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Tristimulus Specification of the Munsell Book of Color from 

Spectrophotometric Measurements* 

KENNETH L. KELLy,! Kasson S. Gipson, National Bureau of Standards, Washington, D. C., 

AND 

Dorotuy NICKERSON, Food Distribution Administration, U. S. Department of Agriculture, Washington, D. C. 

The development of the Inter-Society Color Council- 
National Bureau of Standards (ISCC-NBS) system of color 
names, based on the standards in the Munsell Book of 
Color, made it necessary to specify the master standards 
of this book in fundamental terms. Accordingly, spectral 
reflection curves were run for each of the 421 master 
standards on the General Electric recording spectro- 
photometer at the National Bureau of Standards, using 
slit widths of approximately 4 millimicrons. Various cor- 
rections were applied to these spectrophotometric data in 
accordance with methods regularly used for such work at 
the bureau. Colorimetric computations were then made 
with these data, resulting in tristimulus specifications 
according to the 1931 ICI standard observer and coor- 
dinate system. Four illuminants were used: ICI Illuminants 
A and C, representative of incandescent-lamp light and 

average daylight, respectively, Illuminant D (lightly over- 
cast north sky), and Illuminant S (extremely blue sky). 
The colorimetric specifications of the Munsell standards 
for all four illuminants are thus given. The trilinear coor- 
dinates for the Munsell standards calculated for ICI 
Illuminant C have been plotted on large chromaticity (x, y) 
diagrams and constant Munsell chroma lines drawn in. 
(Similar values obtained by Glenn and Killian at the 
Massachusetts Institute of Technology in 1935 for Munsell 
color standards bearing the same hue-value-chroma desig- 
nations have also been plotted on the diagram and dif- 
ferences between the two sets of data are discussed.) 
These diagrams serve as means for determining the Munsell 
notation and thereby the ISCC-NBS color name for any 
color whose trilinear coordinates and apparent reflectance 
are given. 

I. INTRODUCTION 

WO of the official compendia of drugs and 

medicines, the United States Pharmaco- 

poeia and the National Formulary, specify the 

purity and quality of drugs by a number of tests 

for which tolerance limits are set; with a crude 

drug, for example, these tests refer to ash, acid 

insoluble ash, size, chemical identification tests, 

taste, color, and so forth, these being indications 

* Paper presented at the meeting of the Optical Society 
of America, March 5-6, 1943, New York, New York. 

1 Research Associate for the American Pharmaceutical 
Association at the National Bureau of Standards. 

of purity or quality. All of the tests except color 

have been under continuous study by committees 

entrusted with their revision. Color, on the other 

hand, presented a different type of problem whose 

solution was not attempted until 1931. Previ- 

ously the color terms used in the USP and NF 

had enjoyed no official definition but contained 

among others such confusing terms as brownish 

green or blackish white, with seldom any refer- 

ence to a color chart or standard. In the mono- 

graph of a drug, the pharmacognocist describes 

the colors of the outside and the inside, the 

colors of the various microscopic elements, and 
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finally the colors of the identification tests. In 

each instance, no mention is made of the 

normality of the observer’s color vision (1),? or of 

the conditions of lighting or viewing. 

Agitation toward research for the development 

of a suitable system of color terminology was 

begun in the twenties by E. N. Gathercoal, then 

a member of the USP Revision Committee (2). 

After the founding of the Inter-Society Color 

Council, of which he was the first chairman, 

studies were made of the then existing color 

systems, and in 1933 the report (3) was sub- 

mitted which became the basis of the system of 

color names now known as the ISCC-NBS 

system of color names (4). Procedures were de- 

veloped at the same time for the application of 

these color names to the description of the 

colors of crude drugs, powdered drugs, chemicals, 

liquids, precipitates, microscopic structures, and 

fluorescent materials (5). The central notations 

of the color-name blocks were determined for the 

application of these color names to the descrip- 

tion of the colors of soils (6). Recently these 

names have also been used to describe the colors 

of illuminants and a description of this method of 

use is in preparation. 

In all of this work, the boundaries of the 

separate color-name blocks have been specified in 

terms of the Munsell color standards (7), (8). It 

was realized early in the project that in order to 

be placed on a sound basis the individual bound- 

aries must be specified in fundamental terms. 

The accuracy of the system of color names would 

then be independent of the existence or stability 

of the individual system of material color stand- 

ards in terms of which the system is used in 

practice. Since the Munsell color system provided 

a very satisfactory means of determining which 

color name best described the color of an object, 

it was decided to measure the spectral re- 

flectances of all of the color standards in the 

Munsell Book of Color. The specification of the 

trilinear coordinates and apparent reflectances of 

each of the Munsell samples would provide an 

invariable specification of the color of that 

sample and thereby of a definite point in the 

? Figures in parentheses indicate the literature references 
at the end of this paper. 
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framework of the system by which the relative 

position of each color name is indicated. 

Tristimulus specifications of the Munsell Book 

of Color have been published by Glenn and 

Killian (8) and were available for some time 

before that date. Instead of using the Glenn- 

Killian data, however, it seemed preferable to 

define the ISCC-—NBS system of color names by 

way of the Munsell samples actually used in the 

color-names work. This involved a nominal repe- 

tition of the spectrophotometric and colorimetric 

work carried out by Glenn and Killian, but 

avoided uncertainties arising out of the possible 

differences between the respective Munsell sam- 

ples bearing the same color designation as well as 

those arising from the unknown history and 

usage of the Glenn-Killian samples prior to their 

measurement. Furthermore, the present authors 

desired to use in the spectrophotometric measure- 

ments certain methods of calibration regularly 

used at the National Bureau of Standards for 

such work. The measurements and computations 

described below were accordingly undertaken, 

and the diagrams and tables included in the 

present paper provide a means by which a color 

may be named without reference to a color chart, 

or by which the boundaries of the color-name 

blocks may be specified in terms of a fundamental 

color system. It is now possible to select the 

appropriate color name for a color when the 

fundamental specifications for that color are 

given. 

Since the application of this system of color 

names will be made in the plant or in the field 

where the illumination used will usually be day- 

light, all of the techniques and computations both 

for the color names and for the Munsell system 

have primarily been made on the basis of ICI 

Illuminant C. However, colorimetric data on the 

Munsell standards for other illuminants are also 

of interest. Accordingly, based on the same 

spectrophotometric data, tristimulus values have 

been computed for four illuminants—ICI Illumi- 

nant C (9) (representative of average daylight), 

ICI Illuminant A (9) (2842°K (10), representa- 

tive of incandescent illuminants), IIluminant D 

(11), (12) (representative of lightly overcast north 

sky), and Illuminant S (13), (14) (representative 

of extremely blue sky). 
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II. SAMPLES MEASURED 

Prior to his death, Walter T. Spry, then 

manager of the Munsell Color Company, de- 

posited one or more samples of all of the original 

paintings of the standards in the Munsell Book of 

Color with the Colorimetry Section of the 

Bureau. He also deposited repaints of all colors 

the original paintings of which had become de- 

pleted, together with new colors prepared up to 

1935. In selecting the samples of each color to be 

measured, that painting was chosen which 

matched the color chip of the same designation in 

the Munsell Book of Color. In most instances the 

color differences between the originals and their 

repaints were negligible but in several it was im- 

portant to specify which painting was used. 

Therefore, for the purpose of accuracy and as a 

matter of record, the painting number of each 

sample measured is given. 

The 2-value 2-chroma samples for the inter- 

mediate hues (10R, 10YR, 10Y, etc.) were 

painted independently of the other 2-value 2- 

chroma samples and the colors and the data are 

not as congruent with the other samples as they 

are with each other. These samples, as well as 

several 8-value 2-chroma samples for the inter- 

mediate hues, are not included in the Munsell 

Book of Color, but they were measured and the 

data are included in the present paper for the 

sake of completeness. One new sample, 10YR 8/8, 

recently received, is included. The complete list 

of samples measured is given in Table II. 

The samples in the Munsell Book of Color were 

inspected under a strong source of ultraviolet 

radiant energy and also under a strong yellowish 

green light for fluorescence which might vitiate 

the spectrophotometric measurements (15). No 

fluorescence was observed under either illuminant. 

Ill. METHODS OF MEASUREMENT 
AND COMPUTATION 

Spectral reflection curves of all of the samples 

noted and listed in Table II were run on the 

General Electric recording spectrophotometer at 

the National Bureau of Standards. The samples 

were run relative to magnesium oxide (16), with 

approximately 4-my slits and over a wave-length 

range from 400 to 750 my. The samples were 

backed with black paper for these measurements. 

Calibration curves were run on each sheet 

enabling corrections to be applied to the data for 

wave-length errors, for 100 percent and zero 

curve deviations, and for aging of the magnesium 

oxide comparison surface, in accordance with 

methods regularly used at the National Bureau 

of Standards (17), (18). 

As already noted, the colorimetric computa- 

tions were made for four different illuminants. 

ICI Illuminants A and C have become well 

g 

SPECTRAL ENERGY g 
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Fic. 1. Spectral energy distributions of the four illu- 
minants used in deriving the colorimetric data on the 
Munsell standards. Note: ICI Illuminant A, 2842°K, 
representative of incandescent illuminants. ICI Illuminant 
C, representative of average daylight. Illuminant D, repre- 
sentative of lightly overcast sky. Illuminant S, representa- 
tive of ‘limit blue sky.” 

established in colorimetric work. Illuminant A is 

the Plankian radiator or blackbody at 2842°K 

(C2=14,320 micron-degrees, or 2848°K with 

C.= 14,350); the color temperatures of common 

incandescent illuminants vary from about 2600°K 

to about 3100°K. Illuminant C is that produced 

by a source at 2842°K combined with a certain 

Davis-Gibson daylight liquid filter (79). On the 

“OSA excitations” basis (used in the design of 

the Davis-Gibson filters) the resulting color 

matched that of a Plankian radiator at 6500°K. 

On the basis of the ICI data the approximate 

color temperature of this lamp-and-filter combi- 

nation is 6800°K. The color and spectral energy 

distribution of ICI Illuminant C satisfactorily 

match those of overcast sky or average daylight 

for colorimetric use. Illuminant D is that pro- 

duced by an illuminant at 3000°K combined 

with a Macbeth (Corning) daylight glass filter 

giving a color temperature of approximately 
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7500°K. The color of Illuminant D, found to be 

the optimum color for cotton grading, is also 

being widely used for agricultural grading and 

textile color matching. Its color closely matches 

that of the lightly overcast north sky most 

desired for such work. Illuminant S was designed 

as the blue end point for a series of illuminants 

representing the range from fully overcast to 

maximally clear sky. It was devised by weighting 

Abbot’s “‘sun-outside-atmosphere”’ energy data 

by the inverse \ scattering relation. Illuminant 

S has been designated as ‘‘limit blue sky.” 

The colorimetric data on the Munsell samples 

for ICI Illuminant C, representative of average 

daylight, are of primary interest and the compu- 

tations were carried out both at the National 

Bureau of Standards and in the U. S. Depart- 

GIBSON, AND D. NICKERSON 

ment of Agriculture. Those for the other three 

illuminants were made in the Department of 

Agriculture. All of the computations in the 

Department of Agriculture were done by using 

Hollerith cards and automatically punching 

sums obtained by the method of progressive 

digiting. The authors are indebted to Lila F. 

Knudsen, mathematical statistician of the Food 

and Drug Administration, for suggesting this 

rapid method of computation (20). All of the 

computations were made by the weighted ordi- 

nate method. 

The spectral energy distributions of the four 

illuminants are shown in Fig. 1, and in Table I 

are given the tristimulus data for the spectrum 

of each of the four illuminants used in the 

computations of X, Y, Z and x, y, z. 

