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ABSTRACT

This study was an attempt to determine if a satisfactory ratio
scale of color saturation could be constructed where én operational de-
finition of color saturation was tentatively proposed,

The experimental procedure was the method of limits, Munsell
discs (7.5 R 6/10, 7.5 GY 6/10, 7.5 PB 6/10 and neutral grey 6/) were
used as stimulus material and were presented by employing three color
mixing wheels,

Analyses of the results showed that a ratio scale, for the
three hues, was produced up to Munsell chroma 10, the maximum chroma
value used in this experiment, The experimentally produced scales lin-
early related, over low saturation values, to conventional measures of
saturation, However, this relation broke down over higher purity values,
This discrepancy was most probably due to the arbitrary definition of

the conventional measures at the spectral limit as unity,
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PREFACE

This investigation began as a result 6f Df. A, A, Smith pro-
posing a new definition of color saturation which appeared to solve some
difficulties I had experienced in my attempts to understand color theory.

The author wishes to express his grateful appreciation to Dr,
A, A, Smith who initially proposed the problem and whose patient guid-
ance was so helpful in its execution, He is also indebted to Mr, M,
Starr whose suggestions were beneficial in organizing and clarifying the
text of the thesis, Finally he expresses his thanks to the subjects who

gave so generously of their time,
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CHAPTER I

BACKGROUND AND RELATED RESEARCH

The generally accepted object of science is to explore reality,
After this exploration the scientist inspects, describes, collects and
compares data which he has abstracted from that reality, Utilizing this
data the scientist attempts to establish general principles, theories, or
laws by means of which the empirical phenomena can be explained, account-
ed for or predicted, The method scientists employ to symbolize the ap-
parent or assumed isomorphic relation between empirical phenomena and the
abstracted principles or laws, is the formal, logical, symbolic system of
mathematics, Measurement, then, is a concern of scientific psychology.
It would appear to be only a remote aspiration in those applied or clini-
cal areas of the discipline where unmapped complexity, forced introspec-
tions and the "mystery of man" are the observed data, Measurement, it
seems, is a more immediate goal in the experimental area where the exact
identification, isolation and control of relevent variables is the prime
objective, Thus, measurement becomes an important preoccupation of psy-
chophysics,

What is the nature or process of measurement? It would appear
profitable, before answering this question, to discuss basic assumptions
and definitions, An important distinction to be made is one which exists
in the intimate relation between two scientific constructs - systems, and

properties, Properties are defined as those aspects of objects or events
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which the scientist observes - such as length, width, color, etc, When-
ever the scientist observes or measures a property it always is an aspect
of something. This something is called a system - e,g., books, trees,
people, etc, Consequently, when properties occur, they occur as charac-
~teristics of systems, This distinction between system and property be-
comes important for it emphasizes the fact that whenever a measurement is
performed the operation is comparing the intra and inter-relations of the
properties among themselves and is not directly concerned with the sys-
tems per se,

A basic assumption made by scientists when measuring is that an
isomorphism exists between the empirical relations among properties and
the relations within the abstracted, formal mathematical model, Torger-
son states: (1958, pp. 14-15)

In order to represent the property (measure), an isomor-

phism, i,e,, a one to one relation, must obtain between

certain characteristics of the number system involved

(mathematical model) and the relatiom between various

quantities or instances of the property to be measured

empirical relations, Brackets mine,
The reasonableness of this basic assumption, apparently, has been proven
by the multitude of fruitful applications of mathematics, i.e., measure-
ment, in almost every scientific discipline and by the consequent greater
understanding of reality rendered by such applications,

Since an essential characteristic of measuring is the utiliza-
tion of numbers a discussion of their properties appears to be required
for a better understanding of the problem, Torgerson lists these as:
(1958, p, 15)

(1) Numbers are ordered,

(2) Differences between numbers are ordered, That is
the difference between any pairs of numbers is
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greater than, equal to, or less than the difference
between any other pair of numbers,

(3) The series has a unique origin indicated by the
number “zero"™ , , .,

It becomes evident, then, that real numbers possess three fund-
amental characteristics - order, distance and origin, These three char-
acteristics will serve as one method by which different types of scales
can be differentiated, Another type of scale, one which Torgerson does
not include but Stevens argues for, is naming., That is, as Stevens ar-
gues, whenever properties are put into order they are simultaneously

named or labelled,

The nominal scale is a primitive form, and quite
naturally there are many who will urge that it is
absurd to attribute to this process of assigning
numerals the dignity implied by the term measure-
ment . ., . However we christen it, the use of
numerals as names for classes is an example of the
‘assigoment of numerals according to rule',
(Stevens, 1951, p. 26),

