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Ab st rac t

Chromatic adaptation has been studied by applying
methods of direct scaling to color appearances of stim-
uli perceived under different conditions of adaptation.
This study differs from previous work in a number of
ways. The color appearances of surface color stimuli
were scaled by both magnitude estimation and magnitude
production psychophysical methods. Changes in color
appearances resulting from variations in correlated
color temperature of adapting illumination, luminance
factors of samples, illuininance, and surround induction
conditions were scaled by a group of seven observers who
had been trained to describe their perceptions in a uni-
form manner. This factorial approach to chromatic adapta-
tion-influences on color appearance has yielded infor-
mation about changes throughout a color solid rather
than a single planar section of that solid. A distinc-
tion was made between absolute and relative attributes
of color appearance.

valuations of both internal and external consis-
tency indicate that the data generated have relatively
high precision and validity.

The results indicate that chromatic adaptation in-
duces smooth, continuous changes in color appearance.
The nature of these changes depends upon correlated
color temperature, luminance factor, and illuminance of
surface color stimuli. Saturation, or colorfulness, is
most susceptible to change and is highly dependent upon
luminance factor and illuminance in addition to color
temperature. These dependencies are systematic and ex-
plicit in the results presented here. Hue appearance
of a given sample depends primarily upon color tempera-
ture of adapting illumination. Little or no change in
hue was found for the range of variation in illuminance
and luminance factor included in this study. In general,
the hues of' all stimuli change with adaptation but there
are important exceptions.

The results do not support a linear model for the
chromatic adaptation process.

-9-



I, Introduction
The term 'chromatic adaptation' derives from Greek

and Latin words: Latin 'adaptare' meaning to adjust and
Greek icosaI referring to color. In the general sense
we use the word adaptation to describe a process of
favorable or useful adjustment by an organism to en-
vironmental conditions. Cannon (1939)65 called such
compensatory processes, by which any organism achieves
a steady physiological state to counteract or normalize
changes in external or internal conditions, a process
of 'homeostasis'. This implies a tendency toward con-
stancy; undoubtedly an important factor in the survival
of an organism amidst the welter of variable conditions
imposed upon it. In a much more restricted sense, phys-
iologists have used the word adaptation to describe sen-
sory processes involving the action of specific receptor
systems to variations in external stimulation. Aubert
(1865) was among the first to study such changes in
visual sensitivity with variation in light intensity and
he applied the name 'adaptation' to that adjustment. In-
terest in adaptation, thus construed, arose from earlier
fascination with after-images. Boring (191t2)32 points out
that phenomenological reports of these effects can be
traced back to Aristotle and Ptolemy and are described
in the works of Alhazen and Leonardo da Vinci. Newton
showed interest as well, for it is reported (Brewster
1831)51 that in 1691, in response to a query by John
Locke about Robert Boyle's account of after-images (v.
Plateau 1878)268, Newton gazed at a mirrored image of the
sun and subsequently closeted himself in a dark room for
three days to try to rid himself of the after-image.

Much of this early interest was either frivolous
or unsystematic attempts to satisfy idle curiosity. How-
ever, during the eighteenth century the concept of after-
images as a manifestation of visual fatigt - a con-
cept later developed by Helmholtz (1866)126 - was put
forward in Germany (Scherffer 1765, 1785)297,298 and
England (Darwin 1786)71. It was this idea of adaptation
as a fatiguing of the visual sensitivities that was the

-10-



basis for Aubert's studies of light and dark adaptation.
Shortly thereafter, working in Helmholtz's laboratory at
the University of Heidelberg, Exner (i868)	undertook
what is probably the first systematic study of chromatic
adaptation; although his primary interest was in providing

support for the Young-Helmholtz theory of color vision.
Similar work continued in other places during the close of
the nineteenth century (e.g., Aitken 1873; Burch 1898)1,58.

We know from the large body of work that has fol-
lowed these early efforts that the fatigue concept is
too narrow a view to account for the complex changes in
vision that may be induced by variations in external
stimulation. Sensory visual systems operate to provide
the organism with basically two different kinds of in-
formation: response to rapid changes and to temporally
extended changes. Adaptation acts "so as to transmit
any rapid changes in the environment, but ... hides any
long-maintained conditions" (Hecht 193k)122.

When modified by the term 'chromatic' this concept
is usually taken to mean the alterations to sensitivity
arising as a consequence of exposure to light of dif-

ferent spectral selectivity from that which obtains with
the unstimulated or neutral state of the organism. That
exposure may be direct, from a self-luminous stimulus,
or indirect from a non-self-luminous stimulus object.
In the latter case, the phrase 'chromatic induction' is
often used; particularly if interest centers about changes
in color appearances of stimuli presented in spatial re-
lation to other stimuli in the field of' view. The con-
sequent changes in adaptation states of' the organism are
generally both rapid and temporally extended (Katz 1930;

Schouten and Ornstein 1939; Dowling 1967)202,30282.

Studies of chromatic adaptation usually have been
conducted with one of two different objectives in mind.
Some studies have been carried out in attempts to analyze
the physiological properties of the visual mechanism.
That objective is basically theoretical in purpose. It
seeks to increase our understanding of the mechanism of
vision. Other studies have attempted to elucidate psycho-
physical relations among attributes of color appear-

-11-



ance according to exposure to illumination of differ-
ent spectral selectivities. This objective may be de-
scribed as practical In the sense that it strives for
establishment of useful engineering data. Assessment of
color rendering properties of illumination systems,
realistic transformations of color appearances with
changes in quality of illumination, and analysis of
color image reproduction are among those problems that
require a quantitative knowledge of the manner in which
color appearance varies with chromatic adaptation. The
need for such data has been emphasized many times (e.g.,
Nickerson 1963)256.

The objective of the research to be reported here
is applied in the sense just described. In particular,
the primary objective of this research is to provide
basic data which may be used to derive a method of pre-
dicting color appearances of surface color stimuli over
a limited range of adaptation conditions of general in-
terest in commerce and industry. A subsidiary objective
is to study and develop the application of direct scaling
techniques to the measurement of color appearance in a
manner such that the experimental data will have broad
application. To accomplish this, attributes of color
appearance have been scaled under a number of stimulus
conditions. The influence on perceived color of color
temperature of adaptation, illuminance, luminance factor,
and the effect of an inducing surround have been studied.
The resultant data describe systematic variations in
several attributes of color throughout a complete color
solid. In the past, experiments on chromatic adaptation
typically have concerned only planar sections of' the to-
tal color solid. It is anticipated that this research
will provide data which describe adaptation-induced var-
iations in color appearance in a more complete manner.
Accordingly, these data should afford an opportunity to
evaluate transformation models of chromatic adaptation
with a thoroughness that has not been possible before.
In addition, the results presented here should offer a
basis for developing new multi-dimensional transforma-

tion expressions.

-12-



The remainder of this section will discuss various
considerations that provide the bases for the experiment-
al method and design used in this research. A brief, gen-
eral review will first be made of the physiological
evidence bearing on chromatic adaptation in order merely
to provide the pertinent background information with
which to assess what follows. What has been called chrom-
atic adaptation theory will be addressed next. That will
in turn be followed by a discussion of methods for exper-
imental investigation of chromatic adaptation used by
other workers. A brief examination of direct scaling
methodology will be presented and, finally, a clarifi-
cation of the color appearance dimensions, attributes,
and modes of appearance - with particular emphasis on
the surface color mode of' appearance - studied in this

research will be made,

Phy siolo g ical bases for chromatic adaptation.
The initial step in the chain of reactions that com-

prise an adaptive adjustment involves the photolabile
pigments of the visual receptors (e.g., Dartnall 1972)70.

Presumably, there are three such pigments associated with
the cones and a fourth for the rods. The action spectra
of the cone photopigments are not in each case simply
linear transforms of the CIE (Commission Internationale
de l'clairage) standard observer's color mixture func-
tions (e.g., Brindley 197O), Large changes in sensi-
tivity may be brought about with very little bleaching
or structural rearrangement of the photopigments (v.,
Granit and Therman 1938; Granit and Svaetichin 1938;
Granit 1962; Rushton 1958, 1965c)h15,h14h13280286. In

addition, rapid changes in adaptation occur in time per-
iods too brief to involve bleaching or regeneration of

photopigments (v. Crawford 1947; Baker 1953; Bouman 1952,
1955; Boynton, Bush and Enoch 1954; Boynton 1958; Batters-
by and Wagman 1959)69835,36,4024. Although the visual
pigments may play an important role in the initiation of
adaptation, they apparently cannot be completely responsi-
ble for adaptational variations in sensitivity. Changes
in ionic permeability and conductance in the outer seg-

-13-



ments of the receptors, as a reaction to absorption of
photons, ultimately give rise to neuroelectrical signals
that are passed along through axons and synapses to high-
er neural levels. At these higher levels within the ret-.
ma, electrical pulse-trains are found which vary in
polarization with wavelength of light stimulation (e.g.,
Granit and Svaetichin 1938; MacNichol and Svaetichiri

11Ll,239

	

1958)	. One type of signal varies only in strength
as wavelength is changed. Two other types show changes in
strength and polarity with wavelength but their spectral
shapes and the wavelengths at which reversals of polarity
occur are different. The specific characteristics of
these coded chromatic response signals vary with adapt-
ation to illumination of different spectral selectivity.
A large part of the adaptational sensitivity adjustment
may take place within the retina, then. However, not all
adaptational adjustment can. be  attributed to rearrange-
ment of retinal response characteristics. Electrical
activity of the lateral geniculate nucleus of the thai-
mus is found to be very similar to that of the retinal
ganglion cells (Hubel and Viesel 1961; Viesel and Hubel
1966; DeValois 1965)149,356P73 and opponent chromatic re-
sponse organization is also found in the striate cortex of
the occipital lobes of the brain (Hubel and 'Wiesel 1959,

1Z18, 150, 151

	

19o2, 19o8j 	 . Electrophysiological measurements
at the geniculate nucleus and electroencephalographic
measurements at the occipital cortex (Zubek and Welch

	

1963)	show adaptational effects. It has been demon-
strated that spectral sensitivities at these higher levels,
both within the retina and more proximal stages, are not
simply related to receptor sensitivities (e.g., Barlow

1957; Rushton 1965d; Boynton and Whitten 1970; Enroth-
Cugeil and Shapley 1973; Dowling and Ripps 1972; Dowling,
Green, Ripps and Siegel 1973; Hood and Hock 1975) 10 , 287,
L45,87,8L,33,1Li7 In addition, a number of experiments in-
volving chromatic after-effects associated with spatial
and temporal characteristics of stimulation and with
efferent responses such as eye movements, appear to have
their origins in the striate cortex or at least higher
levels than retinal (e.g., Kohier 1962; McCollough 1965)
209,2k7
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In short, there is ample evidence to suggest a
system in which adaptational effects take place at a
number of levels throughout the visual mechanism. Non-
linearities and interactions abound in the visual path-
ways. From this alone it is clear that a quantitative
description of the dynamics of chromatic adaptation
may be difficult to formulate. As with colorimetry in
general, however, the difficulties can be somewhat re-

duced if we consider only conditions of equality. It

may be assumed that an invariance of equal neural sig-

nals, however they may have arisen, represents a con-
dition of equal color response and vice versa. With this
simple but parochial assumption, it is possible to ex-
amine chromatic adaptation from the standpoint of re-
sponse equalities. That kind of examination is what is
meant by the phrase 'chromatic adaptation theory'.

Chromatic ada p tation theory.
Ordinary color matching that forms the basis of

colorimetry may be described as 'symmetric' matching.
Two stimuli are presented to the same or nearly the
same portion of the retina(e) of one or both of an
observer's eyes at the same or very nearly the same
time. The conditions of such a match are said to be
symmetric since all spatial, temporal, and physiological
factors involved in the match are the same. In the
notations of colorimetry, the match is conventionally

represented as:

X = k{Jp(X)1.H(X).i(X)'dX} = k{fp(X)2.H(X)'i(X).dX}

Y = k{fp(X)i.H(X).(X).dX} = k{Jp(X)2.H(X).(X).dX} (1)

Z = k{Jp(X)1.H(X).(X).dX} = k{Jp(X)2.H(X).(X).dX}

where: X = wavelength
= irradiance
= reflectance (or transmittance)
= spectral distribution coefficients

k = normalizing factor
1,2 = samples

X,Y,Z = tristimulus values.

-15-



Using functional notation, Equation 1 can be more
economically represented as the identity:

g 1 (X, y ,z;A) 	g1(X,Y,Z;A)

	

E g2 (X,Y,Z;A) 	 (2)

g3 (X, y ,z;A) 	g3(x,Y,Z;A)

where X,Y,Z represents a tristimulus specification, A
refers to the illuminant, and the identity of terms
is obvious.

Stiles (1961)322 has detailed the theoretical dif-
ferences between the symmetric case represented by
Equation 2 and the 'asymmetric' case where an identity
of terms does not obtain between the conditions of a
color match. We may assume, for example, that by some
means a color match is obtained for stimuli that are
imaged on the same rod-free, foveal area of the retina
under two different conditions of illumination to which
the observer is adapted. Then the functional notation
for such a match - a match that is asymmetric over
illumination and consequent visual sensitivities - may
be written as:

g 1 (X,Y,z;A) 	i.- g 1 (X' ,Y' ,Z' ;A' )

	g2(x',Y',Z';A') 	(3)

g3 (X,Y,Z;A) 	g3(x',Y',Z';A')

Equation 3 represents an equality condition rather than
an identity. That is, a correspondence, 	,	exists in
terms of the criterion of matching color appearance. Since
the stimulus terms of Equation 1 ( fJ and H) are not the
same on both sides of the equation when adaptation is
to different illuminants, the tristimulus values and
illuminant terms of Equation 3 are necessarily different.
Those differences are indicated by the prime superscripts.
Depending upon the factors responsible for these asym-
metries, the color match may or may not be transitive in
the same sense that a symmetric match is said to be
transitive according to the 'laws of color mixture'
(Grassman 1853, 185ZI)h16h17. That is, if stimulus 1
specified as X,Y,Z under condition A matches stimulus 2 as
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X',Y',Z' under condition A' and, further, if stimulus 2
also matches a third stimulus specified as X",Y",Z" un-
der A", then by the equivalent of algebraic substitution
we assume that X,Y,Z under A will also match X",Y",Z"
under A". Such substitutional relations are what is
meant by transitivity.

When two different stimuli, corresponding to two
different adaptation illuminants, are used to stimulate
the same foveal area on temporally distinct occasions

(e.g., a match involving memory) the conditions that
satisfy requirements for transitivity are the same as
in the symmetric case. However, if the asymmetry is
compound in the sense that, in addition to different
illumination, different parts of the retina or different
eyes are stimulated, then the A' term of Equation 3
represents a plural set of parameters and there is no
a priori basis for assuming that transitivity of the
match will obtain. Whenever there are interactions be-
tween conditions A and A', the match is not independent.
This is a consequence of the fact that asymmetric sensi-
tivity interactions require nonlinear rather than lin-
ear transformations for conversion, thereby destroying
the substitutional characteristic referred to as transi-
tivity (e.g., Wyszecki and Stiles 1967). This may
pose problems for interpreting data from chromatic
adaptation studies that involve presentation of stimuli
to different parts of the same eye or to different
eyes of the same observer.

Two other 'laws' of (symmetric) color matching may
also influence the ease of interpretation of data de-
rived from asymmetric matches. These are what have been
called laws of additivity and proportionality. In
symmetric matching what is meant by additivity is that
if two stimuli A 1 and B 1 provide a color match, and two
other stimuli A 2 and B 2 also match, then A 1 + A 2 will

match B 1 + B 2 ; when the stimuli are self-luminous and
their irradiances are what is added. A corollary, known
as proportionality, states that for any positive factor,
a, the conditions aA 1 will match aB 1 as long as A 1 and

B 1 match in color.

-17-



If additivity and proportionality hold for asym-
metric color matches, then the two sets of tristimulus
values denoting the match (x,Y,z and x', y ', z')  between

conditions A and A' will be related by a linear trans-
form matrix E :

lxi
lyl =
[z j	[z']

Wyszecki (195 4a ) 68 has provided a graphical solu-

tion for Equation L that aids in visualizing its impli-
cations in terms of CIE chromaticity relations. A similar
graphical interpretation was also described by Bouma
and Kruithoff (1947)311. The relationships apply to any
pair of illuminants and to any likely set of three in-
dependent primaries of which the CIE primaries are some
linear transform. The essential features of such a trans-
formation are the assumptions of (a) linearity, and
(b) invariance of a set of three fundamental primaries.
The history of these two assumptions goes back about
one hundred years.

Helmholtz (1866)126 suggested that as a consequence
of what he called fatiguing' of the 'nervous substance'
of the eye with prolonged exposure to illumination, there
occurs a selective decrease in the sensitivities of these
substances. This concept was adopted a few years later
when von Kries undertook to study the process of adapt-
ation. Apparently he first considered and then rejected
the idea that chromatic adaptation could be explained by
addition of 'after-image light' to sensations (q.v.,
Jameson and Hurvich 1972)183. He then went on to devel-
op a quantitative expression for the fatigue notion of
Helmholtz (von Kries 1877,1904,1905,1911; V., MacAdam
1970)213_216,235. Von Kries' crucial statement, trans-
lated, reads: "Different composed stimuli, which look
equal for the nonfatigued eye, will also look equal for
the somehow fatigued eye" (Terstiege 1972)328. In other
words, the equivalent of' the nmetamer rule of Grassman
applies over adaptationally asymmetric matches. Thus,
metameric color matches are assumed to be independent of
chromatic adaptation. This assumption has come to be known

(4)
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as the 'persistence law'.
That law implies that sensitivities of the adapt-

ed visual mechanism are simply proportional to the sen.-
sitivities of the mechanism under some different con-
dition of adaptation. Thus, we have the relationship
for which von Kries is most well known; the von Kries
coefficient law:

= ks

= k2s2	 (5)

8 1 3 = k3s3

where s may be considered the neutral (or rest-state)
sensitivities and s' are sensitivities altered by ex-
posure to illumination. The coefficients ki are taken
to be inversely proportional to the relative strengths
of activation by the spectral power of illumination.

Unfortunately, it has not often been noted that
von Kries was far from dogmatic in stating his coef-
ficient law. He was careful to point out that the pro-
posal was intended only as a first-order approximation
that would "offer preliminary orientation in a field
that at first seems completely incomprehensible.., (in
order to) direct research into a correct course" (v.,
MacAdam 1970)235. Starting with this caveat, von Kries
derived a quadratic expression for general transforma-
tion of sensitivities over variations in illumination.
He recognized that to preserve the integrity of the
rules of color mixture, it was necessary that solutions
to the quadratic equations yield only three real root-
pairs. There must only be three invariant points: "for
if we set the condition that three definite points of
the color chart are to be invariable, and if we, for
those points, fix the effect of adaptation as an appar-
ent change of quantity by a coefficient, thereby the
whole system of adaptation-shifts is determined in such
a manner that no other points can remain unshifted" (op.
cit.). He thus recognized that a critical test of his
hypothesis would be "to establish whether such invariable
points can be found and, if so, what can be found regard-
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ing their number, the constancy of their position, etc."
We see, then, that from the beginning the validity

of Equations L1 and 5 could be subjected to test by de-
termining the number and stability of the underlying
fundamental primaries. Theoretically, it is possible to
deduce these fundamentals from asymmetric matches of
three or more stimuli over variations in two or more con-
ditions of chromatic adaptation. In practice most such
experiments have involved more than the theoretical mm-

jmum of three stimuli to normalize the influence of ran-
dom error on determination of the transformation matrix.
It is not quite so common, however, that more than two
illumination conditions have been used in any one exper-
imental investigation.

A number of mathematical and statistical techniques
have been used to determine the transformation matrix
Wyszecki and Stiles (19 6 7)	have summarized the sa-
lient features of the methods. For the matrix to be linear
with three invariant, real roots, there are two basic
conditions that must be met, These are (i) validity of
the metamer rule for asymmetric matches; i.e., the per-
sistence law must hold, and (2) the proportionality law
must hold; and if that is so then the additivity law
will also be true.

Results of several physiological investigations may
be marshalled to examine the question of validity for the
persistence law. Basically, the question is whether or
not there are three sensitivity functions for chromatic
vision that are each independent.

Existence of three cone photopigments has been veri-

fied (e.g., Rushton 1963 a , b , c , 1965a, b ; Rushton and Baker
1963; Rushton and Henry 1968; Naka and Rushton 1966; Brown
and Wald 196 11; Marks, Dobelle and MacNichol 196k)28285'
288,289,251,57,2113 The question of Independence has been
examined in a number of ways. Wald used psychophysical
increment threshold techniques to provide data for com-
parison with his earlier work on photochemical selective
bleaching of receptor pigments (e.g., Wald 1937; Wald,
Brown and Smith 1955)3k5,3k6 and found a lack of inde-
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pendence. However, the bleaching flux used for adapta-..
tion. was of a very high level; so high as to be well
within the range where, even for symmetric matching,
metamerism is found to break down (Burch 1898; Wright

1936 ; Brindley 1953; Terstiege 1967)58,361,53,327. In
addition, interpretation of increment threshold data
such as that derived by Wald may be somewhat confounded
by the fact that, apparently, detection of a change
may occur if the test flash exceeds the threshold of
either the chromatic or the achromatic response system
(King-Smith and Carden 1976)205. However, data obtained
with the Stiles-type increment thresholds, involving anal-
ys over a broad range of adapting intensitie also
shows a lack of independence (Stiles 191t9,1959; Boynton,
Ikeda and Stiles 196k)32O321h13 In addition, a psycho-
physical experiment involving mixed adapting stimuli
(Boynton, Das and Gardiner 1966)	similarly leads to
the conclusion that there are interactions among the
photopic visual mechanisms for chromatic adaptation. Final-
lj, it may be noted that Dimniick and Wienlce (1958)81
showed a breakdown of metamers with only moderate van-

tiOn in chromatic adaptation. Thus, the experimental
evidence at hand does not support the hypothesis of
independence for three sensitivity functions.

If the persistence rule is not valid we would not
expect the proportionality rule to hold either. However,
if the persistence rule is nearly correct at some moder-
ate levels of chromatic adaptation, then there also ex-
ists a possibility that proportionality may have some
first-order approximation to validity. There are at least
two kinds of information that may be brought to bear on
this question. The first involves a direct approach to
measure proportionality over adaptationally asymmetric
matches. The second, which provides by far the greatest
body of data, is an indirect approach in which an attempt
is made to determine the fundamental sensitivities ac-
cording to the method of' Equation 4 above.

Hurvich and Jameson (1958)165 approached the prob-
lem directly. Using a haploscopic asymmetric method (i.e.,
differential adaptation of an observer's two eyes and
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subsequent interocular comparison of stimuli), they pro-
duced color matches for six different stimuli over adapta-
tion illuminants of greatly different chromaticities
and illuminances within the photopic range. The result-
ant matches were far from constant in chromaticity over
stimulus luminance; as should have been the case if the
proportionality rule obtained. Hunt (194 9, 1950, 1952,
1953)152-155 has also provided haploscopic matching
data in which the same kinds of discrepancies are found
over much smaller variations in adaptation. From these
experiments alone, it is clear that proportionality
does not hold for adaptationally asymmetric color
matches when stimulation is confined to the rod-free
foveal area of the retina at moderate to low intensities
of illumination.

The indirect evidence regarding proportionality
comes from a variety of experiments where attempts were
made to deduce fundamental sensitivity functions from
adaptational metamers. Many experiments of this kind have
been conducted (e.g., Wright 1934,1937,1946; Noteboom

1935; Burriham, Evans and Newhall 1952,1957; Helson, Judd
and Warren 1952; Kellersohn 1955; Wassef 1958,1959;
MacAdam 1956 ,1958,1961,1963; Wassef and Aziz 1960;
Scheibner 1963,1966; Wagner 1969; Sobagaki, Yamanaka,
Takahama and Nayatani 1974; Sobagaki, Takahama, Yamanaka,
Nishimoto and Nayantani 1975)360362364258,60,61,138,
204,352,353,231-234,354,295,296,344,305,306 but nearly all
who have attempted to solve for the transformation matrix
have failed to avoid complex roots. The implication would
then be that either there are more than three fundamentals
or, if three in number, they are not independent. Some of
these experimenters have resorted to ad hoc assumptions,
some have made arbitrary adjustments to the data, and
others have imposed restraints of various kinds in order
to derive approximate solutions that accord with the
postulates of the linear von Kries transform. Alterna-
tively, when the von Kries model has not been imposed,
empirical transformations have been more complex than
the relations implied by the linear model. In short,
there is not a good basis in experimental fact for strict
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validation of the von Kries coefficient law. Despite
this, its use persists; perhaps because of the appeal-
ing simplicity of the model and the fact that it does
yield rough approximations of the general trends of
adaptation-induced color shifts.

Several alternatives to the von Kries model have
been proposed either directly or indirectly. They in-
clude empirical transforms (both linear and nonlinear),
nonlinear transforms based on theoretical considerations,
and theoretical multi-stage models, together with a
number of other proposals that are less clearly defined.

The von Kries coefficient rule of Equation 5
shows modified sensitivity as a proportion of orig-
inal sensitivity. An alternative proposed by Steffen
(1955)310 suggests that the proportional relation be in-
stead between logarithms of sensitivity. MacAdam (1961,
1963)23323h1 proposed that sensitivities are related
through power transforms. That proposal was the result
of a 'curve-fitting' analysis adopted to avoid the as-

.-231sumption of five or six fundamentals MacAdam 195b)
or an unorthodox theory of color vision that would deny
the existence of metamers even for symmetric matches
(MacAdam 1958)232. Burnham, Evans and Newhall (1957)61
used a linear transform, based on an analysis of Brewer
(1954)50, which effectively introduced a non-zero ord-
inate term in Equation 5. This least squares determina-
tion was also an empirical representation of their data.

153Hunt 1950,	proposed a nonlinear relationship,
later developed in quantitative form by Takahama,

324Sobagaki and Nayatani (1975)	, based on an assumption
of variable interaction among chromatic neural signals
as a function of level of stimulation. In his experi-
ments, Hunt (1950,1952,1953,1958)153_156 noted a level-
dependence of asymmetric haploscopic matches and he
reasoned that such results could not be expected from
a simple, linear relationship involving proportionality.

He proposed as a possible explanation, that there are
proximal interactions among chromatic signals from three
receptor-types that are active at low levels of stim-
ulation and become increasingly inactive as stimulation
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level increases. The net result would be that effective
sensitivities of the chromatic response process are
spectrally broad at low levels and narrow at high levels
of stimulation. It is of interest that Sloan (1928)304

found such a change in the photopic luminous efficiency
functions she measured in her heterochromatic brightness
matching experiments; but it is not clear whether these
results stemmed from effects of cone additivity or non-
linear interactions. It should also be noted that Hunt's
hypothesized variation in spectral bandwidth is opposite
in form to that expected from consideration of photo-
pigment 'self-screening' (e.g., Brindley 1970)	where
broadest bandwidths should be found for higher levels of
stimulation. In any event, the proposed nonlinear relation-
ship does account in principle for observed discrepancies
in multi-level asymmetric color match data; although

et al (1975)324 found that predictions based on
the model were not greatly different from those of the

et al (1957)61 empirical linear model when treat-
ing adaptation shifts from CIE Illuminants D 65 to A for
stimuli such as those used in the CIE Colour Rendering
Method.

Jameson and Hurvich (1972)183 have offered a 'two-
process' interpretation for chromatic adaptation. Their
qualitative model involves initial coefficient adjust-
ment of three sensitivities followed by an additive or
incremental adjustment to opponent chromatic response.
Simply stated, the alteration of component sensitivities
leads to a change in both shape and base-line (or bias
level) of spectral opponent response functions. These
response increments are not the same for each of the
response functions, The opponent functions themselves may
be nonlinear (e.g., Larimer, Krantz and Cicerone 1975)
224; a possibility admitted by Hurvich and Jameson (1960,
1961; Jameson and Hurvich 1961,1972)166,167,180,183. The
proposed model thus has a number of degrees of freedom.
It has not yet been subjected to systematic quantitative
s t udy.

J. Wairaven (1976)	has suggested that the re-
sponse increment stage of the Hurvich-Jameson model
"appears to be of such a surprising simplicity that
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only a slightly modified version of the von Kries
coefficient law may... suffice" (op.cit.). He points
out that the proportionality rule conflicts with
Kirschmann's (1891)206 third rule of color contrast
(i.e., color contrast is maximum when achromatic contrast
is minimum) so that account should be taken of that part
of the total response which is common to both sample and
surround before a proportionality coefficient is applied
to adjust sensitivities. In other words, the difference
between a sample and its surround may follow the coef-
ficient rule. However, the single experiment on which
Wairaven's proposal is based involved only test stimuli
that were more intense than their surrounds; by ratios
of up to about 4.3 times in retinal illuminances. How-
ever well the data may apply to chromatic induction,
there is no a priori basis for considering them to de-
scribe chromatic adaptation since the surround did not
completely control the observer's adaptation.

Richter (1976)276 offers another variation on the
two-stage model. He would add a response increment to
the opponent chromatic response, but it is the increment
which is varied according to a coefficient rule. The
primary reason for not applying different multiplicative
factors to the first stage of response derives from
Pointer's (197Ll)269 work showing that small color dif-
ferences are invariant over adaptation; thus, the equa-
tion for color differences should contain coefficients
that do not vary with adaptation. Richter's model is
based in large part on his own haploscopic experimental
data (Richter 1975; Richter and Nicolaisen 1975)275,277
and is capable of' providing an excellent simulation of
the Munsell Renotation spacing of color appearances
under CIE Illuminant C, In common with the von Kries
model, Richter's predicts that only three points in a
chromaticity diagram - points corresponding to the
three fundamental primaries - remain invariant over
adaptation. All other points must change chromaticity
to satisfy the model's predictions for adaptational
metamers, This requirement conflicts with some theoret-
ical expectations (Hurvich and Jameson 1951b,1954,1958)
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162,163,165 and with experimental findings (Larimer,

Krantz and Cicerone 1974,1975; Cicerone, Krantz and
1975)223,224,66 for dominant wavelengths of

near-spectral stimuli eliciting unique hues over vari-
ations in chromatic adaptation.

In one sense, the incremental response concept is
reminiscent of the idea of 'discounting the illumina-
tion' put forward in the last century (Helmholtz 1925,

128, 12919o 2j	; although Hurvich and Jameson have made
clear that the incremental part of their model taken
alone is no more effective for describing chromatic
adaptation than is the coefficient rule alone. None-
the-less, the idea of discounting the illuminant has
been espoused by some vision workers (e.g., Judd 1940;
Evans 1974)186,93 and with variations by the Gestalt
psychologists Geib (1929)109, Katz (1935)203, and
Koffka (1935)207. Of these, only Judd (i94o,i96o)186
188 has offered a quantitative structure for prediction
and that is generally more appropriate to chromatic in-
duction than to chromatic adaptation.

Helson (e.g., 1964)135 has developed an 'adaptation-
level theory' which accounts mainly for phenomena that
have variously been described under the rubrics 'color
constancy' (Helmholtz 1866; Jaensch 1921; Haack 1929)
126,173,120, 'color level' (Koffka 1935)207, 'color
transformation' (Jaensch and HIllier 1919)1711, and 'color
conversion' (Helson 1943)133. Helson hypothesizes some
neutral point, described by an algebraic combination of
logarithms of stimulus attributes, which exists for any
condition of adaptation. That neutral point is the 'adap-

tation-level' according to Helson, and all color per-
ceptions arise as a result of gradient relations to it.
Quantitative expressions for these relations are pro-
vided by Helson (1964)135.

The constancy of stimulus proportionality implied
by such models is also central to Land's (1964)221

'retinex' theory of' color vision developed from his
work on color perceptions in complex fields (Land 1959,
1962)219,220. Woolfson (1959)358 analyzes Land's
suits in terms of discounting the illumination, but
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others place a different interpretation on them (e.g.,
Walls 196 0; Judd 1960; Belsey 1964; Pearson, Rubenstein
and Spivak 1969)34818827264. Land and McCann (1971)
222 have adopted a stimulus-oriented view of the prob-
lem, later developed more fully for chromatic perception
by McCann and co-workers (McCann, McKee and Taylor 1976)
246, in which proportionality of stimulus elements ac-
cording to 'red, green and blue impressions' is computed
from cascaded border ratios of intensity. We are told
by McCann et al (vide supra) that they will publish a
comparison of their predictions with other theories of
chromatic adaptation. A complete understanding of their
proposals awaits such further details.

There are, then, a number of alternatives to the
von Kries linear coefficient law for modelling the pro-
cess of chromatic adaptation. Some of these are more
satisfactory than others in the sense of providing
unequivocal agreement with presently known facts of
physiology and according to their ability to yield
quantitative predictions. Ultimately, the appropriate-
ness of any model will be determined by the extent of
its agreement with the physiological facts of color
vision; when they are known with sufficient certainty.
Until that time, the test of any model will be its abil-
ity to predict satisfactorily the results of experimental
studies of chromatic adaptation. Accordingly, the methods
and data of various experimental techniques for studying
chromatic adaptation are of considerable interest since
it is these which offer measuring sticks with which to
evaluate models and theories of chromatic adaptation.