TABLE I. ICI tristimulus data for the four illuminants, A, C, D, and S, used in deriving the colorimetric data on the 
Munsell standards. 

For Illuminant A For Illuminant C 

xE yE 2 0C| COE yE 

For Illuminant S | For Illuminant D 

4 

109828 35547 98041 

44759 -14487 31012 

118103 

-37357 

124379 

-38807 

100078 231410 

23194 53630 
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Fic. 2. ICI chromaticity diagram showing values of x and y for ICI Illuminant C for 
Munsell standards of value level 2/. 
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Fic. 3. ICI chromaticity diagram showing values of x and y for ICI Illuminant C for 
Munsell standards of value level 3/. 



TRISTIMULUS SPECIFICATION 

ae TL.. 
“ 
ue 

z! 
at 
ry 

' 

» 

Fic. 4. ICI chromaticity diagram showing values of x and y for ICI Illuminant C for 
Munsell standards of value level 4/. 



KELLY, K. S. GIBSON, AND D. NICKERSON 

» 

Fic. 5. ICI chromaticity diagram showing values of x and y for ICI Illuminant C for 
Munsell standards of value level 5/. 
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Fic. 6. ICI chromaticity diagram showing values of x and y for ICI Illuminant C for 
Munsell standards of value level 6/. 
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» 

Fic. 7. ICI chromaticity diagram showing values of x and y for ICI Illuminant C for 
Munsell standards of value level 7/. 
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Fic. 8. ICI chromaticity diagram showing values of x and y for ICI Illuminant C for 
Munsell standards of value level 8/. 
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Fic. 9. Values of x and y for 
samples of Munsell value 5/ for 
illuminats A, C, D, and S. This 
graph shows the effect of illumi- 
nant on the location and shape of 
the Munsell network. 

20 2 60 

IV. COLORIMETRIC DATA 

Values of X, Y, Z, x, and y for all of the samples 

and for the four illuminants, as explained above, 

together with the. Munsell notations, H V/C 

(hue, value, and chroma), and the Munsell 

painting number for each sample, are given in 

Table II. Values for the neutrals are at the end 

of the table. Values of z are omitted, since 

z=1-—x-—y. 

Values of the trilinear coordinates, x and y, 

for ICI Illuminant C, are plotted in Figs. 2 to 8 

for Munsell values 2 to 8, respectively. The x 

and y values for ICI Illuminant C, and therefore 

for magnesium oxide and for any other spectrally 

non-selective sample, are given in each diagram 

at x=0.3101, y=0.3163. Values of x and y for 

the Munsell samples obtained at the National 

Bureau of Standards are plotted as circled 

points. The data obtained by Glenn and Killian 

(8) at the Massachusetts Institute of Technology 

in 1935 are plotted as uncircled points for com- 

parison with the present data. When the two 

points for a sample coincide, the combination is 

plotted as a circled point with a short line at- 

tached; in many cases, to avoid confusion, the 

two points are joined by a fine line. Lines are 

drawn connecting all of the NBS points of con- 

stant chroma on each diagram, resulting in the 

spiderweb-like figures shown. 

Graphs similar to Figs. 2 to 8 could of course 

be plotted for the other illuminants using the 

data given in Table II. While this has not been 

done for the present paper it has seemed of 

interest to show the effect of the illuminant on 

the location and shape of the network. This is 

done in Fig. 9, where the values of x and y for 

Munsell value 5 are plotted to the same scale for 

the four illuminants. 

Vv. COMPARISON WITH GLENN-KILLIAN DATA 

Differences between the methods used by 

Glenn and Killian and those used at the National 

Bureau of Standards are understood to be as 

follows: 1. The Glenn-Killian spectrophoto- 

metric data were obtained with samples backed 

by “‘a standard white substance,” the National 

Bureau of Standards data with samples backed 

with black paper. 2. The calibration curves (see 

above) run on each sheet at the National Bureau 

of Standards were not used by Glenn and 

Killian. 3. The Glenn-Killian colorimetric com- 

putations were made by the selected-ordinate 

method, the NBS data by the weighted ordinate 

method. 

Spectrophotometric differences caused by the 

backing are illustrated in Fig. 10, in which are 

(PER CENT) 

APPARENT REFLECTANCE 

400 20 40 60 80 500 20 20 40 60 80 700 20 40 40 60 80 600 
WAVELENGTH IN MILLIMICRONS 

Fic. 10. Effect of backing on the spectral apparent 
reflectance of Munsell samples. The upper curve of each 
pair was obtained with the sample backed with a white 
paper (N 9.6/), the lower curve with the sample backed 
with a black paper (N1/). Note that no difference in 
curves caused by difference in backing is apparent for 
values of reflectance less than 0.6 or at the shorter wave- 
lengths. 
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TABLE III. Effect of backing on colors of Munsell samples. 
Values are computed from the spectrophotometric 

curves shown in Fig. 10. 

Values obtained with white backing minus values 
obtained with black backing 

Munsell 
sample AY Ax Ay 

R 4/14 + 0.0007 +0.0010 — 0.0002 
R 8/4 + .0043 + .0023 +.0001 

BPB 8/2 + .0000; + .0000; 0000 
N 9.6/ + .0034 + .0007 + .0003 

shown the curves obtained on four Munsell 

samples, each sample being run first with white 

backing and then with black backing. The 

spectral reflections of the backings used for Fig. 

10 are shown in the figure. It will be noted that 

the effect of backing becomes appreciable at 

wave-lengths greater than 550 my, approxi- 

mately, if the values of apparent reflectance are 

greater than 0.60 or 0.65. (The slight separation 

of the curves for PBP 8/2 between 480 and 600 

millimicrons is not considered significant. It is 

probably caused by non-uniformity of the 

sample. Differences of this magnitude can be 

obtained when a sample is re-run with the same 

backing if the sample and backing have been 

removed and reinserted between runs.) 

The effects of such spectrophotometric dif- 

ferences on the computed values of Y, x, and y 

are shown in Table III. Since these samples 

probably illustrate the maximum effects to be 

expected from the two backings it is apparent 

that the differences in color caused by measure- 

ment with white or with black backing are 

mostly unimportant. 

The use of calibration curves on each record 

sheet—those enabling corrections of wave-length 

errors, 100 percent and zero curve deviations, 

and aging of the MgO comparison surface, as 

used at the National Bureau of Standards— 

enables spectrophotometric data to be obtained 

with much less care and worry regarding certain 

details of operation than if these calibration 

curves were omitted. Omission of the curves 

makes it necessary for the operator to take great 

care, for example, in the insertion of the graph 

sheet in the instrument, in continually checking 

the wave-length calibration of the instrument 

and in controlling or watching the graph paper 

for expansion or shrinkage with change of hu- 

S. GIBSON, AND D. NICKERSON 

midity. A new MgO comparison surface must be 

prepared each day and the question of reproduci- 

bility of such surfaces thus enters. The possibility 

of erratic differences in results between the two 

investigations is thus present but since different 

actual samples were measured no further con- 

clusions can be reached regarding the erratic 

differences between the Glenn-Killian and the 

National Bureau of Standards data. 

With respect to differences between values of 

X, Y, Z, x, y, and z resulting from differences in 

computational procedure—30 selected ordinates 

as against weighted ordinates at every 10 my— 

it has been shown (2/) that such differences are 

small for samples such as those considered here, 

much less than some of the differences shown. 

Only small and unimportant errors are therefore 

to be expected from this difference in computa- 

tional procedure. 

Detailed comparison of the values of x and y 

obtained by Glenn and Killian with those ob- 

tained at the National Bureau of Standards may 

be made by inspection of Figs. 2 to 8 or by study 

of the published data. Only two additional points 

will be noted here. 

1. Certain consistent differences in the re- 

spective chromaticities are apparent when the 

(x, y)-data for certain groups of samples having 

the same hue designations (Figs. 2 to 8) are re- 

plotted in a single graph regardless of value 

level. This is particularly noticeable for the 

10GY, GY, P, 10RP, and R samples. However, 

although the maximum (x, y) difference* between 

the Glenn-Killian and the National Bureau of 

Standards data is Ax=0.0143 and Ay=0.0156, 

inspection of Figs. 2 to 8 shows that in the great 

TABLE IV. 

Average differences in Y, 
Glenn-Killian values minus 

National Bureau of Standards values 

+0.0031 
+.0019 
— .0006 
+.0018 
+ .0020 
+.0029 
+.0039 
+ .002 Average 

3For YR 2/2. As is to be expected the discrepancies in 
chromaticity are greatest at the lowest value level. 
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majority of cases there is good agreement be- 

tween the two sets of data. Further effort to 

resolve the differences would seem unwarranted. 

2. Differences in the average values of Y ob- 

tained in the two investigations are shown in 

Table IV. The greatest differences are at the 

extremes. That for Munsell value 8 may be 

caused partially by the differences in backing. 

That for Munsell value 2 may indicate a real 

instrumental difference relating to the zero 

readings of the respective instruments; none of 

the 33 individual differences going into this 

average is negative. While the individual dif- 

ferences on which the values of Table IV are 

based reached a maximum of 0.036 (sample 

P 7/2), the final average value of +0.002 for all 

of the data is very small.‘ 

VI. DERIVATION OF ISCC-NBS COLOR NAMES 
FROM ICI TRISTIMULUS DATA 

The Munsell notations for chroma and hue 

may be determined from Figs. 2 to 8 for any color 

whose chromaticity falls within these diagrams 

by plotting its trilinear coordinates on the appro- 

priate value-level diagrams and estimating the 

relative position of this point with respect to the 

points representing the nearest samples of con- 

stant hue and the nearest lines of constant 

chroma. The Munsell value of the color is found 

by interpolation or extrapolation between the 

values of apparent reflectance (Y) of the Munsell 

standards for Illuminant C in Table II. By re- 

ferring to the color-name charts in RP 1239, the 

ISCC-NBS color name descriptive of that color 

will be found. Likewise in disk colorimetry (21), 

given percentages of a certain set of disks may 

be transformed into trilinear coordinates, plotted 

in a similar-manner, and the corresponding color 

name found. Thus the ISCC-NBS color name 

for a color may be found by the use of any spec- 

trophotometer or colorimeter (22), (23) whose 

resultant values may be transformed into data 

‘ Differences in Munsell value corresponding to the 
average differences in Y shown in Table IV are significant 
only at the lowest values. The difference, A Y =0.0039, cor- 
responds to AV=0.15 at value level 2. It is believed that 
the NBS data are more reliable than the Glenn-Killian 
data at these low value levels. For the neutral samples 
N1/, N2/, and N3/, the Glenn-Killian values of Y are 
from 0.005 to 0.006 higher than the NBS values given in 
Table II. Independent check of these samples visually on 
the Priest-Lange reflectometer gave values lower than the 
Glenn-Killian values by 0.004, and closely agreeing with 
the NBS data of Table II. 
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based on the ICI standard observer and coor- 

dinate system. Likewise, any color system may 

be used as a comparison standard if the trilinear 

coordinates of each sample in that system are 

plotted on the (x, y)-diagrams and the ISCC-NBS 

color name determined through conversion to the 

Munsell notation. 
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Trichromatic Specifications for Intermediate and Special Colors of 

the Munsell System* 

WALTER C. GRANVILLE, Interchemical Corporation Research Laboratories, New York, New York, 
Dorotuy NICKERSON, Food Distribution Administration, U. S. Department of Agriculture, Washington, D. C., 

AND Cart E. Foss, Color Consultant, New York, New York 

HE Munsell concept of hue, value, and 

chroma (1), (2),! and the Munsell notation 

for recording colors in terms of numerical scales 

of these three attributes, are daily proving 

themselves useful in color work (3), (4). The 

usefulness of the Munsell charts in color meas- 

urement grows in direct ratio to the accuracy 

and availability of standard colorimetric data 

that become available regarding the colors on 

those charts. Actually no one color is more a 

“Munsell color” than any other, but the charts 

are devised so that selected points of intersection 

in the color solid are illustrated, and these are 

often called ‘‘Munsell colors.” 