Thus, the conclusion that the nature or process of measurement
is the assignment of numbers to express the intra-relations of empirical
properties among themselves and to symbolize that relation in a formal

mathematical model,

It is possible to establish a one to one relationship
between objects possessing this property and those char-
acteristics of numbers, Numbers are then assigned to
the objects so that the relations between the numbers
reflect the relations between the objects themselves
with respect to the property, Having done so, we have
measured the property, i.e,, established a scale of
measurement, (Torgerson, 1958, p, 15),

Both Stevens and Torgerson imply that a scale is an instrument
by which measurement is accomplished, The type of scale will be deter-
mined on the basis of its characteristics, i,e,, order, distance and ori-

gin and the number and kinds of mathematical transformations which can be
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applied to the scale, provided that in these operations the basic essence
(order, interval, origin) as determined by the rules under which the
scale was constructed are not destroyed or varied, Thus, by using these
criteria four basic scales can be differentiated - nominal, ordinal, in-
terval, and ratio, This list, it is noted, is hierarchical, for each
possesses the attributes of its predecessor plus its own further refine-
ments,

The nominal is the most primitive scale, This scale represents
an unrestricted application of numerals to properties so that the proper-
ties are named, where the rule for the construction is, as Stevens states
it (1951, p. 20): 'Do not assign the same numeral to different classes
or different numerals to the same class', A nominal scale equates, ac-
cording to rule, various heterogeneous properties by grouping those pro-
perties relative to a mutual similarity, Also, since these assigned num-
bers are merely a means of identification, any number can be interchanged
for another provided the basic rule is not violated, For example, the
similar characteristic of ten men is that they are football players; they
are scaled by designating each with a specific number, say from 1 - 20,

A one to one substitution of any other football player can be made as
long as the basic rule is followed, This transformation can be expressed
by the formula y = £ (x) where y is any other player and x is any player

in the series 1 - 20,

An ordinal scale arises when the rule for comstruction is that
either the natural order or the order resulting from equating properties
according to some similarity is serial, Numbers are employed in such a

manner that their order corresponds to the order of the properties, This

ordinal scale can be manipulated by any mathematical transformation which
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leaves the rank order intact. This quality of the scale is symbolized by
the formula y = £ (x) where (x), is any monotonic non-decreasing function
which will not change the established rank, For example, ten rocks are
arranged according to size so that the smallest of the ten is numbered

one and each successive larger rock is numbered 2, 3, 4 , ., . and so on
until the largest is numbered 10, We can then say that: ‘"rock number
two is greater than rock number one'", (but not how much greater); and - _
Yrock number three is greater than rock number two"; but we cannot as yet
say whether the difference in size between rock number three and rock num-
ber two is "greater', "less than" or "equal to" the difference in size be-
tween rock number two and rock number one,

In the real number system, not only the numbers, but the differ-
ences between numbers, are ordered, In particular, certain differences
are equal: for example, 3 - 2 = 2 - 1, Thus when we assign numbers to
objects and are able to state that the differences between these objects
are equal (that is the difference between rock number 3 amd rock number 2
is equal to the difference between rock number 2 and rock number 1) an
interval scale is achieved, The only mathematical transformation which
-can be performed on the interval scale is a linear one, This transforma-
tion is represented by the formula y = ax + b where y is any number, and
b is a constant relating y and x to a common origin, for example, let y

represent any number on the centigrade scale, x any number on the fahren-

heit scale and b the distance of both y and x from zero, Thus centigrade
can be transferred to fahrenheit or vice versa by putting in any real
values of centigrade into the formula and the equivalent fahrenheit value

is obtained.

1f added to the accumulated requirements of the interval scale
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the additional requirement of a unique, natural origin or zero point it
follows that the linear transformation is reduced to y = ax., The con-
stant b is removed for all scales now must proceed from the unique zero
point, This refinement creates equal ratios along the scale i,e,, the
scale demonstrates equal intervals proceeding from zero, This character-
istic permits, for example, the statement: "The distance from zero to
two is onme half the distance from zero to four" or differently stated:

2 =1/2 (4),

Generally, the reasons for employing any psychophysical method
are to determine the acuteness, sensitivity and quality of sense percep-
tions, Secondly, the particular methods are employed in order to derive
the necessary data required for the construction of a scale, How can a
psychological scale be constructed: The answer to this question lies in
the performance of consecutive steps where the "length" of the sensation
continuum is determined by establishing an origin (reiz limen), the lim-
it beyond which the sensation is too "painful" (terminal limen) and a un-
it which subdivides the interval between the reiz and terminal limens in-
to equal increment steps, The establishment of the reiz and terminal
limens is relatively easy, The particular sense modality is merely
sounded at various levels and the points where the average person states
"I hear it" and "That's painful" determines the "length' of the continu-
um, However, the determination of the increment steps is more complex,
The first problem is to find appropriate units as measures which repre-
sent the intervals along the scale, Several have been used but the dif-
ference limen seems to be the unit most utilized in the past,