Ps y cho phy sical studies of chromatic adaptation.
Chromatic adaptation has been explored rather ex-

tensively; probably because of the dual interest in color
vision theory and in practical application of data that
might offer a solution to the prediction problem. If we
consider only those experiments aimed at elucidating a
transformation method, as opposed to those that have been
primarily physiological in thrust, the investigations
seem to fall into several classes, Table I has been con-
structed to illustrate this point.
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Principal experiments (identified by senior author
and date of publication) are most generally classed in
two ways: (i) according to the kind of stimulus pre-
sentation used, and (2) in terms of the experimental
method used for study. The form of stimulus presentation
is further subdivided into two broad categories: (a) simple
fields, and (b) complex fields. In turn, each of these
subdivisions consists of a number of groupings described
by modes of color appearance or complex stimulus pre-

sentation modes. The experimental methods are classed
as four techniques of gathering data (1) direct scaling,
(b) differential retinal conditioning and comparison,
(c) differential ocular conditioning and comparison
(haploscopic matching), and (d) memory matching. Since
a number of additional works of interest do not lend
themselves to this kind of categorization, Table II has
been prepared to list some publications that may better
be described as general or theoretical in nature.

In many cases of what have been arbitrarily classed
here as general or theoretical publications, experi-
mental data (usually obtained from other works) is ex-
amined in some detail, Further evidence of the arbi-
trary nature of any such classification system may be
taken from the fact that all experimental reports delve
into theory and some include more than one experimental
method. Never-the-less, I have tried to group the works
according to their primary emphases. I believe this
undertaking is justified to the extent that it may be
seen rather easily where most work has been done and,
conversely, where little or no investigation has been
carried out.

Table I reveals that some combinations of stimulus
presentation and experimental method have been used much
more extensively than others. For example, it is immedi-
ately clear that haploscopic matching, suggested by
Hering (i96L., pp.2Lt4_2k5,256,259)15, has found the
most frequent use. At least two nineteenth century
workers (Sch8n 187k; Voeste 1898)301343 used the method

that relies on adaptation of different portions of the
retina, but that method has been used only once in re-
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Noteboom 1935
Barr 1952
Burnham 1957
Hunt 1965
Eastman 1972

Haploscopic

Complex Fields:
LuminousMethod _Imae S

'n4 ...-+

Projected 	Reflection
Ima g es	 Images

£0

Scaling Pearson 1969 Evans 1943

Memory
Matching

Retinal
Conditioning

Bartleson 1958

Table I
Classification of Adaptation Studies

Simple Fields:
Method	 Surface Mode 	Aperture Mode

Direct 	Sobagaki 1974,1975 Boynton 1956
Scaling 	Pointer 1975

	
Rowe 1972

Helson 1938,1940,
Memory	1947,1948,1952,

Judd 1940
Matching	1956

Kruithof 1942,1955
Bartleson 1966

Differential 	 Schön 1874
Retinal 	 Voeste 1898

Conditioning 	 MacAdam 1956

Haploscopic

Wright 1934,1937,
1946

Walters 1942
Hunt 1950,1952,

1953,1968
Burnham 1952,1959
Fry 1955,1958,1964
Jameson 1956,1961
Wassef 1959,1960,
Scheibner 1963
Richter 1974,1975

1976
Terstiege 1967
Wagner 1969
Valberg 1974,1975

Bartleson 1966

cent years (MacAdam 1956)231. Memory matching has been

largely confined to stimulus presentations in the sur-
face mode of appearance; in large part because collections
of material color standards are most readily available
in that form. Only recently has direct ratio scaling
enjoyed much popularity. Very little work has been done

-29-



Table II

General, Theoretical, and Review Studies of
Chromatic Adaptation

General and Theoretical:

Balcon 1970
Boynton et al 1965, 1966
Brewer 1954
Burnham 1959
Gelihorn & Fabian 1926
Helmholtz 1866
Hering 1888
Hunt 19 4 9, 1958
Ingling and Drum 1973
Kellersohn 1955
von Kries 1877, 1904, 1905, 1911
MacAdam 1949, 1955, 1961, 1963
Munch & Schultz 1967
Nickerson 1963
Noddack & Jarczyk 1955
Ouweltjes 1966, 1970
Pointer 1974
Sanders 1955
Scheibner 1966
Speelman & Krauskopf 1963
Stiles 1961
Thomas et al 1961
Tschermak 1941, 1952
J. Wairaven 1976
P. Walraven et al 1966
Wassef 1958
Wright 1944, 1946
Wyazecki 1954a

Reviews:
Graham & Brown 1965
Jameson & Hurvich 1972
Terstiege 1972
Wyszecki & Stiles 1967

with complex stimulus arrays and by far the greatest
effort seems to have gone into studies of simple, aper-
ture mode, stimulus arrays addressed by the baploscopic

method.
Detailed inspection of the references cited in

Tables I and II reveals, in addition, that not very
much work has gone into the study of chromatic adapt-
ation effects involving systematic covariation of ilium!-
nant quality with both luminance factor and illuminance.

-30--



In many cases only single levels were used for each of
these additional parameters. In a disconcertingly large
number of cases variations in more than one factor have
been pooled; thereby confounding results and making
interpretations difficult. With the exception of direct
scaling experiments, almost all studies have been limited
to an attempt to specify adaptational metamers. None of
the experiments have attempted to map color relations in

three dimensions of color space for a plurality of attri-
butes of color appearance over covariations in illuininant
quality, luminance factor, and illuminance.

There is, then, a plethora of data that relate to
only a portion of' the total problem of color appearance
variation with adaptation. There is information relating
to stimulus conditions for equality of color appearance
on a plane of the color solid but very little that can
be used to describe the way color appearances themselves
change when chromatic adaptation is varied.

In order to gain some insight into typical metho-
dology of experimentation used to study chromatic adapta-
tiOn 1 . three different approaches will be considered in
the following paragraphs. These are what have been
labeled: (i) memory matching, (2) haploscopic matching,
and (3) direct scaling.

A classic experiment, usually described as memory
matching, is that of Helson, Judd and Warren (1952)138.
Those workers scaled the relative attributes of hue,
saturation and lightness of 60 Munsell reflecting samples
illuminated with 2 sources of approximately 6,700 K
(kelvins) and 2,85 14 K. The attributes scaled are re-
ferred to as 'relative' because two end-point anchors
were used for each of the scales (v. Bartleson 1976)19.
Both lightness and saturation were scaled on what was
described as an 11-point scale running from 0 to 10.
However, observers were permitted to use values with
increments of' one-half and one-quarter, so the scale was
effectively a 144-point one. Hue was divided into 36 cate-
gories of' hue name: 8 names for hues intermediate be-
tween each pair of unitaries (red, green, blue and yellow)
inclusive of end-points.
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In terms of information theory, the observers were
asked to remember and identify about 5.0 'bits' for hue

and 5.5 for each of lightness and saturation; where
'bits' are defined as the logarithms to the base 2 of'
the number of categories. This requirement approaches
the common limit of about 6 bits of information trans-
fer capacity for the normal observer (e.g., Attneave

Thus, the scaling method was one of interval scal-
ing. The scaling criterion is what has been the basis
for referring to the experiment as memory matching.
Observers were trained to respond according to intervals
of Munsell Hue, Value, and Chroma; although four primary
hues were used instead of the five Munsell primaries,
Munsell Chroma was called 'saturation', and Value was
called 'lightness'.

A group of 9 observers was trained for a total of
8 hours to recognize Munsell samples and correctly identi-
fy them according to the scale values used in the ex-
periment. The 6 'best' observers were selected for the
experiment. 'Best' was defined in terms of ability to
provide consistently correct identification to within
one unit of Munsell hotation. According to Helson et al:
"that memory played some part in the final estimates
cannot be denied, but a naive, phenomenological approach
was encouraged during the final observations" (op.cit.,
pp.222-223)138 . In substance, then, the experiment used
category scaling involving at least some element of
long-term memory.

The stimuli were 1 by 1 inch in size. If normal
viewing distances were used, they would have had a
visual subtense of about 10 to 110 and "they were placed
a few inches apart on a shelf in the booth and 11 were
exposed in random order during each observation" (op.
cit., p.22L1) 38. The viewing booth was "a light-tight
booth lined with a good non-selective cardboard through-

138out (op.cit., p.223)	, The stimuli were arrayed against
each of three different backgrounds (of unspecified sub-

tense) having reflectances of 3, 21, and 78 per cent.

Illuminances were 73 footcandles (approximately 785 lux)
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at 6,700 K and 57 footcandles (613 lux) at 2,854 K.
According to the authors: "the difference of about 28
per cent between the two types of illumination being
studied is not great enough to be responsible for the
color difference observed.., previous studies have shown
that it takes changes in illumination levels of the or-
der of 100 to 1 to cause appreciable shifts in hue under
the conditions of this study (Helson and Jeffers 1940)
137,, (op.cit. p.224).

The results of the Helson et al experiment may be
summarized by saying that hue and saturation shifted
with chromatic adaptation by different amounts according
to color temperature, illuminance, and luminance factor.
Unfortunately, many of the data were pooled so that the
individual effects of these factors are not systematical-
ly explicit in the results. Hue shifts tended to be
larger than shifts in saturation. The largest shifts
were found with variations in illuminant chromaticity
and luminance factor. Apparently, the quasi-memory
method was satisfactory as an experimental technique.
However, it taxed the information channel capacity of
the observers and required both training and selection.

It should be noted that whenever memory is involved
in an asymmetric color match, one must recognize the
possibility of bias or distortion arising from the mem-
ory trace itself. Relatively short-term memory associated
with color appearances of abstract forms has been shown
to yield systematic distortions (Newhall, Burriham and

Clark 1957)2511. Saturation tends to increase with mem-
ory and lightness increases for light colors and de-
creases for dark colors, When complex fields are used,
with the accompanying possibility of perceiving stimuli
as familiar objects or their images, the process of
memory-color, as distinct from color memory, may also

145	 .	.intrude (Hering 19611)	. Memory-color is distinguished
from sheer ability to remember colors by the presence
of clues to distinctive color attributes associated with
objects that are familiar through experience (Bartleson
1960)13. Typical memory traces of the two processes have
been compared and it was found that non-monotonic hue
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shifts occur in memory-colors in addition to the mono-
tonic saturation and lightness variations of simple
color memory (Bartleson 1961)14. In substance, then,
a color match over time is apt to be biased or dis-
torted. A general discussion of the role of memory in
judgments is given by Sandusky (1974)294.

The haploscopic method of experimental study does
not rely substantially on memory. It involves present-
ation of independent stimuli to each of an observer's
two eyes in order that he may make an interocular com-
parison. Hering (1874,1964)143,145, Abney (v. Burnham
et al 1957)61, Hecht (1928)121, and Schouten and Orn-
stein (1939)302 number among the well-known experiment-
ers who have used the haploscopic technique. But per-
haps the most often cited experiments of this kind are
those of Wright (1934,1937,1946)361,362,364. He pointed
out that a critical assumption of the method relates to
independence of the two ocular channels. That is, to
what extent does stimulation of one eye influence the
sensitivity of the other eye? In Wright's experiments
the extent of any such interactions tended to have a
much smaller effect on appearance than that brought
about by differences in adaptation. It is largely be-
cause of this that it has usually been assumed that the
two eyes are essentially independent with respect to
sensitivities.

However, a number of workers have pointed out that
an observer's two eyes are not completely independent
(e.g., Hecht 1928; Tschermak 1952; Thomas, Dimmick and
Luria 1961)121340,330, In addition, there are differ-
ences between any observer's two eyes. Some of these
differences and interdependencies can be compensated
or normalized. For example, differences in inherent
sensitivities may be normalized by correction according
to data obtained from quasi-symmetric matches; haplo-
scopic matches for the same conditions of interocular
adaptation (e.g., Hunt 1950; Burnham et al 1952)153,60.

When the natural pupil is used, data on consensual
pupil responses with and without interocular illumina-
tion disparities may be used for correction of retinal
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illuminances (Bartleson 1968a)16. But many of the dif-
ferences and particularly the interactions between an
observer's two eyes cannot be corrected. Physiological
evidence shows that, at least for some animals, only a
portion of the cortical cells (Hubel and Wiesel 1968)151
and geniculate axons (Jung 1961)191 are capable of re-
sponding to both monocular and binocular stimulation;
and such cells apparently provide binocular summation
and inhibition. In the realm of psychophysical results
there are threshold experiments concerned with bright-
ness perception that indicate binocular interactions
(e.g., Matin 1962)2115. There is also some evidence that
sensitivity interactions occur which would intervene
most seriously when interocular images are of the
superimposed kind (Paris and Prestrude 1975)263; i.e.,
where corresponding retinal areas are each stimulated
in common. In addition, chromatic threshold interactions
have been reported (Helms and Prehn 1958; Helms and
Raeuber 1958)130,131 and inhibition from binocularly
presented inducing fields has been measured for supra-
threshold conditions of stimulation as well (Alpern and
David 1959; Mackavey, Bartley and Casella 1962; Thomas
1963; Fiorentini and Radici 1958)2236329,b00 Bartleson
(1966)15 has used a memory matching technique to measure
the change in perceived color of a constant-stimulus
reference field with variations in retinal illuminances
presented to opposed eyes and found that reasonable
constancy obtains only over a range of interocular dis-
parities of slightly less than two log units; not much
different from the figure of 100 to 1 found by Helson
and Jeffers (1940)137 for significant shifts in color

342appearance with illuminance. Valberg (1975)	has also
noted the limited range of permissble interocular lumi-
nance disparity for constant saturation in haploscopic
color matching.

These problems are recognized by most experimenters
and some have taken whatever steps may be possible to
minimize interactions in haploscopic matching. Several
variations in methodology have been proposed. Using some
preliminary experiments (Barr, Clark and Hessler 1972)11
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as a point of departure, Eastman and Brecher (1972)
examined both adaptive and nonadaptive haploscopic
matches and, as a consequence of their findings, pro-
posed an alternating intermittent scheme for viewing
sample and comparison fields. Similar proposals were
made in 1961 by a panel of the British National Illum-
ination Committee and were used in a coloritneter degign
by Hunt (1965)157. Care has generally been taken to
superimpose the test field over a maximally black area
where alternation has not been used, In some cases un-
controlled alternation has been used in a design which
superimposes the entire field of one eye on a black
background during comparisons (e.g., Bartleson 1966;
Breneman 1966)157.

Despite the problems of haploscopic matching, the
bulk of adaptation studies have been conducted with
that experimental method. The information derived from
these experiments has contributed significantly to our
knowledge of the factors affecting color appearance.

Burnham, Evans and Newhall (1952,1957)6061 used
the technique and did make corrections for interocular
sensitivity differences. They also minimized luminance
disparity by maintaining the same adapting luminance for
both eyes. Earlier, Hunt (1 950 ) 153 had made such cor-
rections in studying changes with chromatic adaptation.
He also used the haploscopic method to examine adapta-
tion- . dependent changes in both small and large stimuli
(Hunt 1952,1953 ) 154155 together with changes brought

about by luminance factor (Hunt 195 3) 155 and illuniinance

(Hunt 1958,1965)156,157.
Burnham et al investigated adaptational metamers

for 12 samples, presented in the surface mode of appear-
ance, under 3 conditions of illumination: CIE Illuniin-
ants A and C and a 'green' illuminant. Test stimuli sub-
tended 1° by 2° visual angle for each eye; providing a
binocularly fused bipartite image of 2° on a side. The
surround was Zi0° with a luminance of 25 footlamberts
(approximately 86 cd.m 2 ), The stimuli were divided into
three groups of four each at luminance factors of 0.59,
0.30 and 0.12. Both test and matching stimuli were pro-
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duced by a colorimeter field and were independent of
the adapting illumination. After a 3 minute adapting
period the test and matching stimuli were presented
for 0.3 second followed by a period of 0.7 second in
which they were replaced by a continuation of the sur-
round. The cycle was then repeated until a satisfactory
match was obtained. The 3:7 alternation ratio was deter-
mined to be adequate for stable adaptation. It was also
found that reducing the alternation ratio to as little
as 6:911. provided no further increase in stability of
adaptation.

Both individual data of the 14 observers and their
pooled results showed similar color shifts with adapta-
tion. Large shifts were found in both hue and satura-
tion. The average results were characterized by an
empirical linear matrix; the form of which was not con-
sistent with the von Kries coefficient rule. Predictive
error of the matrix was from 1 to 3 per cent for lund-
dance. Chromatic errors with replicate matches were said
to be "several times" as large as the predictive errors
of about 0.007 to 0.010 in CIE 1931 chromaticity coordi-
nates. By comparison, Bartleson (1966)15 reported that
unit standard deviation ellipses of haploscopic matching
were approximately ten times as large as MacAdam's (19143)
228 variability ellipses for symmetric, monocular, color
matching.

In addition to studying changes in color appear-
ance matches with adaptation to illumination, Hunt has
used the haploscopic method to examine adaptation-depend -
ent changes for both small and large test stimuli, the
influence of luminance factor, and of illumination (Hunt
1950,1952,1953,1958, 1965)153_157.

In his experiments involving variations in lumi-
nance factor, a 600 surround was used with a centrally
located 10 test field. Surround luminance was constant
at about 75 trolands (corresponding approximately to

8 cd.m 2 ) and the test stimuli ranged from 0.7 to 6,300
trolands (about 2 to 1,0214 cdm 2 ); i.e., from 1/14 to
128 times the surround level. He found very large
changes in excitation purity of the match as a function
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of luminance factor; purity increased as relative lumi-
nance increased. Similar results were obtained for 200
test fields except that the extent of color shift was
somewhat smaller. These findings have been reinforced
by subsequent data for both saturation and lightness
(e.g., Hurvich and Jaineson 1960,1961; Jameson and
Hurvich 1959,1961,196k; Bartleson 1966; Bartleson and
Breneman 1967a,b; Pitt and Winter 1974; Valberg 1975)
166,167,179-181,15,20,21,266,342

Hunt's illuminance studies used levels ranging
from near zero to 100 footcandles (about 1,076 lux).
Again, saturation was found to be highly dependent
on level of illumination,

To summarize, the haploscopic experiments have
shown that perceived hue, saturation and lightness of
a test stimulus vary significantly with all three
factors of adaptation: illuminant quality, illuminance,
and luminance factor. The importance of illuininance and
luminance factor is virtually coequal with that of cor-
related color temperature in determining changes in

color appearance. But, unfortunately, they are the very
factors that increase interocular disparities and thereby
exacerbate the problems of haploscopic matching.

It is in large part to avoid these problems that
some workers have recently turned to the experimental
method known as 'direct scaling'. That term encompasses
several techniques for deriving scales of perceptual
extent, in terms of either intervals (distances or dif -
ferences) or of magnitudes (ratios). In particular,
some recent studies of chromatic adaptation have been
carried out by the method of magnitude estimation where
observers attempt to gauge the strengths of their color
perceptions by assigning numbers to them. That method
measures the change in color appearance of a stimulus
as adaptation varies. This is the opposite of haplo-
scopic measurement which specifies the change in stimulus
required to maintain the same color appearance. The lat-
ter may be addressed by a different scaling technique
called 'magnitude production' in which the observer
adjusts a stimulus to match the magnitude of his per-
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ception to some numerical value.
One of the major appeals of these direct scaling

methods is that observers may view test fields normally,
without encumbrances, using both eyes in equal states
of adaptation and with no recourse to memory of ulterior
references. Since the same portions of the retinae are
stimulated for each adaptation condition, the implied
color matches are theoretically transitive. Of course,
there are also problems associated with direct scaling.
In the main, these are general problems of psychophysi-
cal scaling. They will be discussed in the following
section. It is sufficient here to point out that if
observers are merely consistent in their responses, the
data may be treated in ways that result in the same
kinds of information as that obtained from other methods
of studying chromatic adaptation.

Two such experiments will be referred to here.
Both involve surface color stimuli. The first was car-
ried out in Japan under the over-all direction of
Nayatani (Nayatani, Yamanaka and Sobagaki 1972; Sobagaki,
Yamanaka, Takahama and Nayatani 19714; Sobagaki, Takahama,
Yamanaka, Nishimoto and Nayatani 1975)2523O5306 The
second was conducted in England (Pointer and Ensell)270.

In the Sobagaki et al (1975)306 experiment, stimuli
consisted of 100 colored papers covering a range of
chromaticities and luminance factors. Each paper was

5 by 5 cm and subtended 70 on a side. The stimuli were
arrayed against a 711° by 530 surround of luminance
factor 0.2. The surround appeared gray. Correlated color
temperatures of the illuminants used for adaptation were
2,856 K (CIE Illuminant A), 14,200 K, 6,500 K, and
20,000 K. Each provided an illuminance of 1,000 lux at
the sample plane. The entire display was contained in
a viewing booth with gray-appearing surfaces of 0.143
luminance factor.

The 11 observers were familiarized with the scaling
method and each performed a training experiment before
undertaking the main work of the study. Relative scaling
paradigms were used for hue, saturation and lightness.
Hue was scaled as proportions of' neighboring unitaries.
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Saturation estimates for all samples were made in terms
of "the percentage of maximum attainable saturation of
a surface color with the same hue as that of the sample".
When lightness was estimated, "the number 100 was assigned
to the maximum lightness of surface colors". Observers
were preadapted for 5 minutes before each of 9 sessions
during which they scaled all three attributes of' about
50 samples.

Results of this study were similar to those found
in other studies of chromatic adaptation. No analysis
was made of the influence of luminance factor. When a
von Knee-type analysis was carried out, complex solu-
tions were obtained for all 11 observers' data. However,
what have been called 'adaptation coefficients' (MacAdam

1956)
231 , corresponding to a diagonal matrix of the

transformation matrix in Equation k, were empirically
determined by forcing consistency of achromatic samples
at a luminance factor of 0.3. With thesecnstraints, a
linear approximation of' the von Kries variety was ob-
tained which led to predictions that were generally within
about 3 units of CIE 196k Colour Difference of the exper-
imental data. When the transformation was applied to the

138Helson et al (1952)	data, predictions were about as
good (or bad) as those based on the linear transformation
derived by those authors for their own results. This
finding is of interest primarily because it supports
the premise that direct scaling data are at least no
poorer than those of other methods.

The test stimuli in the Sobagaki et al experiment
consisted of colored papers. Their chromaticities
varied with illumination quality. This complication
was avoided by Pointer and Ensell (1975)270 who used
20 stimuli produced by a self-luminous colorimeter
field surrounded by a 200 white-appearing area. The sur-

round luminance was 110 cd'm 2 and all test luminances
were 55 cd.m 2 ; an effective luminance factor of 0.5.

Hue was scaled according to the proportions of
unitary hues. Lightness was scaled such that 0 repre-
sented 'black' and 100 corresponded to 'white'; also
a relative scale. What was called 'saturation' was scaled



on an absolute basis: "saturation was judged as the sub-
jective difference between the colour and the grey that
most closely resembled it, the same subjective scale be-
ing used for all hues, and no restrictions being placed
on the numbers used. To assist the observers doing this,
a grey scale, consisting of six steps, ranging from white
to a very dark grey, was included in the field of view"
(M.n. Pointer, private communication, April 28, 1975).
Hence, 0 represented achromaticity and the scale had no
clearly defined upper limit. The scale factor for each
observer (later normalized according to range) depended
solely on the number he chose to characterize satura-
tion of the first stimulus presented to him.

The data were not intended to lend themselves to
reduction as an adaptation transformation. What was done,
instead, was to plot maps of isoattributes on CIE 1976
u',v' chromaticity diagrams for each of the two ilium-
inant conditions studied (CIE Illuminants A and D 65 ),  In
this manner, no assumptions were made regarding the
mechanism for chromatic adaptation. The data were simply
set forth in a form that might be used in two ways: (i)
to address practical problems empirically, and (2) to be
used for evaluating proposed models of the chromatic
adaptation process.

It may be seen, then, that a number of different
experimental approaches may be used to study effects
of chromatic adaptation. Some of these have yielded
nominal data on color appearance; i.e., stimulus re-
quirements for asymmetric color matches. Others have
determined interval and magnitude estimates of changes
in color appearance with adaptation. The direct scaling
methods appear to be at least as good as the asymmetric
matching methods. At best, direct scaling should be
capable of providing considerably more information
than that derived from an asymmetric color match, since
direct scaling measures color appearances and not merely
stimulus conditions for equality of color. In order to
clarify these distinctions, it would be well to dis-
cuss briefly the theory and methodology of psycho-
physical scaling. The following paragraphs will do
that.
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Theor y and methods of scaling.

'Psychophysics' may be taken as a general term
referring to the measurement of sensation. Such meas-
urements have quantitative utility if they can be ex-
pressed as numbers on a scale that is isomorphic with
sensation. All quantitative scales are based on some
criterion of invariance. In the case of sensory scales,
some perceptual criterion of invariance forms the basis
for the scale. Usually, one of three criteria is in-
volved: (i) equality of sensations, (2) equality of
threshold or suprathreshold differences in sensation,
and (3) equality of ratios of sensations. They form
measures that respectively may be called psychophysical
equalities, differences, and ratios or magnitudes. In
each. case there is a quantitative isomorphic relation
between stimulus (physical) and perceptual (loosely,
'psychological') parameters. The nature of those relations
remains invariant over certain mathematical transforms:
equalities are invariant over substitutions of equal-
ities (y = x); differences are invariant over any linear
transform (y = ax + b); ratios are invariant over any
linear transform with zero intercept (y = ax), Such scales
have been called 'nominal', 'interval', and 'ratio'
respectively since those are the properties that re-
main invariant with permissible transforms (s.s. Stevens
19L46)31 . Other scale-types exist for other invariances
(e.g., S.S. Stevens 1951; Torgerson 1958)315337.

Each of these three scale-types has a long history
of use in psychophysics. In the early nineteenth century

1O2	 .Fraunhofer (1815,	measured intensities of different
spectral lights required to maintain equally bright
sensations; a nominal scale. In 1760 Bouguer (176o)
measured intensity ratios between shadows and back-
grounds required for threshold lightness differences;
a threshold interval scale. Specifications for supra-
threshold brightness differences have been traced back
to Hipparchus in circa 150 B.C. (v. Jastrow 1887)18k
and in the nineteenth century Plateau (1872)267 pro-
duced what is probably the first modern interval scale
of lightness. Scales of sensory magnitude (ratio scales)



have been produced by Kruger in 17L13 (v, Marks 197k)241

and affective response magnitude scales were suggested
as early as 1728 by Cramer (v. Bernoulli 1738)30. or

these, the nominal and threshold interval have been used
most frequently in sensory sciences.

The equality criterion is the basis for all con-
ventional colorimetry and photometry. Such measurements
represent unique specifications of the stimulus con-
ditions for equality of appearance. But they yield no
direct information about the nature of that appearance
or how it varies with changes in stimulation.

The problem of how to measure variations in sensa-
tion resulting from changes in stimulation is one which
has preoccupied many scientists. One such, who is cele-
brated as 'the father of psychophysics', was Gustav
Theodor Fechner. We are told that while lying abed on
the morning of' October 22, 1850, the possibility occurred
to him that each time a stimulus is doubled there is
added a constant increment to the sensation (Fechner
1860/1966, pp.x-xvii) 98 . Fechner thus extended Weber's
(183 1&) 5 ' concept of sensory threshold as proportional
to stimulus magnitude to the domain of sensation. That
is, Weber's expression:

L9= cçb	 (6)

becomes Fechner's:

8 =cq	 7

Integration of this 'Fundamentalformel' yields Fechner's
'Massformel' or measurement formula:

k log(çb/0) 	 (8)

where: (/) = stimulus magnitude
= stimulus magnitude for absolute threshold
= sensation magnitude

c,k = constants.

That derivation is a direct consequence of Fechner's
conviction that sensation itself could not be measured:
"a real measure of sensation would demand that we be
able to call a given sensation twice, thrice, or in
general so-and-so many times as intensive as another -
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but who would claim that ...?" (Fechner 1860/1966,
p.47)98 . Therefore, he created a threshold unit of
sensation, the 'just-noticeable-difference' (JND), and
assuming it to be perceptually equal in size for all in-
tensities of stimulation, he simply added up JND's to
measure sensation indirectly. Accordingly, such psycho-
physical scales are said to provide indirect measures
of sensation. Sometimes they are referred to as 'poiki-.
litic measures' (s.s. Stevens 1975, p.10) 317  because the
JND is taken to be a measure of variability or noise
that sets limits to sensory resolving power. The idea
of absolute or differential threshold variability as an
additive index of perceptual extent has been widely
accepted and also extended to suprathreshold intervals
as 'the law of comparative judgment' (Thurstone 1927a,b)
331,332 and the related 'law of categorical judgment'
(Torgerson 1954,1958)336,337.

In order to implement his concept of threshold
measurement, Fechner established - although he did not
invent (v., Titchner 1905; Boring 1942)333,32 - three
basic methods of measurement: (1) limits, (2) constant
stimuli, and (3) average error. The method of limits
is an experimental procedure in which the stimulus is
changed by successive serial increments until a point
is reached where the observer's response changes. Usual-

ly the boundary between 'no change' and 'change' is
approached from two opposite directions and the data
are averaged. The method of constant stimuli involves
presentation of stimuli to which the observer responds
with either two categories (for absolute thresholds) or
three categories of judgment (for differential thresholds);
although two categories are sometimes used for differ-
ential thresholds as well. By treating each stimulus as
a constant and recording the frequency with which it is
assigned to the categories, one obtains a 'psychometric
curve' on which the 50 per cent point is generally taken
as indicating threshold. Finally, the method of average
error provides a standard stimulus which the observer
tries to match with an adjustable stimulus. The standard
or average error of matching is taken to represent the
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threshold; although there is some logical basis for
considering such measures to be subthreshold (e.g.,

Herbart 1824, 	3ff)142 In one way or another, then,

all of these methods lead to expressions of stimulus

magnitude corresponding to the absolute or differ-
ential threshold. Any scale, as such, must be built
up by cumulative addition of stimulus values.

Scaling of suprathreshold differences or intervals
has also been addressed by variations of these Fechnarian
threshold methods. Matching of

(Titchner 19O5), jiundt's 'method of' mean gradations'
(Wundt 1874,1907)366,367, Mflhler's 'method of supra-
liminal differences' (Muller 1878)249 and Delboeuf's
'sensible differences' (Delboeuf 1873)72 have all drawn
upon Fechner's methods of constant stimuli and average
error to derive scales of difference. But generally,
all of' these workers have assumed that sensation itself
is not directly measureable.

Not all workers have made that assumption. Plateau
(1872)267 used a 'method of bisection' which implies that
an observer can recognize a sensation that is half as
large as another by the simple expedient of matching
two differences. Merkel (1888)248 introduced what he
called "dj.e Methode der doppelten Reize", but it is
clear that he meant 'doubling sensation' rather than
stimuli. Fullerton and Cattell (1892)107 used a method
in which observers were instructed to produce stimuli
that elicited both multiples and fractions of' the sen-
sation for a standard stimulus. All of these methods
imply that sensations can be addressed directly. In

49fact, as early as 1874 Brentano (1874) suggested an
alternative to Fechner's fourteen-year-old law; an al-
ternative which assumed that ratios of sensation are
directly measureable.

Brentano assumed that Weber's law is also applic-
able to sensation. That is:

Ll(/	P\t/ 	 (9)

and by combining this with Weber's law for stimuli and

integrating, we have that:
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i8iJi'.. f\!&f____	 (1 o)

which reduces to:

/J= a4	 (ii)

where:	sensation magnitude

d2 stimulus magnitude

p,c,a = constants

b = p/c

Several other alternatives to Fechner's law have
been proposed over the years (e.g., Helmholtz 1866;
Broca 1894; Schjelderup 1918; Pfitter 1918; B6nhe 1929;
Zinner 1930; Guilford 1932; Woodvorth 1938)126,56,299,
274,28,374,118,357 so that there may be seen to be two
distinct classes of opinion regarding the matter of
direct versus indirect approaches to measurement of
suprathreshold sensation.

