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PERCEPTION OF MUNSELL CHROMAS

FOR COMPUTER-ASSISTED MAP DESIGN

ABSTRACT: For many years, psychologists have studied

the principles of psychophysics. Recently, cartogra-

phers have been considering psychophysical theory in

color attribute analysis to aid in the design of maps.

An experiment was conducted using the partitioning

method by which the Munsell value scale was determined

to find (R,G,B) coordinates giving equally distinct

chromas that would be applicable to the production of

maps on color CRT terminals using computer mapping pro-

grams. Since constant conditions of lighting and

viewing background were used for all participants,

"simultaneous contrast" effects were held constant. The

data curves for red, green and blue were all found to

be power functions.

ASPECTS OF COLOR AND COLOR PERCEPTION

Color can be defined as a "property of materials" or a

"property of light" where daylight is used as the source

for color appraisal [2]. Even when an incandescent lamp

light is used, colors are perceived the same as in the day-

light [3]. Mostly however, "color is a sensation produced

in the brain in response to light received by the retina of
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the eye" [2]. Therefore, an object that appears as the color

red, is actually transmitting wavelengths of light recognized

by the brain as red.

Color Perception

The realm of color perception employs many terms. "Color

stimulus" refers to the light the retina of the eye receives

from a "stimulus object." The brain perceives a color as the

"color response" (see Fig. 1)

Fig. 1. Path of Color to Brain

timul us

bject

Color perception phenomena have been studied by artists

and scientists for many years. Among those expressing obser-

vations on color perception are Goethe in his book Farben-

lehre (Theory of Colors) and J.M.W. Turner whose compositions

on Farbenlehre were presented to the Royal Academy concur-

rently with ideas based on Isaac Newton's work on light and

color. Eugene Delacroix's paintings employ principles gained

from his readings of The Principles of Harmony and Contrast

of Colors (1839) by Michel-Eugene Chevreul, director of the
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Gobelin Tapestry Works in Paris. Seurat and Signac's paint-

ings are exemplary of the influence of the book Modern

Chromatics (1879) by Ogden Rood, an American physicist.

Recently, Joref Albers provided a resurgence of Chevreul's

work largely because of attempts in heightening color bril-

liance.

Psychologists have also studied color perception exten-

sively in the context of theories in the field of psychophysics

which is defined as "the correspondence between the magnitude

of sensation and the magnitude of physical stimulation" [21].

Experiments in psychophysics are concerned with "the specific

manner by which the observer makes his judgements" [21]. To

the cartographer, "color probably has the distinction of

being the most frustrating [element, where] the selection of

color calls for a similar weighing of psychological andmecha-

nical aspects," such as a sensory or perceptual reaction of

the eye to the physical stimuli [19].

Historical Background of Cartographic Research into Chroma

Perception

Weber-Fechner Law. Weber and Fechner, in the nineteenth

century focused on the psychophysical problem and proposed

the Weber-Fechner law which describes the way in which the

eye's sensitivity to intensity differences of color and to a

range of intensities changes with the average intensity.

When the subject of intensity differences was first addressed,
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it was "felt that over the normal range, the ratio or frac-

tional increase that caused a just perceptible change was

actually a constant" [5]. The "just noticeable difference"

(J.N.D.) between two brightnesses was determined under cer-

tain conditions where "B21' brightness was 1.5% greater than

"Br" brightness. Unless the ratio of the brightnesses was

1.015 or more, the two brightnesses would sometimes appear

the same. The fraction 0.015, the "Fechner fraction," was on

the whole independent of the intensity of illumination; that

is, was more or less constant as the total brightness varied"

[17].

Fechner thought the "J.N.D." to be a fundamental principle

of psychophysics, thereby deriving the Weber-Fechner law

"assuming the constancy of the fraction... and assuming

further that a J.N.D. in sensation represents a unit sensa-

tion, such units being capable of integration in the way

physical units can be integrated" [17]. The Weber-Fechner

law states:

V = c log R + k where V = sensation;

R physical stimulus; c and k are constants

The relationship between the physical stimuli and the sensa-

tion according to the law is illustrated below (Fig. 2) where

the increase in intensity is defined by an absolute ratio [121

The arithmetic scale of stimulation corresponds to a geo-

metric scale of sensation. Thus, Fechner's law has limited

applications to color scales where a power function is found

to be more applicable.
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Fig. 2. Physical Stimuli vs. Sensation

The Munsell Color Experiments

The present Munsell standard value scale "results from

experiments by two methods wholly different (both logically

and technically) , but with results in excellent agreement"

[171.