The problem of determining what appropriate unit should be used

to represent a man's sense perceptions when the individual is comparing
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various magnitudes of different sense modalities was first answered by

E. H, Weber, Weber stated: "In comparing magnitudes it is not the a-
rithmetical difference, but the ratio of the magnitudes which we per-
ceive™, (Woodworth, 1938, p, 430), Implicit in this principle is the
acceptance of the "just noticeable difference" (j.n.d,) or differential
limen (D,L,) as the basic unit of sense discriminability and that this
differential limen is a constant fraction of the physical stimulus, Ex-
perimental evidence obtained by Weber tended to support the assumption
that the ratio of the stimulus increment to stimulus value for a "j,n,d,"
of sensation was constant,

This assumption is sometimes formalized as Weber's Law: "A stim-
ulus must be increased by a constant fraction of its value to be just no-
ticeably different", (Woodworth, 1960, p, 194), Weber's Law, as it
states, does not provide a measure of sensation, Fechner sought to ob-
tain such a measure by assuming that j.n.,d.'s are equal, regardless of
the sensation level from which they are just noticeably different and
then integrating the Weber function to get 8 = k log I, or, "the strength
of the sensation varies directly as the logarithium of the intensity of
the stimulus’”, (Woodworth, 1960, p, 236), Thus, Fechner formulated a
useful unit to be used in constructing scales of sensationmns,

A renewed interest in the nature and function of psychophysical
scales has been noticed in recent years, This interest appears to have
been created and strengthened by the ever presence of practical problems
which have not been satisfactorily resolved and by the questioned valid-
ity of historical assumptions and methods,

Garner (1958) and Stevens (1957) both state that there are two

basic classes of experimental techniques which have been used to
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establish scales, The first includes the ''direct response' methods,
These methods assume that an individual is able to understand and to use
some type of numerical scale in carrying out the required tasks of the
experimental situation and that these numerical values are used in the
actual scale construction, In one such method, that of "magnitude esti-
mation", S will, for example, be asked to listen to a reference tone of
fixed loudness; this, he is told has a loudness of ten units (the modu-
lus), He is then asked to listen to other tones of differing loudness,
and to assign numbers to the loudness of the tones so that the ratios of
these numbers to the modulus reflect the perceived ratios of the loud-
ness to that of the reference tone,

A second method, that of "fractionation', calls for the S to ad-
just a comparison tone so that its loudness bears a given ratio to that
of a standard, This technique has been used to construct the well known
"sone" scale of loudness,

Both these methods are, of course, direct attempts to establish
psychologically meaningful ratio scales, A third method, that of "equi-
section", uses two standard stimuli, with one or more comparison stimuli
adjusted so that the interval between the standard is divided into equal
parts, This technique establishes initially only an interval scale -
unless one of the standard stimuli can meaningfully be said to be at the
absolute zero of the property being scaled,

The second class, the 'indirect methods", are those methods de-
rived from Fechner which utilize some measure of discriminability (j.n.d,)
in the construction of a scale, Historically, the 'discriminability" or
as Stevens calls it the "discriminal disperson' technique of scale con-

struction took precedence over the direct approach, At present, however,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



9
Stevens carries on a continuing argument which challenges the legitimacy
of the Fechnerian assumptions and which desires to replace the "indirect
methods' with the direct-response methods,

The lesson of history is that a bold and plausible the-
ory that fills a scientific need is seldom broken by the
impact of contracy facts and arguments, Only with an al-
ternative theory can we hope to displace a defective one,

The purpose here is to try to do just that - to try to
show that there is a general psychophysical law relating
subjective magnitude to stimulus magnitude and that this
law is simply that equal stimulus ratios produce equal
subjective ratios , , , To a fair first-order approxima-
tions, the ratio scales constructed by "direct" methods
(as opposed to the indirect procedures of Fechner) are
related to the stimulus by a power function of one degree
or another, (Stevens, 1957, p., 153).

Garner, a firm opponent of the direct methods, points out that
when these methods are used the ability of the subject to describe his
experiences of sensation in terms of a particular numerical system is
assumed,

We cannot, however, accept simple face validity of the

observer's proper use of ratios any more than we would

feel free to accept the validity of the observer's

proper use of exponents to describe their loudness,
(Garner, 1958, p. 1006),

Stevens states in defence of the direct method:

Contrary to a common assumption, the use of the direct
methods does not require knowledge of an underlying,
measureable physical continuum, Only a nominal scale
is required at the stimulus level, i,e,, the stimuli
must be identifiable by the experimenter , , , I know
from experience that it is more comfortable to take
for granted that a direct method is impossible than

it is to try to work onme out, (Stevens, 1957, pp. 177-
178),

Garner suggests that when ratio methods are used the greatest
single source of error is large differences in the results of different
individuals, Consequently, even though computation of central tenden-

cies is possible they are of little value in predicting the performance
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10
of other individuals - "inter-observer differences provide the largest
single source of variability in the data", (Garner, 1958, p, 1007).
Garner, however, demonstrates that this particular source of error can
be minimized by using a bisection method, Garner reaches this sugges=
ion in the light of his experimental evidence - "“the equisection method
should be accepted as more valid than the fractionation method", (Gar-
ner, 1958, p, 1007), The author proposes that because of the inconsis-
tent results obtained via the direct methods, indirect methods should be
adopted, Garner suggests four variables which tend to vary the results
of the direct methods, These are: the questionable face validity that
observers can transpose sensations into a numerical system, the demon-
strated variability among inter-observers results, inconsistent results
of the same individuals and the effect that the context of the particu-
lar experiment has upon results, Garner concludes that: 'the various
ratio scaling procedures produce large differences in the loudness
scales", (Garner, 1958, p. 1011),

Stevens, as pointed out above, is an aggressive proponent of the
direct methods, He proposes the thesis that the general psychophysical
law relating sensation to physical intensity is simply that equal stimu-
lus ratios produce equal subjective sense ratios and that these ratios
are related by a power function of one kind or another, Stevens feels
that the Weber-Fechner Law is inadequate to serve as a general psycho-
physical law,

Stevens implies, as does Garner, that perhaps the bisection pro-
cedure would be the most efficient method to employ in scale construction
for apparently the various sources of error in direct scaling are mini-

mized when the bisection method is used,
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There are many examples of attempts to construct scales of sen-
sation, Richardson and Ross (1930); L, B, Hamm and J, A, Parkinson
(1932); D, A, Laird, E, Taylor and H, H, Wille, Jr, (1932) and P, H, Gei-
ger and F, A, Firestone (1933) used various techniques in scaling the
loudness of sound,

B, G, Churcher appears to summarize the conclusions obtained
from the cited experiments when he states:

. « « the decibel scale (a scale based upon the impli-

cations on the Fechner Law) used as a loudness scale,

does not yield numerical values proportional to the

loudness sensation, (Churcher, 1935, p, 216),

Stevens states essentially the same conclusion:

The relation between subjective loudness and the physi-

cal intensity of the stimulating tone has been investi-

gated by a wide variety of methods yielding a wide

variety of results, The decibel change in the stimulus

required to produce a 2:1 ratio in apparent loudness

has been shown to cover a range of the order of 20 db,

(Stevens, 1956, p., 71).

For loudness, then, attempts to construct scales by direct and
indirect methods appear to lead to different psychological functions,

A different result obtains when the scaling of visual brightness
is considered, R, M, Hanes (1949) set out to determine how easily and
reliably individuals could make fractional estimates of brightness and
to construct a brilliance scale which would demonstrate the relation, if
any, of subjective brightness or brilliance to the physical intensity of
the stimulus,

The procedure was the fractionation technique where the subjects
were required to adjust the variable stimulus until § was satisfied that

the variable was 1% or 3/4 as bright as the standard, A black disc sur-

rounding the test spot was suggested to function as a reference or zero
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12
point when the S's made their fractional estimate, The results show gen-
erally a remarkable ability of the 0's to make consistent fractional est-
imates of brightness, especially at low brightness levels, The data ob-
tained from the experiment were utilized to construct a brilliance scale
and the technique followed that outlined by Stevens (1936), This scale,
it should be noted, agreed very closely with an independent brightness
function, based on integrated DL's, obtained earlier by Troland (1929).

The present experiment is concerned with the perception of col-
or, specifically with the perception and scaling of color saturation,
Color saturation has been defined as "that attribute of all colors pos-
sessing a hue which determines their degree of difference from a grey of
the same brilliance", (Jones and Lowry, 1926, p. 25). Saturation is
Y“the attribute of any chromatic color which determines the degree of its
difference from the achromatic color most closely resembling it", (Judd,
1940, p. 3).

The Optical Society of America Colorimetry Committee discusses
saturation in these terms:

Saturation also has a quantitative, as well as a qualita-

tive character, and the use of terms high saturation,

medium saturation and low saturation are suitable for the

descriptions of the saturation of color sensations, When,

in a stimulus consisting of a combination of chromatic

and achromatic light, the proportien of the chromatic

component is increased, the saturation of the color sensa-

tion varies correspondingly, (Newhall, Nickerson and

Judd, 1943, p, 544).

C, H, Graham states:

The stimulus terms of the saturation relation have not

yet been finally specified in a completely satisfactory

manner, One important stimulus variable in saturatiom

discrimination is colorimetric purity, P, Colorimetric
purity is defined for a mixture of a spectral color and

white as P = B2 , where B2 is the luminance of a
By + Bt
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spectral color and By the luminance of the white with
which it is mixed, (Graham, 1959, p, 166).