This dichotomy is one that has generated consider-
able argument over the years. In 1932 a committee was
established by the British Association for the Advance-
ment of Science to determine whether or not it is pos-
sible to make quantitative estimates of sensory events.
The committee's final report (Ferguson 19kO)	indicates
an inability to reach consensus. A number of 'minority
reports' were generated (e.g., Gage 1934; Campbell

io8,641938;	, some of them harshly polemic in nature.
There appears to be two principal matters of

disagreement throughout such arguments: (i) what has
been called 'the quantity objection' originally raised
by James (1890)175 against Fechner's original proposal
(the objection that sensations are indivisible - do not
have magnitudes - and therefore cannot possibly be
multiples of other sensations), and (2) the definition

of what constitutes a 'measurement'.
The first objection is basically a metaphysical

one. Simply stated, the argument is that sensation is
both private and indivisible. Because it is a private
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construct, we cannot 'get at it'; it cannot be abstracted
and quantized in the same way that many simple phys-
ical phenomena can be abstracted and measured. The very
term 'subjective' often carries perjorative connotations
for many physical scientists. The notorious variability
of subjective evaluations is mustered as an argument
against such a schematic of measurement. But as Bridgman
(1927)52 has pointed out, all measurement involves un-
certainty and variability. The penumbra of uncertainty
that bec].ouds a measurement is not a useful index of
either accuracy or utility; it only indicates something
about the precision of measurement methods. Further, all
measurement involves perception either explicitly or
implicitly, for the constructs of measurement merely
represent formal statements of things that are, in
essence, perceptual observations. Campbell (1928)63

uses measurement of length - what is often called a
'fundamental measurement' - to illustrate this point.
Manipulations within the dimension length, it is said,
do not require utilization of' empirically determined
relations with other dimensions. The operation of com-
paring yardsticks or adding lengths does not require
reference to any ulterior dimension of physics. But is
this really so? The very act of 'comparing' implies a
judgment of contiguity of lines or parts of lines, and
that is a perceptual process involving a subjective ex-
pression of sensation relations. Elaborate, modern tech-
niques for length measurement do not change the fact that
the concept of length and its measurement derives from
just such homely observational empiricisms. Other more
complex but equally compelling analogies may be pro-
vided for different physical dimensions; S.S. Stevens
( 1 975, pp.289-291) gives one for temperature.

The point is simply that 'dimensions' are, after
all, only logical constructs that we have chosen to call
by that name in order to represent the schema of empir-
ical observations. Many of those physical events and
quantities share in common with the logical construct
called 'sensation', the elusory character that is so
often attributed to the subjective: we 'can't get at
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them'. Take, for example, the particles of nuclear
physics. We can't get at them either. We may note by
observation the presence of a crystal path in a cloud
chamber and infer from that fact that an event has
transpired. From the shape and length of the path we
may even 'measure' the mass of the particle. Certainly
such measurements are quantitative expressions of things
just as private and inaccessible as sensations or per-
ceptions. There seems to be no compelling reason why we
should consider valid measurements of such things as
force and magnetism and yet exclude sensation and per-
ception from analysi8 by measurement.

The central question to the argument about direct
versus indirect measurement of sensory events is then
really one of how measurement is defined. And it is here
that the concept of 'additivity' plays a paramount role;
particularly for Newtonian physicists often encumbered
by the restraints of Euclidean geometry. What is often
overlooked is that the concepts of Euclid and Newton
derived from models of observation. Those scientists
merely created expressions for relations implied by
the models, The expressions were useful and correct to
the extent that they were in agreement with observation.
Generally, the basic observations of natural science
were simple by today's standards.

Stevens (s.s. Stevens 1975)317 points out that the
schema of measurement evolved from the operations of
counting: "the central features of fundamental measure-
ment stand out most clearly in the measurement of numer-
osity - the quantity of countable things like beans, All
the principles of' so-called additivity are reflected in
the manipulations that we can perform on a pile of beans.
We can determine equality of two piles. We can double
the numerosity by combining two equal piles. We can
show that the order in which the two piles add makes no
difference; in fact, we can show that numerosity obeys
all the axioms that govern in ordinary algebra. We are
not surprised at the close correspondence between addition
and the manipulation of beans, because it was just such
manipulations that gave rise to elementary mathematics



in the first place" (op.cit., p.44) 37. Unfortunately,
this relation has now been inverted in psychophysics.
Helmholtz (1887)127 decreed that the model shall
dictate what kinds of operations may be called measure-
ment; rather than modifying the model to reflect newly
discovered empirical observations. Thus, additivity and
its geometric consequence - distance - have become all-
important in the argument about what constitutes a
measurement.

The concept 'metric distance' requires that to be
a valid distance measure, appropriate mathematical
functions must have all of the following four properties:

i) the distance between any two points is
never negative; d(x,y)^0 ,

2) the distance between two identical points
is always zero; d(x,x) = 0 ,

3) distance is symmetric; d(x,y) = d(y,x) ,

4) the sum of the distances between two
points by way of a third point is
always equal to or greater than the
direct distance between these two
points; d(x,y) + d(y,z) ^ d(x,z)

Details of the implications of these requirements
are treated in a number of texts (e.g., Coombs, Dawes
and Tversky 1970)68. Perhaps the most commonly used
models that meet these requirements are those of the
class of functions known as the 'power metric' (or the
'Minkowski r-metric'), defined as:

rh1
d(x,y) 

= I	I xi - YiI	j	
(12)

L1
where r ^ 1 • The exponent, r, may be interpreted as a
parameter of component weight. When r = 1, all components
receive equal weight. That case is called the 'city block'
model and total distance is the arithmetic sum of' all
component distances. As the exponent increases, com-
ponents become increasingly differentially weighted
according to their sizes. At the limiting case of r =
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(the 'dominance' model), only the largest component
determines total distance. A special but common case

• is when r = 2; the 'Euclidean' model. Distances are
invariant over coordinate translation for all values
of r, but they are also invariant over rotation only

for the case of r = 2.
Three basic properties of the power metric are:

(1) interdimensional additivity, (2) intradimensional

subtractivity, and (3) power. In the first instance
the distance between two points is a function. of the
additive combination of the contributions of their
components. In the second case, the distance between
two points is a function of the absolute values of their
component-wise differences. When these two properties
are satisfied the model is one of additive differences.
This is a metric assumption that perceptual distances
among pairs may be properly represented as metric dis-
tances. However, in the instance of the third property -
power - all component-wise differences are transformed
by the same convex power function. This involves a
non.metric or dimensional assumption that points may
simply be represented in a dimensionally organized space.

It is this third property, existing in isolation
and involving power transforms according to any ex-
ponent, that Stevens argues should also be considered
a valid measurement schema. He proposes a general,
liberalized definition of measurement as the assignment
of numbers to objects or events according to any con-
sistent, non-random rule (s.s. Stevens 1916)31. Thus,
any transform that preserves the invariance associated
with any degree of isomorphism between two domains is
properly a measurement. Certainly, some such measure-
ments carry more information than others, but is this
so uncommon a practical situation? Consider our use of
maps. We choose different projections for different
purposes. An azimuthal guomic projection renders every
global great circle a straight line. A Mercator projection
yields loxodromes; lines that keep constant angles with
parallels and meridians. Orthographic projections pre-
serve neither areas nor angles but are satisfactory repre-
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sentations of our visual perception of a sphere. And
so on. No map can be both area-preserving and conformal
at the same time. The point is that we deliberately
choose to minimize distortion of one property at a
time according to our needs or interests, If we are
interested in representations of distances as linear
geodesics, we choose one kind of map. If we are inter-
ested in over-all impressions of area relations, we
choose another kind of map. Why not the same logic for
'maps' of' perceptual attributes? One kind of psycho-
physical measurement yields useful information about
differences. Another kind of measurement provides an
equally useful (but different) display of magnitude
relations.

Thus, a psychophysical measurement may not neces-
sarily result in a scale that has both distance and
ratio properties at the same time. It is sufficient
that a scale represent at least one invariance for
a minimum of one class of isomorphism. To exclude
direct measurement of sensation from the category of
valid measurement merely because the resultant scales
may not be linearly additive, is too parochial a view.
It excludes many useful and even precise sets of infor-
mation from the domain of quantitative consideration,

The dimensional organization associated with
magnitude scaling of perceptions appears to obey rules
for power transforms but does not have all four proper-
ties required for metric distance models, In particular,
perceptual ratio scales frequently do not have symmetry
of distances and the sum of distances between any two
points and a third is not additive. In short, magnitude
scales tend not to have distance properties. They do
have ratio properties (i.e., logarithms of magnitudes
are additive as metric 'distances'). Conversely, it is
often found that difference scales of sensation do not
agree with the ratios of magnitude scales. Some have
argued that ratio scales are therefore incorrect; others
have argued that difference scales are incorrect, But
such arguments are sterile for we really have no way at
present of determining correctness. Instead, we should
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choose whichever scale suits a particular need. The
science of mathematics has progressed since the time
of Fechner, so also should our utilization of the
tools with which it provides us.

In practice there is some degree of cross-modal
transitivity between interval scales and ratio scales.
The correspondence is approximate, not exact. Magni-
tude scales and interval scales may both be expressed
as some form of mathematical power function. However,
for any one sense-modality, the exponent of the inter-
val scale will generally be smaller than that for the
magnitude scale (e.g., S.S. Stevens 1971; Marks 1974b)
316,2L12 Interval exponents tend to be about one-half
as large as magnitude exponents; implying a square-root
relationship between the two scale-types. This relation
seems to hold for those sensory continua called 'pro-
thetic', which are characterized by intensive growth
rather than substitutional change. Variability of
prothetic continua tends to be proportional to magni-
tude whereas variability of the second kind of continua
('metathetic') tends to be constant with level.

There is also an approximate consistency between
threshold data and magnitude scales of the prothetic
variety. A number of experimenters have found that
so-called poikilitic scales, derived from summations
of JND's, are nearly linearly related to the logarithms
of magnitudes (e.g., S.S. Stevens 1975; Indow 1961;
Seilin and Wolfgang 196L1)317168303. Whenever varia-
bility increases in proportion to level we might expect
such a relationship if the JND does represent variability.

The theory of scaling has enjoyed an extensive
vogue in recent years. So much has been written about
theoretical relations in direct scaling that there some-
times seems to be a danger that the overlay of theoret-
tta1 complexity may mask the underlying simplicity
of direct scaling as an experimental technique. It is
basically a simple process; so straightforward that
even five-year-olds have been able to perform cross-
modality scaling of loudness and brightness with re-
suits about as precise as those of adults (Bond and
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Stevens 1969)31. It would be helpful, then, to review
briefly the simple facts of magnitude scaling in order
to see how the validity of magnitude scales can be
assessed and maximized. This information is treated in
a number of papers and has been summarized in books by
S.S. Stevens (1975)317 and Marks (197Lta)241.

Stevens identifies three kinds of measurement in
psychophysics: (1) magnitude measures, (2) partition
measures, and (3) poikilitic measures. The magnitude
measure is a direct ratio of sensation or response
elicited by a stimulus or pair of stimuli. It is ex-
pressed as a cross-modality match: "Magnitude measures
become possible because people have a remarkable ability
to match one thing against another. They can match numbers
to apparent loudness or apparent loudness to numbers.
They can match loudness to strength of a vibration on
the fingertip, and vice versa. And they can match
numbers or items from any other continuum to a nonsen-
soryvariable such as prestige of occupations" (s.s.
Stevens 1975, pp .229- 2 3 0 ) 317 .  Most often, numerosity
is used as the reference continuum. There are some
workers who have questioned this practice; particularly
the assumption that numerosity is linearly related to
perception through the judgment process (e.g., Attneave

19 6 2; Schneider and Lane 1963; Marks 1958)5,300,20.
But since magnitude scales tend to form power functions,
any nonlinearity of the number continuum which may also
be represented as a power function merely changes the
absolute values of all exponents by some constant factor.
All relative exponent values remain the same. Therefore,
in the absence of any better choice for a reference
continuum, numerosity serves well as a standard.

It was noted above that the exponents of interval
scales tend to be about one-half as large as those for
ratio scales. Also, poikilitic scales are linear with
log ratios. Thus, all three scale-types are nonlinearly
related. Accordingly, significant differences may exist
among results for different scales. Every experimenter
must choose which scale to use in any given experiment.
"There is no such thing as a perfect method of' measuring
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anything. Magnitude estimation has its faults, but it
has the great advantage of convenience,., the observer
brings one of the continua with him as the system of
numbers that he has learned and practiced... (and)...
can match numbers from that continuum to items on any
other continuum with which he is confronted. The method
calls merely for the presentation of a series of stimuli
in irregular order, preferably a different order for
each observer" (s.s. Stevens 1975, pp.29-30)317, The
method of magnitude estimation then has much to commend
it in the matter of simplicity.

As a result of considerable experimentation it has
been found that unconstrained use of numbers, without
either anchor or modulus, yields most unbiased results.
A representative model of instructions to observers is:

"You will be presented with a series of stim-
uli in irregular order. Your task is to tell
how intense they seem by assigning numbers to
them. Call the first stimulus any number that
seems appropriate to you. Then assign successive
numbers in such a way that they reflect your
subjective impression. There is no limit to
the range of numbers that you may use. You may
use whole numbers, decimals, or fractions.
Try to make each number match the intensity
as you perceive 	(ss Stevens 1975, p.30)

It is often helpful, especially to inexperienced
observers, to familiarize them with the process either
by training or with a sample easy experiment such as
apparent length of lines. Useful central tendency
measures may be obtained from as few as 5 to 10 ob-
servers. Replications beyond 2 or 3 generally add no
significant increase in information; in fact, repli-
cation may introduce systematic bias (s.s. Stevens
1975, pp.283-284)317. Since the individual observer's
results form power functions (J.c. Stevens and Guirao
1964)312 with variability approximately normally dis-
tributed as logarithms of response (s.c. Stevens 1957)
311, averaging to form a common scale can best be done
by computing the geometric means of observations for
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each stimulus. This procedure has the additional ad-
vantage that "despite the different numbers that differ-
ent observers may have assigned to the first stimulus,
no normalizing is needed prior to averaging. The slope
(exponent represented in double logarithmic coordinates)
of the power function remains unaffected even though
each observer has used a different unit or modulus for
his subjective scale" (s.s. Stevens 1975, p.31)317.

In the reverse procedure - magnitude production -
the process is simply turned around. Logarithms of the
stimulus intensities are averaged for each level of
response numerosity.

It has often been noted that the exponents for
magnitude production are somewhat higher than for mag-
nitude estimation. That result arises from the tendency
of an observer to shorten or constrict the range of
whatever variable he is allowed to control. In esti-
mation,his range of numbers tends to be constricted,
while in production, his range of stimulus-adjustments
is shortened. These tendencies are evidenced in the
different exponents for the two methods of scaling.
Scale constriction of this kind has long been known
as the 'central tendency effect' (Hollingvorth 19O9)16
but has recently been called the 'regression effect'
in magnitude scaling (s.s. Stevens and Greenbaum 1966)318.
It may be compensated by conducting two balanced exper1...
ments (estimation and production) and averaging the two
exponents as an estimate of the 'true' value.

Observers may also tend to fit their range of re-
sponses to the range of available stimuli. When the
stimulus range is small, the exponent tends to be higher
than when the range is large (e.g., Poulton 1968;
Teghtsoonian 1971,1973; Kappauf 1975)271,325,199. A rea-
sonable approach to counteracting this tendency is to
choose a stimulus range that is representative of the
conditions that are of interest. Alternatively, one may
conduct a balanced series of estimation and production
experiments, plot the exponents as a function of range,
and choose the cross-over value as representative of'
the 'true' exponent (s.s. Stevens and Poulton 1956;
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S.S. Stevens 1971)319,316

The effect of an observer's tendency to use round
numbers is avoided by allowing each subject to choose
his own modulus. Such unconstrained use of numbers usu-

ally means that each person will choose a somewhat dif-
ferent number in response to the initial stimulus. When
a geometric mean is computed, any round number tendencies
will be averaged out of the data.

These, then, are the principal problems of direct
magnitude scaling and known techniques for correcting
them. The uncertainties of magnitude scaling are less
numerous and less serious - and generally easier to
correct - than those of other scaling techniques for
suprathreshold responses (v. Thurstone 19 2 7a,b; Pfanzagl

1959; Marks 19711-a; S.S. Stevens 1975)331332,h18,b08,337
265,2111,317 Results of magnitude scaling have been
shown many times to have internal consistency. The
question of external consistency (i.e., validity) is
a more difficult one to examine. Various techniques
such as 'functional measurement' (Anderson 1971) and
'conjoint measurement' (Luce and Tukey 19611) 226  have
been used to approach the same experimental question
from a number of different directions; results are then
considered valid if all approaches converge on essentially
the same answer. But, in general, the most practical
approach to validation is that of comparing results
with reliable prior work and known facts of perception
and physiology; a common practice in all of psycho-
physics. Usually, a battery of evidence is more im-
pressive than an isolated experimental result. Despite
the considerable discussion and polemics on direct
scaling of responses, careful comparisons of this kind
provide no compelling evidence that magnitude scaling
is any less valid a technique for mapping sensory attri-
butes than any other psychophysical method.

The scales of magnitude measurement generally com-
prise power functions of the form:

(13)

where: J,fj= response magnitude
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4) = stimulus magnitude

a = scale factor

/3 = compression (or expansion) factor

The simple power function of Equation 13 does not
always fit the raw data, however. Sometimes they de-
scribe a nonlinear function in double logarithmic coor-
dinates (rather than the linear one represented by
Equation 13). This is so particularly when the threshold
is high or there is significant induction. A number of
workers have proposed ways in which to 'correct' these
nonlinearities; i.e., to produce a straight line in
double logarithmic coordinates. Krantz (1972)212 de-
scribes a correction based on a combination of Weber's
law and Thurstone's law. But by far the most often used
forms are what have been called the 'stimulus correction'
(Ekman 1956)86 : 	 ()

(14)

and the 'response correction' (Jameson and Hurvich
196L4.)181

JJOL43-J/i	(is)
where	represents a threshold stimulus value and iJi. is
linked with response level and induction.

The stimulus correction form assumes that the stim-
ulus parameter of importance is magnitude above tthreshold.
Response correction implies that departures from a simple
power function arise as a result of activity at neural
response levels and, therefore, a response increment is
more appropriate. When the stimulus correction is used,
the exponent varies with adaptation and induction. How-
ever, when response correction is used, the exponent
remains constant (usually at the level for the neutral
state of the mechanism) and variation is reflected in
values of the response increment. Each approach offers
certain advantages but with any real set of data the
two forms are not necessarily independent.

In order to illustrate this point, I have chosen
a series of lightness scaling data as listed in Table III.
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Table III
Scaled Lightness Data
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The data are from nine different experiments. Four
relate to complex (i.e., pictorial) stimulus arrays and
five involve simple fields. The complex field experiments
were for the following conditions and according to the
numerical column listings of Table III: (3) approxi-
mately 10 elements of a pictorial image subtending 22°
by 140 in an otherwise dark surround (Bartleson and
Brensman 1967a)20; (5) approximately 1° elements of a
pictorial image subtending 22° by 14° with surround
equal to 1/10th to 1/5th the luminance of' the image
element with maximum luminance (Bartleson and Breneman

21	 o1967b) ; (6) approximately 1 elements of a pictorial
image subtending 22° by 14° with surrounds of twice that
subtense equal in luminance to the maximum image lum-
inance displayed in an otherwise illuminated environ-
ment (Bartleson and Breneman 19 6 7a) 20 ; (8} approximately

0.50 elements of an 80 by 80 pictorial image surrounded
by a white-appearing 30 by 30 area having a luminance
equal to that of' the maximum for an image element
(Bartleson, unpublished data). The simple field experi-
mental conditions are: (i) 20 stimulus presented for
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2 seconds under dark adaptation conditions (Bartleson,
unpublished data); (2) 50 stimulus seen in a 200 diameter
surround of luminance equal to 1/100th of the minimum
stimulus luminance (Bartleson, unpublished data);
(14) CIE L* representation of Munsell Renotation Value
(wyszecki 19714)370; (7) 1° stimulus in a 15° by 15°
surround of luminance equal to that of the maximum
test luminance (present research); (9) 2° focal stim-
ulus in a 1400 by 50° surround of luminance equal to
that of the maximum test luminance (Bartleson, unpub-
lished data) 4 obecs as Qoc crnc\ 2').

Thus, the experimental conditions involved a
variety of induction situations and include both simple
and complex stimulus arrays.

Table IV
Two Forms of Lightness Power Functions

(Ec 4) 	 (E.t
Experimental Response Corrected 	Stimulus Corrected

Condition 	 Function 	 Function

1	 !r= 21.554 - 0.0	4s= 21.55(-0.0)'

2	 lJrf= 23.5c4 - 9.0	J= 17.57((/)_0.3)378

3	 tJr= 214.66	-114.14	4i= 114.29(4_o.k)1426

14	 4i= 25.00r_l6.O	itLi= 1Zi.61(q_o.7)'1422

5	 \JJ= 25.66/5 -18.9	]J= 
10•31(4,_0.6)96

6	 4i= 26.95d, -25.0	/i= 6.39(d-1.0)'608

7	 i	27.23d -26.3	t/T= 10.28(4-1.14)'5°7

8	 27.78	-28.9	1= 9.79(_1.6)518

9	 4i= 28.O0/5 -29.9	Ji= 8.72(-1.6)

Each of the nine sets of data has been expressed
as a psychophysical function in Table IV. Two functions

are given for each column of Table III: a response cor-
rected version and a stimulus corrected form. The coef-
ficients of determination for all the functions ranged
from 0.997 to 1.000.

Exponents of the response corrected functions are
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all 1/3; corresponding to the dark adaptation condition

of experiment number 1. But the exponents of the stim-

ulus corrected functions vary by a factor of nearly 2:1;
from 0.333 to 0.608. That induction-dependence is also

reflected in the response corrected functions as the
variation in response increment values from 0.0 to 29.9.

When the exponents of the stimulus form are plotted
against the response increments, as in Figure 1, a
straight line may be drawn through the points as a good
approximation of the relation. That relation implies two
things of considerable importance. First, both exponent
values and response increments are related in a rather
simple manner. Second, both simple and complex field
data are described by the same relation. This last point
means that simple and complex field data differ only or
primarily according to the amount of induction involved
in the respective viewing situations. Thus, relations

uncovered in experimental studies with simple fields
will also be valid for complex fields up to a proportion-
ality constant relating to amount of induction.

This interpretation - which is presented here for
the first time - seems to explain a number of apparent
discrepancies in the literature. For example, Hunt
(1950)153 found quite large changes in saturation for
simple field arrays with and without light surrounds

0	 0(somewhat smaller for 20 focal stimuli than for 1
stimuli). Pitt and Winter (19711)266 found large changes
in saturation between light and dark surround conditions
for simple fields but smaller changes when the focal
stimulus was part of' a moderately complex array with
and without light annuli. Breneman (1976)8 reports
very little change in saturation for elements of' picto-
rial images when the entire picture is surrounded by
light and dark environs. We may now see that the facts,
originally determined for simple field conditions, are
that saturation varies with intensity of induction. How
much it changes depends upon the amount of induction
provided by all elements within the field of view.
Thus considered in terms of response increments associ-
ated with induction, the apparent contradiction of var-
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bus experimental findings is reduced to a cohesive
set of unified results.

The response-corrected, psychophysical function
may then be seen to be useful for evaluating induction
and other response-related factors. On the other hand,
the stimulus-corrected function provides a direct in-
dication of the gain or compression factors for sensory
response under different conditions. Both kinds of ex-
pression are useful for different purposes.

Either form of psychophysical function may use-
fully be applied to extended examinations of data re-
lations. That is, a number of inferences may be drawn
beyond the psychophysical function itself as a repre-
sentation of experimental findings from direct scaling.
Direct scaling is an extension of classical measurement
techniques of psychophysics. It can provide more in-
formation than matching and threshold approaches to
measurement because it measures magnitudes of sensation
directly. Direct scaling can also yield the same kinds
of information that is obtained with classical, indirect
methods. The indirect methods evaluate sensory response
in terms of variations in corresponding stimuli; a kind

241of 'sensory physics' (v. Marks 1974a, p.4)	. Typical
examples include isosensation loci expressed in phys-
ical units such as luminances required for equal bright-
ness or purity required for least perceptible saturation
increments, and so on. These too may be obtained from
magnitude scaling data; for example, by computing or
reading from curves the luminances that produce equal
brightness magnitudes, or purities that yield constant
saturation ratios, etc. But in addition, magnitude
scales tell us something about the growth of sensation
with stimulation. We can also determine psychosensorial
relations (i.e., interrelations among sensory variables
without regard to stimuli) from such growth curves. In
short, magnitude scaling opens up the possibility of
collecting more information than has beenpossible with
older psychophysical methods. As a bonus, the method of'
direct scaling is convenient and straightforward, eco-
nomical of experimental labor, and easy for observers
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to carry out, It seems only sensible, then, that such
methods should be used to map the attributes of color
perception. If those attributes can be defined in ways
that are understandable to observers, magnitude scaling
offers a potentially powerful approach to the study of
chromatic adaptation. It is appropriate, then, that we
examine the matter of attributes of color and define
those that may be independent indices of the perceived
variations in color with changes in chromatic adaptation.

Dimensions, attributes, and modes of color appearance.

Color may be experienced in a number of different
ways according to a variety of frames of reference.

201, 202Katz i 1 9 1 1,1930j	systematically developed a
descriptive structure for distinguishing among the var-.
bus ways in which we perceive colors. He called that
phenomenological complex 'modes of color appearance'.
Katz listed 11 modes and othexhave since proposed
from 3 to 10 or more categories (e.g., Troland 1929/1930;
Evans 1 948; Newhall 1953)338,89253.

Basically, any description of the modes of color
appearance involves distinctions among separable com-
ponents of a color percept according to structural re-
lations of the percept. One such set of distinctions
is illustrated in Figure 2. The most general distinction
is that between related and unrelated colors. Most color
perceptions are of related colors, and of those we are
primarily interested in object colors. Opaque surface
colors - a subsidiary division of related object colors -
comprise the bulk of all common color perceptions.

It should be emphasized that these structural re-
lations are among percepta and not stimuli. Regardless
of the stimulus configurations that underly them, it
is the relations among appearances that are important
in determining how we see colors. When those relations
are unequivocal, we perceive color in only one mode at

62any one instant (Burnham, Hanes and Bartleson 1963) .
Equivocal situations may cause a color appearance to
fluctuate between two modes of appearance, but the
color will not exist in transitional states between

-63-



0
0

C.,

0

a,

a,

a,
.
0

T I

a,

4-
I-
a,
a.
a,

a,

U =
=

a,

U
0

2

C j

r	

_i :
0

a,
C-)	 I.-

U)	

1I	L	
I.	IU)	

i14IIIJ

>.
01	I_I

-ø E

0

'4-._____

a,

E	
C

'C	••

Figure 2

—6k-



modes (Martin 1922; Gibson, Purdy and Lawrence 1955;
Avant 1965; Beck 1972, pp.22_25)2,hh1,7,26, Some
unequivocal, complex stimulus configurations may elicit
perceptions that permit an observer to shift attention
from one mode to another; for example, as in distinguish-
ing among color, illumination, and spatial location of
a surface color (Kardo8 1928; Koffka 19:35; 'Wallach 1948;
Beck 1959)200,207,347,25 but again, the shifts are
distinct and abrupt rather than gradual. They are the
result of changes in attitude or attention.

There is an exclusive-inclusive relationship be-
tween modes of appearance and attributes of color.
"Modes of appearance and the attributive and functional
properties of color are interrelated. Certain attributes

such as hue, saturation and brightness are present in
all modes of appearance. An investigation of these
attributes in the film mode has been useful for inves-
tigating the sensory processes of color perception. It
is, however, an abstraction to consider the perception
of color apart from modes of appearance... Many attri-
butes occur only in connection with certain modes of
appearance" (Beck 1972, p.24)26. The attribute of light-
ness, for example, is perceived with opaque, translucent
and transparent surfaces, But we do not speak of the
lightness of' an illuminant or a film color simply be-
cause we do not see lightness in those modes of appear-
ance. Many attributes of color may exist, but they do
not all occur at the same time or under the same con-
ditions. Within the total set of all color experience,
there are a number of sub-sets, only some of which are
congruent, The structural relations of visual experience
determine functional inclusion or exclusion of the var-
ious attributes of color,

Bartleson and Breneman (1967a,b,; Bartleson 1972)
20,21,18 have devised a perceptual schema that recog-
nizes the fact that different modes of' appearance per-
mit perception of different color attributes. In addi-
tion, they have proposed that color perceptions may be
absolute, relative, and object-oriented. "The term
'absolute' is used to refer to the most abstract, gener-



ic,	or introspective attitude,., the 'relative' or-
ientation... utilizes arbitrary reference points which
serve as comparisons for evaluating ratios of absolute
responses... when these references coincide with per-
ceptually meaningful conditions of the object-world
about us, we have the most naive, least introspective,
and for our everyday experiences, most important orien-
tation: the 'object' orientation...." (Bartleson 1972,

18pp.L3_4L#) . Put most simply, the object orientation

is the attitude we adopt when we want to know the nature
of the stimulus; the absolute orientation relates to
our evaluation of a sensory event in terms of all pos-
sible sensation; and the relative attitude allows us
to evaluate our sensations in terms of what we see at
the moment.

Table V has been prepared to illustrate these re-
lationships among modes of appearance and attributes of
color perception. A general distinction between absolute
and relative attributes may be made in terms of the number
of perceptual anchors or references involved (Bartleson
1976)19. Absolute attributes are described on scales
with only one anchor; usually with a modulus of 0 repre-
senting the lover limit of sensation for the attribute
in question. Relative attributes are characterized by
scales with two anchors; defining both a lower and an
upper limit. One kind of relative scale (R 1 in Table v)
has an arbitrary upper-scale anchor. A second kind (R2)
has an upper-scale anchor that coincides with some per-
ceptually unique reference such as white or a unitary
hue. Some of these relative scales have been given
special names. 'Lightness' is one such name used to
distinguish brightness-relative-to-white from bright-
ness itself. Similarly, we have saturation and chroma
as forms of colorfulness. But there are no special names
for some of the other relative forms.

This plurality of color attributes has sometimes
been confused with the dimensionality of color. In the
case of brightness alone, there are proposals for bi-
dimensionality going back at least as far as Hering
(Hering 1874; Judd 1960,1961; Evans 19611;  Lie 1969;

-66-



Colorfulness No. of
A R R 0 Attri-1 2	butes

*	 3
*	 3

* * 	*	8
* * * * 	12
* * * 	9
* * * * 	12
* * * * 	12
* * * * 	12
* * * * 	12
* * * * 	12
* * * * 	12
* * * * 	12
* * * * 	12
* * * * 	12
* * * 	9

Heggelund 197Ll)143 188,189,92,225,123, and there have

been proposals for three dimensions (Katz 1935)203 and

as many as five dimensions (Evans 1959b)9.

Table V
Color Attributes and Modes of Appearance

Mode of
Appearance

UNRELATED
Ganzfeld
Film

RELATED
Illumntn
Shadow
Space
Opaque
Tranalcnt
Trans put
Mirror
Luminous
Lumins cut
Trpnt Body
Lmns Body
Ext hint
hut Illnt

Brightness
A R1R20

*
*

* * *
* * * *
* * *
* * * *
* * * *
* * * *
* * * *
* * * *
* * * *
* * * *
* * * *
* * * *
* * *

Hue
A R1R20

*
*

*	*
* * * *
* * *
* * * *
* * * *
* * * *
* * * *
* * * *
* * * *
* * * *
* * * *
* * * *
* * *

KEY:	* : occurs
A : absolute

R1 ,R 2 : relative
0 : object

Most recently, Evans (1959a,19711; Evans and Swenliolt
1967,1968,1969)90,93_96 has argued that there are at
least five dimensions for color appearance of surface
colors; two for brightness, two for saturation or color-
fulness, and one for hue. He refers to these as 'inde-
pendent dimensions'. Unfortunately, there are two common
definitions of what is meant by 'dimension' applied to
color perceptions; a classical definition by Titchner

and a newer one by Stevens.
Titchner's (191 0 ) definition of dimension cor-

responds to the usual mathematical usage of that term;
i.e., as equivalent to degrees of freedom. He proposed
that to be a dimension, a perceptual attribute must be
capable of independent variation while all other dimen-
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sions are held constant. According to this definition,
lightness (a relative form of brightness) cannot be a
dimension. Lightness is not independent in the sense
that it cannot be varied without also changing bright-
ness. Brightness, on the other hand, can be altered
(for example, merely by increasing illuininance) without
an accompanying change in lightness. Since brightness
may be varied without changing either hue or saturation
(or any of their relative derivatives), we may say that
brightness is an independent dimension according to
Titchner's definition. As it happens, no relative attri-
bute qualifies as an independent dimension under Titchner's
proposal. Thus, when dimension is equivalent to degrees
of freedom, we find no evidence that supports a dimension-
ality greater than three for color. All other attributes
listed in Table V may be deduced from relations among
three dimensions for two or more stimuli. This is not
to say that three numbers or descriptors are sufficient
for completely describing all color perceptions. What is
implied is that three dimensions are necessary and suf-
ficient for each stimulus in the field of view. Given
that information, interrelations and relative values
may be determined for all the stimuli. Three numbers
are sufficient only in the unusual case where there is
a single stimulus in the field of view (e.g., aperture
or film colors and the Ganzfeld), In that simple case,
the three attributes requirei turn out to be the three
basic (Titchnerian) dimensions of color: hue, saturation
and brightness.

Some people have argued that Titchner's definition
of dimension is too strict. They prefer the more liberal
proposal of S.S. Stevens (1934)313. His is the logical
complement to Titchner's definition. According to Stevens)
an attribute must be capable of being held constant while
all other dimensions are varied if it is to qualify as
a dimension. This criterion yields phenomenologically
distinct loci in color space but not necessarily the
property of independence. Using Stevens' definition,
both brightness and lightness are dimensions; assuming
complete freedom to manipulate all stimuli in the field
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of view. It is on such a definition that Evans bases
his claim for five dimensions of color (v. Evans and
Swertholt 1969, p.631)6.