The 1929 edition of the Munsell Book of 

Color (5) contained chips representing 10 major 

hues on value levels 2/ to 8/, at all even steps 

of chroma, and 10 hues intermediate between 

these major hues on value levels 2/ to 8/, at 

even steps of chroma beginning with /4 chroma. 

These are the standard colors for which I.C.I. 

tristimulus values and trilinear coordinates have 

been reported for Illuminant C by Glenn and 

Killian (6), for Illuminants A, C, Macbeth 

* Paper presented at the meeting of the Optical Society 
of America, New York, New York, October 30-31, 1943. 

1 Numbers in parentheses refer to literature cited. 

7500°K, and a limit blue sky. by Kelly, Gibson, 

and Nickerson (7). 

Because many people find that direct reference 

to color charts is the simplest method for 

obtaining color notations, and because many 

people are not able satisfactorily to interpolate 

between hues that are as far apart as one- 

twentieth of the hue circuit, ‘‘Munsell colors” 

now appear in an additional series of 20 hues, 

each of the 20 new hues being intermediate 

between a pair of the earlier standard 20 hues. 

All /2 chromas omitted in the 1929 edition have 

been added. These colors total 561 samples (in 

addition to the 421 samples of the standard 

series). In addition to these colors for new 

charts to be inserted in the early series, several 

other series of colors have been made available 

for special purposes. Thus, there is a series of 

100 hues at 5/5, 50 hues at their maxima 

chromas, a 50-step value scale, a 20-step value 

scale, a series of pinks, of browns, and others. 

Each of these series becomes more useful as 

standard I.C.I. colorimetric data become avail- 

able for it. 

The authors have therefore measured these 

colors spectrophotometrically and have com- 
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TABLE I. Trichromatic specification, dominant wave-length, and excitation purity for intermediate 20 Munsell hues, 
and for /2 chromas omitted in (6) and (7). 

ODE Trilinear | Domi- 
Tristimulus coordi- nant Exci- Munsell 

Munsell values nates wave- tation produc- Munsell 
notation xX 4 Z x y 

Trilinear | Domi- 
Tristimulus coordi- nant Exci- Munsell 

( ) : values wave- tation produc- 
purity tion no. notation a length purity tion no. 
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** These colors are to be replaced as soon as repaints can be made. 



C. GRANVILLE, D. NICKERSON, AND C. E. FOSS 

TABLE I.—Continued. 

Trilinear | Domi- Trilinear | Domi- 
Tristimulus coordi- nant Munsell Tristimulus coordi- nant Munsell 

Munsell values nates wave- produc- Munsell nates wave- produc- 
notation xX Y Z x length tion no. notation xX x y | length tion no. 

25Y 6/8). 3273 . A442. . p 2.5GY 4/4|. ° d 370 .426 | 569.7 2189 
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TABLE I.—Continued. 

Trilinear | Domi- Trilinear 
Tristimulus coordi- nant Exci- Munsell Tristimulus coordi- Munsell 

Munsell values nates wave- tation produc- Munsell 1 nates produc- 
notation xX Y x y |length purity’ tion no. notation xX x y tion no. 
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TABLE |I.—Continued. 

Trilinear | Domi- Trilinear | Domi- 
Tristimulus coordi- nant Exci- Munsell Tristimulus -coordi- nant Exci- Munsell 

Munsell val nates wave- tation produc- Munsell values nates wave- tation  produc- 
notation x Y y | length tion no. notation xX Y Zz x y j|length purity tion no. 
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TRICHROMATIC SPECIFICATIONS 

TABLE II. Trichromatic specification, dominant wave- 
length, and excitation purity for neutral grays; half-steps 
of Munsell value, and a special series of small value steps. 

Trilinear |Domi- 
coordi- | nant Exci- 
nates jwave- tation 

length purity 

Tristimulus Munsell 
values 
Y 

produc- 
tion no. 

Munsell 
notation xX 

Neutrals 
N 8.5/ 2228* 

2227* 

wen | ONnooooen 

mMOSSSSHRSOSSO ROOM OM RR RN NNER MB OSS SOMOS SSS SM SSS SOR SRP NEES | Shr rrnr: Lain bo in be inde DW NWO DNS DEP POS OONONNNWONERNAUNDNBNEUBHOHNUNSHBUUWN | SONNHHNS 

* More than one lot of this color has been made (March, 1943). 

puted colorimetric values for the curves.” About 

1000 colors were involved. 

Spectral apparent reflectance curves were 

made on the General Electric Recording Spectro- 

photometer. The standard of reflectance was 

the surface of a freshly prepared layer, 0.06 inch 

thick, of magnesium oxide. All samples were 

2? Mimeographed tables for portions of these data have 
been available since 1938-39. 

. (mp), ° 

WAVELENGTH ERR 

-3.0 
J i | | | 

450 500 550 600 650 
WAVELENGTH (my) 

400 700 

Fic. 1. Wave-length calibration of the spectrophotometer. 

backed by a non-selective diffusing surface 

having an apparent reflectance of 0.005. 

The wave-length calibration of the spectro- 

photometer is shown by the curve in Fig. 1. 

This curve was obtained by drawing a smooth 

line through the mean of points representing the 

wave-length error as determined by observation 

of a mercury discharge tube, and measurements 

on two filters calibrated by the National Bureau 

of Standards and the Color Measurements Labo- 

ratory at the Massachusetts Institute of Tech- 

nology. It is believed that this calibration was 

maintained within +0.5 my in the wave-length 

region used for the colorimetric computations. 

The General Electric Recording Spectro- 

photometer as originally manufactured allows 

the sample and standard to be irradiated nor- 

mally and viewed diffusely, except that approxi- 

mately one-half of the specular component is 

lost by being reflected through the entrance 

apertures. During the course of this work, the 

viewing geometry was changed to permit total 

inclusion or exclusion of the specular component. 

This change allowed the sample and standard 

to be irradiated at 5° from the normal, and 

viewed diffusely, with provision to include or 

exclude the specular component. 

Therefore, some of the reflectance curves were 

made with the original viewing geometry, while 

the remainder were run with the new viewing 

geometry,® specular component included. Experi- 

3 This is the type of viewing geometry adopted several 
years ago by the Color Measurements Laboratory at the 
Massachusetts Institute of Technology. 
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TABLE III. Trichromatic specification, dominant wave-length, and excitation purity for several series of special Munsell 
samples: 100 hues at 5/5; 50 hues at maximum chroma; a series of ‘‘Pinks;’’ of ‘‘Browns;’’ odd chromas at value levels 
of maximum chroma for 10 hues; high value series (9/) for 5 hues; weak chromas (/1), values 2/ to 8/ for 5 hues; 
a series specially produced in strong chromas; and glossy surface papers for matching tomato colors. 

| 
| Trilinear | Domi- Trilinear | Domi- 
| Tristimulus coordi- nant Exci- Munsell Tristimulus coordi- nant Exci- Munsell 

Munsell values nates wave- tation produc- Munsell values wave- tation produc- 
notation xX Y length purity tion no. notation xX Y length purity tion no. 
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“Pinks” 
IRP 8/6 d ‘ : . ‘ 

4 6216 .5985 . 31S . 

_ se ie] 7/8 -5208 .4640 323 .287 
6 5034 .4601 . 322 .295 
4 4956 .4581 . 321 .297 

3RP 8/6 6375 6041 .73 322 .305 
4 -6321 .6088 . 319 .307 Uewne 

vw 

‘2886 . 

‘ 1 pile ooias = made to be 5/5 on the old value scale in which R =25 * More than one lot of this color has been made (March, 1943). 
or V =5(V = VR). 
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TABLE III.—Continued. 

Trilinear | Domi- Trilinear | Domi- 
Tristimulus coordi- nant Exci- Munsell Tristimulus coordi- nant Exci- Munsell 

Munsell values nates wave- tation produc- Munsell | nates wave- tation produc- 
notation xX Y Z x y | length purity tion no. notation xX Y Z length purity tion no. 

“Pinks” Odd chromas 
3RP 7/8 ‘ d d P P 509.5¢ R 4/13 

6 d ° . P 505.0c 
4 4 d F ‘ p 503.0 

7RP 8/6 d d e P ‘ 496.0c 
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me 

PX Cm 
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“Browns” 
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4 -1008 .0775 . d P 608.2 31.7 
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10915 .0736 . 425 . 597.0 38.0 7 ss (9/) 
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1712 1394 | 457 . 591.0 54.6 . 
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0863 .0796 . All .379| 584.3 44.0 9/3 

2 1394 .1331 . 420 . 581.2 52.0 
0848 .0782 | 408 . 584.5 42.2 1 0.5 
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2 See Table I for chromas to /14 for Y 9/, and for other high values of 2.5Y, SY, 7.5Y. 
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TABLE II1.—Continued. 

Trilinear 
Tristimulus coordi- 

Munsell values nates 
notation xX Y Zz x y 

Exci- Munsell 
tation produc- 
purity tion no. 

Domi- 
nant Exci- Munsell 
wave- tation produc- 
length purity tion no. 

Trilinear 
Tristimulus coordi- 

Munsell values nates 
notation zx Y Zz x y 

Weak chromas (/1), values 2/ to 8/, 
5R 8/1 5607 .5516 .6246 

for 5 hues 
323 31 

4382 4330 
.3134 .3082 
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1319 
0755 
.0408 
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Glossy surface papers for matching tomato colors* 

R® -1427 
R* -1192 

YRS 
YR® 

N 1/5 
N 1/6 

0961 
0704 

-0599 | .478 .322 
0292 | 545 .322 

612.0 
613.2 

592.6 
592.8 

473.0 
477.0 

SS 

3350 
3231 

0431 
0128 

.2549 
-2422 

0439 
0130 

-0826 | .498 .379 
0690 | .509 .382 

0530 | .308 .314 
0161 | 305 .311 

ua es 

wr COW &B& ne 

3 All but seven of the following 26 papers are made from different 
pigments; seven are mixtures in order to fill up wide hue gaps. This 
series is particularly useful in disk colorimetry. 

* These papers have semi-gloss surfaces as evidenced by the difference 
in the Y tristimulus values for the two conditions of viewing, and as a 
result, the corresponding values of P. for the R and YR papers differ 
considerably. If these papers were very glossy, a difference in the Y 

ments have indicated that the viewing geometries 

of the spectrophotometer as originally manu- 

factured, as well as the new geometry with 

specular component both included and excluded, 

give similar values of reflectance for samples of 

matt surfaces. Since the usual Munsell color 

chips have nearly matt surfaces, the two methods 

of viewing geometry are believed to give values 

of apparent reflectance that differ by less than 

0.002. A few “‘special’’ papers possessed glossy 

surfaces, and are so noted in the tables. They 

were measured with the specular component 

both included and excluded.‘ 

Some of the samples also exhibit a slight 

iridescence which often has been termed as 

“bronze.”’ As bronze increases, viewing and il- 

luminating geometry become increasingly critical. 

Tristimulus values and trilinear coordinates 

have been determined for I.C.I. Illuminant C, 

4See Table III, reference 4. 

values as great as 0.04 would be obtained for the two conditions of 
viewing, with a correspondingly greater difference in Pe. Thus, viewing 
and illuminating geometry me increasingly critical as surfaces 
depart from non-specularity, and if the geometry is not known, measure- 
ments on glossy chromatic samples are subject to misinterpretation. 