The earliest reported attempt to determine or measure the rela-
tionship between various saturation stimulus levels and saturation sensa-
tion was performed by A, H, Mumsell (1909). Munsell pointed out that it
was commonly held that a scale of color intensity kvalue) follows, at
least approximately, the Weber-Fechner Law of the relation between stim-
ulus intensity and sensation. The author suggested that no experimental
results had been reported concerning the other two dimensions of color,
hue or saturation, and consequently set out to determine the relation-
ship, if any, of saturation sensation to various levels of saturation
stimulus,

Munsell's procedure was to construct two homogenous discs (i,e,,
the discs were taken from the same color sheet) and to cut concentric
rings in each disc so that the successive concentric rings, from the cen-
ter out towards the circumference, contained a smaller proportion of ar-
ea than its predecessor, Where the amount of area cut from each succes-
sive concentric ring for disc A, proceeding from center to circumference,
followed the geometric progression of 0, 1/16, 1/8, 1/4, 1/2 and for
disc B, followed the arithmetical progression of 1, 1/5, 2/5, 3/5, 4/5,

Secondly, Munsell spun disc A on a white background and found
that with most colors a regularly graduated progression of diminishing
saturations and an increasing progressiom of intensity from center to
circumference resulted, Munsell spun disc A on a neutral grey background
and found an irregular progression of saturation from center to circum-
ference, The author concludes that when there is simultaneous variation

of intensity and saturation a regular scale of saturation intensity is
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14
found and these scales correspond to the Weber-Fechner Law,

Thirdly, Munsell took Disc B and spun it on a white and neutral
grey background, The author's results show that when disc B is spun
with white an irregular progression results but with neutral grey, a reg-
ular progression of saturation from center to circumference is created,

Munsell concludes that the relationship between various physi-
cal levels of saturation stimulus and saturation sensation follows an a-
rithmetical progression rather than a progression corresponding to the
Weber-Fechner Law of the relation between stimulus intensity and sensa-
tion,

Lloyd A, Jones and E, M, Lowry (1926) determined the size of
tﬁe difference limen for color saturation and succeeded in constructing
jen,d, scales of saturation for a number of hues, They used lights of
pure hues mixed with white light where intensity was held constant, They
measured the brightness of the resultant mixture by using a flicker pho-
tometer, The first step in the procedure consisted in the illumination
of the comparison areas with monachromatic light of equal wave length
and intensity, Secondly, a gradual increasing percentage of white light
was admitted to one of the comparison areas until a just noticeable dif-
ference or a less saturated difference was perceived by the subjects,
The authors used the continuous, step by step metheod and conclude:

. + » that the number of saturation steps varies for the

different color, the larger steps being found in the red

and blue, and the smaller in the yellow , , , results

seem to offer the possibility of different saturation

psychologically, for the different colors, and as a re-

sult various numbers of steps are to be expected in their
saturation scales, (Jones and Lowry, 1926),
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Statement of the Problem

Few other attempts have been made to scale saturation, Part
of the difficulty, as pointed out by Graham (1959) lies in the fact that
""the stimulus terms , . ., have not yet been finally specified in a com-
pletely satisfactory manner", It is, however, generally agreed that
when a color of a given hue, brightness and saturation is mixed with an
achromatic, neutral grey of equal brightness, the resultant mixture will
be a color of the same hue and brightness but of reduced saturation, It
would seem plausible, then, to measure the saturation of a given color
in terms of the amount of neutral grey required to reduce the saturation
by a pre-assigned ratio, The most practical ratio appears to be one-
half, Therefore Smith (1962)1 has proposed that saturation be defined
as a function of the amount of neutral grey which must be added to a col-
or so that the mixture is perceived as one-half as saturated as the or-
iginal,

This definition bears some similarity to the definition of col-
orimetric purity, It is not, however, the same: in particular, it does
not require, as is the case with colorimetric purity, that spectral col-
ors all have the same numerical value,

However, before this suggestion can be proceeded with, it is
necessary to demonstrate that the psychophysical operations implicit in
it can be satisfactorily carried out with a sufficlent degree of relia-
bility, That is, it must be shown that a satisfactory ratio scale of
saturation is possible, The investigation of this point is the purpose

of the present investigation,

1Smith, A, A,, Personal communication, 1962,
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CHAPTER II

METHODOLOGY AND PROCEDURE

Experimental Design

It was decided to attempt the construction of a ratio scale of
saturation by the repeated bisection of the interval between a color of
a given hue, brightness and saturation, and a neutral grey of equal
brightness, 8ince neutral grey is by definition of zero saturation,
such successive bisections sﬁould yield a true ratio scale,