Admittedly, the attributes that qualify as dimen-
sions under Stevens' definition are of considerable
practical interest. But they may each be determined
from the dimensions of Titchner as well. It does not
seem necessary to abandon the mathematical power of

independent dimensions merely to serve the purpose of
generating a plurality of related and interrelated
specifications that can be deduced from independent
dimensions of the stimuli in the field of view. Basi-

cally, the argument for use of' a more liberal definition
of dimension is a carry-over from unrelated, simple field,
conditions - a desire to characterize only the single
stimulus of interest in a field of view. Although it
is held that such characterization provides more infor-
mation, it turns out in fact to contain less information
than three-dimensional specifications of every stimulus
in the field of view. The relative attributes can be
derived from three-dimensional specifications of all
stimuli, but those dimensions cannot be computed for
all stimuli from the relative attributes.

Relationships of perceptual extents can be just as
useful concepts as attributes along underlying inde-
pendent dimensions as they would be if they formed a
confluence of dependent dimensions. Accordingly, I have
chosen here to use Titchner's definition of independence
and dimension: a color attribute is a dimension only if
it is capable of being varied while all other attributes
are held constant. Dimension here is then equivalent
to degrees of freedom.

With that stipulation, 'color' will be defined as
an aspect of visual perception, apart from temporal,
spatial and structural aspects of that percept, by which
a sensing human observer may distinguish appearances
that are conjointly specifiable on independent dimen-
sions comprising an integrated percept.

Attributes that relate to stimulus structure (e.g.,
clarity, texture, gloss, etc.), however much they may
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affect color appearance, are not part of color by this
definition. Attributes such as lightness, gray content,
and so on are not considered dimensions. Thus, there
must be three descriptors for each stimulus in the field
of view, corresponding to the three basic dimensions.
In the case of a simple field with only one focal stim-
ulus in a constant surround, three descriptors are ade-
quate to specify either the absolute or the relative
color quality of the focal stimulus (but not both) if
the surround remains constant in color appearance. In
that case, considerable freedom attends the choice of
attributes to be specified, provided only that they
each relate to a separate, independent dimension.

This research will treat changes in three attri-
butes of color appearances of samples that appear in
the surface color mode of' appearance. The exact meaning
of this statement is explicit in the definitions and
explanatory matter set forth above.

Surface color appearance.

There are a variety of factors that determine the
obviousness of' different attributes in the surface mode
of appearance. Principal among these are (a) illumina-
tion level and uniformity, (b) 'whiteness' of a refer-
ence surround, (c) induction, (ci) texture, (e) contour,
(r) pattern, and (g) attitude of observers. It is im-
portant that each of these factors be controlled to
prevent unwanted variables from influencing results.

In general, illumination should be uniform over
the total stimulus area. In addition, there is a mini-
mum level of' illumination that may be used if surrounds
are to appear Iwhite; i.e.,  achromatic with zero gray

162content. Hurvich and Jameson 1951a,b; 	have
studied the stimulus requirements for perception of
white. They find a number of factors to be critical.
Primary among them is illuminance. A certain minimum
illuminance is required for the perception of white de-
pending upon size, exposure time, chromaticity, and pre-
vious adaptation history. In general, the correlated
color temperature of the illumination that requires
least illuminance is somewhat higher than the correlated
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color temperature of the adapting illuminant. The lum-
inances of surface colors required for threshold white
perception increase sharply at both lower and higher
color temperatures. Below the threshold, a highly re-
flecting, spectrally nonselective sample or surround
will appear either bluish or yellowish; depending on
whether the color temperature is higher or lower than
that of the most efficient white-producing light for
the viewing condition in question. Similar results have
been found for viewing conditions that differ from
those used by Hurvich and Jameson (Bartleson and
Witzel 1967)23. Also, Hunt and Winter (1975)160 deter-
mined the chromaticity coordinates for stimuli that
appeared white after five minutes adaptation to one of
two levels of illumination by sources of different color
temperatures. They found that neither 35 nor 70 cd.m2
was high enough to permit observers to adapt fully to
the light; i.e., highly reflecting, spectrally nonselec-
tive material did not appear white. Instead, the chroma-
ticities of stimuli that did appear white tended to be
intermediate between those of the adapting sources and
a coordinate position near Illuminant i (the 'equal-
energy source'). The higher luininances produced white-
points that were closer to the adapting light chromaticity.

All of these experimental results indicate that
a surround luminance must be above some minimum level
if an observer is to perceive it as a white surface.
In order to provide a general estimate of this mini-
mum, I have taken data from all three experiments and
combined them to illustrate the approximate extent of
adaptation as a function of surround luminance. Fig-
ure 3 shows the general trends for several correlated
color temperatures of illumination. The surround sub-
tense assumed here is of the order of 100 to 300. That
figure shows that illumination in the range of 5,000 K
to 10,000 K is generally more efficient for evoking
white sensations than higher or lower color temperatures.
Over the range of quality included in Figure 3, it
appears that a minimum luminance of' between 100 and
200 cd.m 2 is required for a near-100 per cent reflect-
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ance material of this subtense to appear white. As a
general guideline, then, surround luminances should not

-.2be less than 200 cd.m if they are to appear white.
Luminance factor of a sample, with respect to its

surround, influences color appearance. The amount of
induction depends upon a number of factors. In general,
the test field appearance depends on the ratio of test-
to-surround stimulation (e.g., Diamond 1953,1955,1962a,b;
Heinemann 1955, 1972)777,12,125. When the inducing

field does not completely surround the test field, the
effects are much smaller. When the test field is textured,
the effect is also smaller (Berman and Liebowitz 1965)29.

Size of' the test field and surround are also important
(e.g., Helson 1963,196 1 ; Helson and Rohies 1959)13k135

Contour, sharpness of demarcation, and other factors
affecting obviousness of separation between test field
and surround, influence apparent contrast (e.g., O'Brien
1958; Evans 1959b; MacLeod 19b0; Beck 1972)259,91,237,26

and may even influence whether a sample appears in the
surface mode of appearance (Koffka and Harrower 1931;
Fry 1931)208,103 or the film mode (MacLeod 1 9 4 7; Kan-
izea 1969)238,198

These are but some of the stimulus factors that
influence color appearances of surface color samples.
There are other cognitive factors that also influence
color. It is easy to see that surface color perception
is a complex process involving many phenomenological
parameters. Care should be used in the design of experi-
ments intended to measure the influence of chromatic
adaptation to ensure that the results reflect only those
variations in color arising from adaptation and not
unwanted variation attributable to ulterior factors.
In addition to constraining luminances and luminance
factors, the experimenter should avoid texture and
make certain that test stimuli are well defined with
sharp borders and as nearly as possible are completely
homogeneous. It is probably good practice to have all
fields be of the same simple, abstract shape if size is
not a parameter under study. In short, one should take

care to recognize the complexities of surface color per-
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ceptions and to minimize the influence of all factors
that are extraneous to chromatic adaptation.

Obviously, the generality of results will be lim-
ited for any one set of viewing conditions. They apply
to the same or nearly the same conditions of stimulation.
But if care is taken, there can be a minimum of con-
founding factors. In addition, the relationships, if
not the absolute values, can be assumed to have broad
implications; even when extended to complex stimulus
arrays.

Since there is little data that describe changes
in color appearance of surface colors throughout a
total color solid, the research undertaken here should
add new information to our existing store of knowledge
about chromatic adaptation. The psychophysical magni-
tude functions and maps of color space derived from
them should provide a novel insight into the ways
in which color appearance depends upon chromatic
adaptation factors.
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II. Desi gn of the Experiment

The primary objective of this research is to pro-
vide data that subsequently may be used to derive a
method of predicting color appearances of surface color
stimuli with changes in chromatic adaptation. This
objective has been addressed by scaling the magnitudes
of selected attributes of color with variations in
three stimulus factors (viz., color temperature, ii-
luminance and luminance factor) in order to derive
dimensional maps that describe the influence of those
factors on the color appearances elicited by invar-
iant surface color stimuli. A number of factors in-
fluenced the experimental design. The most important

of these were:
a. chromatic adaptation stimulus conditions

and ranges to be studied,

b. attributes of color appearance to be
studied,

c, number and chromaticity gamut of samples
to be included in the study,

d. number, availability and comittments of
observers,

e. methods of scaling to be used.
Each of these considerations will be discussed in the
following paragraphs.

Adaptation conditions.

Most studies of chromatic adaptation aimed at
generation of data for practical application have been
concerned with adaptive shifts between some daylight
illuminant and some incandescent quality illuminant.
The overriding reason for this is simply that the
range of correlated color temperature of practical in-
terest in commerce and industry is that from about

2 ,500 K to 7,000 K. This seems a sensible basis for
choosing CIE Illuminants A and D 65 as limiting con-
ditions for such a study of chromatic adaptation. A
good case may be made for including other highly se-
lective illuminants in a physiological study of the

mechanism for chromatic adaptation, but this research
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is not physiological in thrust. Therefore, the limit-
ing color temperatures for study here are those repre-
sented by CIE Illuminants A and D 65 ;  viz., 2,856 K and
6,504 K.

Since prior work indicates that adaptive shifts
are not necessarily linear with color temperature or
its derivative characterizations, a third illuminant
was also selected. That illuminant is one which closely
approximates the chromaticity of CIE Illuminant D 44 .  It
provides a color quality roughly midway between the two
extremes on a scale of reciprocal megakelvins. These
three illuminants cover the range of correlated color
temperature of general interest. Being three in number,
they permit determination of simple nonlinear relations.

Colorimetric specifications and relative spectral
power distributions of these adapting illuminants as
reflected from the surround are given in Appendix A.

There are other stimulus factors that need to be
considered as well. Viewing conditions is one of these.
Surface colors may appear in either simple or complex
fields. We have seen that while the absolute degree of
color shift depends upon induction, and hence on field-
complexity, relative shifts may show the same trends
for both simple and complex fields. Since simple field
configurations are both easier to specify and to control,
they have been chosen for this study. Surface color
stimuli in illuminated, white-appearing surrounds were
selected as the mode to be studied.

Since the main interest of the study centers on
chromatic shifts attributable to differences in stim-
ulation of cone receptors, a stimulus array that would
tend to maximize cone activity and minimize rod partici-
pation was selected. The focal or sample stimuli were
chosen to be circular with a diameter of 10 visual sub-
tense. This covers the entire foveola and probably only
includes the rod-free portion of the fovea. The sample
stimulus was surrounded by a square, white-appearing
area of 15.20 on a side; equivalent on average to a

circulararea of about 17.20 diameter. This represents
cc-uo-r

a retinalAarea of about 5,000 micrometers, which is
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roughly 90 per cent of the perifovea and contains per-
haps 80 per cent of all cones (v. Wyszecki and Stiles

196 7, Tables 2.1 and 2.2, pp.205-206)373. Thus, with
central fixation, both sample and surround should evoke
primarily cone activity.

The surround should establish and control the
observer's adaptation. This is usually accomplished by
requiring him to view the surround for a period of time
long enough to allow sensitivity to stabilize. The amount
of time required for this depends upon a number of factors
including size of surround, its chromaticity, and its
luminance. Previous experiments with surround sizes
and chromaticities similar to those used here have al-
lowed from about 5 minutes (at 200 to 1,000 cd.m 2 ) up
to 45 minutes (for dark adaptation). Computations based
on earlier experimental data (wright 1946; Hunt 1950)
364,153 indicated that about 10 minutes should suffice
for the levels used in the present work. That figure was
multiplied by a factor of two in selecting a 20 minute
preadaptation period for use here to ensure that all
observers would be stably adapted and, hence, perceive
the surround as white. As a check on the extent of
adaptation, observers were required to scale the ap-
pearance of the surround at various times throughout
each experimental session to ascertain that it did, in
fact, appear to be white.

It was decided that tachistoscopic presentation
would be used to minimize the influence of samples on
the observers' adaptation. The work of Burnhani et al
(1952,1957)60,61 provides a guide to choice of duty
cycles that permit adaptation to be virtually com-
pletely controlled by the surround, Preliminary experi-
mentation indicated that a continuously alternating
cycle of 2 seconds sample presentation followed by
8 seconds in which an extension of the surround was
substituted for the sample, allowed all visible trace
of sample-induced after-images to disappear before the
sample reappeared when both sample and surround lum-
inances were 1,000 cd • m 2 . Since all samples in the
experiment had luminance factors less than unity, it
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is assumed that there were no intrusions of after-images
in the experiment and that adaptation was controlled by
the white-appearing surround. The 2 second sample pre-
sentation is about an order of magnitude higher than
the Broca-Suizer response latency period, so it is
assumed that physiologically stable responses ensued
for all test stimuli.

A number of adaptation studies have used only one
level of illuminance. However, it has been shown that
illuminance significantly influences color appearance;
particularly saturation. Accordingly, chromatic adaptation
data intended for practical use should include illumin-
ance as a parameter of study. As we have seen, the mini-
mum luminance required to evoke a white perception for
a high reflectance, spectrally nonselective area of
approximately the subtense chosen for the surround in

-2this work is of the order of 200 cd • m • That luminance
was then chosen for minimum here. The upper limit may
be quite high depending upon the practical aituation
to be simulated. A paper illuminated by direct sunlight

-2may have a luminance of about 75,000 cd'm • The same
paper in an incandescent-lighted living room may have
a luminance of only 50 to 200 cd'm 2 . Outdoors on a
dull day its luminance may be around 1,000 cd'm2

158	 .(v. Hunt 1975, p .587)	. In practice, the upper limit
for experimental apparatus is often proscribed by equip-
ment limitations. However, one should expect to achieve
a level at least equivalent to that of dull daylight

-2(i.e., 1,000 cd.m ) if results are to be generally
applicable to real situations represented by the range
of color temperatures under consideration. That is, in
fact, the upper limit for surround luminance that was
used in this work. Three levels of effective illuminance
were chosen for study: corresponding to surround lumi-
nanoes of 200, 500, and 1,000 cd'1n 2 . The middle level
was chosen simply to provide an intermediate condition
that would permit determination of simple nonlinear
variations arising from level effects.

Finally, we have seen that luminance factor in-
fluences color appearance. Although a number of experi-

-78-



menters have pooled data over luminance factor, it is
also a parameter that should be studied if the results
are to have practical utility. For this reason, three
levels of luminance factor were chosen for the test
samples. These were 0.143, 0.20, and 0.07. They repre-

sent Munsell Values of 7, 5, and 3 respectively. The

Value 5 level was chosen as the one of greatest inter-
est. Its position on a lightness scale placed it about
half-way between white and black. In addition, its
luminance factor (0.20) is roughly representative of
a random, average sampling of naturally occuxing sur-
face color stimuli (Jones and Condit 1 9141) 185 .  Both

higher and lower Values were also included. Value 7 was

chosen because it permits a reasonably large gamut of
chromaticities with samples that appear in the surface
mode for both extreme color temperature illuininants.

Value 3 was selected because of its essentially symmetric
lightness relation to the others and because experience
has shown that sensory evaluations of samples much darker

than Value 3 become increasingly difficult.
The number of combinations for stimulus conditions

considered is fairly large: 3 color temperatures, 3 ii-
luminances, and 3 luminance factors making 27 conditions

in all. When multiplied by the number of stimuli, attri-
butes to be scaled, and replications, a representative
number of judgments for each observer would be in the
neighborhood of 6,000. Assuming about one-half minute
for each judgment this would mean 50 hours of labor for
each observer without considering time for preadaptation.
Translated into elapsed time, such an experiment would
require up to 8 months to carry out; a formidable under-
taking for most observers.

Accordingly, the total number of observations was

reduced for most observers in a way that should still
permit extraction of all the desired information. The
following considerations were made in abbreviating
the experiment:
i) It was assumed that the major relation of interest
would be that among the three color temperatures for

a representative luminance factor and illuininance. All
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observers would scale all samples at Value 5 for an
illuminance yielding 1,000 cd.m 2 surround luminance
with each of the three color temperature illuminants.
2) Illuminance was considered to be of secondary im-
portance to color temperature, but since the effect
might be different for different color temperatures,
at least two illuminant qualities should be used.
Therefore, all observers should scale Value 5 samples
for two illuminants at each of three illuminances cor-
responding to surround luminances of 200, 500, and
1,000 cd.m2.

3) Luminance factor was considered to be tertiary
in importance and could be satisfactorily evaluated
by having a smaller number of observers determine ad-
justment factors by which results from a representative
luminance factor condition could be modified. This tech-
nique has been effective with the Munsell spacing
(e.g., Newhall, Nickerson and Judd 1913)255. Since the
effects may depend on color temperature, at least two
illuminant qualities should be used. Accordingly, three
observers would scale all stimuli at Values 3, 5, and 7
for both D 65 and A illuminants5 	1,000

By following this scheme, the total hours of ob-
servation could be reduced by a factor of about three
and the experiment should still yield nearly the same
reliability of information.

Attributes of color appearance studied.

Table V (on page 67) lists as many as 12 attributes
for surface colors, Obviously, not all of them are
equally important or informative. Those relating singu-
larly to object-identification are of little interest
in studying chromatic adaptation. Others are merely
relative forms and therefore represent some redundancy
of information. In this reasearch, spatial relation-
ships among stimuli remain constant; all stimuli are
of the same size and shape and all appear in a constant-
size surround that always evokes a white perception.
Accordingly, an adequate specification of color appear-
ance may be obtained for these conditions with as few
as three color attributes, provided that they are sep-
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arately related to the three basic dimensions of hue,
saturation and brightness.

Hue proportions is an appropriate choice for one
of the three attributes since the objective of this re-
search can be satisfied by producing dimensional maps
of color appearance for each of the adaptation con-
ditions studied. Any shifts in hue appearance will be
reflected in the hue proportions.

In the case of saturation, however, relative attri-
butes might normalize, and therefore mask, variations
that depend upon luminance factor and illuminance.
Accordingly, absolute saturation should be scaled.

Brightness, rather than lightness, might be a
logical choice for the third attribute for the same
reason that absolute saturation is preferred. However,
many of the appearance relations of interest can be as
easily determined from lightness. Since lightness is
easier to scale than brightness, it might be favored.
But in either case, there is a wealth of information
about the attribute available from other experiments.
For that reason, it should be sufficient to explore
such relations in a separate, limited experiment re-
quiring less time and effort than if either were to be
scaled for all stimuli under all conditions. This is
the alternative that was selected; primarily to reduce
the over-all size of the experiment.

The primary responses required of observers were
then hue proportions and absolute saturations. Both
brightness and lightness were studied separately by
a smaller number of observers; although all observers
did make some assessments of lightness.

Samples.

Various numbers of samples have been used in studies
of' chromatic adaptation; as few as 12 (Burnham et al)61
to as many as 100 (sobagaki et al) 30 . A primary concern
is that the samples represent a reasonable gamut of
chromaticities corresponding to naturally occurring
collections of surface color stimuli (v Padgham and
Saunders 1975, Fig.11-14, p.177)262. That should also
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be the goal of this experiment.
It seems reasonable to select a sample size inter-

mediate between those noted above for each luminance
factor level to be investigated, Accordingly, an ini-
tial selection of 46 samples for each of the 3 lum-

inance factors was made. Their chromaticity gamut repre-
sented a nearly uniform sampling of chromaticities
corresponding to the distribution of typical colorants
found in everyday situations. The gamut was centered
on Illuminant E; the so-called 'equal energy' neutral
point. Illuminant E was chosen as centroid because it
was considered desirable to use stimuli that are inde-
pendent of surround illumination. This was accomplished
by using a self-luminous test field. Unlike reflecting
stimuli, such independent stimuli retain the same chronia-

ticities regardless of illumination quality used for
adaptation. There is, then, one less degree of freedom
for accumulation of errors in colorimetric specifica-

tion of the test stimuli.
Preliminary experimentation indicated that some

of the 46 stimuli did not serve to increase information
significantly. Their chromaticities were too similar.
Therefore, the number of samples was reduced. The final
selection included 24 independent samples for each level
of luminance factor; effectively 72 stimuli in all. The
chromaticity coordinates with respect to Illuminant E
are listed in Appendix B for each of the samples. They
are displayed graphically in Figure 4.

Observers.

The committment in time and effort required of
observers was a significant factor in determining how
many people could, realistically, be expected to par-
ticipate in the experiments. If his data were to be
useful, each observer must carry out the entire program
assigned to him. Accordingly, an aim of between 5 and 10
observers was set, Of 8 observers selected from the
initial screening process, a total of 7 completed the
entire experiment. They each performed a minimum of
12 to a maximum of 50 hours observation.
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The screening and selection process involved a
battery of color vision and performance tests. The
classifications according to these tests of the 7
observers and their 'average observer' are set forth
in Table VI.

Each observer is identified in the first column
of that table by an alphabetical index to protect his
or her privacy.

The second column assigns an 'experience' index
to each observer. Experience was arbitrarily defined
as extent of previous participation in scaling experi-
ments. An index of 0 indicates that the observer had
never before performed scaling of any kind. An index
of 1 refers to observers who have taken part in between
1 and 10 scaling experiments of any kind. An index of 2
identifies observers who have participated in (usually
many) more than 10 scaling experiments. Of the 7 observ-

ers, two had no previous scaling experience, two had
extensive experience, and the average observer had
moderate experience.

Column three of Table VI lists the observers' ages.
They ranged from 20 years to 53 years at the time the
experiment was conducted. The average observer's age
was 311.9 years. Figure 5a shows their cumulative per
cent frequency distribution of ages. A normal ogive,
based on the biblical 'three score and ten' is included
for reference. The cumulative distribution of observers'
ages is a reasonable simulation of the normal distri-
bution. The average observer's age (3k.9) is virtually
coincident with the normal 50 per cen point (35.0).

As shown in column four, 5 observers were male
and 2 were female; making the average observer a biased
hybrid of about 2.11:1 parts male.

Color vision of the observers was tested with a
Nagel anomaloscope. Each observer performed three matches

and three determinations of acceptable upper and lower
match limits with each eye. In every case, the inter-
ocular differences were equal to or less than the ac-
ceptable deviations about an observer's mean match-
point. The average of match and range mid-point, to-
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Table VI.

Observer Characteristics

Anom.	CAT	CAT %e %eObs. Exp, Age Sex_____ _____	 Quot.	Score	Time. ifip Sat.

A	2	47	N	1.020	87	1.18 1,48 5.46
(±.00s)

B	0	48	F	1.032	67	0.65 2.09 24.33
(j.004)

C	1	23	M	0.983	69	2.00 2,43 12.47
(±.o7)

B	2	53	N	0,958	64	2.15 1.62 10.78
(± • 041)

E	0	20	N	1.057	58	0.95 2.63 25.3)4.
(±.o25)

1	29	N	1.001	82	0.75 0.88 13.21
(±.6)

G	1	24	F	1.002	64	1.15 1.42 13,68
(±.7)

Avg	1.0	34.9 -	1.008	70.1	1.26 3.34 12.76

KEY:

	

Experience 	 Anomalous Quotient
o = none 	 1.00 = normal mean
1 = moderate 	 3.16 = deutan mode
2 = high 	 0.35 = protan mode

CAT Score	 CAT Average Time
0-48 = "poor"	 approximate average

49-65 = "fair" 	 time for 40 samples
66-74 = "average"	 is 45 minutes= 1.125
75-83 = " good"	 minutes/match.

84-109	"excellent"

= mean probable error
in per cent of level.
e = 0.674

gether with the mean positive and negative acceptable
deviations, is shown for each observer in the fifth
column. The numbers listed are anomalous quotients;
i.e., the proportion of anomaloscope reading to mean
normal trichromat reading. A value of 1.00 corresponds
to the normal mean, Deuteranopic means are about three
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times higher and protanopic means are about one-third
the normal mean on this scale. The data show that all
observers had normal trichromatic vision. The average
observer's mean of 1.008 is very close to a 'perfect'
score. In addition, the anomalous quotients of all
observers were nearly the same - within a range of
7.4 per cent - indicating that there were not large
differences in color matching characteristics among

the 7 observers.
Each observer carried out a full ISCC-Color Apti-

tude Test (essentially a test of saturation discrimin-
ation, despite implications of the test's name). isCC-
CAT scores may range from 0 to 109. The range has been
divided into five descriptive categories intended to
provide general characterizations of an observer's
ability to discriminate small color differences. Column
six of Table VI indicates that the 7 observers' ISCC-CAT
scores ranged from 58 ("fair") to 87 ("excellent"). The
average observer's score was 70.1 ("average"). Figure 5b
shows the cumulative distribution of score frequency
for the observers. Two normal ogives are included for
comparison since the ISCC-CAT score range is not sym-
metric with the central category. The solid ogive is
based on normalization about the CAT score mid-point;
i.e., the center of the "average" category. The dashed
function is based on normalization of the scale end-
points. Whichever ogive is used for comparison, it may
be seen that the distribution of scores for the 7 ob-
servers was reasonably normal. In addition, the average
observer's score (70.1) is virtually coincident with
the 50 per cent point on the mid-point normalized
ogive (a value of 70.0).

In addition to the CAT scores, the time required
for completing the test was recorded. A representative

time for carrying out all 40 matches is 115 minutes, or
an average of 1.125 minutes for each match. The actual
average times for each observer are listed in column
seven. They range from 0.65 to 2.15 minutes/match; or
roughly from half to twice the representative rate.

Table VI also provides two additional columns of
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data tabulating the mean probable errors for hue and
saturation scaling for each of the observers. These
data were extracted from the final results but they
are included in Table VI because they help to define
reliability characteristics of the observers. The mean
probable error is an inverse indication of precision
in scaling hue and saturation; the smaller the number,
the higher the precision. Mean probable error is equal
to o.67L1. times standard deviation as averaged over all
observational sessions. It is expressed here in per cent
of magnitude. Values for the average observer are not
simply averages of the individual mean probable errors,
but are computed from the pooled standard deviations
of all observers over all sessions. Some correlation
may be noted between the mean probable error for satur-
ation and the experience index in column two.

Finally, data from the observers' lightness scalings
were analyzed according to the four-part classification

22used by Bartleson and Breneman (1973) for evaluating

reliability of observers in magnitude scaling work. All

7 observers here were of the Type I class; the class
found to be most reliable according to the consistency
criteria used by Bartleson and Breneman.

Thus, all the data set forth in Table VI indicate
that the observers constituted a representative normal
group in all respects considered except for sex distri-
bution. It is interesting to note that, for the most part,
the correlations among the different measures of observer
characteristics appears to be low, suggesting that they
represent independent factors.

Scaling methods.

The method of magnitude scaling was selected for
use in this work. That choice was made for a number of
reasons. The principal considerations were as follows:
i) Direct scaling would avoid problems associated with
either memory or hapiscopic matching - extended training
periods and distorted memory traces on the one hand, and
binocular interactions on the other.
2) Magnitude scaling would allow observers to use
normal, binocular viewing of all stimuli without inter-
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position of' encumbrances in the field of view and with
assurance that the observer's entire visual mechanism
was uniformly adapted to the conditions under test. In
short, direct scaling would allow normal viewing con-
ditions to be used.
3) Magnitude estimation permits scaling of the change
in appearance of a fixed stimulus resulting from vari-
ations in adaptation as opposed to the change in stimulus
required to evoke the same color appearance. Such adapta-

tional metamers may be derived from magnitude estimation
data but the change in appearance cannot be determined

from haploscopic data.

4) Magnitude estimation preserves absolute differences
of attributes induced by variations in illuminance and
luminance factor.

5) An aim of the work is to produce dimensional maps
of color attributes and magnitude scaling is well suited
to that purpose.
6) Magnitude scaling is most economical of observer's
time and effort, and since the experiment was to be ex-
tensive, the magnitude approach seemed a sensible choice.

A training or introductory period was considered
desirable since both experienced and inexperienced ob-
servers would participate in the work. A series of
training sessions would serve a number of useful pur-
poses. It would permit establishment of a common meta-
language for judgment responses. All observers could
see (actually experience) the kinds of changes in
color appearance that would be encountered in the main
experiment and they could be taught to describe those
appearances with a uniform and parsimonious set of words.
Training sessions would also permit gathering prelim-
inary data that, in addition, could serve two different
purposes. Data on lightness scaling could be used for
screening and to test the manner in which observers
tended to respond with judgments. Also, by using the
method of magnitude production during part of the train-
ing period, data could be generated which would be help-
ful in assessing internal consistency of' the scales de-
rived from magnitude estimates in the main experiments.
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That way, the same questions could be approached from
two different methods of measurement to determine whether
or not the observers yielded consistent results. Finally,
a training period would allow the observers to see var-
iations in several attributes of color and learn to dis-
tinguish those which were to be the subject of inves-
tigation. The training period was considered an im-
portant phase of the research in order to ensure uni-
formity of response structure and certainty of under-
standing in the judgment process.

For these reasons, each observer began his work
with one or two sessions, amounting to one-and-a-half
to three hours depending upon his previous scaling ex-
perience. In these sessions he learned to carry out
both magnitude production and magnitude estimation.
Primary emphasis was on production during the training
period. In all sessions, the observer was allowed to
adapt for 20 minutes to a uniform area (consisting of
the surround plus occluded central stimulus area) at
1,000 cd.m 2 with D 65 chromaticity illumination. Dur-
ing a session, all samples were presented at a luminance
factor of 0.20.

Lightness was addressed first. The procedure was
as follows. Sample luminance had been set at essentially
zero luminance. The observer was given a control which
changed only the luminance of the sample. Sample chroma-
ticity was very close to that of the surround. The ob-
server was then instructed that:

"You will probably see a very dark circle in
the center of the field."

(After affirmative response):
"Please turn the control knob in a clockwise

direction with your left hand and tell me what you see."
(Observers typically responded with descriptions

such as Ibrighter, 'lighter', or 'turns gray')
"Continue to turn the knob slowly in the same

direction and see if you can make the circle as bright
as the surround."

(After a match is achieved):
"Now we may say that the surround and the sample
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have the same brightness, Another way of describing
their relationship would be to say that they have equal
lightnesses. Now I want to tell you how we will dis-
tinguish between these two ideas of lightness and bright-
ness. We will use the word brightness in reference to
how bright or dark something appears in terms of all
the brightnesses that you can remember ever having seen.
Think of seeing a piece of white paper outdoors with
sun shining directly on it. Is the white area in front
of you as bright as that? (Observer responds) Now think
of the same white paper outdoors on a moonlit night. Is
the white area in front of you as dark as that? (Observer
responds) So you see that you can distinguish how bright
something appears in terms of your past experience. That
is how we will use the word brightness to describe what
you see. On the other hand, we will use the word light-
ness in a relative sense. Right now the sample and stir-
round are also equal in lightness. We can assign an ar-
bitrary number to that lightness. For example, we could
call it 100. So both sample and surround have a light-
ness of' 100. Now turn the knob in a counter-clockwise
direction. Are they still equal? How would you describe
the difference? (Observer responds) The sample now
appears darker; it is no longer white but is a light
gray. We can say that it contains some gray. We will
use the word lightness only when the sample appears to
contain some gray. If it contains gray, then it no
longer appears white - correct? If the white surround
has a lightness of 100, then the sample must now have
a lightness less than 100 - agreed? Turn the knob some
more in the counter-clockwise direction. What happens
to the appearance of the sample? (Observer responds)
Now it is dark gray - its lightness is even less than
before. We could say that it has less whiteness in it
than before. Turn the knob some more. Now you see an
even darker sample; it is a darker gray or, alternatively,
it has still less whiteness. In either case, its lightness
has been further reduced. If' you can reduce the light-
ness far enough (NB: some observers could and some
couldn't do this) you will see that it contains no
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trace of whiteness - no lightness - at all; that is,
it appears perfectly black. We could call that con-
dition a lightness of 0. We will define lightness as
applying to all those colors between black and white.
They all contain some amount of gray. We can assign a
number to the lightness of any of those colors. Since
black doesn't contain any whitness or grayness, we can
say its lightness is zero. At the other end of the scale
we have the white surround. It appears only white. It
has no trace of gray. We will call its lightness 100.
Lightness runs between 0 and 100 from black to white.
With that in mind, can you turn the knob until you are
satisfied that the sample has a lightness of 50? (ob-
server responds) Now adjust it to a lightness of 75.
(Observer responds) Now make it 100." etcetera.

"So you see that you can assign numbers to
how light the sample appears. Those numbers tell me
how you see its lightness. They are your best estimate
of what 	see. There are no correct or incorrect
answers; your best estimates are all that count."

"Now please adjust the sample so that it is
brighter than the surround. (Observer responds) We
might be tempted to say that its lightness is now greater
than 100. But remember that I said we will define light-
ness in a relative sense and only for those colors that
contain some gray. Does the sample now appear to con-
tain any gray? (Observer responds) Then we will not
talk about its lightness but, rather, its brightness.
Now in terms of all the other brightnesses that you have
ever seen, what number do you feel best represents the
brightness of the sample that you now see?"

(Observer responds with a number N)
"Now can you turn the knob so that the bright-

ness of the sample iS +N ?"