’ Specular component included in spectrophotometric measurement. 
6 Specular component excluded in spectrophotometric measurement. 

using the 30 selected ordinate method. The 

graph paper on which the spectrophotometric 

curve was recorded had the selected ordinates 

printed thereon. Dominant wave-length and 

purity were read from large-scale sections of the 

I.C.I1. mixture diagram in the Handbook of 

Colorimetry (8). Trilinear coordinates are re- 

ported to three decimal places, instead of the 

usual four, in order to call attention to the fact 

that the fourth place is accurate only when 

corrections for all instrumental and recording 

errors are applied. 

The spectrophotometric measurements were 

made in the Interchemical Corporation Research 

Laboratories, and a complete set of calculations 

were compiled in the laboratories of the Food 

Distribution Administration. Each of the authors 

has had a part in checking the data. 

This work was started in order to supply hue 

sensibility data for surface colors (9), also in 
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connection with the work of the Newhall sub- 

committee (OSA Colorimetry Committee) on 

Review of Spacing of the Munsell Colors (10), 

(11). It was completed in order to make full 

information available to all color workers who 

may have use for any of the Munsell papers. 

The data for the 20 new hues, and the /2 

chromas originally omitted in the 10 inter- 

mediates of the regular 20 hue series, are placed 

in order by hue in Table I. Data for half-value 

step and special neutrals are assembled in Table 

II. Data for other special series are placed 

together by title in Table IIT. 

The authors are indebted to the Munsell 

Color Company for supplying samples and 

production numbers, and to their respective 

laboratories for permission to carry on and 

publish this work. 
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Final Report of the O.S.A. Subcommittee on the Spacing of the Munsell Colors* 

SipneyY M. NEWHALL, Bausch & Lomb Optical Company, Rochester, New York, DorotHy NICKERSON, United States 
Department of Agriculture, Washington, D. C., AND DEANE B. Jupp, National Bureau of Standards, Washington, D. C. 

This report presents the characteristics of a modified and enlarged Munsell solid which has 
been evolved from the 1940 visual estimates of the Munsell Boo? of Color samples. All three 
dimensions have been carefully reviewed and extensively revised. The newly defined loci of 
constant hue have been extended closer to the extremes of value while the loci of constant 
chroma have been extrapolated to the pigment maximum. The dimension of value has been 
redefined without substantial departure from the Munsell-Sloan-Godlove scale. By the above 
changes a solid is achieved which approaches more closely to A. H. Munsell’s dual ideal of 
psychological equispacing and precise applicability. The new solid is defined in terms of the 
I.C.1. standard coordinate system and Illuminant C. 
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INTRODUCTION 

HE original purpose of the subcommittee! 

was to reduce the psychological irregu- 

* Paper presented at the meeting of the Optical Society 
of America, New York, New York, March 5-6, 1943. 

1 This subcommittee was appointed by L. A. Jones in 
1937 as a Subcommittee of the Colorimetry Committee of 
the Optical Society of America. It includes H. P. Gage, 
D. B. Judd, Dorothy Nickerson, W.-B. VanArsdel, and 
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larities in the spacing of the samples of the 

Munsell Book of Color. To this end, constant- 

value and constant-hue charts of the form found 

in the standard library edition of the Book of 

Color (25)? were systematically examined by 40 

observers using the ratio method (27) and 

totaling some 3,000,000 color judgments. The 

data were summarized in the form of averaged 

visual estimates of the correct notations of the 

hue, value, and chroma of each sample. These 

estimates were then published in Table II of the 

preliminary report of 1940 (28). 

The present report is concerned with the re- 

maining aim of the subcommittee which was to 

produce a psychophysical system of surface 

colors which should be based upon the above 

data and which should correspond as closely to 

the ideal psychological color solid as is consonant 

with practical usefulness. The general method for 

achieving this aim was: (a) To eliminate minor 

variations in the averaged visual estimates by 

drawing through plotted points representing 

them, smooth curves defining new loci of constant 

hue and constant chroma; (b) to extrapolate the 

chroma loci beyond the Munsell samples and out 

to the theoretical pigment maximum (22); (c) to 

extrapolate the hue loci as far as feasible, that is, 

to the 1/ and 9/ value levels; (d) to adjust the 

value dimension by applying a new formula 

which eliminates irregularities in the Munsell- 

Sloan-Godlove function (24); (e) to express in 

terms of the I.C.1. notation (15) (Illuminant C) 

enough surface colors corresponding to this 

recommended psychophysical system to define it 

adequately; and finally, (f) for the sake of com- 

parison, to redesignate all current samples with 

the revised Munsell notation. 

RECOMMENDATIONS 

The charts and tables in this report constitute 

the definition and standards of the new system. 

These tables and charts are recommended for 

general use in determining the Munsell re- 

notation of a given color sample when the I.C.I. 

(Y and x, y) specification is known, or for de- 

termining the I.C.I. specification when the 

S. M. Newhall, chairman. Dr. Gage and Mr. VanArsdel 
have been unable to participate in the work of reducing the 
data to this form, but both have indicated approval of the 
report. 

2 Italic numbers in parentheses refer to literature cited. 
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Munsell notation is given. If the chromaticity of 

the given color is specified in terms of dominant 

wave-length and purity, the I.C.1. trichromatic 

coordinates (x, y) must be found first, and then 

with reflectance given (Y), the Munsell value, 

hue, and chroma may be obtained. 

Figures 1-9 present 40 hue loci corresponding 

to the full complement of samples in the latest 

edition of the Book of Color (25) together with the 

locus for every even chroma. Standard I.C.I. 

Illuminant C, which approximates 6700°K, has 

been taken as neutral origin for both the hue and 

chroma loci. The aim has been to make, as nearly 

as feasible, both series of loci perceptually equi- 

spaced. Of course, the spacing of the hue loci is 

not even approximately the same as that of the 

chroma loci, nor for that matter of the value loci. 

While some data on the subject are available 

(29), (4), no attempt was made in this study to 

equate the dimensional scales. It was felt that 

the greatly altered notation would detract seri- 

ously from the utility of the proposed system. 

The charts presented are located at the recom- 

mended value levels indicated on the figures and 

presently to be described. It should be noted that 

Figs. 1-9 do not extend at all points to the 

theoretical pigment limit. It seemed more useful 

to include here only the more frequently used 

portions of color space, and thus obtain the 

advantage of a correspondingly larger scale. 

Table I was read from large unpublished charts 

which extend to the pigment limits at all points 

and from which the fourth place could be 

estimated.’ The Y entries in this table must be 

multiplied by 100 to obtain Y percentages, as in 

Table II. 

Table II presents the I.C.I. luminous re- 

flectance Y equivalents (percent form) of the 

recommended Munsell value scale. For conve- 

nience in computation the value-step intervals 

are given to 0.01. It should be noted that the 

reflectances indicated are not absolute but rela- 

tive to magnesium oxide; whereas the maximum 

at value 10/ was formerly 100 percent, it is now 

102.57. Use of this relation facilitates results and 

also avoids the somewhat dubious conversion to 

absolute scale, by permitting Y determinations 

with a MgO standard to be converted directly to 

3 This table can be used for plotting complete charts. 
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-Fi1G. 2, Loci of constant hue and constant chroma in I.C.I. (x, y)-coordinates, at value 2/. 
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Fic. 3. Loci of constant hue and constant chroma in I.C.I1. (x, y)-coordinates, at value 3/. 
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Fic. 4. Loci of constant hue and constant chroma in I.C.I. (x, y)-coordinates, at value 4/. 
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Fic. 5. Loci of constant hue and constant chroma in I.C.I. (x, y)-coordinates, at value 5/. 
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Fic. 6. Loci of constant hue and constant chroma in I.C.I. (x, y)-coordinates, at value 6/. 
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Fic. 7. Loci of constant hue and constant chroma in I.C.I. (x, y)-coordinates, at value 7/. 
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Fic. 8. Loci of constant hue and constant chroma in I.C.I. (x, y)-coordinates, at value 8/. 
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Fic. 9. Loci of constant hue and constant chroma in I.C.I. (x, y)-coordinates, at value 9/. 
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Munsell value. The reflectances corresponding to 

the principal value steps are seen to be some- 

what different from the Munsell-Sloan-Godlove 

data (24). 

Table I, or Figs. 1-9, together with Table II 

provide the means of complete specification of 

the given surface color sample. When the sample 

falls, as it usually does, between adjacent value 

levels and off the intersection of hue and chroma 

loci, interpolation is required. First the particular 

value (or luminous reflectance) is read from 

Table II. Then hue and chroma (or x, y) are 

spotted on both the adjacent value-level charts. 

Finally the hue and chroma (or x,y) for the 

sample are found by linear interpolation. For 

instance, to obtain Munsell equivalents for 

Y=0.4602, x =0.500, y=0.454: 

(1) From Table II itis found that for Y=46.02 

percent, Munsell value (V) =7.20/. 

(2) Since V=7.20/, Munsell hue and chroma 

will be found by interpolation between the 

charts for values 8/ and 7/. On Fig. 8, for 

x =0.500, y=0.454, the Munsell hue is just 

redder than 10.0YR. Since the difference is 

less than +0.25 hue step, it usually will be 

read as 10.0YR. The chroma lies between 

/14 and /16 at /14.6. On Fig. 7, for 

x=0.500, y=0.454, the hue falls at 

10.0YR, the chroma between /12 and /14, 

at /13.1. 

Since 7.20 is 0.2 of the distance between 

7.00 and 8.00, the interpolated hue will be 

that of value 7/ plus 0.2 of the difference 

between the hues read from Figs. 8 and 7. 

Since the hue on Fig. 8 is 10.0YR, and on 

Fig. 7 is 10.0YR, the interpolated hue 

will be 10.0YR+[0.2 (10.0YR—10.0YR) ] 

=10.0YR. Obviously, in this case, the 

interpolation formula was unnecessary, for 

hue could be read by inspection. The 

interpolated chroma will be the chroma at 

7/ plus 0.2 of the difference between the 

chromas as read from Figs. 8 and 7. Since 

the chroma on Fig. 8 is /14.6, and on 

Fig. 7 is /13.1, the interpolated chroma will 

be 13.1+[0.2 (14.6—13.1)]=13.4. 

(4) The complete notation for the sample is 

10.0YR 7.2/13.4. 

The Munsell hues at the higher values are 

generally so little different on adjacent value 

D. NICKERSON, AND D. B. JUDD 

levels that they can be read by inspection. 

Chroma, however, varies considerably at all value 

levels, and interpolation usually will be required. 

The hues at the lower values—particularly in the 

red and red-purple region—will vary considerably 

between adjacent value levels. An example for 

this region is given below. 

To obtain Munsell equivalents for Y=0.0428, 

x =0.550, y=0.280: 

(1) From Table II it is found that for Y=4.28 

percent, Munsell value (V) =2.40/. 

(2) Since V=2.40/, hue and chroma are found 

by interpolation between charts for values 

3/ and 2/.On Fig. 3, for x =0.550, y =0.280, 

the hue is between 2.5R and 5.0R at 3.25R. 

The chroma lies between /10 and /12 at 

/11.2. On Fig. 2, for x =0.550, y=0.280, the 

hue falls between 5.0R and 7.5R at 6.0R, 

the chroma between /8 and /10 at /9.0. 

Since 2.40 is 0.4 of the distance from 2.00 

toward 3.00, the interpolated Munsell hue 

will be that of value 2/ plus 0.4 of the 

difference resulting when the hue read 

from Fig. 2 is subtracted from the hue 

read from Fig. 3. Since the hue on 

Fig. 3 is 3.25R and that on Fig. 2 

is 6.0R, the interpolated hue will be 

6.0R+0.4 (3.25R—6.0R)=4.9R. Usually 

it is sufficient to report hue to the nearest 

0.5 hue step. Thus, this figure would be 

rounded to 5.0R. The interpolated chroma 

will be the chroma at 2/ plus 0.4 of the 

difference between the chromas read from 

Figs. 3 and 2. Since the chroma on Fig. 3 is 

/11.2 and on Fig. 2 is /9.0, the interpolated 

chroma will be 

9.0+[0.4 (11.2—9.0)]=9.9. 