In many experiments of this type, it is customary to allow the
S to adjust a variable stimulus until, in his judgment, it is midway be-
tween the standard stimuli, The apparatus, however, did not allow ad-
justments by S; all changes in the comparison stimulus had to be made by
E. The required bisection points were therefore determined indirectly,
using the method of limits, and the point of indifference as the required

midpoint,

Subjects

The S's were a group of 10 University students, three males
and seven females; ranging in age from eighteen to twenty-one years, No
subject with any noticeable or known visual defect was included, All
subjects were checked for congenital red-green and blue-yellow color
blindness by employing the 1940 Pseudo-Isochromatic Plates of the Ameri-
can Optical Company. The group was experimentally naive with regard to
the testing procedure, All subjects were allowed to determine their own

16
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appointment schedules, This freedom was permitted in the hope that all

subjects, at the time of testing, would be optimally motivated and rested,

Apparatus

Three color mixing wheels (Staelting, models 6112 and Tolboys,
model 101) were used, The color wheels were placed inside a wooden box,
measufing 29 inches wide, 15 inches high and 19 inches deep, with each
wheel positioned directly behind a one by three inch opening cut in the
face of the box, Illumination was provided by a six-volt, direct current
system which was chosen to control against any stroboscopic effects,
Light bulbs (General Electric GM-47) were positioned above and below each
stimulus opening in a similar manner,

Color stimuli were provided by four inch discs of Munsell pap-
er of the following Munsell book notatioms: 7,5 R 6/10, 715 GY 6/10,
7.5 PB 6/10 and N 6/ (neutral grey). All stimuli were therefore of equal
brightness, within the limits of error of the lighting system and the
Munsell wvalue notations, The discs were placed on the wheels so that
stimulus one (the zero standard), to the left, was a neutral grey, S5tim-
ulus three (the color standard), to the right, was a mixture of one part-
icular hue with a fixed proposition of grey. Stimulus two (the variable
stimulus), located between stimuli one and three, was a varying mixture
of a particular hue with a neutral grey, All three color wheels were

synchronized by a Dawe Stroboscope (model 1200D) at 4000 r.p.m.'s,

Procedure
Upon entering the room the S was seated and instructed to

place his head in a Bausch and Lomb head-rest, The head-rest was situ-

ated seven and one-half feet from the apparatus and at a level which
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allowed S to be seated comfortably but at the same time kept his eyes ap-
proximately level with the three stimulus areas, The subjects were in-
structed as follows:

The lights in the room will be turned off, We will wait a

moment to allow for our eyes to adapt to the darkness,

You will be presented with three stiguli; the one to your

left, stimulus one, will remain constant throughout the

experiment; the one to your right, stimulus three, will

remain constant during this first phase of the experiment,

However, there are three phases to this particular experi-

ment consequently stimulus three will change three times,

You will be instructed as to when these changes occur,

Stimulus two, here in the middle, will be constantly

changing, Now I would like you to look at stimulus two

and tell me which it most resembles; Stimulus one or

stimulus three - You can say either right or left,

Any questions the subjects may have asked were answered,

All subjects were required to participate in three experimental
sessions (i,e,, a session for each hue), These separate sessions were
required because, on the average, the subjects needed 40 minutes to bi-
sect the particular hue into the one-half, one-quarter and one-eighth
points and it was felt that a 40 minute testing period was long enough,
Furthermore each of the sessions were sub-divided into three phases on
the basis of each procedure required for the bisection of the one-half,
one-quarter and one-eighth points,

Phase I of session one of the experiment consisted in the pre-
sentation of Munsell hue 7,5 GY, The zero standard (0S) was neutral grey
and was kept constant throughout the session, The variable stimulus
(VS) was a mixture of 7.5 GY with neutral grey in amounts dictated by the
requirements of the method of limits, The color standard (CS) was 7.5 GY
with no neutral grey added., The subjects were given a trial ascending

and descending series which was discarded in terms of computations, The

trial run, also, served as a cue to the experimenter, aiding him in
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gaining an idea of the subjects approximate transition point, The acqui-
sition of this approximate point enabled the experimenter to adjust the
number of '"discrete steps' approaching the estimated bisection point ran-
domly, Three ascending and three descending series were given and the
subject's responses were recorded, The light in the room was turned back
on and the subject was told to relax, The experimenter, during this time,
calculated the individual subject's average point of indifference, This
point was taken as the best estimate of the amount of grey required to
desaturate the original color standard by one-half,

In Phase II of session one the amount of grey, required by the
subject for his bisection point of Phase I, was added to stimulus three,
So that the CS changed from a "pure" 7,5 GY to a mixture of 7.5 GY with
the experimentally obtained amount of grey from Phase I, Phase II re-
quired the subject to judge in a similar manner as he did in Phase I, as
to which standard (0S or CS), the VS approximated, Three ascending and
three descending series were made and again the point of indifference
was calculated,