(Observer responds with luminance adjustment)
"Does it now appear to contain any gray?"
(After affirmative response)
"Then what is its lightness?"
(Observer responds with number x)
"So the brightness and the lightness are not
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the same. Certainly fN does not equal X. You can see,
then, that the same sample can be described in two ways.
The brightness (fN) is relative to all the brightnesses
you have ever experienced. The lightness (x) is relative
to the brightness of the surround that you now see. In
that sense, lightness can be thought of as a kind of
relative brightness. So we can talk about both abso-
lute brightness and relative brightness. When we talk
about relative brightness for samples that contain gray,
we use the word lightness. But the two ideas are dif-
ferent and the numbers that represent brightness and
lightness are not necessarily the same. Do you under-
stand the distinction I am making between lightness and
brightness? Do you agree that it is a reasonable dis-
tinction?"

(After observer responds, experimenter asks
him to adjust the stimulus to produce several lightnesses
in turn. Then the experimenter asks him for several
brightnesses. Next, the experimenter introduces a reddish
filter into the stimulus beam)

"Now how would you describe the appearance of
the sample?"

(Observer responds)
"Can you turn the knob so that the brightness

of the sample matches that of the white surround?"
(Observer responds by performing a match)
"Does the sample contain any gray? (Observer

responds negatively) Is it brighter than the surround?
(Observer responds negatively) Then we could say that
its lightness would be 100 - agreed? Now see if you can
turn the knob to make its lightness 50. (Observer re-
sponds) Does it now contain any gray? (Affirmative
response) So you see we can talk about lightness and
observe that colors may contain gray even if they are
reddish-appearing rather than neutral gray. In other words,
lightness is one attribute of' what we see when we look
at colors and we can abstract that attribute from all
other aspects or attributes of color appearance in or-
der to describe it alone. We can even assign numbers to
it to describe the intensity of our lightness perceptions
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in the presence of other, different, aspects of color."
(Experimenter then guides the observer through

the same steps as with achromatic stimuli, and subse-
quently substitutes green-, yellow-, and blue-appearing
filters in the stimulus beam, repeating the entire pro-
cedure for each condition).

This procedure is set forth in some detail because
it serves as a logical model for introducing other at-
tributes of color. In addition, the logical and linguistic
structure developed in the training phase is an important
key to understanding the exact nature of the results of
the experiments to follow.

During the exercise with lightness and brightness,
the observer has learned to use the two words in a con-
sistent way to describe two attributes of color. He has
learned to distinguish between absolute and relative
attributes. He has also learned to abstract one attri-
bute from among several in order to attend only to it.
Finally, he has learned to assign numbers to intensities
of attributes in a consistent manner or, alternatively,
to adjust a stimulus to match a number representing
intensity of attribute. During the process he has gained
first-hand perceptual experience within the context of
the viewing conditions to be used in the main experiment.

In learning the attribute structure and metalanguage
for hue, each observer began by producing a unitary
yellow hue. He was provided with the same knob for stim-
ulus adjustment. This time, however, it controlled dom-
inant wavelength rather than luminance • The range of
adjustment permitted hues to be produced with contin-
uous variation between a generally yellowish-appearing
red to a distinctly yellowish-green. The observer was
first allowed to see how hue could vary systematically.
The attribute hue was identified and named according to
that variation. He was then required to make an adjust-
ment that produced "a yellow hue with no perceptible
trace of any other hue". This hue was named "unitary
yellow". The complementary substitutional relation be-
tween adjacent hues was pointed out; as yellow increases
red decreases or, alternatively, green decreases as
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yellow increases. The unitary yellow was identified as
"100 yellow". With the stimulus set to a position that
elicited a mostly reddish hue, the observer was asked
to produce a hue that was 50 yellow/50 red; then

75 yellow/25 red, etc. The same thing was done with
greenish-yellow hues. This was repeated a number of
times with other numbers and the experimenter adjusted
the stimulus a few times and asked for magnitude esti-
mates. After pointing out the logical similarity between
these operations and what had been done earlier for
lightness - stressing that it was also possible to
abstract hue from the total percept - the luminance
of the stimulus was altered and more magnitude estimates
of hue were made.

The same process was then repeated for unitary red,
green, and blue hues. In each case, the observer per-
formed magnitude productions and estimations of the pro-
portions of unitary hues for stimuli of different lumi-
nance factors. He saw that there could be four unitary
hues, Further, he experienced their perception. He
learned to identify them as red, green, yellow, and blue.
He found that hue could be abstracted from the total
color perception. He learned to attach magnitude numbers
to the hue proportions that he perceived. In short, each
observer learned to scale hue according to the experi-
mental paradigm.

Finally, saturation was addressed. This time the
stimulus knob controlled colorimetric purity with no
change in luminance or dominant wavelength. The dom-
inant wavelength of the first series was chosen to
elicit a reddish hue. Luminance factor was fixed at
0.20. The observer was permitted to explore changes
in appearance that resulted from his adjustment of the
stimulus. He found that he could adjust the stimulus
to a condition where it appeared completely gray; where

it had no trace of hue. He found that he could adjust
the knob to produce a condition where the sample no
longer appeared to be a surface color but was, instead,
a luminous-appearing object. He saw that there were
many adjustments between these extremes where the color
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appearance varied in ways that could not be described
as changes in lightness or in hue. He was told that
these new variations would be called saturation. Then
the observer was asked to adjust the stimulus until
he could see no trace of hue in the sample. This was
identified as zero saturation. The logical similarity
of this concept and zero lightness and zero hue was
discussed. He was then asked to adjust the stimulus un-
til the sample appeared neither luminous nor gray-con-
taining; the point at which an abrupt change from the
surface mode of appearance to the luminous mode occurs.
The experimenter then pointed out that one form of rel-
ative saturation might be considered by assigning a
modulus of 100 to this appearance, in the same manner
that white was said to be 100 or a unitary hue was 100.
The observer then scaled relative saturation by both
magnitude production and estimation. In a manner analogous
to that in which lightness and brightness were distin-

guished, the observer was also taught to distinguish be-
tween relative and absolute saturation. That is, he was
told that the relative saturation was merely a propor-
tion of chromatic content perceived relative to the
perceived saturation of a reference perception. As that
relative chromatic content increased, the achromatic
(or gray) content decreased. He was instructed to use
the term relative saturation only where both hue and
grayness could be seen. Then with the stimulus adjusted
so that it did not evoke a gray response (i.e., so that
it appeared distinctly luminous) he was asked to assign
a number, N, of his own choice to its saturation in terms
of all conceivable saturations that he could imagine. He
was then asked to turn the knob until the sample had a
saturation of 4-N. But that stimulus usually appeared to
contain gray, so it could be scaled as relative satur-
ation as well. He found that the relative saturation
magnitude (M) was not equal to the absolute saturation
magnitude (4-N). The distinction between relative and
absolute attributes was again repeated. The observer
then estimated the absolute saturation magnitudes of
several stimuli that were presented by the experimenter.
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Finally, the luminance factor was altered and more
magnitudes of absolute saturation were estimated.

The process was then repeated with greenish and
bluish stimuli; and certain other hues for some of
the observers, Each observer learned from this series
of' observations that he could identify saturation,
distinguish between relative and absolute saturation -
seeing that not only did the two kinds of scales yield
different numbers for a given hue, but also that 100
relative saturation for different hues had different
absolute saturations from one another - and he could
scale both attributes according to the same kind of
scheme that he had brought to bear on the analysis of
lightness, brightness, and hue.

At the end of the training period, the experimenter
reviewed and summarized what had been done in the same
sequence in which the work was carried out. Particular
emphasis was placed on hue and absolute saturation.
Every observer indicated that he was satisfied that he
knew what was to be asked of him in performing the
experiment. The three observers who had some moderate
experience in scaling each independently volunteered
that for the first time they felt that they understood
clearly what was meant by 'saturation' and would now
know how to scale it with a certainty they had not en-
joyed before. The two completely inexperienced observers
each offered such comments as "it's much easier than I
thought it would be" and "if that's all there is to it,
I'm sure I can do it". In substance, an air of confi-
dence was generated.

The confidence of observers on completing the train-
ing phase suggested that the exercise had been helpful
to them. As will become apparent later in the results,

been
it also appears to haveAsuccessful in yielding precise
and consistent data during the main experiment.

After this preparation, the observers performed
magnitude estimations in the main experiment. Each
observational session was not more than one hour's dur-.
ation. The first twenty minutes of each session was
used for adapting to the illumination condition under
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test. Before commencing with scaling of the test samples,
the appearance of the surround was checked to make sure
it was white; the surround was scaled two more times
during the course of each session as a control. Then
the observer was reminded of what was to be scaled and
he was instructed as follows:

"You will be presented with a series of samples
in irregular order. They will be flashed in front of
you at intervals. Your task will be to tell me what
hue and absolute saturation you see. You may take
as long as necessary - that is, use as many flashes
as you wish - in order to satisfy yourself that you
are able to describe the hue and absolute saturation
to your satisfaction. Please describe them by assign-
ing numbers to represent your subjective impressions.
There are no constraints on the numbers that you may
use for absolute saturation. But remember that hue
should be described as a proportion of two neigh-
boring unitary hues - red, green, yellow, blue -
stating the proportions for both unitary hues. First
decide whether or not you perceive any hue at all.
If not, please reply 'neutral'. On the other hand,
if the sample does not appear neutral - that is,
neither white, nor gray, nor black - then decide
which of the four unitary hues predominates. Next
decide whether or not you see a trace of any other
unitary hue. If so, identify it. Finally, estimate
the proportions in which the two hues stand. When
you have done that, please tell me what the hues and
their proportions are. It will be helpful if you will
state the predominant hue first. After you have scaled
hue in this way, next direct your attention to the
absolute saturation. Assign any reasonable number
to the saturation of the first sample that you see.
That is, use any number that you feel represents the
absolute saturation of that first sample. You may
use any number at all, but satisfy yourself that
you are 'comfortable' with it as representing the
absolute saturation in terms of all your past ex-
perience. After you have told me what the number is,
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I will let you look at the first sample for a little
while longer. Please try to remember its appearance and
the number that you used to describe its saturation.
Then assign successive numbers to the saturations of
subsequent samples in a consistent manner to represent
your subjective impressions. 	Are there any questions?"

These instructions were given to each observer be-
fore every session. In practice, on a very few occasions,
some problem or inconsistency would arise during the
session and further colloquy would be required to clear
it up. For example, two observers once responded with
'brown' for stimuli of the lowest luminance factor,
rather than some proportion of unitary hues. At this
point the experimenter said: "That is one way of de-
scribing what you see. But remember we have decided to
describe all hues as proportions of unitary hues; red,
green, yellow, blue. 'Brown' is not one of our hue names.
Now try to ignore the lightness and the saturation of
this sample and concentrate on hue alone. Do you see
any hue in it? What hue seems to predominate? Is there
any other hue present? What is it? Then in what pro-
portions do they stand?" In other words, if the obser-
ver indicated any confusion, the experimenter simply
repeated those portions of the instructions that applied
to the area of confusion in question. The necessity for
such action was very rare.

All stimuli were presented in three different
quasi-random orders a total of three times during each
session. The observer scaled both hue and saturation for
each presentation of a sample.

A selected subgroup of observers also conducted more
extensive magnitude production work for hue, saturation,
lightness, and brightness. That same subgroup also made
magnitude estimates of the 24 stimuli under conditions
bf dark adaptation.

Summary of design and key.

The attributes chosen for evaluation were: (i)
relative hue, (2) absolute saturation, (3) lightness,
and ( Li) brightness.
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Hue was scaled by the method of constant sum
(Comrey 1950)67 as proportions of adjacent unitary
hues.

The attribute which is called 'saturation' here
is the same concept as that labeled 'colorfulness' by
Hunt (1976)159. In absolute form, saturation represents
an attribute of color sensation according to which a
sample appears to exhibit more or less chromatic color.
That is the same definition used by Hunt for colorful-
ness. The term saturation is used by him to identify a
relative form of colorfulness; viz., colorfulness
judged in proportion to sample brightness. Colorful-
ness is a new term. Despite the fact that it may help
to clarify this conceptually troublesome dimension,
the word saturation has a much longer history of' use
and was chosen for this experiment quite some time be-
fore Hunt's proposal. Saturation - the word and the
concept - has a reasonably clear operational definition
in this experiment. Since it was used throughout the
work, I will continue to use it in this description of
the research, but with the caveat lector: saturation
is that attribute of a color sensation according to which
a sample appears to exhibit more or less chromatic color.
This attribute was scaled by unconstrained numerosity.

Lightness was defined as that attribute of a chromat-
ic or achromatic perceived color according to which a
gray-containing sample appears lighter or darker; i.e.,
it appears to reflect more or less light. It was scaled
relative to the lightness of the surround which was
taken to have a lightness of 100.

In one phase of the experiment, brightness - that
attribute of' a chromatic or achromatic color perception
according to which a sample appears more or less inten-
sive - was also scaled by unconstrained numerosity.

Both magnitude estimation and magnitude production
scaling was conducted. Details of the experimental
phases for the various conditions studied are set forth
in the following paragraphs. Table VII serves as a key
to these phases.

The primary stimulus factors affecting chromatic
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Table VII.
Key to Experimental Phases

No. Observatns.Test	Sur Lum	K	No. H	Ltns/ue SatPhase Lum Lum Ftr - 0's - - Brtns
Mag,Est.:

	

1	200

	

2	200

	

3	200

	

4	430

	

5	430

	

6	66

	

7	66

	

8	100

	

9	100

	

10	40

	

11	40

	

12	200

Mag.Prod.:

13	200 1,000 (var.) 6,500 	56	28-	28
168	84	84

i Ll	200 1,000 (var.) 6,500 	14.	240 120	420

Grand total of observations: 10,112

adaptation used in this experiment were:
(1) correlated color temperature
(2) luminance factor of sample stimuli

(3) effective illuininance expressed as sur-

round luminance.

Three correlated color temperatures were used:
(a) nominally 6,500 K, (b) nominally 4,400 K, and (c)
nominally 2,856 K; corresponding to the chromaticities
of CIE Illuminants D 65 ,  D44 ,  and A respectively. The
names of those CIE Illuminants will be used here for
convenience in referring to the test illuminants.

Three luminance factors were chosen for the D 65 and
A conditions: (a) approximately 0.07, (b) 0.20, and (c)
0.43; corresponding to Munsell Values of 3, 5, and 7
respectively. A luminance factor of 0.20 was used for

the	condition.
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Three effective illuminances were used for the
and A conditions. These produced surround luminances

of (a) 200 cd.m , (b) 500 cd.m , and (c) 1,000 cd.m2.
Only the 1,000 cd.m 2 surround was used for the
c o nd it ion.

A subsidiary phase of the experiment involved a
condition in which the samples had luminances of 200
cd . w 2 and were presented with an effectively zero
luminance (dark) surround.

The foregoing information is summarized in Table
VII. That table indicates the four major phases of
magnitude estimation experimentation:

i)	The effect of color temperature , consisting of
all 7 observers scaling hue and saturation (with 3 rep-
lications for each of 24 stimuli) under D 6 , D 44 ,  and A

-2conditions. In each case the surround was 1,000 cdm
and the sample luminance was 200 cd . m 2 (a luminance
factor of 0.20). A total of 3,024 observations were
made in this phase. The experiments are identified in
Table VII as numbers 1, 2, and 3.
2) The effect of luminance factor, consisting of 3
observers scaling hue and saturation additionally for
all stimuli under D 65 and 1 observer using A as well
for luminance factors of 0.43 and 0.07. These data were
used in conjunction with the same observers' data for
luminance factor 0.20 samples under the otherwise same
conditions with a 1,000 cd'm 2 surround to determine the
influence of luminance factor on hue and saturation. The
additional data collected in this phase amounted to

1,72 8 observations. The experiments are identified in
Table VII as numbers 4, 5, 6, and 7.

3) The effect of illuminance, consisting of all 7
observers scaling hue and saturation in addition for
D6 and A illuminants with sample luminance factor 0.20
at surround luminances of 500 and 200 cd • m • These data
were used in conjunction with the observers' data for
the same luminance factor samples in a 1,000 cd.m2
surround to determine the influence on hue and satur-
ation of illuminance, The additional data collected in
this phase amounted to 4,032 observations. The experi-
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ments are identified in Table VII as numbers 8, 9, 10,
and 11.
Li)	The effect of induction consisting of 3 observers
scaling hue and saturation together with brightness for
all samples at 200 cd'm 2 presented in a zero luminance
(dark) surround. These data were compared with data
for the samples at the same luminances with surrounds

-2of 1,000 cd'm to determine the influence of induction
by the surround on hue and saturation. The brightness
data were compared with lightness data derived by mag-
nitude production with the 1,000 cd'm "2  surround to ex-

amine the influence of surround induction on the shapes
of the relative brightness curves. The additional data
collected in this phase of the experiment amounted to
32k observations. The experiment is identified in
Table VII as number 12.

he total number of magnitude estimations was, then,
9,108. They relate primarily to variations in hue and
saturation over changes in the adaptation factors studied.
In any one experiment (numbers 1 through 12) the 2k sam-
ples were all approximately equal in luminance. There-
fore, the lightnesses and brightnesses they elicited
were constant in any one experiment. Small differences
in lightness and brightness of individual samples ex-
isted as a consequence of the Helmholtz-Kohlrausch
effect. Primary study of lightness and brightness was
carried out in the magnitude estimation phases of the
experiment (numbers 13 and 1k in Table VII) in con-
junction with training and supplementary experiments.
A total of' 1,004 magnitude productions were recorded.
Thus, the grand total of observations was 10,112.
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III. Experimental Apparatus

The experimental apparatus was designed and con-
structed to permit both magnitude production and esti-
mation experiments to be carried out according to the
design elaborated above. The essential features of that
apparatus are illustrated in Figure 6. Basically, it
consisted of a stimulus source, an integrating tunnel,
and an illuminated surround with a central aperture
through which the output end of the integrating tunnel
was uniformly imaged at infinity. The central aperture
was sharply defined and the homogeneous field that filled
it was always at a luminance well below that of the sur-
round, 80 that all test stimuli were seen in the surface
mode of appearance.

The stimulus source consisted of a modified 750
watt Kodak Carousel Projector. The relative spectral
power over wavelength of that system (including all
optical modulators as measured through aperture A3)
is listed in Appendix D. The projector lamp, L 1 , was
operated at 95 per cent of nominal current rating from
an electronically regulated power supply providing
±0.1 per cent regulation. Condenser lenses 01 .Iuuu1

mated a stimulus filter stage, Fi, used in the magni-
tude estimation experiments. The combination of object-
ives 02 and 0 3 provided a collimated beam for illumin-
ating the entrance surface of mirror tunnel B. The
tunnel consisted of a hollow, extruded, polished alu-

minumbar with opalized Perspex ends. The tunnel was
square in cross-section (2 cm on a side) and its length
was four times as long as its side. Its optical inte-
gration characteristics were excellent. An enlarged image

of the exit surface was relayed by objectives 0z to the
aperture A3 . The observer was positioned by

a head and chin rest so that the relayed image filled
A3 and was seen to be a homogeneous display. Photo-
metric uniformity of' the aerial image at the observer's

position was high enough so that variations could not
be measured with available equipment. Baffles A 1 and A2
were located to minimize stray light contributions to

the stimulus radiance. Another baffle (not shown in
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Figure 6) was located between the observer and the
surround in such a way as to restrict his view to about
700 angular subtense.

The surround consisted of reinforced, 1 mm thick
cardboard of high and approximately spectrally nonselec-

ec1Gc-tanc9
tive diffuseAsurface. It subtended 15.2 on all sides.
In turn, the surround periphery consisted of black
velvet paper subtending and additional 600 annulus on
each side, The entire extreme periphery (beyond the
black velvet) was baffled with black paper. The central
aperture, A 3 , was circular with a subtense of 10. Its
edges were cut on a bevel to ensure singular and sharp
demarcation between surround and sample areas.

The surround was illuminated by eight 150 watt
Plus Projectors. All eight projectors were operated
from a main voltage line; but time of operation was
chosen such that measured variations in voltage did
not exceed ±2 per cent of mean value. Both total and
spectral irradiance from each of the eight surround
projectors could be altered independently. This per-
mitted a close chromaticity match to be made to the aim
surround chromaticity. Those matches were achieved by
covering the projector lenses with various combinations
of Cinemoid plastic filters. The color mixture of the
combined surround flux was partly subtractive and partly
additive. The surround illumination consisted of an
additive mixture of flux from all surround projectors.
Relative spectral power distributions of the light
reflected from the surround surface are listed in
Appendix A for the D 65 and A illumination conditions.
Spectral power was not measured for the D condition.
In all three cases, the aim was to match the chromaticity
coordinates of the CIE aim illuminants as closely as
possible. Table VIII indicates the extent to which
this aim was met.

A baffle between the observer and the surround
prevented him from seeing any of the projectors.

A rotary solenoid activated a paddle shutter, S2.

Solenoid operation was controlled by timer T 2 . The
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Table VIII
Comparison of Aim and Actual Chromaticities

(Surround)

CIE Ill. A 	CIE Ill. 	 CIE Ill.

x = .k476
	

x = •3L154	 x = .3127

y =
	

y = .35811	 y = .3290

Teat Ill. A 	Test Ill. D 	Test Ill.

x = ,4Li67
	

x = .353
	

x = .31110

y = .11072	 y = .3586
	

y = .3276

shutter was located immediately behind the surround in
such a way that its front surface was in contact with
the rear surface of the surround. The front surface
of the shutter was made of the same material as that
of the front surface of the surround so that when the
shutter was in the closed position it appeared to be
a continuation of the surround. An air vane was posi-
tioned on the solenoid to create a draft when it ro-
tated, thereby separating the paddle front surface and
surround rear surface during shutter transit to avoid
acatching the shutter. Location of the solenoid, shutter
length and breadth, were jointly chosen to allow the
sample to beam to open (or close) completely within
50 milliseconds. Thus, the change from sample to no
sample present appeared to occur instantaneously.

Magnitude production stimuli were controlled by
positioning a multi-part filter, F 3 , in front of the
entrance to the integrating tunnel. The observer was
able to operate a remote adjustment, CF3 that varied
the position of filter F 3 along a horizontal dimension.
Various filter combinations were used for F 3 depend-
ing upon what was being scaled; dominant wavelength
differences for hue, or purity differences for satur-
ation, A logarithmic tapered opaque occiuder was used
in the F 3 position for scaling lightness and brightness.
A 1 megohm, log-taper, slide resister was welded to the
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F3 filter carrier so that exact position was represented
by the impedance across resister AD. The digital meter
DVM was connected to this circuit so that the experi-
menter was provided with a display of F 3 filter position
without the observer being aware of it. Filter position
was calibrated in terms of resistance and corresponding
tristimulus values or luminance attenuation according
to the phase of magnitude production under study.

The filter F 3 was removed for magnitude estimation
work. Magnitude estimation stimuli were introduced by
the projector slide changing mechanism at position F1.
A remote control, T 1 , was available for the experimenter
to change stimuli. This control was operated manually
after the observer had provided his response; during the
the occlusion semi-cycle of S2 . A second shutter, Si,
was simultaneously activated inside the projector to
prevent high light levels from passing through the
stimulus beam. Spectral transmittances of the 2k filters
used in magnitude estimation are listed in Appendix C.
Chromaticity coordinates of the 2k stimuli (filters,
source, and all stimulus beam components) as seen by
the observer are given in Appendix B.

The stimulus filters consisted of various combin-
ations of (a) Lovibond glass filters, (b) Chance glass
filters, and (c) Cinemoid plastic filters. The resul-

tant stimuli provided the gamut of chromaticities listed
in Appendix B and illustrated in Figure k (page 82).

Filter position F 2 was located between the stimulus
projector and tunnel B. It was used to position cali-
brated Wratten (carbon) Neutral Density Filters in the
beam in order to adjust the luminance factor of sample
stimuli. In addition, F 2 was used to introduce chromatic
filters and color temperature conversion filters during
the scaling of lightness and brightness. The conversion
filters were such as to cause sample and surround to
match in chromaticity.

Measurement, calibration and monitoring of all
stimuli was accomplished in two ways. Initial measure-
ment and calibration were carried out with the aid of
a Bausch and Lomb Spectronic 505 Spectrophotometer.
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Monitoring of stimuli was done with a calibrated Photo
Research Spot Brightness Meter UBD/No. A322 which was
modified for relative tristimulus measurement.

The spectral transmittances of all filters were
measured on the Spectronic 505 instrument modified for
digital output. In addition, all lenses and the inte-
grating tunnel were measured on this instrument. In each
case, the 505 beam geometry was adjusted to simulate
the optical geometry appropriate to the elements under
consideration. A three-week base-period of calibration
data gathered on the 505 shows a standard deviation of
spectral transmittance of ±0.2 per cent. That figure
represents the precision of repeat measurements from
day to day. The question of accuracy is more difficult
to evaluate. The United States National Bureau of
Standards attaches uncertainty values to the calibration
of its 2100 series filter glasses of 0.2 to 0.5 per cent
transmittance for absolute calibration. The United King-
dom's National Physical Laboratory sets uncertainties
of' 0.15 to 0.25 per cent reflectance on the absolute
calibration of the British Ceramic Society tiles. Since
these uncertainties are of the same order of magnitude
as the precision of' measurements observed during the
base-period, the most that can be said about accuracy
of spectral modulation measurements obtained here is
that they appear to be satisfactory. Analog output
measurements of the wavelength accuracy of the 505
instrument used showed a variation in absorption peaks
of didymium glass of about 0.9 nm standard deviation
and 1 .3 nm maximum. Since that figure for standard de-

viation is within the variability encountered with re-
peat measurements carried out in immediate succession,
it is impossible to assign it either to instrumental
accuracy or to analog precision in positioning graph
paper. It seems reasonable to state that both precision
and accuracy of the 505 instrument used was satisfactory
for the task at hand.

The Spectronic 505 was also used to obtain relative
spectral irradiance measurements of both stimulus and
surround projectors. This was accomplished by removing
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the instrument's light source and substituting a
projector. In addition, a calibrated tungsten color
temperature lamp was also measured. Ratios of relative
irradiances (with respect to the assumed spectral
emittances of the calibrated lamp) provided a measure
of relative spectral power distributions of the test
sources. These data were used in conjunction with the
spectral transmittances of all elements in a stimulus
beam to compute the relative spectral powers listed
in Appendices A and D.

Final measurements, and continuing monitor data,
were obtained with the use of the Photo Research UBD
instrument. This instrument permits measurements in
four modes; three of which were used here: (i) 'P' mode
for luminance and Y tristimulus analog, (2) 'R' mode for
X tristimulus analog, and (3) 'B' mode for Z and X'
tristimulus analogs. Factory calibrations of these
three modes were provided by Photo Research. Calculation
of CIE 1931	values from mathematical combinations
of P,R,B outputs results in a set of three spectral
error functions. These are listed in Appendix E. The
three functions represent spectral response errors that
influence determination of CIE 1931 chromaticity coor-
dinates. The error integrals from Appendix E are e- =
0.02 115,	= 0.0123, and - = 0.02 110. For an equal
energy source and spectrally nonselective samples, this
amounts to errors of 2.111% in x, 2.01% in 	and 2.50%
in z. Maximum errors at any wavelength are -0.0885 in x,
+0.0915 in , and -0.1929 in . Actual errors for typically
selective samples will be intermediate between these ex-
tremes. However, since the error functions are known and
the spectral data from the 505 measurements are avail-
able, it is not necessary to accept the error integrals
of Appendix E as limiting factors. It is possible, given
these two sets of information, to practice difference

colorimetry according to accepted colorimetric practice
(v., Judd and Wyszecki 1975, pp .211-219) 190 . Provided
that the 505 measurements are proportional or nearly so
to the true values of spectral radiances, then difference
colorimetry will eliminate or minimize the error inte-
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grals associated with mismatched responses and distri-
bution coefficients. Repeated measurements for monitor-
ing purposes are satisfactory provided only that re-
peated readings of the same spectral modulators are
proportional for each wavelength. Accordingly, the IJBD
telescopic instrument was u8ed at the observer's position
to measure and monitor luminance and chromaticity of
both sample beam and surround by the method of dif-
ference colorimetry.

A series of data was generated over a two week
period with that technique in order to estimate the
precision that could be expected by such measurements.
Table IX shows the results of this test.

Table IX
Precision of UBD/No. A322 Used as a Photometer/Colorimeter

Parameter

'P' mode
'R' mode
'B' mode

CIE 1931	(x)
chromaticity 	

()

Standard Deviation

0.1t5

o • 55

o • 55

0.00035
0.00033

Per Cent Error

0.05
0.11
0.17

The luminances and chromaticities of the surround
as illuminated by individual surround projectors with
their filters in position were measured after every 24.
hours of operation. It was necessary to replace two
filters during the course of the experiments. Magnitude
estimation stimuli were measured after every 2 hours of
operation. No filters needed to be replaced. Control
limits for replacement were arbitrarily set at ten times
the standard deviation of chromaticity and luminance
differences of 2 per cent were used for upper limits
of photometric stability. It will be seen from this that
both surrounds and test stimuli remained essentially
constant throughout the experiment.

The sample stimuli - measured telescopically from
the observer's position - were as uniform over their
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areas as could be measured. There were, however, slight
variations in both luminance and chromaticity over areas
of the surround. The average surround luminance for all
three illuminant-conditions (D 6 ,D 44 ,A) was actually
1,066.7 cd . m • Luminances provided by each of the
sources, together with the standard deviations over the
central 13° of the 15.2° surround, were: (D6 ) 1,080
±13.0 cd.m , (D 4 ) 1,030 ± 14.5 cd.m , and (A) 1,090
+	-2_11.8 cd.m . Thus, the deviations from average surround
luminance among the three conditions was +1% for D65,
-3% for D 44 , and +2% for A. These levels are all refer-
red to as 1,000 cd.m 2 . The two lower surround luminance
conditions were obtained by interposing neutral filters
between the observer and the surround plane. Uniformity
and deviations from average luminance were proportion-
ately the same as above. The effective mean luminances

-2	 -2were actually 504.3 cd.m and 199.0 cd . m ; nominally
-2500 and 200 cd.m respectively.

Since the surround chromaticity was derived in part
from additive mixtures of the flux from the eight sur-
round projectors, nonuniformities of illumination also
gave rise to some variations in correlated color temp-
erature over surround area. The mean correlated color
temperature of' the D 65 condition was 6,510 K (153.6
mireds) with variations over the central 13 diameter
area of ±3.0 mireds; i.e., from 6,385 K to 6,640 K.
The mean for the 	condition was 4,1100 K (227.3 mireds)

±4.6 mireds; i.e., from 4,313 K to 4,491 K. Finally,

the mean for A was 2,840 K (352.1 mireds) ±2.1 mireds;
i.e., 2,823 K to 2,857 K. Thus, the surround color
temperatures were close to their nominal values. They
were also reasonably uniform over area; viz., within
2 per cent variation in mireds.
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IV. Results

The complete experiment consisted of a reasonably

large number of phases. It will aid clarity of expo-
sition to present the experimental results according
to major effects on chromatic adaptation. First there
will be an explanatory section describing the procedures
used to normalize data and a summary of their precision.
Then subsequent sections will describes the effects on
hue and saturation of (a) correlated color temperature,
(b) luminance factor, and (c) illuminance. Finally,
there will be a section dealing with lightness and
brightness variations induced by changes in adaptation.

Data normalization and variability.

Unconstrained numerosity was used in scaling ab-
solute saturation by magnitude estimation and production.
The appropriate central tendency measure in such cases
is the geometric mean. Computation of the geometric
mean to determine the average observer's results, auto-
matically establishes a basis for normalizing the re-
sults of individual's data. If the individual psycho-
physical functions are either logarithmic or power in
form, they will each be related to the geometric mean
function by a power transform (Bartleson 1968b) 17 . That

was, in fact, the case for magnitude scales of satura-
tion provided by all 7 observers in these experiments.

Figure 7 shows a representative set of relationships
for the A adaptation condition (experiment 3 in Table

VII on page 101). That graph illustrates the fact that
individual saturation functionsare each related to

(c)their common geometric mean functionthrough a power
transform. The individual functions are arbitrarily
separated along the abscissa of Figure 7 for clarity.

Since the coordinates of the graph are logarithmic,
the slopes of the lines correspond to values of' exponents

in those relations. The slopes are not all equal. That
means that some observers used a greater range of
numbers than did others, The slope for observer D, for
instance, has the highest value. The slope for obser-
ver F is lowest. Therefore, observer D was more con-
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Observers
C	D	E

0.80 1.68 1.12
0.87 1.54 0.98
0.84 1.39 0.98

0.85 1.09
0.83 0.98
0.82 1.01

Conditions

servative in his use of numbers than was observer F.
Regardless of the actual exponent for a given ob-

server, his results will be consistent for cross-com-
parison if he adopts a uniform criterion of scaling for
all trials. In other words, the results have internal
validity if the individual power functions of a given
observer always relate to the geometric mean function
by the same or nearly the same exponent. Thus, a measure
of consistency of compression among sessions for each
of the observers is also an index of internal validity.

Table X lists the constants of the power equations re-
lating individual saturation functions to the geometric
mean function together with coefficients of determina-

10%
tion for the power equations.