(4) The complete Munsell notation for the 

sample is 5.0R 2.4/9.9. 

The protractor adapted for linear measurement 

which is illustrated in Fig. 10 is convenient for 

reading between the hue and chroma loci on 

Figs. 1-9. 

The following example is included to illustrate 

the reverse conversion, that is, from Munsell 

notation to I.C.I. 

To obtain LC.I. (Y,x,¥y) equivalents for 

Munsell hue (H)=5.0R, value (V)=2.4, and 

chroma (C)=/9.9: 
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TABLE IT. I.C.1. (Y) equivalents (in percent relative to MgO) of the recommended Munsell value scale ( V) from 0/ to 10/. 

V Yv%| V Y¥v(%| V ¥v%| V Yv%| V Yv(%| V Yv(%| V Yv%| V ¥v%| V Yv(%| V Yv%| V Yv(%| V Yv(%) 
10.00 102.56 

102.30 | 9.14 81.73 
102.04 3 81.50 
101.78 2 81.28 
101.52 81.06 
101.25 80.84 
100.99 80.62 
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SPACING OF THE MUNSELL COLORS 

Fic. 10. Illustration of transparent scale for reading 
fractional hue or chroma between adjacent loci in 
Figs. 1-9. 

(1) From Table II it is found that for V=2.4, 

I.C.I. Y=4.28 percent. 

(2) Since V=2.4/, x and y will be found by 

interpolation between the charts for values 

3/ and 2/. On Fig. 3 for 5.0R 3.0/9.9, 

L.C.1. x =0.548 and y=0.303. On Fig. 2 for 

5.0R 2.0/9.9, I.C.1. x =0.553 and y =0.264. 

Since 2.4 is 0.4 of the distance from 2.0 

toward 3.0, the interpolated chromaticity 

(x, y) will be that of value 2/ plus 0.4 of 

the difference resulting when the chro- 

maticity read from Fig. 2 is subtracted 

from that of Fig. 3. Since x on Fig. 2 is 

0.553 and on Fig. 3 is 0.548, the inter- 

polated x will be 

0.553+[0.4 (0.548—0.553) ]=0.551. 

Similarly, the interpolated y will be 

0.264+[0.4 (0.303 —0.264) ]=0.280. 

(4) The complete notation for the sample is 

Y=0.043 (or 4.3 percent); x=0.551, 

y =0.280. 

Still another illustration of the use of the above 

data is shown in Table III. This table shows the 

effect of the revision on the notation of the 

Munsell samples by presenting revised desig- 

nations for them. The entries for this table were 

obtained as follows: (a) Given the Munsell 

sample, the I.C.I. data for them were taken from 

reports of the National Bureau of Standards (2/), 

Glenn-Killian (9), and Granville-Nickerson-Foss 

(10); (b) then the value was read from the sub- 

committee’s Table II and the hue and chroma 

were interpolated by use of the large originals of 

Figs. 1-9.4 There are larger irregularities in the 

4 The National Bureau of Standards and Glenn-Killian 
data provided a good check on the samples of the standard 
20 hues. When there was doubt because of a large dis- 

407 

chroma series than in the hue or value series, 

presumably because of the special difficulties in 

recognizing chroma and in producing a painted 

series to represent it. 

Color samples are often evaluated by direct 

reference to charts of the Munsell Book of Color. 

This evaluation may be sufficient; if not, con- 

version to the recommended notation may be 

made directly by use of Table III or, when 

interpolations are necessary, by use of Figs. 1-9 

on which points representing the Book of Color 

samples have first been spotted (2/), (9), (10). 

REVISION PROCEDURES 

Details of the various procedures employed in 

arriving at the recommendations’ above may 

now be summarized conveniently in relation to 

each of the Munsell attributes taken separately. 

Chroma Adjustments 

The chromaticity surface provided by the 

1.C.I. coordinates themselves is far from per- 

ceptual equi-spacing, as several investigators 

(16), (23), (30) have shown. Even when Nickerson 

published the first smoothed chroma loci for 

Munsell colors, the smoothing of averaged visual 

estimates directly in such a system was recog- 

nized as a difficult task. The present smoothing 

operations demand more guidance for they in- 

volve the added complication of extrapolating 

beyond the published samples. 

While an ideal system for psychological 

smoothing is not available, Adams’ coordinates of 

chromatic-value afford some of the needed guid- 

ance. Plots of Munsell chroma loci on his charts 

at values 2/ to 8/, inclusive (2), evince sufficient 

approximation to circularity to facilitate con- 

siderably the actual smoothing operation. Once 

the smooth loci of chroma are located in the 

Adams’ coordinates they remain smooth when 

converted to the (x, y)-coordinates. 

A given point in chromatic-value is defined by 

crepancy, National Bureau of Standards data were used 
because special calibration precautions had been taken to 
obtain accurate wave-length and photometric values. The 
National Bureau of Standards data were used for all value 
conversions. For the 20 intermediate hues only one set of 
data was available. It is important to recognize that the 
table depends upon the accuracy of the I.C.I. colorimetric 
data supplied for the samples. 

5 These recommendations provide smoothed curves that 
supersede those given in references 10 and 11 in ASA War 
Standard (3). 
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coordinates (Vx— Vy) and (Vz— Vy), which are 

simple functions (2) of X, Y, Z, the corresponding 

tristimulus specifications. The conversion is 

easily made with suitable tables (31). The 

illuminant point serves as origin for the chromatic- 

value. Another advantageous feature of chro- 

matic-value is that the constant chroma loci 

plotted at one value level approximate in diame- 

ter those at the other values. Furthermore, it was 

found feasible to employ a single system of 

chroma curves for all value levels. This curve 

equivalence for all value levels vanishes on con- 

version to the I.C.I. (x, y)-system, but smooth 

inter-value-level transitions remain. 

The particular ovoid form finally chosen to 

define all loci of constant chroma, in Adams’ 

coordinates, is illustrated in Fig. 11. This shape 

was the outcome of many trial smoothings on 

Adams’ charts bearing vector arrows representing 

the averaged visual estimates previously pub- 

lished. The familiar end-effect of chroma whereby 

extreme strong samples tend to look stronger than 

they would elsewhere in the series was estimated 

to be of the order of half a chroma step and 

compensated where required. The shape was 

arrived at independently by two investigators 

both of whom followed a procedure of pro- 

gressive approximation in which intra-value- 

level and inter-value smoothing were alternately 

employed. There was some question about the 

purple-blue region, but aside from that the shape 

was felt to fit the data acceptably at every value 

level, with the aid of a small systematic decen- 

tering adjustment. At value 5/* the coordinates 

of the ovoid origin are (Vx—Vy)=-—0.02; 

(Vz—Vy)=-—0.075. The center is shifted by 

small equal amounts from 5/ down to 1/ which 

6 Refers to Munsell-Sloan-Godlove value-reflectance re- 
lation, since the new recommended value scale had not 
then been developed. 
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ADAMS “CHROMATIC VALUE" 

-5 n 1 = +05 +10 
Va-Vy 

Fic. 11. The recommended loci for constant chroma /2 
to /10 as plotted in Adams’ chromatic-value coordinates. 
Dotted lines indicate original contour in the purple-blue 
region. 

falls at (Vx— Vy) =0.06; (Vz— Vy) =0.085; and 

from 5/ up to 9/ which falls at (Vx—Vy) 

= —0.10; (Vz— Vy) = —0.235. Figure 11 shows 

the appearance of the family of concentric 

constant chroma loci at the region of the 5/ value 

level in the Adams’ coordinates. Each chroma 

locus is seen to be not only of the same shape but 

also at the same distance from adjacent loci as 

measured along any radius. 

The achievement of these relations not only 

involved the adoption of the decentering ex- 

pedient but also some considerable local de- 

partures from the data. On the other hand, the 

specification of chroma is greatly simplified and a 

much needed basis is provided for its extrapo- 

lation beyond the data through much used areas 

to the theoretical maximum (22). This extrapo- 

lation was accomplished as follows: First a 

listing was made of the I.C.I. (x, y)-figures for 

the MacAdam limits corresponding to 40 hues 

at each of nine values. Approximations to these 

limits are given in Table IV. Then the new 

chroma loci were extended at equal intervals (in 

Adams’ space), up to the last even step which 

would come within the MacAdam limit (Table I). 

When the system of ovoids established in 

D. NICKERSON, AND D. B. JUDD 

Adams’ space was transformed into I.C.I. (x, y)- 

space, the results at the various value levels* were 

as shown in Fig. 12. All the loci are seen to be 

smoothly transitional at a given value level or 

from one value to another. The chroma loci in Figs. 

1-9 and Table I are adjusted for the differences 

required by the recommended value scale as com- 

pared to the Munsell-Sloan-Godlove value scale. 

The spacing on the I.C.I. diagram is drastically 

affected by the major departures from perceptual 

uniformity of the I.C.I. system. The marked 

bunching of the chroma loci in the purple region 

emphasizes the difficulty which was avoided by 

smoothing in the more regular space employed. 

After charts for 1/ to 9/ value levels had been 

completed, visual comparisons of chromatic sam- 

ples were found to agree very well with the new 

chroma loci. There was, however, a marked ex- 

ception in the blue and purple-blue region, 

especially at the lower and intermediate value 

levels. Although the sample comparisons pointed 

to real discrepancies between 5.0B and 7.5PB, on 

either side of this rather narrow range the 

agreement was good. The most pronounced bulge 

in the entire sweep of the chroma loci occurred at 

Constant Chroma Loci 

Fic. 12. Master chroma chart in the I.C.I. standard 
coordinate system showing the rezccmmended loci of con- 
stant chroma for every second chroma step from zero to the 
theoretical maximum at every value level from 1/ 
through 9/. 
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about the middle of this range, but reference to 

the corresponding part of the ovoid developed in 

Adams’ space showed that it was flattest there. 

Furthermore, the ovoid would need not only to 

be more flat, but actually concave in order to 

produce agreement with visual observation. The 

plots of the data in the Adams’ space originally 

had suggested concavity in this one limited 

region, but the evidence had seemed insufficient 

to justify such a drastic localized departure from 

what the Adams’ space was believed to represent. 

The low chromas indicated the type of curve first 

used (dotted line, Fig. 11) but higher chromas 

indicated concavity. In the original smoothing, 

the curve was pushed to the limit of the data in 

this region in order to afford some agreement 

with the rest of the curve. Now, however, visual 

413 

check on the result provided reason for giving the 

strong-chroma data more weight, and so the 

ovoid pattern was reduced to virtually a straight 

line (Fig. 11) in the region under discussion. 

Transformation to the I.C.I. (x, y)-diagram now 

resulted in chroma loci which partially correct 

the observed discrepancy; and the corresponding 

revisions were made in Figs. 1 to 9 and Table I. 

But the loci still are not really satisfactory in this 

region. Why, one might ask, should very sudden 

transitions be required in this particular region 

and nowhere else? This exception may be due, 

not to the Munsell samples or to the Adams’ 

conversion, but to the I.C.I. system itself. The 

chromatic data, on which the standard observer 

is based, were taken with a 2° field centrally 

fixated. The luminosity data probably represent 

TABLE IV. The I.C.I. (x, y) equivalents of the theoretical pigment maxima for 40 hues on nine value levels.* 
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* The figures for these limit colors were obtained from a diagram supplied by Dr. MacAdam (22). They are approximations which depend upon 
the accuracy with which it was possible to interpolate and read curves representing Munsell values 1/ through 9/. 
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an admixture of a slight degree of rod vision. The 

Munsell samples, on the other hand, have been 

observed under a degree of light adaptation 

insuring a greater approach to pure cone vision, 

but with fields so greatly exceeding two degrees 

that the macular pigment probably exerted little 

influence. Perhaps these differences in observing 

conditions account for the peculiarity in the 

purple-blue region. Since definite justification for 

a sudden transition is lacking, the curves were 

not altered as radically as they might otherwise 

have been. 