In Phase III, the CS was changed for the third time to the mix-
ture calculated in Phase II,

Three ascending and three descending series were given and the
indifference point was again calculated, This point represented the one-
eighth point on the saturation continuum,

Session II and Session III were conducted in the same manner
as Session I, except that hue 7,5 R was used in Session II and hue 7,5 PB
was used in Session III, All subjects were thanked for co-operation and

any problems or questions were answered,
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CHAPTER III

PRESENTATION AND ANALYSIS OF RESULTS

The primary data of the present experiment are in terms of the

percentages of a given hue which, when mixed with a neutral grey of equal

brightness, yields colors of one-half, one-quarter and one-eighth the

saturation of the original colors,

These data are set forth in Table 1,

both for individual subjects and as group averages,

error of the mean are also given,

Table 1

Percentage Hue at Fractional Saturations for Three Colors

Ranges and Standard

Munsell Book Notations of Original Colors

7.5 R 6/10 7.5 GY 6/9 7.5 PB 6/10
Saturation Ratios Saturation Ratios Saturation Ratios
1/2 1/4 1/8 1/2  1/4 1/8 1/2 1/4 1/8
Subject # 1 37.0 23,0 11.0 41.5 18,0 10,2 40,0 20,0 -

2 41,0 28.0 18,0 37.0 18.5 9.2 50,0 25,0 -

3 50,0 27,0 12,5 46,0 24,0 15,0 48,0 28.0 -

4 50,0 27,0 12.5 34,0 18,0 11.5 34,5 21.6 7.8

5 35,0 15,0 7.5 50,0 26.5 15.0 46,0 23,0 11.0

6 34,0 14,0 7.0 53,0 28,0 17.4 48,3 26,6 15.8

7 27.0 11,0 4.0 53,0 30,0 17,0 46,0 25,0 19,1

8 47.0 20,0 9.0 34,0 15,0 7.0 56,5 21.5 -

9 42,0 20,0 9,0 50,0 26,3 12.5 51.5 26,0 -
-----_-_-19---§9:9-_13:9--_939-----9933--2939--}939 ..... &9:9--?239___:_-
Group Mean 39.3 19,9 9,5 45,0 23,0 12,5 46,4 24,5 13.4
Standard Error
of Means 2.5 1.8 1.2 2.4 1.2 1,0 1.8 .7 3:5
Range 23,0 17.0 10,0 19,0 13.0 10,0 22,0 9.0 12,0

20
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One significant aspect of Table 1 is that several individuals
were unable to bisect for the one-eighth point in 7,5 PB 6/10, Those in-
dividuals who failed to produce a score were rejected either because:
1) They were unable to make a discrimination, 2) They were responding
habitually, This was determined by the subjects own verbalizations: "I
can't make a judgment, I can only guess', or 3) They were responding
randomly in a very inconsistent manmer,

The results, as found in Table 1, were transformed into the
Munsell system, This transformation was carried out by converting the
Munsell book notations of the colors and the neutral grey into C,I,E,
tri-stimulus values, x, y, % (data supplied by the Munsell Company); com-
bining the tristimulus values according to the mean percentages found ex-
perimentally and reconverting these values back to Munsell renotation
values by reference to the renotation charts of the Munsell system,
(Newhall, Nickerson and Judd, 1943), The results of these calculations
are presented in Row two of Table 3,

The colorimetric purity of the original colors and their de-
saturated mixtures was determined from the tristimulus values, using the

formula:

Pc = (yp7y9) -¥),
B - Yy

In this formula the y's are the trilinear values for, respectively, the
spectral limit (yb), the achromatic point (yw) and the color whose pur-
ity is to be determined (y). y and y,, were determined from the data
provided by the Munsell Company, y;, was obtained by interpolation between
tabulated data for the spectral limit,. (Committee on Colorimetry (0.S.A)

1944), Since the spectral limit is very nearly linear in the region of
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the dominant wave lengths of the values used, a linear interpolation was
felt to be sufficiently accurate, The obtained values of colorimetric
purity were then transformed to relative colorimetric purity by dividing
the colorimetric purity at each fractionation point by the colorimetric
purity at the "full" point, The results of these calculations are sum-
marized in row three of Table 3,

The excitation purity of the experimentally obtained saturation
ratios was determined directly from tabulated values of dominant wave-
lengths and excitation purity, (Newhall, Nickerson & Judd, 1943). The
excitation purity was also transformed to a relative excitation purity in
a similar manner as was employed in colorimetric purity, These results
are given in row four of Table 3, (see page 22),