Plateau, in 1873, experimented with the "value-step"

exponential method which led to a modification of the Weber-

Fechner law. With differing illumination against eight

grays equally different, almost the same reflectance was

exhibited. Thus, the Plateau law was derived:

V = kR° where V = sensation;

R = physical stimulus; c and k are constants

Later, Merkel (1888-94), Ebbinghaus and Ament, Frobes,

Konig and Brodhun and Cobb all experimented with the "J.N.D."

method. However, Munsell felt that none of the conclusions

reached through all the experimentation adequately expressed
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what he thought the true value scale should be. He com-

plained of "the incongruence and bizarre nature of our present

color names" and felt that since "music is equipped with a

system by which it defines each sound in terms of its pitch,

intensity, and duration," [21 color as well as music should

"be supplied with an appropriate system based on the hue,

value and chroma of our sensations" [2] . The system serves

many purposes for means of color specification., including

the choosing of harmonious colors (as used in architecture

and design).

Value and Chroma. Munsell defined the various color attri-

butes as [181

Hue. - distinctive quality of coloring in an object or on

a surface; the respect in which red, yellow, green, blue,

etc. differ from one another.

Value. - relation of one object,... with reference to

light and shade.

Chroma. - the degree of departure of a color sensation

from that of white or gray; the intensity of distinctive

hue.

Munsell experimented with color based on several sources

as his basis. He "studied Rood's Modern Chromatics [from

which] he made a twirling model of two triangular pyramids"

[18]. In 1898, he worked with a rotary color mixture by using

a globe and built a daylight photometer where a cat's eye

shutter was used to decrease the light entering the instru-

ment's side.
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In 1901, Munsell determined the 5 hue basis for his system

by choosing colors which, when they "appeared to have equal

chroma, with values equal as determined by luminosity readings

on the photometer, would spin together in equal proportions

to give a neutral gray" [18]

In 1902, Munsell described the spinning of disks in the

photometer, with value equalized by adjustments in illumina-

tion, to measure chroma accurately. However, this method

was dropped as it was found to be unsatisfactory in deter-

mining chromas. Chroma scales weren't decided upon until

1912.

Munsell himself described his system as "an experimental

system built up with the aid a new Maxwell

disks, and the trained capacity of the painter" [18]. It

was later stated that [18]

[The system] based upon the best present-day methods

of measurement and specification, would be a most impor-

tant contribution to the science and art of chromatics

generally.

It was proposed that there should be a standardization of the

value scale; each color should be specified in terms of

physical measurement; and that value measurements should be

made with reference to a standard white. Adams then made a

comparison of the Fechner and Munsell scales [1]

Although many experiments were made regarding chroma scales,

none were published although many ideas came as a result of

Munsell's work [18]:
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1) 100 equally stepped hues painted to represent constant

value and chroma (at 5/5);

2) 50 hues at maximum chroma;

3) a series of 60-value papers closely stepped from black

to white; and

4) certain chroma scales of very small steppings (all

measured by Granville, Nickerson and Foss)

Within a psychophysical context, "hue is synonymous with

dominant wave-length.., value is the square root of luminous

apparent reflectance... and that, for a given hue and value,

chroma is proportional to colorimetric purity," [24]. This

results in the trichromatic coefficients (x,y) of a Munsell

color of a given hue being dependent upon the ratio of value

to chroma (V/C).

A study done by Priest, Gibson and McNicholas "verif{ied]

in a remarkable manner the consistency of the Munsell values

for different hues" and found "that values, read directly as

the diagonal of the shutter, are proportional to sensation

in the sense of Fechner's law is quite wrong" [12].