Table X
Conversions to Common Saturation

b(y=ax)

Exponents, b:
D65

A
Scale

Factors, a:
D65

A
Coefficient of
Determination,

2

D65

A

o .74

o • 73
o • 75

.k3

.57

0.93
0 • 92

0 • 97

o • 95
0,85
091

0 • 84

1,82
1 .32

0.89
0,85
0 • 96

1 .62
1.00
1 .40

0.90
O • 89

0 • 95

0.09
0.14
0.21

0.74
0.80

0.95

0.80
1.17
1 .38

0.79

0,93
0.96

2.29
2.24
2.38

0 • 93
0.96
0.96

0.82
1.05
1.20

0 • 98

0.94
0.97

The coefficient of determination may have a value
between 0 and 1. The closer it is to unity, the greater
the confidence that the computed relationship is correct.
Generally, the less the scatter of data, the higher will
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be the coefficient of determination. However, even with
scatterless data, its value will be low if the form of
function fitted to the data is inappropriate to the
underlying relationship. Values between about 0.7 and
0.8 are usually considered ?good and values above 0.9

are said to be t excellent t  determinations of the 'good-
for such functions. Table X indicates

that all the relationships between individuals and their
common geometric means, over all three illumination con-
ditions, were good to excellent.

The scale factors (a in Table x) merely indicate
the multiplicative constants used in each session by
observers. The fact that they vary among observers
means that they each chose a somewhat different modulus.
Variations of scale factors for any one observer re-
flects slight differences in the modulus he used for
each session,

It is really the exponent (b in Table x), repre-
senting scale compression, that is the best index of
how an observer used numbers. Again, variations in
values of exponents among observers merely indicates
differences of individual compression. However, the
variation of exponent value over sessions for any one
observer shows how consistent he was in using numbers.
Table X indicates that all 7 observers showed a high
degree of consistency in this regard. Observer A was
most consistent over sessions; from 0.73 to 0.75, a range
of only 2.7 per cent variation in exponent. Observer D
was least consistent; 1.39 to 1.68. But this is still
only an 18.8 per cent variation in exponent value. On
average, the variation in range of exponents over sessions
was 8.9 per cent. That is a very good figure for mag-
nitude scaling (v., J.C. Stevens and Guirao 196 Ll; L.E.

Marks 19714a; S.S, Stevens 1975)312,22,317. Accordingly,
the data for saturation scaling should be considered

highly consistent among sessions and the geometric mean
functions may be taken as a valid representation of the
average responses of these 7 observers.

The power functions of Table X may be used to normal-
ize the individual functions to values on a common
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saturation scale. The common scale then represents
an unbiased response, the values of which may be sub-
jected to reduction for ordinary statistics of moments
such as mean and standard deviation. Appendix F tabu-.
lates the standard deviations - in per cent of response
value - for each of the 211. stimuli over all sessions
for each of the 7 observers plus the average observer.
Both average standard deviations and mean probable
errors are shown for each observer. The mean probable
error represents the average deviation from mean such
that 50 per cent of the observations may be expected
to lie between the true mean and plus or minus the

101probable error (Fischer and Yates 1953)	• Mean prob-
able errors for these experiments may be seen to lie
between 5.5% and 25.4% with an average observer mean
probable error of 12.8%. Since direct scaling data are
often found to contain standard deviations of ±0,3 log
units (up to 100% deviations), these figures of standard
deviation at about 19% for the average observer should
be considered very good.

The figures for saturation scaling variability do
appear to distinguish among the observers according to
their experience. The two observers (A and D) who were
classed as highly experienced had the lowest mean prob-
able errors; an average of 8.1%. The two observers (B
and E) with no experience had the highest errors; an
average of 24.8%. The average for observers with moder-
ate experience was 13.1%. In all three cases, the vari-
ations about the class mean is less than the differences
among classes. Thus, there seems to be a distinct dif-
ference among observers in terms of their ability to
scale saturation precisely; and this difference is cor-
related with the extent of previous scaling experience.
But considering the notorious difficulty encountered in
scaling absolute saturation, even the roughly 25% mean
probable errors of the inexperienced class is very good.
This may be taken as one indication that the training
program aided in obtaining precise results.

Hue was scaled as relative proportions of unitary
hues by the method of constant sum. While the psycho-
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physical functions may also be power ones here, numer-
osity was not completely unconstrained in the same way
as for scaling saturation. Moduli of 0 and 100 were
fixed. Thus, the relative hue responses of individuals
may be subjected to arithmetic averaging. Under such
conditions (fixed moduli for inherent anchors) it is
assumed that differences in response values represent
differences in physiological states of the organisms
rather than differences in the way numbers are used.
That assumption may be subjected to test.

Appendix F also lists the per cent standard devi-
ations of hue responses for all 2Z4 stimuli for each of
the 7 observers and their common average observer. The
mean probable errors for hue by individuals range from

0.9% to 2.6% with an average of 1.8%; very high pre-
cision. The mean probable error for the average observer

is 3.7%. That figure is a little over two times as high
as the average of the individual values. Thus, the ob-
servers differed from one another in their hue responses
more than they varied over sessions. Although their
anomalous quotients from the Nagel anomaloscope were
all quite similar, the observers did perceive hue in
systematically different ways. This will be seen later
in summarizing the hue responses for various experimental
phases, but it is also implied by the larger mean prob-
able error for the average observer than for any of the
individual observers. Again, however, both average and
individual observers were able to scale hue with out-
standing precision.

The data of Appendix F show that hue was more easily
(or at least more precisely) scaled than saturation. Hue
responses represent a complete hue circle ranging in
value from 0 to 100. The four unitary hues were spaced
at intervals of 25: red = 0 (or ioo), yellow = 25,

green = 50, and blue = 75. However, the observers
scaled hue with 100 steps between adjacent unitaries.
Accordingly, the mean probable errors for hue in Appen-
dix F must be multiplied by a factor of 4 if they are
to be compared directly with saturation errors. Thus,
the average figure for individuals is about 7% for hue
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compared with 13% for saturation. In very general
terms, then, we may say that saturation was about
twice as difficult to scale as hue.

Figure 8 provides graphical displays of the stand-
ard deviations of both hue and saturation over all
three illuminant conditions for all 2k stimuli. The
standard deviations of hue are plotted against satur-
ation level in Figure 8a. There is a tendency for var-
iability to be greater at low saturation. This is a
reasonable and intuitively expected result. It is more
difficult to assess the hue of a near-neutral sample
than a highly chromatic one. Figure 8b indicates that
standard deviations for saturation tend to increase
with level of saturation. In other words, variability
increases with level; a typical result for prothetic
continua such as saturation.

The relatively low variability figures for both
hue and saturation, together with the high consistency
of individual scale relations over sessions, imply two
things. First, the internal consistency of the results
is satisfactorily high; even unusually high. Second,
the initial training sessions served a useful purpose.
Although a separate control session (without pretrain-
ing) was not conducted, the unusually high internal
consistency for magnitude scaling together with the
previously noted remarks of observers indicating their
degrees of confidence, combine to suggest that the
training sessions constituted a key phase in the exper-
iment. Additional evidence of both internal and external
consistency (i.e., validity) will be described at ap-
propriate places in the following sections. Those sections
will describe the results in terms of effects on color
appearance of the various adaptation factors studied.

Effect of color temperature.

Hue and saturation were scaled by magnitude esti-
mation in experiments 1, 2, and 3 of Table VII on page
101. Those experiments involved scaling by 7 observers
of all 2k stimuli at a luminance factor of 0.20 (Nunsell

-2Value 5) with respect to surrounds of 1,000 cd • m for
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3 illumination conditions: (i) D 65 ,  ( 2) D, and

(3) A. The results reflect the influence of color
temperature on color appearance of invariant stimuli.
Data for the 7 observers and the average observer are
listed in Appendix G. Common scale values for hue and
saturation are tabulated for each observer and stimulus
in that appendix. The common scale values are normal-
ized means of 3 trials for each stimulus. The average
observer's data for saturation are geometric means of
the individual raw data means. In some cases the
arithmetic means of the common (normalized) scale
values are slightly different from the geometric means
listed. Those differences arise from minor discrepan-
cies between normalized values and the 'true' common
scale values. The discrepancies are associated with
rounding errors in computation. They are generally
insignificant.

Estimates for hue and saturation of the surrounds
are also given in the tables of Appendix G. Saturation
values less than 3 to 5 should be considered equivalent
to zero (i.e., neutral) since that represents about
the limiting scale resolution. Accordingly, it may be
inferred from Appendix G that the surround appeared
white to the average observer under all three conditions
of adaptation.

The data of Appendix G represent hue and absolute
saturation. Hue numbers range from 0 to 100, corres-
ponding to values on a hue circle from unitary red
(at 0), through yellow (25), green (50), and blue (75)
back to red (100). The circle is thus evenly divided
in terms of hue proportions as angular extents. Satur-
ation is represented in such a structure as radial
displacements, with saturation ratios extending from
zero to infinity. Accordingly, the results may be pre-
sented graphically on a planar color diagram in polar

coordinates. The coordinates are perceptual. Although
they are nonmetric according to criteria of additivity,
they none-the-less provide a direct, graphic picture of
the relationships of perceptual magnitudes for hue and
saturation. Since all the points on such a diagram for
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the results of experiments 1 through 3 correspond to
constant luminance, there are variations in brightness
and lightness across the plane. It should therefore be
considered a plane projection in uniform (magnitude)
perceptual color space with uniformity in hue and satura-

tion but not necessarily in lightness or brightness.
For convenience of abbreviation, such a diagram will be
referred to here as a 'response diagram'.

Figure 9 shows a response diagram for the results
of Experiment 1, with D 65 adaptation. The position of
each of the 24 stimulus points on that response diagram
provides a quantitative indication of the hue and sat-
uration of every stimulus as perceived by the average
observer. Stimulus ili, for example, was seen to be
slightly bluish-red in hue with a relatively high satur-
ation. On the other hand, stimulus 15 was seen to be
reddish-yellow with much lower saturation.

The color appearances of these same stimuli under
illuminant A adaptation conditions are illustrated in
Figure 10. It may be seen from that response diagram
that the appearance of stimulus 14 has not changed
very much by adaptation to the lower color temperature
illumination. However, stimulus 15 is now seen as a
greenish-yellow at even lower saturation than was the
case for D 65 adaptation. Similar kinds of shifts in
color appearance, brought about by changes in chromatic
adaptation, may be evaluated for each of the other
stimuli as well. Figure 11 facilitates the comparison.
In that response diagram, the arrow-heads represent
color appearances under A adaptation and arrow-tails
correspond to appearances of the same stimuli under
D65 adaptation. The lengths and orientations of the
arrows differ depending upon their positions in the
diagram.

One way of analyzing the color shift arrows of
Figure 11 is in terms of the implied distortion to the
symmetrical coordinates of the response diagram that
would be required to maintain the same color appear-

ance values for both conditions of adaptation. That is,

how would the polar diagram have to be stretched or
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squeezed so that, on average, every stimulus would have
the same numerical values for both D 65 and A adaptation?

Figure 12 gives an example of such a distortion surface.
The solid contours represent an arbitrarily symmetrical

D65 condition. Points shown as circles correspond to
saturations of 20 through 100, in increments of 20, for
each of the four unitary hues and their four intermedi-

ates. Each circular point corresponds to a triangular
point of the same hue and saturation value but in a
distorted coordinate system for A adaptation. The
broken contours outline that distorted coordinate system.
The contours were constructed visually, using a pro-
cedure analogous to the statistical method of least
squares, in an attempt to normalize the color shifts
of the invariant stimuli brought about by a change in

adaptation from D 65 to A.
Visual methods of fitting contours to points are

the oldest and in some ways still the most reliable
methods of extracting information from experimental
results. "Physiologists are forever plotting the re-
suits of their experiments on graph paper for the very
good reason that a graph enables the viewer to see at
once the general trend of the results without being
distracted by the actual numerical values of the indi-
vidual observations.., he is often not content to let
(the data points) speak for themselves (so) he draws
a smooth line through them.., this commonplace act is
a first-rate example of inductive reasoning" (Riggs

1963, pp,4719)278, A good representation - often of
complex variation - can be obtained with visual graph-
fitting by bringing experience and common sense to bear
on the problem. For these reasons, the response maps
derived here have been constructed visually.

The distortion map of Figure 12 provides some ad-
vantage over methods for displaying adaptive shifts that
have been used by other workers. In particular, all
averaging and normalizing is carried out in response
space; not in some distorted stimulus space intended
to represent response relations. Helson et al (1952)138

used a Munsell diagram for this purpose. Rowe (1972)279
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Pointer and Ensell (1975)270, and Sobagaki et al
(1975)306 normalized data in CIE 1960 or 1976
ticity coordinates to provide maps of color appearance.
But since we know that these coordinates are not vis-
ually uniform, it follows that the maps contained some
degree of distortion associated with the nonuniformity
of the coordinate system. Normalizing or curve-fitting
in a response diagram avoids this kind of distortion.

Unfortunately, it is not possible to avoid dis-
tortion completely if results are to be displayed in
a chromaticity diagram, In the absence of knowledge
about the exact correspondence between points on a
chromaticity diagram and points on a response diagram,
at least one transform estimate must be made. But the
use of response diagrams for curve-fitting eliminates
confounding of errors by requiring only one such trans-
form,For example, the D 65 map can be derived on a CIE

1976 u'v' diagram (such as Figure 13) and the distortion
map in response space can be derived for other adapta-.
tion conditions • Then additional u'v' diagrams are
constructed from relative response distances derived
from the response distortion maps. The process is as
follows. Consider the point for unitary red at satura-
tion 80 under D 65 adaptation as shown near the top of
the response diagram in Figure 12. The dashed distortion
contour for A adaptation shows that the corresponding
point (100 red hue, 80 saturation) under A adaptation
would be located on the original 	map at the same
80 saturation level and a numerical hue value of about
97 (i.e., 88 red/12 blue). Accordingly, the 100 red at
80 saturation point for illuminant A adaptation can be
plotted on a CIE diagram 	 65 map position of

97 hue and 80 saturation. This approach ignores chroma-
ticity altogether for all but the first, D 65 ,  map in
CEE chromaticity space. This technique has the advantage
over making separate transformations to chromaticity
coordinates for each adaptation condition, that non-
uniformity of chromaticity with respect to response
enters the calculations only once; when the original

chromaticity map is determined.
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The technique described was, in fact, used to
generate maps for color appearance under each of the
three adaptation conditions for display in CIE 1976
u'v' coordinates. Those maps are shown in Figures 13,

14, and 15. Only the D 65 map was derived in u'v' coor-

dinates. It was constructed by interpolating among
the stimulus chromaticity points of Figure i ;  showing
sample chromaticities with respect to Illuminant E.
Interpolation was in terms of response values and was
carried out for every adjoining set of triads. The re-
sultant estimates were used to construct visually a
series of contours representing isoresponses in the
chromaticity coordinate system. Again, experience and
common sense imposed certain restraints on the shapes
of the contours drawn; e.g., star-shapes, abrupt changes
in second derivative, and generally 'wobbly' contours
were avoided in favor of smooth contours. The D65 con-

dition was chosen for this transform because the bulk
of ulterior information on color appearance exists for
that adaptation condition. In this way, a means was
provided for checking validity of the original trans-
form. That is, the 	contours constructed in this

manner may be compared with Munsell and other data
to test the validity of the transform process. Contours
for	and A adaptation were then constructed in u',v'
coordinates by utilizing relative distances on the D65
contour map as implied by the distortion surfaces of
response diagrams such as that shown in Figure 12.

The diagrams of Figures 13, 1k, and 15 provide iso-

hue and isosatiiration contours of u',v' chromaticity
for adaptation to D 65 ,  D44 ,  and A illuniinants, respective-
)-y.	Adaptation shifts, such as those conventionally
resulting from haploscopic data, may be obtained from
the isocolor contours by simply connecting correspond-
ing response points. An example is shown in Figure 16

for the shift from D 65 to A adaptation. Under A adapt-
ation, the chromaticities denoted by the arrow-heads
will have the same hues and saturations as would be

elicited under D 65 adaptation by stimuli having the

chromaticities indicated by the arrow-tails. Thus, the
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diagrams predict both color appearance relationships
as different chromaticities for different adaptation
conditions, and corresponding chromaticities (i.e.,
adaptational metamers) that evoke the same color ap-
pearances for different states of adaptation. The ex-
perimental results displayed in this way are then
versatile and offer a potentially powerful tool for
examining several aspects of the influence of chromatic
adaptation on color appearance.

However, it is important that their validity be
established with some care to ensure that the many
inferences which may be drawn do not tower above an
unsteady foundation. Therefore, in the following para-
graphs, the results of experiments 1, 2, and 3 will be
set forth as various combinations of the basic data of
Appendix G with particular attention to tests of valid-
ity. Results for saturation will be examined first.
Then the influence of color temperature on hue will
be considered. Both internal and external consistency
are important and both will be examined.

Internal consistency of saturation scalings may
be examined in a number of ways. We have already seen
that observers were consistent in the production of
psychophysical scales for saturation over different
conditions of adaptation. Another test of' internal
consistency involves comparisons of magnitude production
data with those of' estimation scalings. All observers
performed some magnitude productions of hue and satur-
ation. In addition, four observers (A, B, C and E)
carried out more extensive magnitude productions.
In these extended investigations, a total of seven
dominant wavelengths were used for scaling saturation
by magnitude production for the 	condition at a

-,	 -2luminance factor of 0.20 against a 1,000 cdm sur-
round. The observers adjusted colorimetric purity to
match saturation magnitudes at each of the seven dom-
inant wavelengths. Their individual data were normal-
ized to form a saturation scale common to all obser-
vers. This was done by averaging logarithms of color-
imetric purity for each magnitude of saturation. In
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(E:c. 	)
this way, a psychophysical function,(was obtained. That
function could be used to compute saturation magnitudes
for colorimetric purity as well as the inverse. Rational
values of purity could then be converted into both
saturation magnitude and u'v' chromaticities so that
dominant wawlength lines of chromaticity for specified
colorimetric purity could be constructed in a CIE 1976

u'v' diagram.
The results are shown in Figure 17. The data

circles represent chromaticities that were found to
correspond to saturation levels 20, LLO, 60, 80, and 100

along the dominant wavelength lines shown as solid
lines radiating from the D 65 illuminant chromaticity.

The dashed curves are the saturation contours deter-
mined by magnitude estimation for the same stimulus
conditions. These estimation contours are the same as

in Figure 13 on page 130. They are included for compar-
ison. The agreement between estimation and production
of saturation is generally excellent. One data point,
at a saturation of 80, is located at some distance
from the estimation contour. This point is in an area
of the chromaticity diagram where confidence of the
estimation data is probably lowest because the distri-
bution of stimuli was most sparse. It may well be that
the magnitude production result is the more accurate of
the two. In any event, all other points show a high
degree of concordance with the estimation loci for sat-
uration. It is, therefore, reasonable to conclude that
internal consistency is satisfactorily high in the sense
that the same answer obtains with two different experi-
mental approaches to the same question.

The matter of external consistency must be examined
by comparing these results with ulterior information on
color spacing. Of the available data, those for the
Munsell Renotation (Newhall et al 19k3) 255  are probably

the most widely accepted for reference purposes. Over
three million observations went into determination of
the Munsell Renotation data. Although the resultant
scales should be of the interval variety (because
successive interval scaling was used for hue and sat-
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uration, or Chroma in Munsell notation), we have seen
that interval and magnitude scales are often related
through a power transform. Therefore, one would expect
to find a correlation between magnitude data for satura-
tion and Munsell Chroma. That correlation should assume
the form of a linear relation between logarithms of
saturation ratios and Chroma; the slope of which corre-

sponds to the exponent of the arithmetic relationship.
It is of some interest, then, to compare the saturation
contours found here with appropriate contours of Munsell
Chroma.

There is one problem to be resolved before a direct
comparison can be made. That is a problem which, iron-
ically, could be solved in a straightforward way if a
reliable method of chromatic adaptation transformation
were at hand. Data collected in experiment 1 here relate
to an adaptation illuininant having the chromaticity of

CIE Illuminant D 65 .  But the Munsell Renotation data are
specified for CIE Illuminant C. Before making a compar-
ison it is necessary to convert one or the other set of
results to a common illuminant. Fortunately, the severity
of the problem is not great since the chromaticity dif -
ference between CIE Illuminants C and D65 is not large.
In fact, the actual experimental practice during the
Munsell Renotation studies usually involved the use of
a phase of natural daylight having a correlated color
temperature close to that of CIE Illuininant C or what
is now CIE Illuminant D 65 (private communication, S.M.
Newhall, May 1953). Presumably, validity of the Munsell
spacing would not be seriously violated by a simple trans-
form to the CIE Illuminant D 65 reference. Choice of D65

as a common reference illuminant seems reasonable be-
cause it is now the primary daylight illuminant recom-
mended by the CIE; use of Illuminant C is no longer
encouraged.

Two forms of simple transformation are immediately
ls.

obvious: (i) a von Kries transform, and (2) a linear
translation in CIE 1976 u',v'  coordinates. The latter
alternative is justified on the basis that the Ut,V1

chromaticity diagram was derived from the CIE 1931 di-
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agram in such a way as to simulate uniformity of
threshold color differences (MacAdam 1937)227 and is
a reasonable compromise representation of Munsell
spacing (e.g., Wyszecki 195kb; Sugiyama and Fukuda
1960)369323. It probably represents a spacing which is
adequate for simulating the conditions of routine in-
dustrial inspection (Judd and Wyszecki 1975, pp .295-

313) 190 . Therefore, both transforms were examined.
Selected points in the Munsell Renotation array

were transformed from Illuminant C adaptation to that
(Qc 4'5)

for Illuminant D by a von Kries equationçin Judd's

(19 1t 0)	primaries. Also, a grid of the Munsell array

in CIE 1976 u',v'  chromaticity coordinates was linearly
translated to make the neutral points coincide. The
results of these two modifications are shown in Figure

18. The U'V' translation is indicated as solid con-
tours. The von Kries transform is shown as the dashed
contours. The two are generally quite similar. The
flattening of Chroma contours in the region of Hue 5Y

exhibited by the von Kries data is characteristic of
that kind of linear transformation. As the spectrum
locus is approached, the contours tend to be compressed
since data in those regions are characterized by dimin-

ishing ratios limited at zero. The u',v' translation
is not restrained in this manner. It implies that cer-
tain high-Chroma samples simply cannot be produced un-
der some adaptation conditions. That accords more
realistically with empirical observations than does the
von Kries-type implication. For that reason, and be-
cause the u',v' translation is so simple, the trans-
lation method has been adopted here to effect the small
changes necessary to provide a satisfactory simulation
of Munsell Renotation spacing in CIE 1976 u',v'  coor-

dinates.
Having made this translation, it is now possible

to compare the saturation results obtained here with
Munsel]. Chroma contours. This is done in Figure 19.
The broken contours are for Munsell Chroma. The solid
contours are those determined by magnitude estimation
in this work. In addition, solid triangular points are
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included to show the magnitude production results.
The similarity of contours is quite satisfactory. Note,
however, that there is not a linear relation between
Chroma and saturation. A Chroma of 6 corresponds closely
to a saturation of 11. 0, Chroma 16 corresponds to satura-

tion 80, and Chroma 22 is close to saturation 100.
However, the shapes of the two sets of contours are
very similar. Except for the saturation 80 contour,
there is almost perfect coincidence throughout the
diagram. In that exceptional case, the magnitude pro-
duction point does coincide with the Chroma contour
even if the estimation data differ. In short, the con-
cordance of scaled saturation with the shapes of Munsell
Chroma contours is very good.

The fact that the actual values of Chroma and
saturation are not identical is a matter of little
consequence. If the two are systematically related,
then correlative agreement is complete. This is, in
fact, the case as may be seen from Figure 20. That graph
shows Munsell Chroma (xlO) plotted against scaled sat-
uration. Both abscissa and ordinate are arrayed logarith-

mically. The several functions are displaced arbitrarily
along the abscissa for clarity. Open circles represent
points along constant hue loci for the four unitary hues
and their four intermediates. In each case the points
are well fitted by lines in this double logarithmic
graph. Therefore, Chroma is related to scaled satura-

tion as a power function; just the relationship that
would be expected if Chroma is an interval scale and
saturation is a ratio scale of the intensity of chromatic-.
ness. Further, the slopes of the eight lines (i.e., the
exponents of the relationships) are all very nearly the
same for this 	adaptation condition. Because of' this,
an average function is also shown to the right of'
Figure 20. The means are plotted as triangles and the
ranges for all eight hues are indicated as vertical
lines about the triangles. It may be concluded from
this that saturation, as scaled here, is related to
Munsell Chroma by the same power function for all hues.

This simple relation, plus the high degree of con-
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cordance of saturation contours with Munsell Chroma
contours, suggests that the scaled saturation data
derived here are valid perceptual divisions of color
space to the extent that Munsell Chroma may be taken
as a useful representation of visual spacing of the
chromaticness of colors.

The results for saturation may also be examined
in terms of agreement with other visual scaling re-
sults for saturation. This work indicates that satur-
ation is a power function of colorimetric purity.
Figure 21 shows saturation versus colorimetric purity
for a variety of dominant wavelengths under each of
the three color temperature adaptation conditions.
The data of Figure 21 were obtained from the maps of
Figures 13, 111, and 15. The coordinates of Figure 21
are logarithmically spaced. Straight lines through the
data points therefore imply power functions; with ex-
ponents equal to the slopes of the straight lines in
Figure 21. Exponents of the psychophysical functions
represented in that figure vary with dominant wavelength.
This finding has been reported before (e.g., Indow
and S.S. Stevens 1966; Indow 1974)170169. Valuesof the

saturation exponent tends to follow the size of the
saturation threshold and both vary systematically with

,Gq
wa'ength. Highest values are found around 580 nm and
lowest near 400 nm. Exponents of Munsell Chroma versus
colorimetric purity vary in a similar

Figure 22 has been prepared to illustrate several
kinds of experimental phenomena that exhibit a similar
wavelength dependence. Variation of power function ex-

l9)lO
ponents is illustrated in 22a and b. Variation of a
similar kind, representing luminance ratios required
to normalize the Helmholtz-Kohlrausch effect, is shown
in 22c for work by Breneman (1958)46 and in 22d for

196experiments summarized by Kaiser and Kinney (1975)
Evans' (1974) zero gray content function of wavelength,
shown in 22e, also has a similar shape. All these data
scatter closely about the average purity threshold (i.e.,
first limen from a neutral condition) reported by

Hurvich and Jameson (1955)177 ae illustrated in 22f.
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It seems clear that all these phenomena relate to
some common basic mechanism of color vision. Satura-
tion appears to depend upon that mechanism.

It is of interest, then, to examine the way in
which the exponents of the psychophysical saturation
functions determined in this work vary with wavelength.
Figure 23 illustrates those relationships for a sampling
of dominant wavelengths at each of the three adaptation
conditions. The upper graphs show the exponents, f3 of
of the psychophysical functions plotted against wave-
length, X. The dashed curves are predicted purity
thresholds computed from von Kries-type ratios of
König (1886)210 fundamentals for adaptation to
D4 , and A illuminants. The circular data points relate
to those threshold curves about as well as any single
set of data shown in the previous Figure 22. Exponents
for dominant wavelengths below about 11. 60 rim depart most
obviously from the threshold functions.

The relationship of the exponents to purity thresh-
olds is illustrated in a different way in the three lower
graphs of Figure 23. Here the logarithms of exponents
are plotted against logarithms of the reciprocals of
average threshold purities for each of the three illumi-
nant conditions. There are three points in each of
these graphs that seem to lie on a horizontal line.
These are the three exponents for wavelengths below
about 1160 mu. The rest of the points lie reasonably
well along lines of positive slope. Again, the coor-
dinates are double logarithmic so that the linear re-
lation of positive slope corresponds to a power function.
Hence, the saturation exponents for this work are ap-
proximately related to purity thresholds through a
power transform. Further, the slopes of the lines in
the lower graphs are not the same for all three con-
ditions of adaptation. The exponents of psychophysical

saturation functions vary with chromatic adaptation.
The exponent for the D 65 condition is lowest among the
three conditions, that for A is highest, and the
case is intermediate.

The saturation data derived in this experiment
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is wavelength dependent and does correlate with purity
thresholds in a manner similar to that found by others
for 8aturation and related phenomena. Further, this
research shows that the relationship is generally de-
scribed by power functions with exponents that vary
systematically with color temperature of adaptation.
From these facts, and from the concordance of the
scaled saturation data with Munsell Chroma, it appears

that the present results for saturation have reasonable
validity.

Turning now to hue, we may again compare the re-
sults for magnitude production with those of magnitude
estimation to examine internal consistency. This is
done in Figure 24. All observers produced at least eight
hues. Extended observations were carried out by four
observers (A, B, C and E). Six pairs of filters were
used to determine constant hue loci for the unitary
hues and their intermediates. Three to five levels of
saturation were explored, depending upon hue. The
chromaticities of the stimulus end-points are indicated
in Figure 24 as small solid circles. The open circles
represent average results for hue production. The
eight circles lying on lines joining the stimulus end-
points are averages for all 7 observers. All other
circles are averages for the 4 observers who carried
out the extended experiment. In this case, average
represents the arithmetic mean of dominant wavelengths
of the individual mean settings. Dominant wavelength
adjustments were not very different from one observer
to another; so the difference between the arithmetic
and geometric mean is close to zero. As with magnitude
estimation of hue, it was assumed that differences in
wavelength settings among observers resulted from in-
equalities in their physiological capacities for hue

• perception.
There is generally good agreement between the hue

loci for magnitude production and estimation. Perhaps
the red and yellow-red productions were biased by the
choice of stimulus end-points. But if so, the two hue
productions were biased in different ways. Red tends to
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be in the direction of the production stimulus end-
point compared with the estimation locus for red, but
yellow-red production is biased away from the end-point
compared with the estimation locus. It seems more likely
that the small discrepancies observed in Figure 2Ll are
simply experimental differences arising from ordinary
variability. The near coincidence of production and
estimation hue loci is enough to justify a conclusion
of good internal consistency for hue scaling.

Both production and estimation hue loci are compared
with the range of previously reported work in Figure 25.
Hue scaling of surface colors has been carried out by
a number of workers (Ishak, Bouma and van Bussel 1970;
Nayatani et al 1972; Bartleson 1976)17225219. The
ranges represented by these works are indicated in
Figure 25 as shaded areas. Loci for magnitude estima-
tions (dashed curves) and magnitude production (solid
curves) as determined here are generally located within
the shaded areas. The single exception is for unitary
blue. In general, however, agreement with ulterior re-
suits is satisfactory.

Unfortunately, there is a paucity of other data
with which to examine further the external consistency
of results for hue. Although many determinations of
unitary hues have been reported, they are almost all
for the aperture color mode of appearance and usually
only at unit purity (e.g., Dimmick and Hubbard 1939a,b;
Judd 1951)79,80,187. Munsell Renotation Hue contours are
of little help because the Munsell notation utilizes
five primaries rather than four unitary hues. However,
workers in Sweden have recently developed a new spacing
of surface colors - a spacing referred to as the 'Natural
Colour System' - and Tonnquist (1975)	has provided
data that may be used to compare the present results
for hue with those of the NCS spacing in u'v' coordi-

nates, In the NCS work, hue was scaled in a manner quite
similar to that used here. Figure 26 compares the hue
loci of the two works. Loci are shown for the unitary
hues and their intermediates. Yellow-red and yellow-
green magnitude estimation loci from this experiment
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are closer to the chromaticities of unitary yellow than
is the case for the NCS loci. Since the previous Figure
25 does not indicate the same discrepancy for yellow-
red and yellow-green loci compared with prior scaling
results, these differences with NCS are puzzling. How-
ever, in other respects, the agreement between the two
sets of data is generally excellent. It seems likely
from the comparisons in Figures 25 and 26 that the
validity of the hue scaling carried out here is also
satisfactory,

Indow (19711.)169 has pointed out that psychophys-
ical functions for hue tend to act like prothetic con-
tinua and form power functions (v., Indow and S.S.

170Stevens 1966) 	when related to proportions of dom-
inant wavelength, Specifically, when the range of
dominant wavelengths separating two stimuli to be mixed
colorimetrically is normalized to some constant value,
say 100, then the ratio of hue responses is proportional
to the ratio of stimulus measures. In other words, dom-
inant wavelengths of stimuli may be treated in the same
way as colorimetric purity; wavelength proportion is
taken as the ratio of one amount (e.g., luminance) of
one component of the mixture to the sum of the amounts
of' both components of the mixture. That method of
characterizing wavelength relations is convenient for
many experimental situations in much the same way that
colorimetric purity is. One need only work with rela-
tive amounts of the components in a two-part mixture.

The same relation may be used to evaluate psycho-
physical functions for saturation and stimulation. Con-
sider scaling of yellowness in a direction away from
red at a saturation level of 20. The dominant wavelengths
for unitary red and yellow hues at S = 20 are first de-
termined. Their difference comprises an interval of
dominant wa'wlength, That interval is normalized to 100.
A sample at S = 20 with a scaled hue of 75Y/25R has
some dominant wa'ength intermediate between the two
unitaries; i.e., it has a normalized dominant wavlength
between 0 and 100. That wavelength proportion may be
plotted against the scaled hue proportion. The result-
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ing psychophysical function is much easier to evaluate
than if either wavelength or frequency of stimulation
were used because there are often very small differences
between end-points and samples to be evaluated. The
normalized wavelength scale stretches these differences
and equalizes them for all quadrants of color space.