Several of the relationships found in Table 3 could be better
understood if they were graphically represented, Consequently the mean
per cent of 7,5 R, 7.5 GY and 7.5 PB at the "full", one-half, one-quarter,
one-eighth and zero points is graphically depicted in Fig, 1, Fig, 2, 3
and 4 graphically represent the relation of Munsell Chroma, Relative Col-
orimetric Purity and Relative Excitation Purity, respectfully, of the
three hues to the Bisection points, Figure 5 represents the relation be-
tween per cent hue and Relative Colorimetric purity, Figure 6 represents
the relation of the renotated Mumsell values to Relative Colorimetric

Purity.
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Fig, 5, Per cent green, red and blue to relative colorimetric purity.
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CHAPIER IV
DISCUSSION OF HRESULIS

It ean elearly be seen from Figures 1, 2, 3 and l that the exe-
perimental results produce a ratio seale proceeding from zero to about
Mansell Chroma 10. However the algebraically derived scales of Per Cent
Hue, Relative Colorimetric Purity, Relative Exeitation Purity and Munsell
Chroma appear to be ratio scales from zero only to approximately Munsell
chroma five, Beyond this point all scales begin to deviate similarly
from a ratio seale and follow a ecurve of undetermined characteristics.
The exact point at which this departure begins and the characteristics of
the resulting curves cannot be determined from available data. However
the change appears to begin in the interval between 4.5 to 5.5 of Munsell
Chroma.

From Figures 5 and 6 it appears that the experimental results
and the renotated values of the results in the Munsell system are linear-
ly related to relative colorimetriec purity. However, colorimetric purity
is defined, at the spectral limit for each hue, as 1.0 or unity. Jones
and Lowery (1926), on the other haﬁd, demonstrate that along the psycho-
logical saturation continuum the particular scales for each hue consist
of a varying rnumber of D.L. steps. fThis implies that scales of colori-
metric purity cannot completely représent the psychological ccntinhum.
That is almost certainly the reason for the non-linear departure seen in
figares 1, 2, 3 and L.
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It was mentioned in Chapter Three that several of the subjects
were unable to bisect for the one-eighth point in the blue, Perhaps the
significant factor contributing to this inconsistency was a lack of prop-
er control of intensity, C, H, Graham states:

This condition (constancy of intensity) is a very impor-

tant requirement, Small differences in the luminance of

the two fields can provide an erroneous result such as

has, in fact, occurred in some experiments, Thresholds

in the blue are particularly susceptible to this sort of

error, brackets mine (C. Graham, 1961, page 155).
Secondly, the determination of the tristimulus values, the colorimetric
and excitation purity assumed the use of standard illuminant "C" which
was only approximately realized in this experiment, Consequently some
of the error seen in the curves could be eliminated by a more adequate
control of the illumination., In defence of the system used in this ex-
periment it could be stated that the best available lights were employed,

Various extensions of this work seem to be indicated., The ex-
periment could be duplicated where a more adequate experimental control
of brightness (intemnsity) was accomplished, A second extension would be
to duplicate this experiment where all ranges, zero to limits, of Munsell
hue, value and chroma were used, Once this data was obtained, a third
extension would be, to determine more completely the relation between
Munsell chroma and an extended psychological scale of color saturation,
The establishment of this relation could lead to a correction of the

higher Munsell chroma values so that they more accurately reflect the

ratios of the psychological scale of color saturation,
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CHAPTER V

SUMMARY AND CONCLUSIONS

The present investigation began with a tentative definition of
the saturation of a color as a function of the amount of an equally
bright grey which, when mixed with the color, will yield a mixture which
appears to be half as saturated as the original, Before this proposal
could be elaborated, it was necessary to demonstrate that the implied
psychophysical operations could be carried out; that a satisfactory ra-
tio scale of saturation was possible,

The construction of such a ratio scale was the immediate pur-
pose of the research, Three hues (red, green and blue) were chosen; the
color stimuli were obtained by mixing standard Munsell papers with neu-
tral greys of equal value, The experimental technique was that of the
bisection of the interval between grey and the color, using the method
of limits to determine the bisection points,

The procedurekyielded satisfactory ratio scales up to chroma
10 on the Munsell scale (the maximum saturation used in the experiment),
The scales were found to be linearly related to customary measures of sat-
uration (Munsell chroma and colorimetric and excitation purity) up to
levels corresponding to Munsell chromas of 4.5 to 5.5. This linear re-
lation broke down for higher saturations, The non-linearity at high le-
vels was tentatively attributed to the fact that the conventional meas-
ures of saturation assign the same value to colors at the spectral limit,

32
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although there is good evidence that spectral hues are not psychological-
ly equal in saturation,

It was suggested that extensions of the present technique, us-
ing mixtures of white and monachromatic light, could lead to simple mod-
ifications of the conventional measures, to bring them more in line with

the psychological data,
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