Recomputation of the Munsell Scale. In 1923, A.E.O. Munsell

(Munsell's son) recomputed the Munsell scale by using two methods:

1) The J.N.D. values were "transformed into a value-

ref lectance scale running from 0 to 100% reflectance" [1];

and

2) use of a partitioning method where a participant would

determine equal value steps of a gray scale.
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Godlove, Newhall, Nickerson and Judd all formulated recom-

putation equations using "R" and "V'1 factors where V = value

and R = reflectance. Newhall conclusively -found that back-

ground reflectance largely determines value. Thus "[the]

determination of a cube-root equation describing the Munsell

scale [is] based on established psychophysical theory" [13]

and is demonstrated by Fig. 3 [121

LLJMINOU EFLLCTAI'JC.

g

6' -

MUN3LL JA.LE

Fig. 3. Cube-root Determination of the Munsell Scale

Stevens and Galanter's findings support the cube-root basis

of the Munsell value scale and show that partitioning is

"explained by a power function" thereby developing the Ste-

ven's power law [13].

Conclusions to be drawn from all the psychophysical testing

are summarized as follows [13]

a. There is a definite psychological basis for the value-

ref lectance relationships.

b. At present the value reflectance relationship can best

be described by a power function equation.
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c. The reflectance of the background on which gray areas

are viewed influences their perceived values.

d. The testing method used to create that equal value

scale will determine the general functional relationship

between the reflectance and value of gray areas.

The Munsell system is now considered to be the most impor-

tant color sample system in the United States and has been

incorporated in the standards of the American National

Standards Institute. Japanese color standards are based on

this system as well as the standard paint notations of the

British Standards Institute. Judd stated that [10]:

Munsell hue, value, and chroma reflect the psychological

facts of object color to a good approximation, whereas

dominant wavelength, luminous directional reflectance,

and excitation purity [as in the CIE system] reflect them

only to a poor approximation.

Munsell Notation

Munsell system attributes are perceived as being uniformly

spaced making it easier for the human eye to distinguish

within attributes. The system's notation is based on a

cylindrical system comprising the attributes of hue, chroma

and value. The attributes allow for "quantitative specifi-

cation for surface colors under specified conditions of

viewing: average daylight (CIE ILLC), 450 illumination, and

viewing along a sight-line perpendicular to the surface" [11].
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If another type of light source is used, the system could be

distorted since another stimuli will result with other

responses.

Ten hues are arranged inacircie (Fig. 4) [2. The hues

were chosen to accommodate the use of the decimal system in

numbering rather than for a perceptual principle.
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Fig. 4. Munsell Flue Circle Arrangement

The hue circle is separated into one-hundred steps visually

equidistant from each other. A hue range for "RI" for

example, includes eleven hue radii, 0-10 where the terminal

hue radius "10" of one range coincides with the initial hue

radius "0" of the next hue range. The major hue is found in

the middle of each hue range. The hues appear in a clock-

wise order: R = red; YR = yellow-red; Y = yellow; GY =

green-yellow; G = green; BG = blue-green; B blue; PB =

purple-blue; P = purple and RP = red-purple. An approxima-

tion of the one hundred equal steps for the hue sectors is

shown as (Fig. 5) [121:
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Hue sector Munsell hue steps

red to yellow 23

yellow to green 18

green to blue 28

blue to red 31

Fig. 5. Munsell Hue Sectors

Thus, it is not possible to "construct a color space using

the unique hues as coordinated and having an equal number of

unit sized different steps between them" [12] . The chroma

of the color controls the perceptual size of the hue step,

despite Robinson's view that chroma "is the least significant

of the psychological dimensions of color" [19]. An illustra-

tion of the Munsell "hue circle at a given level of value and

various levels of chroma" is shown (Fig. 6) [12]

5

lops

5p

Fig. 6. Munsell Hue Circle at a Given
Level of Value and Chroma

Thus, it becomes apparent that the perceptual difference

between two adjacent hues is greater at high chroma than it
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is at low chroma. Munsell spacing done against a relatively

light gray surround with distortions of the dark colors

resulting from "simultaneous contrast" (if the surround was

dark gray, the value and chroma spacing for dark colors would

be different whereby spacing for light colors would need to

be changed)

The open-ended chroma scale starts at zero in the center of

the cylinder and increases radially. The limitations of the

scale exist in two areas: the availability of "colorants" for

high-chromas; and the "theoretical limits of chroma for

related colors of a given hue and lightness" [12]. Munsell

chroma is "often considered to be the approximate counterpart

of perceived saturation" [2] and is defined "as the differ-

ence from a gray of the same lightness" [2]. This idea

remained unquestioned until Evans' experiments concluded that

saturation and brilliance together produce the perception of

chroma [6].