This method was used to analyze the present re-
suits and it was found that the relations are well
fitted by simple power functions. Figure 27a illus-
trates the relations for a saturation level of 60 for
each of the four hue quadrants under both D 65 and A
adaptation. There are four functions in each of the
quadrants. The two dashed functions relate to the A
adaptation condition and the two solid ones are for
D65 adaptation. Each line is labeled to show the direc-
tion of hue scaling. For example, in the R,Y (upper
left) graph, the topmost left line is marked Y—'-R.
That means that it corresponds to redness when moving
from the yellow direction. Redness from the blue direction
is found in the R,B (upper right) graph. Together, these
two functions describe the ways in which redness may be
scaled. Similar analogies apply to the other combin-
ations of hue and direction.

The graphs of Figure 27a show something very in-
teresting beyond the simple fact that they are power
functions. Referring again to the R,Y quadrant, note
that for each adaptation condition there is both a
redness-from-yellow and a yellowness-from-red function.
The slope of the yellowness-from-red line is much
higher than that of the redness-from-yellow line. Since
the coordinates of the graph are logarithmic, this means
that the exponent of the redness-from-yellow function
is lower than that for yellowness-from-red. As it
happens, the one exponent is close to the reciprocal
of the other. And this reciprocity appears to hold for
for all quadrants and for both adaptation conditions.
The exponents differ with chromatic adaptation, but
in all cases directionally complementary functions show
reciprocity of exponents.

Figure 27b shows the exponents of the redness and





greeness against the reciprocals of the corresponding
yellowness andblueness exponents. The circles are for
A adaptation and squares are for D 65 .  The points all
scatter rather closely about a line of unit slope.
Thus, there is a simple and straightforward relation
between obverse hue functions: corresponding obverse
functions have reciprocal exponents. This serendipitous
relation does not appear to have been noted for hue before.

The absolute values of the hue exponents do vary
with adaptation, however. In addition, the exponent for a
hue psychophysical function depends upon saturation level.
Figure 28 illustrates the manner in which hue exponents
vary with saturation for D 65 and A adaptation conditions.
The dotted lines included in the D 65 graph of Figure 28a
all have the same absolute slope; either negative or
positive. The same symmetry is not evidenced in the A

adaptation situation, however.
The foregoing data indicate that hue, as scaled here,

does form psychophysical power functions as demonstrated
previously by others. In addition, there are clearly
some quite simple relations between pairs of hue func-
tions; relations that determine the values of exponents
of those power functions. But the power functions do not
directly Indicate the way dominant wavelength of a con-
stant hue varies with color temperature of illumination;
although that information may be derived from the
psychophysical functions. To examine these changes, it
is necessary to plot hue values directly against dom-
inant wavelength. Figure 29 does this. Dominant wavelengths
of the unitary hues and their intermediates, at several
levels of saturation, are plotted.

Graphs are presented for D 65 and A
adaptation. In addition, at the bottom of Figure 29,
the shift in dominant wavelength from D 65 to A adap-
tation is shown. In all three graphs, the uppermost
points (labeled 'max') are the wavelengths at which
extrapolated hue loci intersect the spectrum locus;
or the complementary wavelengths for those that inter-
sect the 'purple boundary'.

Three things are notable from Figure 29. First,
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the range of dominant wavelengths for hues from blue,
through green, to red tends to decrease as saturation
decreases. Second, there are distinct shifts in dom-
inant wavelength from one adaptation condition to
another. It is interesting that the shift in dominant
wavelength from D 65 to A is different for the various
hues depending upon whether their dominant wavelengths
are lower or higher than that of unitary yellow hue.
Reddish hues tend to shift to lower dominant wavelength
with a change in chromatic adaptation to a lower color
temperature illuminant. On the other hand, bluish and
greenish hues tend to shift to higher dominant wave-
lengths with the same change in adaptation. The green
shift seems to be unique. It may be an artifact or it
may be real. Finally, the amount of shift brought about
by a change in adaptation depends heavily on saturation
level. Greatest shifts in dominant wavelengths are
found generally at the lowest saturations. At higher
levels the shifts tend to be smaller, and at the 'max'
level dominant wavelengths for hues are nearly invariant
with adaptation for all but the blue-red (BR) hue.

Figure 29 illustrates what happens to dominant
wavelengths of eight hues when chromatic adaptation
is changed from D 65 to A. Figure 30 shows these shifts
for all possible hues elicited by stimuli having dominant
wavelengths between 1100 and 725 nm. In this figure, 'hue
coefficients' are plotted against dominant wavelength.
Hurvich and Jameson (1955)1611 have proposed a method
for computing hue coefficients as ratios of absolute
values of opponent chromatic responses. That method was
used to compute the hue coefficients for spectral stim-
uli and they are plotted in Figure 30a. Two sets of hue
coefficients are shown: one for D 65 and one for A adapt a-
tion. Both were computed from von Kries-type ratios
of König fundamentals. Note that the wavelengths cor-

responding to unitary blue, green, and yellow (red is
not shown since it has a complementary rather than
dominant wavelength) are different for the two adapt a-
tion conditions. This may be seen by the wavelengths
at which hue coefficients are 0 and 1 • The shapes of
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the theoretical hue coefficient functions in Figure 30a
are similar, but they are translated along the wave-
length axis with a change in adaptation.

Each hue coefficient function indicates the rela-
tive proportions of pairs of unitary hues at every
dominant wavelength. This is exactly the kind of raw
data obtained for hue in this experiment. The differ-
ence, of course, is that experimental determinations
involved direct estimates by observers and the theoret-
ical curves are computed from chromatic opponent
response functions subsumed from theoretical fundamentals.
It is possible, then, to make a direct comparison of
experimentally determined hue proportion functions of
dominant wavelength with the theoretical hue coefficient
curves.

Figure 30b shows hue proportion functions for the
experimental data extrapolated to the spectrum locus.
The data are simply proportions of unitary hues repre-
sented by the maps of Figures 13 and 15. The curves are
quite similar in shape to the theoretical spectral
functions of Figure 30a. The experimental curves are
somewhat compressed in the yellow-appearing region
compared with the theoretical functions, but the over-
all shapes are reasonably close to being the same as
those computed from the K8nig fundamentals. This would
imply that a large part of the adaptive shift for hue
is accounted for by a coefficient rule; as has been
suggested by others (Cicerone, Krantz and Larimer
1975)66.

Figure 30c and d illustrate the shapes of these
hue proportion functions for saturation levels of 20
and 60, respectively. It may be seen from these two
graphs that dominant wavelengths for unitary hues
tend to be more similar (i.e., are compressed along
the wavelength scale) at lower saturation levels than
for spectral stimuli. In addition, hue coefficients
for all wavelengths change with saturation. These
variations are not predicted by a simple coefficient
rule for adaptation. The observed changes suggest the
need for an additive response or induction process
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such as that proposed by Hurvich and Jameson (1958;
and Hurvich 1972)165,183. At the same time,

the basic similarity to the spectral theoretical func-
tions implies that opponent induction alone is not suf-
ficient to predict completely the chromatic adaptation
changes observed in hue. This inference has been drawn
from other kinds of data as well (Wooten 1970; Cicerone,
Krantz and Larimer 1975)359,66.

Thus, the results of this work, when presented as
hue coefficient functions, provide rather complete in-
formation about hue shifts with chromatic adaptation.
The forms of the observed hue-dependencies on color
temperature of adaptation are consistent with other
works. Similarly, saturation shifts described as
wavelength-dependent functions of scale exponents
and colorimetric purities provide powerful means for
evaluating the effects of chromatic adaptation on
absolute saturation. In the case of saturation, as for
hue, it appears that both internal and external con-
sistency is quite high for the work reported here.
It seems justifiable to assume that the present data
reflect primarily color appearance changes induced by
adaptation with satisfactorily high validity.

Effect of luminance factor

The effect of luminance factor on color appear-
ance was studied in experiments 4 through 7 of Table
VII on page 101. Three observers (A, C and i) per-
formed magnitude estimations on all 24 stimuli at
luminance factors of 0.07 and 0.43 for the D 65 con-
dition in experiments 4 and 6. Those luminance factors
correspond closely to Munsell Values 3 arid 7. Together
with the same observers' data from experiment 1, there
were, then, complete scalings for Values 3, 5, and 7.
The results are tabulated in Appendix H. Figure 31
shows a response diagram of those results for the aver-
age observer. The circles in that figure represent
color appearance values at Value 7, squares are for
Value 5, and triangles are shown for Value 3.

The general trend of the data is obvious, Satura-
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Observer C:

Observer E:

Average
Observer:

(r2 = 0.92)
(r 2 = 0.87)

(r 2 = 0.77)
(r 2 = 0.88)

(r2 = 0.94)
(r 2 = 0.90)

tion of a constant chromaticity stimulus decreases
as luminance factor (Munsell Value) decreases. That
trend was the same for all three individual observers.
Figure 32 illustrates the way in which saturation at
Value 3 and 7 related to saturation at Value 5 for
each of the observers and their common average observer.
In each case, the saturations were linearly related
over Value levels. Saturation at Value 7 was higher
for all stimuli than at Value 5. Saturation at Value 3
was lower than for Value 5. Table XI lists the linear
regression equations, and coefficients of determination,
for Value 7 and 3 saturations on the saturation at
Value 5 for each of the observers.

Table XI
D65 Saturation - Luminance Factor Effects

Observer A:	S = 1.26 S + 2.21 	(r2 = 0.95)
S3 = 0.61 S 5 - 3.87 	(r = 0.70)

S7 = 1.22 S 5 + 2.57
S3 = 0.87 S 5 - 5.62

S7 = 1.18 5 5 - 1.92
S3 = 0.71 S5 - 4.39

57 = 1.28 S 5 - 1.51
S3 = 0.70 S5 - 3.22

The data of Table XI indicate that saturation
at Value 3 was roughly 30 per cent lower and at
Value 7 about 30 per cent higher than at Value 5.
There is some slight indication, from the coefficients
of determination, that saturation at the lower luminance
factor was more difficult to scale than saturation at
the higher luminance factor.

Observer A repeated the same experiment for the
illuminant A adaptation to determine whether these
relationships held for adaptation to lower color tem-
perature as well (experiments 5 and 7 in Table vii).
His data are listed in Appendix I. Figure 33a shows
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the resultant response diagram and Figure 33b provides
a graph of Value 3 and 7 saturations versus that at
Value 5. The regression equations for these illumi-

nant A results are given in Table XII.

Table XII
A Saturation - Luminance Factor Effect

Observer A: 	= ., 	+ 1.75	(r2 = 0.95)

	

S3 = 0.69 S 5 - 0.18 	(r2 = 0.97)

Table XII indicates that approximately the same
relationship holds for A adaptation as for D65.

Accordingly, a single equation may be written to
approximate the change in saturation encountered for
Munsell Values different from some reference Value;
Value 5, for instance. For convenience, we may call
such an equation the 'saturation factor'. It predicts
saturation elicited by a stimulus of the same chroma-
ticity as a function of its saturation at Value 5 for
any other Munsell Value. Using deviations of 30% for
Values 3 and 7 compared with Value 5, the saturation
factor (f) turns out to be:

f = 0.145 V + 0.255 	 (16)

where V = Munsell Value.
The corresponding 'Chroma factor' may be deduced

from the published Munsell Renotation data (Newhall et
255al 19113) 	. That equation is:

= 0 .15 0 V + 0.25 0	 (17)

The experimentally determined saturation factor
of Equation 16 is very close to the Munsell Renotation
relation of Equation 17. They differ by only 0.005 in
both slope and intercept values.

However, Munsell Value is defined by the Munsell
Renotation for relative luminance (xlOO) as a fifth-
order polynomial of Value (Newhall et al 1943)255. It
would be somewhat more convenient to express a satura-
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tion factor as a direct function of luminance factor.
An expression of this kind can be derived by using a
power of luminance factor; for example, the one-third
power of luminance factor (xlOO). Figure 3L1 illustrates
two such functions; one for the experimental results
obtained here and one for Munsell Chroma. The equations
for those functions are:

(experimental result) Sr = 0.370 L T	(18)

(Munsell Renotation) Cr = 0.375 L 3	(19)

where Sr stands for saturation relative to that at

Lr = 19.77; Cr is Munsell Chroma at L = 19.77; Lr is
luminance factor times 100.

The manner in which saturation contours change with
luminance factor may be determined by applying Equation
18 to the data of Figures 13, 111, or 15; i.e., the
contour maps in u',v' coordinates. Such changes for
the D 65 adaptation at saturation levels 20 and 60 are
illustrated in Figure 35. Three Value levels are shown:
Munsell Values 3, 5, and 7. The purity corresponding to
constant saturation decreases as luminance factor (or
Value) increases, for any line of dominant wavelength.
Conversely, the saturation of a constant chromaticity
stimulus increases with luminance factor. Thus, the maps
of Figures 13, ili, and 15 need only be expanded or
compressed according to the saturation factor, S, i.n

order to determine a new saturation contour for some
different luminance factor plane.

The effect of luminance factor on hue was also
examined from the data tabulated in Appendix H. The
results of that analysis are shown in Figure 36 for
each of the 3 observers and their average. Ordinate
values indicate the hue shift when changing from high
(Value 7) to low (Value 3) luminance factors. The
abscissa provides a linear array of the 0 to 100 hue
circle. The two upper graphs (labeled 'Bezold-Brucke'
and 'Munsel].') show the approximate hue shifts over
roughly the same range of luminance factor decrement.

The dashed curve labeled 'Bezold-Brucke' repre-
sents the experimental data of Purdy (1931)273. Those
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data have been transformed from differences in dom-
inant wavelength to approximations of scaled hue dif-
ferences by plotting the data for dominant wavelength
of hue coefficients determined by Boynton and Gordon
(1965)k2 on a hue circle with unitary yellow at 578 nm

(v., Boynton 1975). Each of Purdy's dominant wavelength

differences was then transformed to an approximate hue
difference from this wavelength-calibrated hue circle.

The resultant function in Figure 36 merely provides a

general indication of the shift in perceived hue
associated with the Bezold-Brucke phenomenon for a
10:1 decrement in luminance of the focal stimulus.

The dashed curve labeled 'Munsell' indicates the
differences in hue associated with Munsell Renotation

for a change from Value 7 to Value 3 at a Chroma 6

level (approximately a saturation of kO in terms of

the present study). Again, the shape of the curve is
simply for approximate comparisons.

Data points for the 2k stimuli - shown as circles

in Figure 36 - scatter about the zero hue shift lines
for all the observers. There does not appear to be a
systematic shift with hue over the range of luminance
factors investigated here. Certainly, there is no trend
that is obviously similar to either the Bezold-Brucke
shifts or differences in Munsell spacing between the
two luminance factor levels examined. Either hue does
not shift over this range of luminance factors, or the
data collected here are too coarse to measure that
shift. Considering the scatter of data points and the
small systematic shifts of the comparison functions,
the latter inference may well be the correct one. In
any event, the shifts in hue are notably smaller than
shifts in saturation over the same range of variation

in luminance factor.
In summary, then, it was found that changes in

luminance factor gave rise to systematic shifts in
saturation. Those shifts are very similar to the ones

implied by the 1911.3 Munsel]. Renotation data. However,
if luminance factor has a systematic effect on hue, the
experimental results presented here do not indicate it.
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Effect of illuminance

Thus far, all experimental phases have involved
surrounds of 1,000 cd.m 2 . The four additional experi-
ments that will now be described, incorporated surrounds
and stimuli at lower luminances. Experiments 8 and 9 were
conducted with surround luminances of 500 cd.m 2 and

stimuli at 100 cd'm 2 . Experiments 10 and 11 used 200
cd.m surrounds and stimuli at 40 cd'm • The two even

numbered experiments were with D 65 adaptation and the

odd numbered experiments were with A adaptation.
Results for experiments 8 and 9 are listed in

Appendix J. Those for experiments 10 and 11 are in
Appendix K. They are labeled according to surround luini-
nance, but it should be understood that the variable
under study was illuminance; both surround and sample
were varied together. All samples were at a luminance

factor of 0.20.
The data of Appendices J and K do not show systema-

tic shifts in hue with decreasing illuminance for
either D or A adaptation. That is, there is no sig-
nificant shift in hue from the 1,000 cdm condition
to either 500 or 200 ccl.in 2 conditions. Hue shifts
might be predicted from the Bezold-Brucke effect. How-
ever, studies of Bezold-Brucke shifts typically have
involved a bipartite field presented in the aperture
mode of appearance with retinal illuminances of' about
1,000 and 100 trolands. Dominant wavelength of one
half of the bipartite field is changed to effect a hue
match with the other (usually higher luminance) half
of the field, using either steady or brief flashes of
stimulus presentation. The nature of shifts measured
in this way depends to a large extent upon viewing
time and induction of the bipartite halves (v., Boyn-

ton and Gordon 1965)142. In the research described here,
however, focal stimuli had retinal illuminances of

about 2,500 trolands down to 600 trolands as seen
against extensive surrounds of approximately 12,500

trolands down to 3,500 trolands. The levels of retinal

illuminance used here were, then, higher than in the

typical Bezold-Brucke experiment (e.g., Purdy 1931)273.
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In addition, the focal stimuli here were under heavy
induction from the surround; all samples had luminance
factors of 0.20. These samples were presented as sur-
face colors rather than aperture colors. The range of'
retinal illuminances for the samples was less than 5:1
rather than the more typical 10:1 of Bezold-Brucke
studies.

There are, then, significant differences between
the conditions of the present study and representative
experiments concerned with Bezold-Brucke hue shifts.
Considering these differences, there is no compelling
reason to expect that previous work should predict the
results of this experiment. In any event, it is clear
that the data collected here do not show large hue
shifts with variation in luminance (illuminance) over
the range involved in this experiment. The tables of
Appendices J and K indicate the same results for both
color temperatures of adapting illumination.

Quite a different result obtained for satura-
tion however. The data of Appendices J and K show
that absolute saturation was heavily dependent on
illuminance. Figure 37 (top) provides a graphical
display of this evidence. In that graph, linear re-
lations may be seen between arithmetic values of satura-
tion at either of the two illuminance conditions and
arithmetic values of saturation for the illuminance

-2yielding a 1,000 cd.m surround. The relations are dis-
placed vertically for clarity. In all cases, the slopes
are less than unity. The slopes of the 200 cdm2
functions are less than those of the 500 cd • m 2 , Table
XIII sets forth linear regression equations (and coef-
ficients of determination) for those relations.

The average slopes, over both color temperatures,
are about 0.76 for the 500 cdsm 2 conditions and 068
for the 200 cd . m 2 cases. Expressed as saturation
factors, this is:

Sf  = 0.181i L50236	 (20)

where L is the surround luminance and S f  is satur-
ation factor for a 0.20 luminance factor (Munsell Value 5)
sample. That function is plotted at the bottom of Fig-
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ure 37 as the solid line.

Table XIII
Saturation Over LLluminance

D65 Adaptation:
S500 = 0.802 S 1000 + 0.057 (r 2 = 0.97)

S2005 = o.668	- 0.282 (r 2 = 0.98)

A Adaptation:
S5005 = 0.707 Soo 	+ 0.050 (r2	0.98)

S2005 = o.686 S 1000 -  0.588 (r 2 = 0.98)

Two other functions are included in the bottom
graph of Figure 37 for purposes of comparison. These
are functions for saturation factors of surface colors
worked out by Nayatani (v., Takahama et al 1975)324

and by Hunt (1976) 159  from experimental data orig-

inally published by Hunt (1950) 153 .  Expressed in

comparable form to Equation 20, these would be:

Nayatani: 	Sf = 0.452 L° 5	(21)

0.1Hunt:	S = 0.619 L 	 (22)

The present results suggest that absolute satura-
tion varies roughly according to the 1/4 power of
illuniinance rather than the approximately 1/6 to 1/8
power estimated by Hunt and Nayatani, respectively.
Of more interest than the exact level of exponent, is
the fact that the same general kinds of relationship
may be found in such different approaches to the prob-

lem.
Clearly, saturation is highly dependent on level

of illumination. Apparently, the color temperature of

that illumination - at least over the range from D65
to A jlluniinants - does not make very much difference

to the nature of the illuminance-dependeuce. As with

luminance factor effects, we see that hue is rather
insensitive to variations in stimulation, but satura-

tion is quite sensitive to changes in the character
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of the surface color array and its illumination.

Effect of surround induction

Three observers (A, C, and E) scaled hue, abso-
lute saturation and brightness in experiment 12 of
Table VII on page 101. In that experiment, the 24
stimuli were presented without an illuminated sur-
round; i.e., with dark adaptation. Approximately 40
minutes of dark adaptation preceded commencement of
sample presentation. The stimuli all had luminances

-2of 200 cd.m . They were presented according to the
same timing sequence as used in the other 11 experi-

ments.
Results are tabulated in Appendix L. Figure 38

illustrates isohue and isosaturation contours deter-

mined from this experiment arrayed in CIE 1976 u',v'

coordinates. In this case, the contours were deter-
mined by averaging in the u',v' chromaticity diagram;
as had been done only for experiment 1.

The general shapes of those contours are similar
to the ones corresponding to other experiments in this
series. However, the saturation contours are greatly
expanded compared with the one relating to saturation
of surface colors with white-appearing surrounds. That
means that for the conditions of this investigation
saturation of a constant-chromaticity stimulus is
much lower with a dark surround than it is with a
light surround. This has been noted before (e.g.,

Hunt 1950 ; Pitt and Winter 1974; Breneman 1976)153
266,48 with varying extents depending upon the amount
of induction provided by the viewing conditions.

Figure 39 compares the extent of effect found here

with that reported by Pitt and Winter (1974)266 for
simple fields. In that diagram, the open circles repre-

sent 200 cd.m 2 stimuli of saturation 40 and various

hues as seen against a D 6 -illuminated surround of'
1,000 cd'm • The closed circles are for 200 cd'm
8timUli of the same hues and saturations but as seen
with a dark surround. The dashed arrows relate to
the highest purity samples used in the Pitt-Winter

study. Arrow-tails are for light surrounds and arrow-
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Figure 39
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heads are for dark surrounds.
Considering that these were two quite different

experiments, using different color temperature illumi-
nants for the light-surround adaptation conditions,
the general agreement between the two sets of results
is very good. Obviously, saturation is heavily in-
fluenced by the presence or absence of the inducing
surround.

In this instance hue was also significantly
altered by the absence of a light surround. The hue
contours of Figure 38 are different from those shown
in Figures 13, 14, and 15 for other conditions of adapta-
tion. It is probably incorrect to ascribe this dif-
ference to luminance induction effects, however. The
experiments on the effect of luminance factor showed
that hue is not greatly influenced by relative level
of induction. It is, however, influenced by the color
temperature - or, in other terms, by relative receptor
sensitivity evoked by the spectral selectivity of the
illumination. Accordingly, the shapes of hue contours
in Figure 38 should probably be taken to represent the
result of essentially unbiased or neutral sensitivities
of the chromatic mechanism for vision.

Lightness and brightness

Both lightness and brightness attributes of color
appearance have been studied extensively in other ex-
periments. For that reason, they were not subjected
to detailed investigation here. However, some data on
lightness and brightness were collected in parts of
this study. The bulk of' these data are for lightness
as scaled in the magnitude production phases of' the
work. Figure 40 summarizes those results.

In Figure 40a log lightness is plotted against
-2log luminance (in cd•m ) for 5 different chromatic

conditions of stimulation: (N) neutral or gray-appear-
ing samples, (Y) yellowish-appearing samples, () green-
ish-appearing, (R) reddish-appearing, and () bluish-
appearing samples. All five functions exhibit typical
induction characteristics. That is, they are all non-
linear in double logarithmic coordinates. They are
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displaced along the luminance axis, indicating that
the luminance required for a brightness match with
the D 65 white-appearing surround differed according
to the chromaticity of the sample. These differences
represent the extent of Helmholtz-Kohlrausch effect
observed with these samples.

The differences in log luminance by which the
curves are displacedhave been plotted against Evans'

(1974 )	zero gray content (G) values corresponding
to the dominant wavelengths of the samples in Figure
40b. Since the points describe a straight line in those
double logarithmic coordinates, it may be inferred
that the log luminance separation of the lightness
functions resulting from Helmholtz-Kohlrausch effects
is related to G by a power function.

Figure kOc illustrates the same lightness func-
tions plotted against relative luminance; i.e., norma-
lized to eliminate the Helmholtz-Kohlrausch differences.
That figure facilitates comparison of the relative
shapes of the lightness functions. All except the
bluish-appearing samples yielded essentially the same
shape of lightness function. The average gradients
of the functions are all somewhat higher than that
of the Munsell Value function, however.

Figure 11la shows scaled lightness of' neutral samples
in relation to predicted Munsell Values for them. Both
square-root of Value versus lightness and square-root
of lightness against Value are shown. If the two func-
tions differed according to typical relations between
magnitude and interval scales, we would expect one of
those functions to be linear. Obviously, neither is
linear. The graph of Figure 1i1b makes the reason for
this immediately clear. The curve labeled V is for

(W)	 (0)
Munsell Value,çversus relat&ve luminancel. That labeled

(1))	 I
L is for scaled lightnesswith a white-appearing sur-
round. Both functions are nonlinear in the double log-

arithmic coordinates of the graph. The 	function ex-

hibits greater negative curvature. This implies that
there was greater induction under the viewing con-
ditions of this experiment than is the case implicit
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to the Munsell data. A third curve has been included
in Figure 41b for comparison; labeled Ld. That curve
illustrates the normalized brightness function derived
under the dark surround conditions of this experiment.
It is a straight line with a slope close to 1/3; im-
plying that there was essentially no induction for
that viewing condition. The Munsell Value function
lies between the curves L and L d	w

Mimsell Value (xlO) is plotted against lightness
from curves Ld and L in Figure 41c. Both relationships
are nonlinear. However, the geometric mean of those two
relations (labeled g in Figure kic) is very close to
being linearly related to Munsell Value. The two-fold
implication is that (i) Munsell Value comprises a mag-
nitude scale of lightness, and (2) the differences ex-
hibited between lightness as scaled here and Munsell
Value are associated primarily with differences in
induction brought about by unequal conditions of view-
ing. Thus, if response corrected data for Value and
scaled lightness were to be compared, we should expect
a linear relation.

This is, in fact, the result as illustrated in
Figure Z 1d. In that graph, Value (xlO) + 17 is plotted
against lightness + 26; where lightness is with the
illuminated surround. The linear relationship has a
slope of 0.98, which is close enough to unity to sup-
port the inferences enumerated above.

Thus, both lightness and brightness scaled in these
experiments are consistent with other data on scales of'
these attributes. Further, observers in this study
scaled lightnesses in such a maimer as to reflect the
extent of brightness discrepancies with luminance that
are associated with the Helmholtz-Kohlrausch effect.
Those discrepancies are systematically related to
Evans' G values of what he called 'brilliance'. This

result argues against his contention that lightness is
the perception of' relative luminance and that observers
see equality of lightness between surround and sample
as equality of luminances (Evans 1971, pp.117-119)93,

The observers who participated in this study, at least,
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do not respond in the way Evans claims. His 'brilliance'
would be directly related to lightness of surface
colors with luminance factors less than unity, according
to the observers in this work. This conclusion should
not be taken to mean that brilliance is the same as
lightness. Rather, we may conclude that at least one
of the components of brilliance is that attribute
which observers here scaled as lightness.
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V. Discussion

The results described in the foregoing sections
indicate that an observer t s chromatic responses undergo
significant changes when the conditions for chromatic
adaptation are altered. This may be seen in the system-
atic variations of hue appearances of stimuli and,
particularly, in the variations in saturations of
stimuli when the conditions of adaptation are changed.
These variations will be discussed in this section in
an attempt to derive a general structure for analyzing
the influence of chromatic adaptation on color appear-
ance. Particular emphasis will be placed on (a) satura-
tion and purity relationships, (b) systematic changes
in color appearance contours, (c) relations between
dominant wavelength and hue, and (d) distinctions be-
tween absolute and relative attributes of color appear-
ance. Finally, the present results will be compared to
results of some other experiments by different workers
who have undertaken to study chromatic adaptation.

Chromatic purity and saturation

A number of previous studies of chromatic adapta-
tion have attempted to determine the fundamental sensi-
tivities of the chromatic visual mechanism. This re-
search has not directly attempted to uncover such
functions. Rather, it has been concerned with changes
in the chromatic response characteristics of observers
by studying the influence of chromatic adaptation on
color appearance. Those chromatic responses may be con-
sidered derivatives of the underlying fundamental sensi-

tivities. Figure L2 has been constructed to illustrate
this point.

Figure 42a shows a set of relative fundamental
sensitivities (or 'Grundempfindungen') proposed by
König (1886; König and Dieterici 1893)210,211. They
may be described in terms of the CIE 1 931 Staxidd
Observer as:

O.O713 + O.9625 -
=-O.3952i + i,1668 + O.o81 	(23)

b = O.00OO + O.0000y + O561Oz
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where i,g, stand for the fundamental spectral djstrj...
bution coefficents. The values of these fundamentals
from 400 to 760 nm are tabluated at 10 nm intervals
in Table 5.5 of Wyszecki and Stiles (1967, page
These curves were derived In an attempt to describe the
color mixture data of normal trichromats and, with cer-
tain assumptions, of protanopes and deuteranopes. They
are used here only as examples that are typical of one
class of fundamentals that has been proposed. No special
claim is made for them here beyond their being reason-
ably representative of their class.

Those fundamental sensitivity functions may be used
to derive a set of opponent chromatic response functions
(Jameson and Hurvich 1955,19 68) 17 7, 182 . Two chromatic

response functions which are linearly related to the
König r,g,b values and, hence, to the CIE 1931 Standard

176Observer, are as follows Jameson 1972, p .395;	:

C 1 = i.66 - 2.23g + 0.37
-	 (24)

C2 = 0.34r + O.06g - O.71

and an achromatic function derived from the same funda-
mentals which is essentially equal to the CIE 1924 Stand-
ard Photometric Observer is:

A = 0.85 + O.15 g + O.00b 	(25)

Figure 42b illustrates these relative response functions.
The relationships of the response functions indi-

cate that chromatic power varies considerably over wave-

length. One expression of that chromatic power has been

called 'chrominance' (e.g., Boynton 1 975, pp.342-343)39
and may be stated by the equation:

= *J (c 1 ) + ( c2 ) 2	(26)

A chrominance function, following Equation 26, derived

from the König fundamentals is illustrated in Figure 42c.
Finally, 'chromatic purity' may be expressed as the

ratio of chroininance to achromatic response:

,	/(c1)2 + (c2)2
P =

	

	 (27)
A
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and that function is illustrated in Figure 42d.
Equation 27 is only one of the ways in which

chromatic purity could be expressed. For example,
chromatic purity could be taken as the ratio of chromi-
nance to total (achromatic + chromatic) response, in
which case the curve of Figure 42d would be slightly
more leptokurtic. However, its general shape and wave-
length for minimum would still be the same. The re-
lationship of Equation 27 is used only to illustrate
the point that several derivative functions of the
fundamentals may be computed and each of them implies
certain relations among components of sensation.

It is the concordance of experimental data collec-
ted with the implications of these general functions of
sensation that will be discussed here. In other words,
we will attempt to determine how the present data may
be interpreted as changes in representative sensory
response characteristics based on an arbitrary, but
reasonable, set of fundamentals.

We may examine the question of how the present
experimental data relate to linear von Kries-type
adaptation theory by comparing such predictions for
chromatic purity with the purities actually found in
the experiment. Figure 43 facilitates such a comparison.
Chromatic response functions are shown at the top of
that figure for each of the three color temperature
conditions investigated. Those functions are derived
by integrating the r,g,b fundamentals with the spectral
power distributions of the three illuminants used for
adaptation. They were arbitrarily normalized so that
the g functions remained at constant integrated value.
The chromatic purity functions computed from those
adaptationally adjusted values are shown as the dashed
curves in the lower graphs of Figure 43. They are ex-

pressed as reciprocal chromatic purities versus wave-
length. Open circles represent the colorimetric purities
(xlO) for each of several dominant wavelengths as found
in the experiment (samples were of luminance factor 0.20,
saturation 4o, and with a surround of 1,000 cd.m2).

Although the similarity between experimental and
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Wavelength
(nm

400
440
460
480
500
520
540
560
580
600
620
640
700

0.13
0.29
0.88
5.26
9.00

10.26
13.18
21 .49
29.90
12.27
7,63
6.63
4.78

theoretical data is good for D 65 ,  the agreement is not
very impressive for the other two illuminants. The
agreement seems to decrease with decreasing color
temperature.