Hue Adjustments 

Originally it was believed that the chromatic- 

value charts would also simplify the smoothing 

of the constant-hue lines by permitting them to 

be drawn with a straightedge. The number of 

irregularities to be contended with, however, 

soon made it apparent that the simplest thing to 

do was to smooth directly in the I.C.I. (x, y)- 

diagram. Accordingly, the visual estimates for 

the 20 principal hues, corresponding to the 1929 

Munsell samples, were plotted in vector arrow 

notation with respect to both the National 

Bureau of Standards and the Glenn-Killian 

points; and then tentative loci of constant hue 

were drawn in for each value level. 

An attempt was made in the first smoothing to 

hold to lines of constant dominant wave-length, 

but degrees of curvature which could not be 

ignored were soon apparent in some hue lines. 

When the curved smoothed lines of hue for 

separate value levels were put together, a picture 

of fairly regular progression emerged (Fig. 13). 

In numerous instances it was necessary to ex- 

trapolate the hue lines far beyond the Munsell 

data to reach the theoretical pigment limit. One 

working rule was to carry to the limit the trend of 

the curve which seemed best to fit the data. 

Another rule was to err in the direction of 

straightness rather than of curvature. Of course, 

the loci for a given hue on different value levels 

had to be smoothed and adjusted to provide 

smooth inter-value-level transitions. Tracings of 

the several loci for a given hue were compared 

and adjusted, after which the smoother reviewed 

the arrangement at each value level. Thus, as in 

the chroma smoothing, by reverting back and 

forth from the intra-value to the inter-value 

D. NICKERSON, AND D. B. JUDD 

operation, discrepancies were progressively re- 

duced until the optimal hue lines were eventually 

approximated. 

In certain extended regions beyond the Munsell 

data, the problem of determining the exact 

courses of the hue loci is formidable. In some 

instances, fortunately, the results of other studies 

were available to supplement the visual esti- 

mates, and proved helpful in reaching or con- 

firming a decision. In spite of our practical 

precept favoring straightness, observations of 

strong colors by Judd (17), and by Kelly and 

Judd (20) made it clear that a number of our 

provisional curved loci should be increased in 

curvature toward their extremes. In particular, 

the PB line was kept nearly straight while the 

7.5PB line was altered from nearly straight to 

considerable curvature toward its limit on the 

basis of Judd’s previous data and check observa- 

tions by Judd, Nickerson, and Newhall. The 

greatest curvature occurs immediately following 

the PB, and is not shown since it lies between the 

PB and 7.5PB lines. Hue lines between 7.5PB 

and 5.0P were adjusted toward their ends to 

conform with a curvature gradient decreasing 

toward P, as observed by Kelly and Judd. Their 

observations are also responsible for increased 

curvature of the line ending at 620 my on the 

spectrum locus. This line represents a local 

curvature maximum, the loci on either side being 

altered slightly to conform to a_ progressive 

change in curve. 

There is also older evidence that the loci of 

constant hue cannot be expected to coincide with 

those of dominant wave-length, even when 

luminance is constant. This question has been 

considered by Miiller (33), Abney (1), Schrédinger 

(34), and Judd (18). Hue appears to be an 

imperfectly known function of purity when 

luminance and dominant wave-length are con- 

stant. Around the spectrum locus the effect 

seems to be in different directions in different 

regions, with several hues invariable, or nearly 

invariable in this regard. In Fig. 13 an invariable 

(straight line) at 10Y and another between 5P 

and 7.5P may be noted. 

The recommended hue loci also seem to be 

affected by the well-established Bezold-Briicke 

phenomenon (5), (6), (14), (35), (32), that is, the 

hue shift with luminance, apart from purity and 
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70 60 

Fic. 13. Master hue chart in the I.C.1I. standard coordinate system showing the recommended loci of constant hue for the 
20 standard hues at value levels 1/ through 9/. 

wave-length. Reference to Fig. 13 shows that the 

loci representing the same hue at different values 

are in some regions much more closely grouped 

than in others. The 10Y line, for example, is 

nearly the same at all value levels. This agrees 

with findings of Purdy (32) and of Exner (7) in 

their investigations of the Bezold-Briicke effect. 

Figure 13 also suggests invariables of this type at 
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MUNSELL SCALE 
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Fic. 14. Munsell value (Book of Color samples) as a 
function of reflectance. This figure shows the curve of the 
recommended value scale (heavy line) in comparison with 
the Munsell-Sloan-Godlove value function (fine line); and 
also with the subcommittee’s observations on white (open 
circles), on gray (crosses), and on black (closed circles) 
grounds. The large open circles indicate National Bureau of 
Standards measurements of the samples. Nearly all of these 
results are seen to fall within the Emits of R= V? (lower 
dashed curve) and R=k anti-log V (upper dashed curve). 
Note: The three solid dots which appear below the heavy 
line should be open circles with crosses in the center. 

5PB; between 5P and 7.5P; and near 5G, 

probably toward 10GY. The averages of these 

hue lines cut the spectrum locus at 572.2, 505, 

473.5 my, and the purples at 559c. Purdy re- 

ported invariables at 571, 506, and 474 my and 

Exner at 577, 508, and 475 mu. Evidence of this 

changing relation between hue and dominant 

wave-length is found in the earliest Munsell 

papers [(8), Fig. 5], and the observations on which 

this report is based (28) emphasize it. 

As a precautionary measure, it seems well to 

emphasize the fact that the establishment of 

standard hue loci was a difficult problem. Con- 

siderable judgment and inference were necessarily 

relied upon, and the complete result is not to be 

regarded as more than a first approximation to 

uniform hue spacing. The problem was especially 

difficult at the 1/ and the 9/ value levels to which 

it seemed very desirable to try to extrapolate but 

at which there were no chromatic Munsell 

samples. Such extrapolation is hazardous and 

tentative as sudden changes may readily occur in 

these extreme regions of the solid; however, it 

seemed best to make a beginning and thus provide 

some basis for future refinement. 

JUDD 

After the 20 principal hue lines had been 

established at all value levels, the final step of 

drawing in 20 more intermediate lines to corre- 

spond approximately to the recently released 

third intermediate hues was a simple one. The 

latter 20 were drawn in simply to fit into the 

sequences of the original 20 which are based upon 

the visual estimates of the 1929 samples. The 

interpolated 20 fit the corresponding data fairly 

well. This latter group of hue lines was plotted in 

a figure—not shown—similar to Fig. 13. The 

entries in Table I were read from large master 

charts on which the extrapolated hue and chroma 

lines had been carefully traced. Then check 

readings were made from the originals of the 

charts shown in Figs. 1-9. The entries were read 

from the original penciled charts before inking. 

The tables and charts of the chroma and hue 

loci were worked out so that they would be 

correct for the new value-reflectance relations 

given in Table II. The procedure for determining 

the latter is described in the next section. 

Value Adjustments 

The hue and chroma adjustments were made 

on the basis of visual estimates which had been 

averaged for all three observing grounds. This 

average was taken because under our conditions 

of observation the influence of background re- 

flectance on hue and saturation comparisons was 

neither systematic nor dependable, and is there- 

fore to be regarded as insignificant. The influence 

of background reflectance on value estimates, 

however, was found to be significant. The general 

nature of this effect is evident from intercom- 

parison of the three curves in Fig. 14 which 

correspond to the observations on the white, 

gray, and black grounds. In some of the more 

extreme cases encountered in practice it will be 

worth while to make an adjustment for this 

effect of simultaneous contrast, and this can be 

done by reference to the corresponding graph. In 

general and for intermediate reflectances, how- 

ever, it seemed desirable to standardize on a 

single value function suitable for use with a light 

ground, otherwise complications would arise in 

the hue and chroma dimensions. This decision 

was supported further by the discovery that only 

the function for the black background was 

greatly out of line. 



SPACING OF THE MUNSELL COLORS 

The value adjustments were made on the 

neutral or near-neutral samples with the as- 

sumption that a constant value-reflectance (V 

to Y) relation holds for all colors regardless of 

chroma. 

The heavy curve in Fig. 14 represents the 

recommended value function, while the other 

curves have been at some time or for some reason 

considered indicative of the relation between 

reflectance and value. It should be noted that the 

Munsell-Sloan-Godlove scale, which is repre- 

sented by the finer line, is not far from the curve 

of the recommended value scale. A double ad- 

justment was made, the nature of which deserves 

some explanation. 

The recent National Bureau of Standards (21) 

measurements of the neutral samples indicate 

reflectances higher by 6 percent or more than the 

averages of Munsell-Sloan-Godlove. This con- 

siderable discrepancy may be due in part to the 

use of different reflectance standards but is not 

vet completely explained. Investigation has re- 

vealed that it was not due to failure by the 

painter of the samples to reproduce to a narrow 

tolerance the specifications furnished him. The 

indicated double adjustment consisted in (a) in- 

creasing the reflectances reported by Munsell- 

Sloan-Godlove by 6 percent for values 2/ to 8/, 

inclusive, and (6) making the reflectance scale 

relative to magnesium oxide taken as 97.5 per- 

cent (26). This adjustment amounts to multi- 

plying the Munsell-Sloan-Godlove reflectances 

from 0/ to 9/ by 1.0871 and then smoothing to 

10/ which is set at 102.56 percent in order that 

value 10/ be equivalent to 100 percent absolute 

reflectance. On such a scale Y values, in terms of 

MgO at 100 percent, may be read directly. 

Despite these adjustments and its superficially 

smooth appearance a curve drawn through these 

points was found still to contain a number of 

inflections. By trial and error, a quintic parabola 

was found which fits closely the adjusted Munsell- 

Sloan-Godlove reflectances and has but one 

trivial inflection. This equation is: 

Ry = 1.2219 V—0.23111 V?+0.23951 V* 

— 0.021009 V*+-0.0008404 V*. 

This formula was employed in computing the 

various reflectances in Table II which presents 

I.C.Il. Y (or percent reflectance relative to 

magnesium oxide) as a function of value.’ 
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SUMMARY 

A psychophysical system of surface colors has 

been developed from the extended observations 

by numerous observers of the Munsell Book of 

Color samples. This system is aimed toward the 

double ideal of practicability and perceptual uni- 

formity. The necessity of considerable reliance on 

color judgment, the scattered data, and extrapo- 

lation make it clear that this system is to be 

regarded only as an approximation to the ideal. 

The visual conditions appropriate to the em- 

ployment of the system are evident from the 

procedure followed in taking the basic data. The 

observers made their color comparisons by 

looking at groups of related samples on the 

Munsell type of constant hue and constant value 

charts. Thus, at the time of an observation, the 

observer’s eyes were adapted to the chart as a 

whole rather than to, for example, I.C.1. Ilumi- 

nant C. This is the usual situation in the visual 

specification of a color sample by reference to a 

standard chart, a type of situation which has 

been discussed by Helmholtz (11), Helson (12), 

and Judd (18). 

During the experimental investigation of the 

subcommittee, no simultaneous comparisons were 

made of samples on backgrounds of different 

reflectance. White, gray, and black grounds were 

used at different times, but a single ground was 

always used in observations of a given set of 

samples. This uniformity of background is, also, 

a fairly usual situation for color comparisons. 