Cartographic research into chroma perception. Although

most research has been done with value, some has been done

in chroma. Robert L. Williams used a partitioning type

method to do his study on map symbols in attempting to make

a determination as to "what values printed screens should

have to give even-appearing visual steps from white to full

color ... in order to see if colored screens behaved the

same as black ones" [25]. He concluded that Fechner's law

could not be applied to "equal-appearing intervals of a gray
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scale" nor does the pattern of a tone symbol "affect the

selection of equal-appearing steps between white and a full

color" [25]. As far as a colored tone symbol is concerned,

"even-appearing steps ... may be determined from the curve

of a iray spectrum" [25]

EXPERIMENT

Differences in chroma are controlled by value differences

and can therefore be measured in terms of reflectance and

"percent area inked" (percent of a unit covered by dots) [13]

Reflectance is defined as "the ratio of the intensity of

reflected light to that of the incident light" [13]. Con-

sidering the "percent area inked," when blackness (value) of

an area is perceived as a certain percentage, the area inked

is smaller percentage except at 0% and 100% where the two

variables will be equal (see Fig. 7) [20].

I: __
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Fig. 7. Percent Area Inked vs. Blackness

"The greater the [chroma], the greater the magnitude impli-

cation" [201. Thus, in terms of intensity, the greater the
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percent area inked of a particular color, the more intense

the chroma will appear as it is in "value."

In the "RGB" system, chroma is displayed as x, y and z

coordinates as an achievable combination of the additive

primaries to produce lines, areas and symbols. Light is

employed. Therefore the three primary colors (red, blue,

green) are the basis for the display. For cartographic

applications, the RGB model can be used where "any color

(hue, value, saturation) be specified by a unique position in

a color space in which all the achievable combinations of the

additive primaries can occur" [20].

The RGB system is represented as a cube in which red exists

as the x coordinate, green is the y coordinate and blue is

the z coordinate (Fig. 8) [201. There are 255 possible coor-

dinate intervals which allow various combinations of output

(in hues, values and chroma) of red, blue and green. Black

(absence of light) is designated as the 0,0,0 position whereas

white is the 255,255,255 position. Additive mixtures result

in hues where blue + green = cyan, blue + red = magenta, and

red + green = yellow.
Whde

235 235 235

Cyan

Magenta

0
Back
o 0 0'

Fig. 8. RGB Cube
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Psychophysical testing pertaining to color theory to deter-

mine chromas applicable to the design of maps were conducted

to measure people's perception of equal levels of chroma.

The hardware that was used to display the experiment includes:

the Gould mini-computer model #32/67; Raster Tech One/20 as

the display terminal which is designed for general purpose

graphics and full-color imaging applications using 24 bit

planes of memory; and GTCO digi-pad 5 for darkening/lightening

button control.

The partitioning method was used to define the Munsell

value scale. The Munsell experiment was employed because of

the inherent white and full chroma endpoints which make mag-

nitude estimation experiments inappropriate.

Those participating were instructed to lighten or darken

seven squares existing between a white square and the darkest

square of the respective color. The RGB range for each color

was tested from white to the color rather than black to the

color. The method of equal partitioning between the seven

steps was employed by displaying square #4 first, then square

#2, then square #6 and proceeding from there to establish the

seven equal steps of chroma (Fig. 9)

The responses for the seven squares were recorded as a

number between zero and 255 as a representation of RGB coor-

dinates for the chroma of each of the respective colors.

In total, forty-five persons participated in the experiment

(fifteen doing each color) whose results were analyzed for
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Fig. 9. Equal Partitioning of Color

Darkest

(8)

the statistics used in this section of this paper. Viewing

conditions were all held constant: the distance the partici-

pant sat from the viewing screen was approximately 4 feet;

the angle of viewing from the screen to the participant

approximately 850; the room illumination was always constant;

the background of red, blue and green was always white to

hold "simultaneous contrast" constant.

Simultaneous contrast. The "simultaneous contrast" effect

of color dictates that objects must be viewed under similar

conditions to perceive a similar color. Color is not always

displayed harmoniously. A green disk on a neutral gray back-

ground will be perceived as a different green when on a blue

background despite being of the same value. In psychophysi-

cal theory, similar color denotes a characteristic of the

stimulus.

