation of 0.751 with the com
mittee data and expected to reach 0.841 by including a 
super-hue weight factor "proportional to the distance to 
D65 in the XI-ETA diagram"; however, the model did 
not extrapolate well beyond the gamut of colors pro
ducible with stable pigments. 

Since the committee wanted to extrapolate the 
results out to the theoretical limits, it was decided to use 
a formula based on the cube-root formula being consid
ered by the CIE Committee on Colorimetry. The para
meters of that formula, and ones suggested by Reilly, 
were adjusted by MacAdam for best fit to the commit
tee's scale values. The formula was further adjusted 
through use of both the Semmelroth equation (also 
adjusted) to account for the effect of the value 6/ gray 

background and a formula published by Sanders and 
Wyszecki to account for the effect of chromaticity on 
lightness. The decision to select a formula that could be 
extrapolated to the theoretical limits makes the OSA
UCS system applicable to colors seen on a computer 
monitor, as well as colors reproducible in paint or inks. 

Judd was dying of cancer and the committee, know
ing how much he wanted to live to see the production of 
color samples representing the color system, waited 
impatiently for Reilly's final report on his model. In Jan
uary of 1971, MacAdam sent Judd photographs of 21 
charts assembled from colors produced by color pho
tography linked to a computer and based on the adjust
ed formulas described above. The charts showed several 
examples of the main seven cleavage planes in the sys
tem. Judd wrote, "I have spent about four hours study
ing those charts and I expect to spend many more . . . 
Most of these series are novel, and should be of great 
interest to color coordinators. Most of these colors are 
shown surrounded by six nearest neighbors . . . each col
or of the set appearing to differ from the central color 
by approximately the same amount. This property of 
the colors should make the collection of colors very 
interesting to those who have to set color tolerances." 

There were delays in Reilly's work. By September 
1972, Judd knew he would be unable to complete the 
committee work. He telephoned MacAdam and asked 
him to take over the committee. Judd died October 15, 
1972. 

In January 1973, MacAdam circulated a report 
enclosing chromaticity plots for five lightness levels 
derived in accordance with the latest decisions of the 
committee. The Japan Color Research Institute volun
teered to produce color samples for the system, but 
Hugh Davidson indicated that he would like to produce 
the samples himself. A contract was signed between the 
Optical Society and Davidson Colleagues and 558 colors 
were produced from Dupont pigments formulated in a 
glossy automotive acrylic finish. The main group of 424 
colors were spaced two OSA-UCS units apart, plus 134 
near neutral colors at unit color difference. 

An OSA-UCS plane slanting in color space and defined by the for
mula 2L - j - g = -2. 

The OSA-UCS plane defined by the formula 2L - j - g = 0. 
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After production was well underway, Reilly sent 
computer cards to Howett derived from his latest for
mulation and Howett put them through the computer; 
but, the step size was much too large to provide 500 
producible samples. Reilly's work was to be published 
and compared, just as other specification systems, with 
the produced colors. 

MacAdam's article, "Uniform Color Scales," was pub
lished in the December 1974 issue of the Journal of the 
Optical Society of America.2 This article describes the 
work and the color system in detail and is vital to 
understanding the foundation of the system. In 1976 the 
Optical Society announced availability of sets of two-
inch square samples of the 558 colors placed in plastic 
side holders in a large notebook. 

In January 1978, MacAdam's "Colorimetric data for 
samples of the uniform color scales," was published in 
the Journal of the Optical Society of America3 giving the 
OSA-UCS and CIE notations for both the aim points 
for each color and actual painted colors in the published 
set. In the spring of 1981, the journal Color Research and 
Application4 published Dorothy Nickerson's description 
of the system, Davidson's formulations for the color 
samples and MacAdam's article5 on changes in the 
appearance of the OSA-UCS samples under different 
light sources and between the 10° and 2° observer. Fred 
Billmeyer, Jr. contributed a note6 on the geometry of the 
OSA Uniform Color Scales and Richard and Marjorie 
Ingalls described the reproduction of some OSA-UCS 
color planes for the journal.7 

It had taken thirty years for a committee made up of 
the most knowledgeable color scientists to create a color 
system which, although not perfectly uniform, was the 
best that could be found. David MacAdam constructed 
and brought to an ISCC Annual Meeting a three-dimen
sional model of the OSA-UCS system and large note
books containing color chips arranged to show the 
major cleavage planes in the color system. Everyone was 
impressed with the unusual beauty of the color scales. 

And then, except for a few papers, the system sank from 
sight. 

There were several reasons for this. After thirty years 
most of the individuals active in developing the OSA-
UCS system, who were at the peak of their careers as 
they began the work, were either dead or retired. The 
next generation of color scientists, while respectful of 
their work, had their attention focused elsewhere. By 
1976, the CIE had approved a mathematical transforma
tion of the wildly non-uniform (demonstrated by 
MacAdam's famous ellipses) CIE Chromaticity Diagram 
to produce a more uniform color diagram along with 
the CIELAB and CIELUV formulas that represent 
approximately uniform color differences. 

Many of the same individuals working on the OSA-
UCS also participated in the CIE work. In fact, Charles 
Reilly was largely responsible for the CIELAB color dif
ference formula, but did not introduce the Semmelroth 
correction, even though he believed it made an 
improvement, because he said that the international 
body was close to agreement and any new element 
might delay approval for several years. An international
ly accepted color difference formula was urgently need
ed to bring order into the chaos created by the many 
different formulas in commercial use. 