The separate use of the several achromatic 

grounds explains the lack of influence of ground 

evident in the hue and saturation estimates of our 

observers. The striking effects of ground under 

other viewing conditions (/8), (12), (13), were 

absent here, presumably because of the relativity 

of the judgments and the tendency toward con- 

stancy from adaptation (19). Lightness, of course, 

was significantly affected by ground in our work, 

for the comparison of lightnesses always included 

the achromatic ground itself. Even here most of 

the effect was due to the black ground while the 

white and the gray were in fair agreement. 

The question whether to make the system 

right for trained or untrained observers was 

raised in the preliminary report. The possibility 

of significant differences in the dimensional rela- 

tions reported by visual color experts as compared 

with others seemed worthy of consideration. It 
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was felt in particular that inexperienced observers 

either might not notice or be reluctant to indicate 

significant points and might possibly, therefore, 

mask more valid indications of experts. To check 

this matter, the data from several visual color 

experts who participated in the preliminary 

study were analyzed and summarized separately. 

Comparison with the results from the main 

group showed no systematic trends which could 

justify the fractionation of the results in the final 

report. 

The point of view of the subcommittee has 

changed considerably during the course of more 

than five years’ work on its problem. The problem 

now seems more complicated than at first; and it 

may be that greater compromises with the ideal 

of perceptual uniformity have been made in 

order to secure a workable system than was 

anticipated. 

The specific recommendations of the subcom- 

mittee are presented in the form of standard 

tables and charts (Tables I and II, Figs. 1-9), 

defining the new loci for Munsell hue, chroma, 

and value in terms of the I.C.I. system. It is 

expected that these forms will prove useful until 

such time as the whole problem may be vigor- 

ously reinvestigated and a closer approximation 

toward the double ideal realized. 
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A Psychological Color Solid* 

Dorotuy NICKERSON, Food Distribution Administration, U. S. Department of Agriculture, Washington, D. C. 
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ARIOUS geometrical solids have been de- 

signed in an attempt to describe the color 

space of normal human perception. Such solids, 

it should be emphasizéd, are concerned exclu- 

sively with the conscious color responses of the 

organism and have nothing to do with the 

stimuli except insofar as psychophysical equiva- 

lents may prove useful for standardization or 

conversion purposes. 

The most familiar and promising procedure 

has been to represent the principal dimensions of 

perceived color by the coordinate axes of a 

cylindrical system in which lightness is indicated 

by altitude on the central axis, hue by angle 

about the axis, and saturation by distance from 

the axis (1/)-(3).t 

The ideal psychological solid in cylindrical 

coordinates would fulfill the following require- 

ments: The dimensional scales would be cali- 

brated in perceptually uniform steps; the units 

of the several scales would be equated; the 

surface of the solid would represent all colors of 

maximum saturation; the volume would be 

representative of all colors which are perceptibly 

different; the conditions of stimulation or viewing 

would be prescribed; and finally, the scales 

would be standardized in terms of a generally 

recognized psychophysical system. 

In the preparation of a report on the smoothing 

of the Munsell colors (4), (5), data became avail- 

able which permit, for the first time, an approxi- 

mate fulfillment of all of these requirements. 

By reference to Adams’ plots of ‘chromatic 

value” (6) and MacAdam’s theoretical pigment 

limits (7), it was possible to lay down loci for 

constant chromas from zero to maximum. Table 

I presents (to the nearest half step) the maximum 

Munsell. chromas corresponding to nine equi- 

spaced value levels and 40 equi-spaced hues. 

These figures serve to define the surface of the 

new solid. 

* Paper presented at the meeting of the Optical Society of 
America, New York, New York, March 5-6, 1943. 

+ Numbers in parentheses refer to literature cited. 

Two models have been constructed, one to 

portray the proportions of a solid when the 

lightness and saturation dimensions have been 

equated at a supraliminal level of color difference, 

and the other when they have been equated at 

the liminal level. Thus the relatively short model, 

Fig. 1a, represents color as perceived under more 

or less usual conditions when no special tax is 

imposed upon the discriminatory power of the 

normal observer; the proportions are about right 

for readily perceived differences of the order of 

a chroma or value step (8). The taller model, 

TABLE I. Chromas! at theoretical pigment limits for 
40 hues, Munsell values 1/ through 9/. 
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Fic. 1. Psychological color solid: (a) Left, for colors per- 
ceived under good visual color matching conditions such as 
those of a textile color matcher; (b) Right, for colors per- 
ceived under supraliminal conditions, as when using a good 
instrument. 

Fig. 1b, has the same horizontal dimensions as 

the shorter one; but the vertical dimension has 

been increased by a factor of 4 to take account 

of the relatively greater lightness valence at the 

limen. Thus this model is designed to suggest 

the equation of the scales for the smallest, or 

just perceptible, color differences (9). Just why 

different equations should be required for per- 

ceived color steps of different orders of magnitude 

is still an unsettled question. 

It may be noted that the conditions of viewing 

or method of observation were taken into account 

in the design of these models of a psychological, 

or ‘‘equal-sense-step,”’ color solid. Much as a 

single standard observer with standard observing 

conditions is assumed for all I.C.I. diagrams, 

so a normal observer with a set of standard 

observing conditions is required for the psycho- 

logical color solid. 

There is an important difference between the 

psychological solid presented in Fig. 1 and the 

analogous psychophysical solid in I.C.I. color 

space described and illustrated by MacAdam (7). 

The conditions for the psychological solid must 

be realizable in practice because this solid by 

definition represents real conscious responses. 

The I.C.I. system, on the other hand, fulfills 

its valuable functions of specification and trans- 

formation without the necessity of realizing its 

standard observer. 

Figure 2 shows horizontal sections through the 

solid at Munsell value levels 1/ to 9/. The 
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Fic. 2. Horizontal sections through the psychological 
color solid at Munsell values 1/ to 9/. 
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shapes of these sections appear strange, but 

those at the lower value levels make some 

suggestion of the shape of the plane to which 

Spencer (10) reduced the MacAdam data from 

the Nutting observations (11). Figure 3 shows 

five plane vertical sections spaced, roughly, 

according to the five principal Munsell hues and 

their complementaries. The dotted lines on the 

planes in Fig. 2 and Fig. 3 give a good idea of size 

and shape relative to the solid that can be con- 

structed of available Munsell samples. 

Estimates have been made of the total number 

of perceptibly different colors, that is, the volume 

of the psychological solid graduated in terms of 

the differential threshold or of the just noticeable 

difference. In general, the size of the estimate has 

increased with the passage of time. Titchener’s 

figure in 1896 was about 33,000 (1/2) while 

Boring’s in 1939 was 300,000 (13). Since these 

writers did not distinguish between solids for 

p> 
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Fic. 3. Vertical sections through the psychological color 
solid for five hues and their complementaries. 
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surface colors and for illuminant colors, their 

estimates may be taken as maxima. Judd (2) 

recently estimated that about 10,000,000 surface 

colors are distinguishable in daylight by a 

trained observer. 

The present model for liminal differences, 

Fig. 1b, would seem to provide a fair basis for a 

new estimate. Table I shows numbers that total 

5836 full chroma steps for 40 hues spaced 2.5 

hue steps apart, and nine values spaced one 

value step apart. Representative difference limen 

figures for chroma, hue, and value, are 0.2, 0.5, 

and 0.02 (9), respectively. Since these figures 

are in terms of the corresponding scale units: 

1 chroma step=5 just perceptible increments, 

2.5 hue steps=5 just perceptible increments, 

and 1 value step + 50 just perceptible increments. 

Multiplying the given number of chroma steps 

by these products, we have: 5836X50X5xX5 

= 7,295,000 which does not include the extreme 

space near 0/ and 10/ value. If this result is 

increased somewhat to include the extremes, 

and rounded to 7,500,000, we have an estimate 

of the number of surface-colors that may be 

distinguished under the best observational con- 

ditions (Fig. 1b). If this number is divided by 4, 

the result will be 1,875,000, which roughly 

corresponds to the number expected to be 

distinguished under the more usual observational 

conditions of visual color matching work (Fig. 

la). 
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Necrology 

Robert E. Oltman 

R. ROBERT E. OLTMAN, Chief Chemist with the 
Minnesota Valley Canning Company, died on July 

25, 1942, at his home, 517 South Second Street, Le Sueur, 
Minnesota, as a result of pulmonary embolism. Dr. Oltman 
was born in Cleveland, Ohio, December 5, 1908, and 
received most of his education in the East Cleveland 
schools, graduating from Shaw High School. He was 
awarded the Bachelor of Arts degree, with major in 
botany, from Oberlin College in 1932. The following year 
he went to the University of Minnesota as a teaching 
assistant in plant physiology and received the Doctor of 
Philosophy degree there in 1936. Immediately after his 
graduation he entered the employ of the Minnesota Valley 
Canning Company and has been with that company ever 
since. During this time he resided in Le Sueur, with the 
exception of two years spent in Toronto, Canada, as 
Director of Research with Fine Foods of Canada, Limited. 

Dr. Oltman was a member of Sigma Xi, and was a 
Fellow of the Canadian Institute of Chemistry and a 
member of the Canadian Society of Technical Agri- 
culturists, the American Chemical Society, the American 
Association for the Advancement of Science, and the 
Optical Society of America. He leaves a wife, formerly 
Miss Sophia Ann Krenik of Montgomery, and a son, Eric, 
six years old. 

—G. C. Scorr 

Carl Pfanstiehl 

ARL PFANSTIEHL, Vice President and Director of 
Research of the Pfanstiehl Chemical Company of 

Waukegan, Illinois, was born in Columbia, Missouri, 
September 17, 1888. He was founder of the present 
Fansteel Metallurgical Corporation of North Chicago, 
Illinois. Granted well over a hundred patents, it is possible 
to touch only the highlights of his inventions: the first 
efficient ‘‘pancake’’ wound spark coil for gasoline engines; 
the process of making tungsten malleable, for the first time 
commercially available, and thus releasing the precious 
metal platinum during the World War; the first bar of 
tantalum made ductile by forging . . . the beginning of 
the tantalum industry; a means of welding tungsten to 
steel from which came the tungsten points used for 
contacts in magnetos; the single calibrated dial for radios; 
the development and manufacture of a line of rare chemi- 
cals, previously made only in Germany, vital in medical 
research and imperative in time of war; countless valuable 
developments in the pen field; and shortly before his 

death, a completely new type of precious metal alloy now 
being used for phonograph needles and precision instrument 
parts. 

His inspired and untiring pioneer work in powder 
metallurgy and diffusion, particularly with the rare 
metals, in electricity and welding techniques, in rare 
chemicals and the phenomenon of fluorescence, have 
opened unlimited and as yet untouched fields for applica- 
tion and development. 

Mr. Pfanstiehl was a member of the American Chemical 
Society, the Electrochemical Society, the American 
Association for the Advancement of Science, the New 
York Academy of Science, the American Physical Society, 
the Optical Society of America, the American Institute of 
Mining and Metallurgical Engineers, and the American 
Society for Metals. He was a recipient of the 1940 Modern 
Pioneer Award for invention and discovery. 

—B. G. FRANcIs 

Charles W. Frederick 

HARLES W. FREDERICK, research scientist at the 
Hawk-Eye Works of the Eastman Kodak Company 

in Rochester, New York, who pioneered in the design of 
lenses for aerial photography and the development of a 
new type of optical glass, died on November 29, 1942. 

Mr. Frederick had been associated with Eastman Kodak 
Company from 1914 to 1939 as head of the scientific and 
lens-designing staff of the Hawk-Eye Works. In 1939, 
Mr. Frederick withdrew from active industrial research, 
but continued as head of the research division of the 
Hawk-Eye scientific staff. 

Mr. Frederick was born in Des Moines, Iowa, in 1870. 
After graduating from Kansas State University, he was 
for thirteen years a civilian scientist and teacher with the 
Navy before joining the Hawk-Eye Works. He served as 
a computer at the Naval Observatory in Washington and 
was assistant astronomer assigned to the Observatory’s 
equatorial telescope from 1902 to 1904. 