The responses numbered one through seven are displayed

within endpoints "0" (white square) and "8" (darkest square).
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Therefore, these numbers will be employed for all graphs of

compiled data using a total of nine responses.

Statistics

The statistics calculated from the results (using the

software program "Number Cruncher") are presented in Tables

1, 2 and 3. Not only are the mean, median, variance and

standard deviation shown, but the skewness and kurtosis fac-

tors are shown as well. The equation of the curve and the

residual found as the difference between the estimated means

(found using the equation) and the data mean are shown in

Tables 4, 5 and 6. The equation and the residuals were cal-

culated by using a software program of geometric progression

written by Phillip Nunemacher, a graduate student in Geography

at Oregon State University.

The skewness and kurtosis calculations are used to show a

departure from normality and show a variation of response in

each of the nine responses. Kurtosis, as a determinant in

the height (and the shape) of the curve derived from the

responses, has a standard value of "3". As shown in Tables

1, 2 and 3, the various ranges for the colors are as follows:

RED: .0007 - .009

BLUE: .07 - .03

GREEN: .002 - .02

The kurtosis figures are small because of a small variationbe-

tweenresponsesandare not representative of the population.
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Probably, forty responses for each color would yield a more

representative kurtosis factor. However, since the kurtosis

results do not ever exceed !t3!I in these calculations, it can

be said that the numbers are normally distributed.

Skewness indicates the direction and the amount the data

is from normal distribution. If the low values of "x" are

bunched close to the mean and the high values extend above

the mean, the skewness measurement will be positive and will

shift to the left from the normal curve. A negative skewness

results when a negative value shifts to the left of the nor-

mal curve. The skewness ranges in the chroma data are:

RED: .01 - .04

BLUE: -.11 - .01

GREEN: .04 -.04

Since these numbers are within one standard deviation, the

data are again shown as being normally distributed. There-

fore, it can be concluded that these statistics are indicative

of a normal distribution.

Figures 10, 11 and 12 are plots of the mean and median for

the nine responses of each color. As shown, the mean and

median values do not deviate much from each other as the

apparent symmetrical distribution of the data (normality)

allows for a coincidence of the mean and median. Since the

statistics are found to be unskewed, the median is thought

to not be a descriptive statistic.
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Equation. The interpolation method of obtaining the power

function equation that fits the curve, is supportive of the

psychophysical theory that differences in perceived levels of

light and dark are most aptly figured as a power function.

The interpolation for each color was calculated using the

data mean of responses one through seven (for each color) as

non-endpoints of the nine responses. The result is the dif-

ference (residual) between the data mean (observed) and

estimated mean being compared (see Tables 4, 5 and 6 and Figs.

13, 14 and 15). The coefficient of determination (r-squared

value) for the equation for each color is as follows:

RED: 0.9978

BLUE: 0.9977

GREEN: 0.9968

These calculations are normalized to between -1 and +1 to

indicate which side of the line the mean is on.

CONCLUS ION

"The availability of color in electronic displays has made

it necessary to develop systems of color specification that

can be used to direct the computer to produce colored lines,

areas, and other symbols" [201. The choice of colors in

mapping is essential to the effective display of information.

It has been found through psychophysical experimentation in

value and chroma, that equal partitioning provides the most

desired scaling of tones and intensities.

It has been found that on a gray scale, grays are washed
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out on endpoints if the grays aren't partitioned as equal

values. The same holds true for color. The 0-255 values of

an RGB cube must be put through a geometric equation (a

paver function) so colors can be perceived equally to obtain

some form of a linear relationship. That is, if red is

incremented by 1, the result will be 1 times the color; if

red is incremented by 10, the result will be 10 times the

color, etc. A program can be written so computer graphics

can be modified to fit the desired equal steps in color

attributes. With this, the cartographer can use raster color

mapping in decreasing visual perception problems in the dis-

tinction of chromas (values and hues)

Chroina- 21
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TABLE 1; RED statistics