While the CIELAB formulas are widely accepted, the 
spacing problem particularly in the yellow/blue direc
tion is common knowledge and many companies have 
adopted newer color difference formulas, such as the 
C M C formulas, that have been derived empirically by 
compiling data from years of pass/fail decisions. 
CIELAB and these newer formulas are part of the soft
ware included with all colorimeters and spectrophot
meters. People are familiar with them and reconciled to 
their shortcomings. However, while these formulas have 
proved satisfactory in denoting small color differences, 
they do not define a total color space and are not as use
ful for those who deal with larger color differences, such 
as those embodied in the Munsell or OSA-UCS systems. 

Illustration by Sylvia Hamers showing use of an OSA-UCS color 
plane in art work. 

Inkjet print of the OSA-UCS plane defined by the formula g = 0. 
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Artists and designers did not recognize the advan
tages of the system because the OSA-UCS color samples 
are arranged to completely fill the pockets in plastic 
sheets for storing slides, rather than being arranged 
according to their color relationships. In the resulting 
scrambled array, the beauty of the scales disappeared. 

While the Optical Society offered the sets for sale to 
their members, they were not advertised outside the 
Society and, although the system was in the public 
domain, no company undertook to produce and market 
samples exemplifying the system. With few exceptions, 
the set of colors has been used only in vision research. 

Today when the widespread use of computers has 
added an extra dimension to the already difficult prob
lem of color reproduction, it is worthwhile to look again 
at the OSA-UCS system. The Hue, Saturation, Value 
(HSV) and Hue, Lightness and Saturation (HLS) color 
systems used to display and select colors on computer 
monitors are definitely not perceptually uniform; and, 
in spite of their names, the three colors attributes are 
not separate. There is a variation in perceived lightness 
on a single Lightness or Value plane. This makes it diffi
cult for the user to adjust colors. 

A number of other color collections exist that are 
sometimes referred to as color systems, although they 
are technically colorant systems. An example is the 
widely used PANTONE system. PANTONE colors are 
based on intermixtures of printing inks, rather than on 
perceptually uniform color spacing. They do not offer 
the advantages of a true color system. 

OSA-UCS colors are designated by a simple notational 
system in which the three color attributes are separate, 
allowing the user to change one color attribute at a time. 
If the correct lightness contrast between lettering and 
background has been found, for instance, the hue or satu
ration of the color can be changed to find the best effect, 
without altering that lightness relationship. While spacing 
in the OSA-UCS system and CIELAB are not the same, 
OSA-UCS colors are also defined in terms of the CIELAB 
system, so companies that produce colors to CIELAB 
specifications can reproduce OSA-UCS colors exactly. 

These advantages make introduction of the OSA-
UCS system an improvement over anything else in use 
today, but as far as artists, designers or educators are 
concerned, it still is just a collection of colors unless a 
way is found to connect the color scales to specific 
design or teaching solutions. An index, or color key, was 
needed to make the color sequences available and the 
system responsive to their needs. 

Recently computer software has been developed 
making it possible for users to access the OSA Uniform 
Color Scales and search for color groups, i.e., planes in 
OSA-UCS space, that relate to their particular interests. 
The program is called Color Cleaver™ since it slices col
or planes at all angles throughout the three-dimensional 
OSA-UCS space. 

Every project involving color begins with a few colors 
that either must be used, or ones the user wants to 
include. Two of these colors are entered in Color Cleaver 
either by selecting them with the Apple Color Picker, 
measuring them with a spectrophotometer attached to 

the computer, picking them up from the desktop, or 
typing in their notations. Then Color Cleaver is told to 
create new palettes. From twenty to more than 100 
scrolling thumbnail palettes appear, each of which rep
resents a slice at a different angle through OSA-UCS 
color space. All of these palettes include the original pair 
of colors. These are not groups of colors selected by 
someone, or created by mixing paint or inks. They are 
natural sequences moving from one color region to 
another. 

The program allows the colors selected on a comput
er to be printed; however, considering the problems 
inherent in calibrating monitors and printers, the OSA 
book, Uniform Color Scales, containing painted samples 
provides a more accurate representation of the colors. 
The book containing 558 samples is still available 
through the Optical Society. It is also true that the range 
of colors producible on color monitors is very different 
than the range of colors that can be reproduced in 
paints, inks or dyes. Various color management systems 
are beginning to address the difficult problem of getting 
the same color from a monitor to a printer; however a 
unified method for dealing with color in both environ
ments is missing. 

When a group of colors looks interesting it can be 
enlarged. The palette becomes a worksheet and the indi
vidual colors can be moved, resized, intermixed and 
placed one on top of the other to aid in visualizing how 
the colors will appear in the final work. Simultaneous 
contrast, color assimilation and transparency effects can 
be created on the worksheets. Once a group of colors is 
chosen, it can be saved and transferred to a drawing, 
painting, or image editing program; or the CIELAB 
notations for the colors can be communicated to some
one who can reproduce colors from CIELAB notations. 

This program makes the work of the OSA Commit
tee on Uniform Scales available to anyone who selects 
colors. 
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