During the two years following he took part in super- 
vising the construction of an observatory at Tutuila, 
Samoa. In 1906 he returned to the mainland and spent 
several years in research at the Washington Naval Ob- 
servatory, later going to the Naval Academy at Annapolis 
where he taught mathematics for five years. 

Mr. Frederick designed some of the first aerial lenses 
used for military photography in the first World War, 
and during the last three years has evolved several new 
types of lenses used in the present conflict. His study of 
the possibilities of non-silica glass led to the development 
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by Kodak researchers of the first new optical glass dis- 
covered since the 1880's, and this was subsequently 
adopted for manufacturing purposes by the Eastman 
Kodak Company. 

Clarence Errol Ferree 

LARENCE ERROL FERREE was born in Sidney, 
Ohio, March 11, 1877. He received the degrees of 

B.S., M.A., and M.S. from Ohio Wesleyan University in 
1900 and 1901; of Ph.D. from Cornell University in 1909; 
and of D.Sc. (hon.) from Ohio Wesleyan in 1938. From 
1907 to 1928 he was a member of the Faculty of Bryn 
Mawr College, serving as Associate Professor of Experi- 
mental Psychology 1912-1917 and Professor 1917-1928. 
He was also Director of the Psychological Laboratory 
1912-1928 and succeeded in building up a very active 
department of his chosen subject in those pioneer days, 
creating among his students a group of able and enthusi- 
astic researchers. His early interests lay in the fields of 
attention, audition, and vision, but in later years he 
devoted himself almost entirely to the last-named field, 
extending his scientific studies to their applications in 
ophthalmology and lighting. From 1928-1935 he was 
Director of the Laboratory of Physiological Optics, Wilmer 
Ophthalmological Institute, The Johns Hopkins University 
School of Medicine, and held the additional title of 
Adjunct Professor of Physiological Optics. Forced by 
poor health to retire from active service in 1935, he was 
able to continue research, writing, and consultation work 
from his private laboratory. His sudden death of coronary 
occlusion occurred at his home on July 26, 1942. He is 
survived by his wife and collaborator, Dr. Gertrude Rand. 

Ferree was an intensive worker, publishing more than 
250 articles. He possessed a constructive and inventive 
mind, and it may be fairly said that his chief interest in 
teaching and research lay in the development of methods 
and the devising of apparatus to carry out these methods. 
In 1911, in collaboration with Gertrude Rand, he was the 
first to use stimuli, whose physical energy was directly 
measured, in the study of visual processes and the determi- 
nation of sensitivities in any part of the retina. Various 
spectro-radiometric instruments were devised for this 
work and a number of quantitative studies were made 
under his direction using this technique. Among these 
instruments is a quantitative color-mixer with which 2, 3, 
or 4 spectrum colors can be mixed and the energy of the 
colors used and of the mixture can be measured. He was 
also one of the first to recognize the need for a systematic 
study of light and lighting in relation to the eye, and the 
first to show by test, in 1912, that one system of lighting 
is better than another for the eye. His many studies on 
lighting in relation to the comfort and hygiene of the eye 
culminated in the devising of a series of glareless lighting 
units and devices, prominent among which are the Ferree- 
Rand hospital ward light used in leading hospitals through- 
out the country, the louvered direct-indirect type of 
fixture in current use, and the Ferree-Rand variable 
illuminator. He invented also a number of optical and 
ophthalmological instruments. Also may be mentioned 
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his studies on the light and color sense, central and pe- 
ripheral; normal and pathologic perimetry and scotometry ; 
theory of flicker photometry in relation to the rise of 
visual sensation; the refraction of the peripheral retina; 
visual acuity and the construction of a standard visual 
acuity and astigmatism test chart for testing and rating 
vision; and dynamic speed of vision in testing fitness for 
aviation and for general and ocular fatigue—another of 
the researches conducted during the last war and for 
which the multiple-exposure tachistoscope was constructed. 
Ferree was the holder of 12 U. S. patents. 

Ferree’s work was aptly summed up in the following 
citation by Acting-President Edward L. Rice on the 
occasion of the award of the degree of Doctor of Science 
by Ohio Wesleyan University: “‘By your intensive theo- 
retical study you have brought light into the borderland 
where physics, physiology, and psychology meet; by the 
application of your studies in practical invention you have 
aided oculists and opticians to bring light to defective 
eyesight.” 

—GERTRUDE K. RAND 

Hans Georg Beutler 

ANS GEORG BEUTLER was born in Reichenbach, 
Germany in 1896. He received his Ph.D. in 1922 at 

the University of Greifswald. From 1923 to 1933 he was 
associated with Dr. F. Haber at the Kaiser Wilhelm 
Institute of Physical Chemistry. From 1930 to 1936 he 
was Privat-dozent and Dozent at the University of Berlin. 
From 1936 to 1937 he was Research Physicist and Lecturer 
at the University of Michigan, and from 1937 on, Research 
Associate in Physics at the University of Chicago. He 
devoted the years from 1923 to 1927 to problems of highly 
diluted flames, from 1927 to 1932 to elementary processes 
of atoms and molecules, and, perhaps his most important 
work, from 1932 to 1936, to the inner spectra of atoms. 
While at Ryerson Laboratory he developed a generalized 
theory of the concave grating, a masterly and exhaustive 
treatment leaving little to be added in detail. He also 
spent a great deal of time improving the performance of 
the 30-foot grating spectrograph. Much other equipment 
at Ryerson bears the stamp of his expert direction. All his 
research was exhaustive in detail; he could bear with 
nothing short of completeness, accuracy, precision. At the 
time of his death he was finishing, in collaboration with 
R. A. Sawyer, a much needed volume on spectroscopic 
technique. During the short time he was with us, his 
comprehensive knowledge of spectroscopy was freely and 
courteously at the disposal of everyone. His early death 
is a serious loss to the field of spectroscopy. He was a 
member of Sigma Xi, the Optical Society of America, and 
a Fellow of the American Physical Society. 

—GEORGE S. MONK 

E. H. Anthes 

. H. ANTHES, manager of the New York Branch 
of the Bausch & Lomb Optical Company since 1933, 

died on August 3, 1942 following a short illness. He had 
been associated with the company for 33 years. Prior to 
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coming to the United States he was associate manager of 
the London Office. He was widely known in educational 
and industrial circles as an authority on the use and 
history of the microscope. 

Alfred Nelson Finn 

LFRED NELSON FINN, Chief of the Glass Section 
of the National Bureau of Standards, Washington, 

D. C., died at the home of his brother in Lincoln, Nebraska, 
on September 21, 1942. Because of continued serious 
illness he had withdrawn from active work about one 
year earlier. 

Mr. Finn was born in Denver, Colorado, on August 10, 
1882. He attended the University of Denver where he 
received a bachelor’s degree in chemistry and mathematics 
in 1909. He was Instructor in Chemistry at that university 
until 1911 when he received an appointment to the 
National Bureau of Standards. 

As chemist in the Structural Materials Laboratory of 
the Bureau, Mr. Finn tested and analyzed cement, paints, 
oils, varnishes, coated metals, non-ferrous alloys, boiler 
waters, boiler compounds, and protective coatings for 
metals. He resigned from the National Bureau of Standards 
in 1919 to become Chief Chemist and Metallurgist for the 
Hydraulic Steel Company, Cleveland, Ohio. In 1920, 
he returned to the Bureau to assume the position he held 
until the time of his death. 

At the beginning of the first World War this country 
had no satisfactory domestic source of optical glass. The 
resulting difficulty in producing military optical instru- 
ments focused attention upon the desirability of having a 
government-controlled source of supply for optical glass, 
and it was during Mr. Finn’s tenure of office that the 
Glass Section of the National Bureau of Standards was 
expanded into a glass plant of sufficient capacity to 
produce an important part of the optical glass required to 
meet present war needs. Mr. Finn and his associates made 
the seventy-inch glass disk for the telescope mirror now in 
use at Ohio Wesleyan University, Delaware, Ohio. The 
annealing and cooling required more than eight months, 
and at the time of its production (1927-28) this disk was 
the largest that had been produced in this country and 
the second largest for the entire world. Although interested 
in all phases of glass technology, Mr. Finn was particularly 
active in improving the quality of optical glass. In this 
work he made a careful study of annealing procedures and 
of tests for freedom from strain. Under his direction, 
important fundamental research was done on the properties 
of glass; many of his later papers dealing with the relations 
between density, index of refraction, dispersion, and 
chemical composition of optical glasses. A complete list of 
his publications will be found in The Bulletin of the Amer- 
ican Ceramic Society.! 

Mr. Finn was a member of the Optical Society of 
America, Washington Academy of Sciences, American 
Chemical Society, American Ceramic Society, American 
Society for Testing Materials, and American Institute of 
Chemists. 

—I. C. GARDNER 
! Bull. Am. Ceram. Soc. 21, 299-300 (1942). 
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Orrin W. Pineo 

RRIN W. PINEO, physicist, died September 5, 
1942, at his home in Milo, Maine. He was born at 

Katahden Iron Works, Maine, on September 28, 1908. 
He graduated from Massachusetts Institute of Technology 
with a S.B. degree in 1929. From 1929 to 1933 he worked 
with Professor A. C. Hardy at Massachusetts Institute of 
Technology on the development of an automatic recording 
visual range spectrophotometer which was later com- 
mercialized by the General Electric Company. During 
1932-33 he held the Textile Foundation’s senior fellowship. 
From 1933 to 1934 he worked independently on the 
development of automatic spectrophotometers with Adam 
Hilger, Ltd.,in London and contributed to a book published 
by this company on the subject of “The Practice of 
Absorption Spectrophotometry.” 

From 1935 to 1940 he was employed by the Calco 
Chemical Division, American Cyanamid Company, at 
Bound Brook, New Jersey, where he did further work on 
the development of spectrophotometers, taking out many 
patents and publishing a paper on ‘‘Residual photometric 
errors in the commercial recording spectrophotometer.” 

During the last two years Mr. Pineo was engaged in 
work for the war effort, being located in Washington, D. C., 
and Princeton, New Jersey. 

He was a member of the following scientific organiza- 
tions: American Association for the Advancement of 
Science, Optical Society of America, American Association 
of Textile Colorists and Chemists, and the Society of 
Dyers and Colorists. 

—G. L. Royer 

Harry John McNicholas 

ARRY JOHN McNICHOLAS was born in 1892. 
He was graduated from Ripon College in 1915 with 

an A.B. degree. He came to the National Bureau of 
Standards in 1916, entering the Colorimetry Section under 
Irwin G. Priest. He remained in that Section until 1926, 
getting his M.A. degree in 1925 and his Ph.D. degree in 
1926, both from Johns Hopkins University. Since 1926 
he has been a member of the Photometry Section and of 
the pH Standards Section at the Bureau, being in this 
latter Section at the time of his death on July 23, 1942. 

Dr. McNicholas was the author of a series of important 
research papers in the optical field, all published in the 
Bureau of Standards Journal of Research since 1928. 
Although he was perhaps best known for his development 
of the concept of apparent reflectance,! which is basic to 
present practice in the measurement of gloss and color of 
surfaces, Dr. McNicholas has also contributed importantly 
to visual and photographic spectrophotometry (RP30, 
RP33, and RP704), to choice of the colors of signal lights 
(RP956), to basic data on vegetable pigments and oils 
(RP337, RP815), and to the use of the diffraction method 
for the grading of wool and other fibers. Dr. McNicholas’ 
work was marked throughout by care in the design of 
equipment, by painstaking treatment of data, and by 
penetrating analysis thereof. 

—K. S. Gipson 
1 Bur. Stand. J. Research, RP 3. 