Means and Medians refer to G and B coordinates

no response no response

White
Red

RESPONSE 0 1 2 3 4 5 6 7 8

55,255,255
255,0,0

MEAN 233.1 216.9 198.1 179.7 154.9 128.7 96.5

MEDIAN 240 224 202 189 158 137 100

VARIANCE 427.5 697. 7 842.5 669.2 595.2 630.8 524.1

STANDARD
DEVIATION 20.7 26.4 29.1 25.9 24.4 25.1 22.9

S KEW NESS

Coefficient 1.7[-02 1.6E-02 1,9-02 4.1E-02 4.7E-02 4.7E-02 4.1E-02

KIJRTOSIS

Coefficient 7.3E-04 1.2E-03 2.1E-03 9.8E-02 1.2E-02 1.2E-02 9.3E-03
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TABLE 4: RED residual

EQUATION: 94.53 x 'X" to the 0.46 power

RESPONSE 0 1 2 3 4 5 6 7 8

OBSERVED
MEAN 255 233,1 216.9 198.1 179.7 154.9 128.7 96.5 0

ESTIMATED
MEAN 248.5 233.6 217.4 199.8 180.1 157.5 130.5 94.5 1,3

RESIDUAL2 41.7 .27 .32 2.65 .17 6.8 3.3 3.7 1.7

COEFFICIENT OF DETERMINATION: 0.998
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TABLE 2: BLUE Statistics

Means and Medians refer to R and G coordin

no response no response

RESPONSE

White

0

155,255,255

1 2 3 4 5 6 7

Blue

8

0,0,255

MEAN
237.7 223.8 208.3 186.8 169.5 144.1 112.9

MEDIAN 241 225 210 185 165 145 140

VARIANCE 80.1 205.0 345.5 477.7 518.7 658.9 188.1

STANDARD
DEVIATION 8.9 14.3 18.6 21.9 22.8 25.7 13.7

SKEWNESS
Coefficient -.12 -6.9E-02 -3.4E-02 -1.6E-02 -3.1E-04 3.8E-03 1.6E-02

KURTOSIS
Coefficient 7.8E-02 3.9E-02 1.8E-02 8.6E-03 2.9E-03 1.4E-03 9.3E-04
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TABLE 5: BLUE residual

EQUATION: 111.02 x "X" to the 0.391 power

RESPONSE 0 1 2 3 4 5 6 7 8

OBSERVED
MEAN 255 237.7 223.8 208.3 186.8 1695 144.1 112.9 0

ESTIMATED
MEAN 250.2 237.5 223.6 208.2 190.8 170.5 145.5 111.0 3.0

RESIDUAL2 22.96 .032 .039 .11 16.3 1.0 2.22 3.42 9.22

COEFFICIENT OF DETERMINATION: 0.998



C-)
:3-
-5
0
3

TABLE 3: GREEN Statistics

Means and Medians refer to R and B coordinates

no response no response

White
- -

Green
RESPONSE 0 1 2 3 4 5 6 7 8

?55,255,255 0,255,0

MEAN
239.3 231.1 221.3 206.9 195.8 176.4 145.9

MEDIAN 242 232 222 208 196 175 150

VARIANCE
45.1 83.1 143.7 243.5 315.2 346.9 317.7

STANDARD
DEVIATION 6.7 9.1 11.9 15.6 17.8 18.6 17.8

SKEWNESS
Coefficient 4.6E-02 2.6E-02 -2.6E--02 -7.3E-03 -4.4E-02 -1 .5E-02 -4.3E-02

KURTOSIS
Coefficient 2.8E-03 1.4E-03 1.8E-02 7.4E-03 2.3E-03 9.1E-03 2.3E-02
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TABLE 6: GREEN residual

EQUATION: 146.29 x "X" to the 0.259 power

RESPONSE 0 1 2 3 4 5 6 7 8

OBSERVED
MEAN 255 239.3 231.1 221.3 206.9 195.8 176.4 145.9 0

ESTIMATED
MEAN 250.4 241.9 232.5 221.8 209.4 194.4 175.0 146.3 13.5

RESIDUAL2 20.73 6.84 L85 .21 5.87 2.10 1.94 .18 182.86

COEFFICIENT OF DETERMINATION: 0.997
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Fig. 10 RED plot of mean and median
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Fig. 11 BLUE plot of mean and median
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Fig. 12 GREEN plot of mean and median
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Fig. 13 RED resdua1 plot
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Fig. 14 BLUE residual plot
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Fig, 15 GFEEN residual plot
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