Figure :3 suggests that the results of this study
do not tend to obey a linear rule for chromatic adapt-
ation. However, if we attend to the similarities, rather
than differences, it is evident that chromatic purity
does seem to express a kind of response characteristic
that is not unlike the spectral saturation functions
determined in this work. It was noted earlier that
there is an approximate but systematic relationship
between saturation exponents and chromatic purity over
changes in adaptation. By applying that power relation
to chromatic purity, it is possible to derive a series
of power transforms for chromatic purity with much
greater consistency with experimentally determined
purities. That is, the chromatic purity function may be
compressed or expanded to fit the colorimetric purities
of scaled saturation data. Those experimental colon-
metric purities are listed in Tables XIV, XV, and XVI.

Table XIV
D6 Colorimetric Purities

Saturation
40	6o

	

0.47	0.80

	

1.08	1.40

	

3.25	5.69

	

18.37	34.14

	

29.14	46.33

	

32.54	49.41

	

41.72	55.19

	

62.87	91.12

	

75.36	95.98

	

38.74	64.75

	

23.73	39.31

	

18.92	32.89

	

15.91	32.24

+ = over 100

80
1.45
3.42

10.50
61i.86
64.09
72.38
90.87

+
+

94.58
65.36
53.50
50.79

Coloritnetric purities have been multiplied by a factor
of 100 in these tables,
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80
1.31
3.07
8.94

59.90
64.10
51.00
62.50
90.20

+
91.00
54.10
53.30
40.40

0.09
0.22
0.64
4.75
4.90

io.6o
12.10
18.00
50.70
25.00
5.70
2.90
1 .64

Saturation
40	60

	

0.34	0.69

	

0.78	1.59
	2.31	4.60

	

13.60	25.90
	11.30	37.50

	

17.90	33.80

	

22.60	39.60

	

30.10	57.20

	

99.00	+

	

38.40	64.90

	

18.00	35.00

	

10.90	36.20

	

12.60	29.20

Wavlength
- (nm)

400
440
460
480
500
520
540
560
580
600
620
640
700

A

3.73
4.22
9.43
9.43

105.
108.

Wavelength
(nm)
400
440
460
480
500
520
5L1.0
560
580
600
620
640
700

Table XV
D44 Colorimetric Purities

Saturation
LQ

	

0.15	0.51	1.02

	

0.36	1.16	2.36

	

1.05	3.40	7.02

	

6.45	19.50	39.80

	

8.70	16.70	37.20

	

8.63	24.00	40.80

	

9,68	30.40	51.70

	

16.90	47.00	77.50
	33.40	75.80	+

	

io.6o	33.30	66.50
	1.58	18.70	39.90

	

2.50	12.70	31.50

	

2.79	11.10	27.60

80
1.89
4.36

12.70
64.90
53.20
61.80
78.10

+
+
+

69.30
58.10
54.70

Table XVI

A Colorimetric Purities

Values of 'i 	(xlOO) are listed in Table XVII.

Table XVII
Chromatic Purities for 3 Adaptations

Wavlength
nm)

400
420
440
460
480
500

D65	D44

	

1.21	i.6o

	

1.21	1.60

	

2.64	3.52

	

7.63	io.4

	

43.9	58.1

	

90.9	88.5
(continued)
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520
540
560
580
600
620
640
66o
680
700

90 • 9
110.
208.
249.
136.
78.7
62.9
57.5
55.9
55.6

91.7
113.
187.
250.
133.
78,1
62.9
57.5
55.9
55.6

123.
157.
243.
223.
113.
73.5
61.0
56,5
55.0
55.6

(Table XVII continued)

Wavelength
(nm)
	

D44	 A

The data of these tables may be related to one
another through power functions of the form:

= a('_ 1 ) 1'	 (28)

Values of the constants in Equation 28, together
with the coefficients of determination (r 2 ), are listed
in Table XVIII.

Table XVIII
Purity Relations

Adaptation 	S=20	S=LI0	S=6o	S=80
D65	a :	10.533	32.367	50.912	83,705

b :	0.993	0.939	0.926	0.877
r 2 :	0.996	0.995	0.990	0.983

44 a:
b:
r2:

	

7.469	25,071	48.303	79.288

	

0.959	0.939	0.905	0.869

	

0.892	0.985	0.992	0.983

A	a :	7.1157	18,295	34.986	56,403
b :	1.350	1.146	1.082	1.027
r 2 :	0.910	0.910	0.912	0.925

2The coefficients of determination, r , are all
reasonably high, indicating that the data are well
characterized by the power relation. The fit is best
for D 65 .  There is a systematic relation between the
size of the constants and saturation level. Scale factors
increase with saturation but exponents decrease with
saturation. This indicates that the c functions of
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of wavelength become higher in value but flatter over
wavelength as saturation increases.

Tables XIX, XX, and XXI list data computed from
these power relations. Those data may be compared with
the data of Tables XIV, XV, and XVI to see the relation-
ship between the predicted values and those determined

experimentally.

Table XIX

D65 Adjusted Chromatic Purity

Wavelength
(nm)
400
420
440
46o
480
500
520
514.0
560
580
600
620
640
660
680
700

S=20
0.132
0.132
0.286
0.819
4.65
9.58
9.58

11.6
21.8
26.1
14.3
8.31
6.65
6.08
5.91
5.88

s=4o
0.513
0.513
1.07
2.89

14.9
29.6
29.6
35.4
64.3
76.3
43.1
25.9
20.9
19.2
18.7
18.6

s=6o
0.856
0.856
1 .76
4.71

23.7
46.6
46.6
55.6

100.
119.
67.5
4o.8
33.1
30 • 5
29.7
29.6

S=80
1 .714
1 .74
3.45
8.76

40.6
77.0
77.0
91.0

159.
187.
109.
67.9
55.7
51.5
50.2
50.0

Table XX
Adjusted Chromatic Purity

Wavelength
(nm)
400
420
440
460
480
500
520
54o
560
580
600
620
640
660
680
700

S=20
0.141
0.141
0.30 1
0.850
4.44
6,64
6.88
8.36

13.6
18.0
9.80
5.89
4.79
4.39
4.27
4.25

s=4o
0.516
0.516
1.08
2.99

15.1
22.4
23 • 1
28 • 0
45.1
59.3
32.7
19.9
16.2
14.9
14.5
14.4

s=6o
1.15
1.15
2.34
6.21

29.6
43.2
44.7
53.7
85. 1

111.
62.4
38.6
31.7
29.3
28.5
28.4

S=80
2.18
2.18
4.33

11.1
1t9.5
71.3
73.6
87.8

137.
176.
101.
64.0
53,0
49.0
47.8
147.6
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Table XXI

A Adjusted Chromatic Purity
Wavelength

(urn)
400
420
440
460
480
500
520
540
560
580
600
620
640
660
680
700

S=20
0.088
0.104
0.307
0.307
7.99
8.31
9.87

13.7
24.7
22.0
8.81
4.92
3.82
3.45
3.32
3.37

S =40
0.423
0.487
1.22
1.22

19.4
20.0
23.2
30.6
50,5
115,8
21.1
12.9
10.4
9.51
9.21
9.33

s=6o
0.995
1,14
2.72
2.72

37.0
38.1
43.8
56.9
91.3
83.2
40.0
25.1
20.5
18.9
18.3
18.5

s = 8_Q
1 .92
2.18
4.99
4.99

59.4
61.2
69.8
89.5

140.
128.
64 • 0
41.1
33.9
31.4
30.5
30.8

Figure 44 has been drawn to illustrate the rela-
tion between computed and observed values for the D65
adaptation condition. The circles are P values deter-
mined experimentally. Dashed curves are the computed
prediction functions. Truncation lines - corresponding
to imit purity - are shown for each saturation level

as labeled horizontal lines. Those lines intersect the
computed functions for saturations of 60 and 80; im-
plying that physical samples cannot be produced above
those levels. In fact, the experimental points do not
rise above those levels because it was impossible to
produce samples of saturations higher than that.

The prediction curve and experimental data for
saturation 80 describe a more shallow (platokurtic)
function than is the case for saturation 20 which is
leptokurtic by comparison. This result is an important
supplement to information previously determined for
saturation thresholds expressed as purity limens. The
threshold problem has been approached in two different
ways in past studies. Some workers have determined
purity limens by adding spectral light to white-appear-
ing light (e.g., Priest and Brickwedde 1938)272. Others
have added white-appearing light to spectral stimuli
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(e.g., Wright and Pitt 1935)365. The purity threshold
functions are steep when approached from white. How-
ever, they are flatter when approached from the spectrum,
although not necessarily perfectly flat (Kaiser, Com-
erford and Bodinger 1976)1911. Stated in simple terms,
the threshold purity function is more compressed at the
spectrum than at the neutral point. That is precisely
what the data of Figure L111 show. Moreover, that figure
indicates a systematic flattening of the constant-satura-
tion purity function throughout the entire range of
colorimetric purities involved as the spectral condition

is approached.
The rate of compression observed in these purity

functions varies with chromatic adaptation. It increases
as the correlated color temperature of the adapting
light is decreased. The rate observed here is greatest
for adaptation to illuminant A conditions, least for

D65 ,  and D is intermediate.
Figure k5a is a graph of the relations between

exponents, b, and scale factors, a, of the compression
equations and saturation level. They are shown in
double logarithmic coordinates. The constants of those
power equations vary, themselves, as power functions
of saturation. The relative rates of compression as the
spectrum locus is approached may be seen in Figure Ll5b.
Here the scale factors, a', and exponents, b', are taken
with respect to the function for a saturation level

of 20; a condition approaching achromatic. Those rela-
tive values may be expressed as differences in the
percentage change of the constants for the three con-.
ditions, as shown in Figure 115c. D65 adaptation is used
as an arbitrary reference. The relative change in com-
pression equations, represented by the flattening of
purity functions from near-neutral to near-spectral
stimuli, varies approximately linearly with reciprocal
megakelvins (or mireds, to use the older term).

Thus, color appearance changes brought about by
variation in chromatic adaptation result in systematic
changes in the relationship between colorimetric purity
of stimuli and the saturations they elicit. We find
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that the purities of constant-saturation stimuli of

different dominant wavelengths are closely predicted
by power transforms of theoretical chromatic purity
functions based on linear transform rules for chromatic
adaptation. But the fact that (nonlinear) power trans-
forms are required to describe the data, indicate that
the linear model is not adequate by itself. Instead, a
nonlinear or multi-stage model is implied by these data.
In the process of deriving the data on which this in-
ference is based, it has also come to light that there
are two kinds of systematic relations between color-
imetric purity and saturation that have not been noted
previously. The first of these is that purity functions
of dominant wavelength for constant saturation undergo
continuous changes in compression over the entire range
of purities from 0 to 1; and these changes are described
as power functions of saturation level. Second, the rates
of change in compression of purity functions vary with
correlated color temperature of adapting lights; being
greater at lower color temperatures in such a way that
changes in compression are a linear function of the
reciprocal of color temperature (i.e., reciprocal mega-

kelvins),
As noted earlier in this report, a number of ex-

perimentally observed phenomena may be described by
functions that mimic the shape of the chromatic purity
function. A review of some of these studies has been
made by Kaiser, Comerford and Biggin (197L)I93. 1'wo
of them will be singled out here to illustrate the con-
tention that saturation (or colorfulness) is related to
both chromatic and achromatic intensiveness. In all
probability, brightness has both chromatic and achromatic

components (e.g., Guth and Lodge 1973; Kaiser, Herzberg

and Boynton 1971; Kaiser and Comerford 1975)h19195192
so the two may be inextricably linked in the perception
ofhow colorful a stimulus appears. Conversely, how
bright a stimulus appears is related to how colorful it is.

One of the phenomena in which the dependence of
brightness on chromaticness has long been noted is the
Helmholtz-Koklrausch effect; where less luminance is
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required to match the brightness or lightness of a high-
purity stimulus to that of a low-purity stimulus of the
same dominant wavelength (e.g., Breneman 1958; Sanders
and Wyszecki 1957,1958,196k; Wyszecki and Sanders
1957a,b)h16291_293371P372. Kaiser and Kinney (1975)196

reviewed and summarized the ratios of luminances for

neutral (white-appearing) light to the luminances of
chromatic-appearing lights in colorimetric mixtures of
equal brightness as purity was increased for 16 dom-
inant wavelengths of chromatic-appearing stimuli. Kaiser
and Smith's (1972)197 results are plotted in Figure Li6.
The data points are shown as circles. Data from Sanders

and Wyszecki (1964)293 are also included as triangles.
It appears that most of the data might be described by
equations that vary with dominant wavelength. For that
reason, they were fitted with power functions of the

form:	= 8..b. The parameter values and coefficients
of determination are listed in Table XXII. Curves of
the functions are shown in Figure 46 as dashed lines.
Except for the two shortest wavelengths - 430 and 450

nm - the fit is quite good.

Table XXII

Helznholtz-Kohlrausch Effect Functions

Wavelength	 (y = bj 	
2

430	 0.483	1.906	0.869
450	 0.403	1.783	0.915
14.70	 0.312	1.798	0.979
490	 0.201	1.407	0.997
500	 0.175	1.674	0.972
510	 0.076	1.345	0.960
530	 0.062	0.895	0.657
550	 0.058	1.008	0.890
560	 0.019	0.814	0.983
570	 0.011	1.008	0.977
580	 0.031	1.518	0.964
590	 0.055	1.322	0.939
610	 o.ii6 	1.594	0.967
630	 0.291	2.043	0.996
650	 0.216	1.430	0.998
670	 0.310	1.654	0.992

Those same functions are plotted in a different
manner in Figure 47 where all three dimensions of
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variation are shown. The relative luminance ratio re-
quired for equating brightnesses of chromatic samples
and achromatic samples is seen to increase from near
zero to higher values that depend on wavelength. The
generic spectral shape of that dependency is displayed
on the plane of unit purity versus wavelength. That
shape is much the same as the chromatic purity function
(shown in the inset for comparison). But the interest-
ing aspect of Figure 47 is that the compression of the

Helmholtz-Kohlrausch curves over planes of decreasing
purity is much the same as the compression of experi-
mentally determined purity functions found here for
decreasing levels of saturation, with the important
difference that the direction of compression is re-
versed. The purity functions for constant saturation
are most steep near the white reference point. The
luminance ratio functions of Figure 47 are most steep

near the spectrum (i.e., at unit purity). That inverse

relation might be interpreted as resulting from a
single factor: chromatic stimuli are more effective
response-modulators than are achromatic stimuli. Re-
gardless of whether this occurs because of the complex
nature of brightness or for other reasons, the result is
that it takes less luminance to evoke a given brightness
for chromatic stimuli. It also takes less change in
colorimetric purity to evoke a given saturation increment
for chromatic stimuli. Conversely, it could be said that
a given change in luminance and purity lead to larger
differences in brightness and saturation for chromatic
stimuli than for achromatic ones.

Psychophysical functions for brightness and satura-
tion. behave in similar ways. Both mimic wavelength-
dependencies that can be derived from relations among
fundamental sensitivities. In studies of' saturation,
the two have often been confused by observers or results
confounded by experimenters. This has led, in some in-
stances, to a proliferation of' what have been claimed
to be 'independent dimensions' of color appearance
when, apparently, only attributes consisting of' combina-
tions of dimensions (as defined by Titchner) have been
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involved. Evans' (197Li) 	claim for 'chromatic strength'
as an independent dimension appears to be one such
instance.

Chromatic strength has been defined by Evans
( 1 97 Li, p.111) 93 as the antilog of G0 ; where G0 is a
difference in log luminances of focal and surround
stimuli when the sample appears to just-not-contain
any trace of gray. The chromatic strength of any stim-
ulus is determined by a relationship involving colon-
metric purity and strength of the spectral stimulus of
the same dominant wavelength. 'Brilliance' is defined
as a sum of chromatic strengths and luininances; it is
simply a term used to include both the appearance of
grayness and what has been called 	 (i.e.,
luminous-appearing surface colors). It is, then, chro-
matic strength in which resides any claim for separate
and independent dimensionality.

In Figure LlOb (page 181) we saw that for the ob-
servers of this experiment, luminance differences among
white and maximum lightness chromatic stimuli, there
was a simple power relation with G; the logarithms
of chromatic strength. Hence, chromatic strength is
related to lightness. But the experimental data of
this study show another relationship with G as well.
Figure L8 illustrates that relationship.

The graph at the top of that figure shows log
chromatic strength (G ) plotted against wavelength.
The data were taken from Evans and Swertholt (1969)
and are shown here as solid circles. The dashed curve
is the same as those authors drew through the same data
points. In addition, Figure 8a includes several points
represented as open triangles. Those points are derived
from psychophysical functions of saturation versus
colonimetric purity as scaled by observers in this work.
Such functions may be expressed as either stimulus-
corrected or response-corrected power functions. In
this case, response-corrected functions with constant
exponent of 1/3 were computed. The response increments
of those equations form the basis for the triangular
points shown in Figure Li8a. The points are actually
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the logarithms of the reciprocals of response increments.
In general, the triangles are coincident with the

dashed log chromatic strength function. Figure Lt8b makes

this last point more explicitly. Except for the shortest
wavelengths, that relation is described by a line
of slope -1. Hence, chromatic strength is related to
saturation (colorfulness). But we have already seen that
chromatic strength is related to lightness as well.
Thus, it is a complex, dependent rather than indepen-
dent attribute of color appearance. Looked at this way,
gray content, brilliance, and chromatic strength may
simply be taken as other ways of expressing the same
color appearance phenomena that have been studied in
this research where results have been reported as more
conventional attribute-combinations.

Evans and Swertholt (1967,1968,1969)9_96 reported
a series of studies in which they determined chromatic
strength or zero gray content. In one of' those reports
(Evans and Swertholt 1969)96, a series of chromatic-
and achromatic-appearing surrounds was used. The sur-
rounds tended to control the observer's adaptation. Two
neutral surrounds involved correlated color temperatures
of 7,000 K and 3,000 K; not greatly different from the

D65 and A conditions used in this experiment. Three
chromatic surrounds were provided by illumination through
interference filters with spectral centroids of 1t75 rim,

528 nm, and 608 rim. In all five cases, contours of G0
versus wavelength were determined by experiment. Graphs
illustrating all but the 528 rim condition are shown on

the right of Figure k9; in the column labeled 'original'.
The data points (circles) and curves drawn through them

are as published by Evans and Swenholt. The notable as-
pect of those curves is that the wavelength at which
is minimum varies with adaptation. In addition, the
shapes of the curves differ with adaptation; particu-
larly for the highly chromatic conditions. The wave-
length of minimum G for adaptation to k75 rim and 608 rim
surrounds - as well as for the 528 nm surround which is
not shown - tends to be the same as the dominant wave-
length of the surround. In the case of' the achromatic-
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appearing surrounds (7,000 K and 3,000 K), the minimum

G0 is at a higher dominant wavelength for the lower
color temperature surround.

These changes in the shapes and minima of the
threshold gray-content functions seem to imply an under-
lying system in the chromatic response functions. The
curves drawn by Evans and Swenholt to fit their data
points resemble a trimodal mixture curve. Also, the
curve published by Evans and Swenholt for a proportion-
ality constant of chromatic moments expressed in terms
of G over dominant wavelength is a trimodal function
with minima Just below 500 nni and 600 nm. Interestingly,
those are the same wavelength regions where the rela-
tive minima or inflection points for G occur. Exam-
ination of the chrominance curve in Figure LI2c (page
187) indicates inflection points in these same regions.
In fact, the logarithms of the reciprocals of chromi-

nance yields a trimodal function; as if it were composed
of three parts. The relative heights of those parts would
depend upon the multiplicative and additive factors that
might be associated with the chromatic response curves

(C 1 and C 2 in Figure Li . 2b). By varying the heights inde-
pendently, it is possible to generate a variety of
curve-shapes with respect to dominant wavelength. That
has been done for the graphs on the left side of Figure
L9 (the column labeled I reconstitution t ) The dashed
curves were constructed by varying the heights, in log-
arithmic coordinates, of the log reciprocal chrominance
components in order to make a visual fit to the original
data points of Evans and Swenholt. In general, the fit
is fair.

All of the foregoing interpretations, taken to-
gether, provide reasonably compelling evidence that
saturation varies in systematic and likely predictable
ways with chromatic adaptation. This seems to be the
case both for threshold and suprathreshold purities.
It would appear that careful study of the factors
affecting the shapes of the chromatic purity functions
should offer a novel and useful way to study chromatic
adaptation. Analysis of this kind may yield valuable
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clues to the nature of the visual mechanism for chromatic
adaptation. Such an approach would be an alternative to
the classical method of determining adaptational meta-
mers. It addresses the coded neural stage of visual
processing rather than complex sensitivities. Since
the adaptive process appears to be nonlinear, what is
now required is more information on the ways in which
chromatic opponent responses change with adaptation.

Systematic variations

The low saturation (20) contours of Figures 13, 1k,
and 15 (on pages 130 to 132) resemble ellipses in shape.
They may be approximated with ellipses to determine
what, if any, systematic changes in shapes and orienta-
tions may occur with variations in chromaticity of
adapting illuminants. Figure 50 has been prepared to
do this.

In Figure 50a the ellipses that, on average, fit
saturation 20 contours for each of the three adaptations
have been specified in terms of their major and minor
axes and slopes of the major axes in the CIE 1976 u',v'
chromaticity diagram. Those parameter values are plotted
against reciprocal megakelvins. The graph shows that the
major axis tends to increase and the minor axis de-
creases slightly with increasing mired value; i.e.,
as color temperature of adaptation decreases. In addi-
tion, the slope of the major axis decreases as color
temperature declines.

Those relationships were used to construct the
series of contours shown in Figure 50b. Ellipses based
on the model relationship were constructed for adapting
chromaticities along the daylight and Planckian loci;
corresponding to color temperatures from 2,000 K to
8,000 K. In the process of constructing the graph, an-
other interesting feature of the ellipses was uncovered.
The minor axes all tend to intersect at a common point.
They have been extended in Figure 50b to illustrate
this feature. The common point of intersection may,
in itself, have little significance. It appears, rather,
to be a concomitant of another, perhaps more signifi-
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cant, systematic aspect of the shift in contours with
changing chromatic adaptation. That is a phenomenon
first noted by Evans.

In summarizing his and Swenholt's work on chromatic
strength, Evans (19711. , pp.138-139)93 called attention to
a similar feature found in their results: "A curious
fact, incidentally, and one of no significance that I
can see, was encountered in our study of surrounds of
different color temperatures from 2000 to 10,000 K.
If on the CIE chromaticity diagram the wavelength on
the spectrum locus corresponding to our G minimum is
connected to the point on the blackbody locus corres-
ponding to the color temperature of the surround, these
lines are approximately all tangent to the blackbody
locus I In other words the monochromatic wavelength
having most nearly the same brilliance as a surround
of a given color temperature can be estimated by ex-
tending the tangent from that point of the color tem-

perature locus to the spectrum locus." The shape of the
Planckian locus is such that the lines tangent to the
chromaticity points for illuminants of decreasing color
temperature would intersect the spectrum locus at
systematically increasing wavelengths. Thus, dominant
wavelengths corresponding to G increase with decreas-
ing color temperature; at least for Planckian and day-
light radiators. We have already seen that the G0
minima correspond closely to the minima for chromatic
purity functions. Accordingly, we may say that Evans
and Swertholt found that chromatic purity minima shifted
upward in wavelength as the color temperature of
adapting illumination decreased.

Now, if we examine the major, rather than the
minor axes of the model ellipses in Figure 50, we find
that a similar prediction results from this model. The
major axes are, of course, perpendicular to the minor
axes. When they are constructed and extended to the
spectrum locus (as in Figure 51a) they also intersect
so as to yield higher and higher wavelengths with de-
creasing color temperature. Further, these major axes
also turn out to be essentially tangent to the Planck-
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ian locus. This is a strong suggestion of fundamental
agreement between results of two very different experi-
mental approaches to the study of chromatic adaptation.

Figure Sib compares the Evans-Swenholt results
with experimental results obtained here and with the
predictions of the rather simplistic ellipse-model of
Figure 50. That graph shows dominant wavelength of the
parameter in question as a function of reciprocal mega-
kelvins. Data points shown as squares are the wavelengths
and mireds reported by Evans (197 Lir, p . 132 ) 93 :  2,000 K =

592 nm, 3,000 K 	588 nm, 7,000 K = 575 nm, and 10,000 K
= 572 urn. The three triangular points are for the illumi-
nant conditions used in the present study. Finally,
the eight circular points are predictions of the model
in Figure 51a. In the case of the squares, the wave-
lengths are the ones at which G is minimum. For the
triangles, wavelength position on the graph corresponds
to the dominant wavelength of minimum chromatic purity
at a saturation of 20. The wavelength at which the major
axis of the model ellipse intersects the spectrum locus
is used as ordinate value for the circles.

There is an astonishing similarity among the data
shown in Figure 5ib. Not only do all the functions form
straight lines, but they all have the same slopes The
common slope of wavelength in nanometers versus mireds
is 0.05. The intercept value for Evans' data is 567.
For the experimental results presented here (not the
ellipse-model) the intercept is 565. An average function
based on what are, apparently, the only two existing
determinations of' this relationship would then be:
y = 0.05x + 566; where y is nanometers and x is mireds.

Clearly, there is a common feature in these data
that implies systematic variation as a consequence of
changes in chromatic adaptation. The minimum of the
chromatic purity function shifts systematically upward
in wavelength as correlated color temperature of adapt-
ing illumination decreases. Two very different experi-
mental studies indicate that this shift is linear with
mireds at a gradient of 0.05. Any model of chromatic
adaptation will have to reflect that shift. Since it
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is a shift of the minimum point on the chromatic purity
function which may be determined from chromatic response
values, that means that any adaptation model must pro-
vide for appropriate changes in opponent chromatic
response functions, not merely proportionate variations
in fundamental sensitivities. The weight of evidence
seems to indicate that simple proportionate variations
(i.e., linear coefficient rules) cannot yield the kinds
of shifts described here and also account for all the
other features observed in color appearance changes as
chromatic adaptation is varied.

Invariance s

Thus far, emphasis has been on systematic varia-
tions. There is also a singular invariance to be seen
in the experimental data presented here. That is the
striking tendency for the wavelengths at which three of
the four unitary hue loci intersect the spectrum locus
(or purpie boundary') to remain the same regardless of
the condition of' adaptation.

Figure 52 illustrates this finding. The coordinates
of that figure are CIE 1976 u',v'. Red, green, blue and
yellow unitary hue loci are plotted for each of the four
adaptation conditions studied in which the stimuli were
at 200 cd . m 2 . Neutral points labeled D and D' corres-
pond to D 65 and D4k adaptations, respectively. Point A
is for A adaptation and N is for the dark surround con-
dition. As we have seen in the foregoing paragraphs,
dominant wavelengths for yellow unitary hue - which are
approximately the same as the chromatic purity minima -
vary with adaptation. However, those for red, green and
blue tend to converge on each of three wavelengths in
the limiting case, Blue hue loci converge on a spectral
wavelength of about 1t7 14 nm. Green goes to about 508 nm,
Red has a common limit-point of' about k97c nm (i.e.,
a complementary wavelength with respect to Illuminant E).
Those are the wavelengths at which the three extrapo-
lated unitary hue loci intersect the spectral or aspectral
boundaries of the chromaticity diagram for all four
quite different conditions of chromatic adaptation.
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ments, however, do not show such a simple relationship.
The averages are close to but not quite identical corn-
plementaries.

The similarity of those average values to the
experimental results illustrated in Figure 52 is

striking. Certainly the data derived here are well
within the range found by others. But it is interesting
that the quite different experimental technique used in
this research yields results that are so similar to
the average values for spectral wavelengths of the
three unitary hues found by other experimenters.
Table XXIV compares them.

Table XXIV
Wavlengths for R,G,B Unitary Hues

Hue	 Average of Other 	 Present
Experiments 	 Work

Blue
	

k73

Green	 513
	

508

Red
	

495c
	

k97c

Perhaps more important than the similarities set
forth in Table XXIV, is the result that these wave-
lengths corresponding to these unitary hues at maximum
saturation are invariant over chromatic adaptation.

Whether such a finding would obtain with adaptation to

other more highly chromatic illuminants is not known
with certainty, but does appear doubtful (Cicerone,

66Krantz and Larimer 1975) . When adaptation to spectral
stimuli has been used, only one unitary is found to
be invariant in wavelength. However, with the normally

encountered range of illuminant-chromaticity included

in this research, the invariance of the three unitary

hue maxima does seem to hold as a first-order approxi-

mation.

To the extent that this finding correctly repre-
sents the underlying facts, it provides another form
of evidence against the coefficient law. Recall that
von Knee said: "If we set the condition that three
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definite points of the color chart are to be invariable,
and if we, for those points, fix the effect of the adapt-
ation as an apparent change of quantity by a coeffi-
cient, thereby the whole system of adaptation-shifts
is determined in such a manner that no other points
can remain unshifted" (q.v., MacAdam 1970)235. Thus, the
linear model postulates that only the chromaticities of
the three fundamental primaries remain invariant. But
the results of this work suggest that three other points
remain invariant over changes in adaptation of the kind
studied here. They cannot be the same points. Ergo, the
present finding militates against linear transform theory.

This matter of invariance of wavelengths for unitary
hues at maximum saturation is an important one in con-
sidering physiological sources and sites for chromatic
adaptation. If adaptation is determined simply by ratios
of photoreceptor quantum catches to set the gains of a
trichromatic system, then we would expect no invariances
with adaptation. With a purely additive model, we would
expect that with adaptation to either blue or yellow
unitary light, both blue and yellow hues would be as-
sociated with invariant wavelengths, and the same anal-
ogy would hold for adaptation to either red or green
unitary light (Cicerone, Krantz and Larimer 1975)66.

But a group of workers from the University of' Michigan
and Temple University (v., Larimer, Krantz and Cicerone

197,1975; Cicerone, Krantz and Larimer 1975)223,22,66

found in their studies of adaptation to monochromatic
lights which yielded unitary hues under dark adaptation,
that only the wavelength of the adapting unitary hue re-
mained invariant. Other equilibrium wavelengths - wave-
lengths for unitary hues associated with the opponent-
chromatic process not involving the unitary used for
adaptation - tended to shift toward the wavelength of
adaptation. However, that finding was for quite low
levels of adaptation illumination; less than 500 down
to Z0 trolands. At higher levels, up to about Lt,000
trolands, both invariance and coefficient relation-
ships broke down. It is difficult to relate this work
directly to experimental results such as those of the
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research desribed here because we do not know the
nature of any functional relationship between the
equality-of-response criteria used in the equilibrium
experiments and the magnitudes of perception scaled
by observers in this work. It is probably reasonable to
rule out a simple one-to-one correspondence. None-the-
less, both the equilibrium results and the invariance
found here imply that the chromatic adaptation process
does not obey a simple coefficient rule and neither is
a simple induction transform adequate. It is most likely
some combination of both, with component nonlinearities
involved as well. The nature of' the transform apparently
does change from quite low levels of stimulation to

153normally high ones, as Hunt (1950)	has suggested.
But the findings that brightness and saturation change
much more than hue (if hue does change at all) within
the normal photopic range of illumination, seems to
point to a reasonably stable form for adaptation trans-
formation for that range of stimulation. Although stable,
it need not be (and apparently is not) linear.

Relative and absolute saturation

Differences in experimental methodology as well
as differences in stimulus conditions can lead to quite
large discrepancies among the results of experiments.
Even for similar stimulus conditions and methodologies,
subtle distinctions between scaling criteria can lead
to diametrically opposed conclusions based on equally
valid data. This is perhaps most obvious in magnitude
estimation results for scaling saturation.

Sobagaki, Takaiiama, Yamanaka, Nishimoto and Nayatani
(1975)306 carried out an extensive series of magnitude
estimation experiments designed to study chromatic
adaptation. In subsequent experiments (Sobagaki, Taka-
hama and Nayatani 1975a) 307  they examined the question
of whether or not the nature of instructions to observers
influenced results for scaling saturation. Three satura-
tion paradigms were used. Two of these could be called
relative saturation methods and one was roughly equiv-

alent to the absolute method used in this work.
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When the original relative saturation data were plot-
ted against the other two sets of results (one relative
and one absolute), the relative results were virtually
identical but the absolute data formed a nonlinear re-
lation; although the authors concluded that there was
little difference among the methods. In fact, method
didn't make much difference in determining chromaticities
that elicited equal color appearances under adaptation
to CIE Illuminant A for the 8 samples of the CIE Colour
Rendering Method. But the methods may have significantly
influenced the results of still another experiment these
workers conducted.

They also studied the effect of illuminance on
saturation (Sobagaki, Takaham and Nayatani 1975b)308.
Observers scaled saturation according to the original
relative paradigm for samples illuminated with 100,
1,000 and 10,000 lux. All the results were related by
a linear function of unit slope. In other words, satur-
ation, as scaled, did not change with illuminance. The
authors noted that they had expected to findadifferent
result based on the work of Hunt (1950)153. But their
data clearly showed saturation to be independent of
illuminance.

A distinction has been made here between absolute
and relative attributes of color appearance. The main
body of experimental data in this study involved scaling
absolute saturation. The results show a distinct level-
dependence. Absolute saturation varies roughly as the
one-fourth power of illuntinance. Accordingly, the present
results appear to be at variance with those of Sobagaki
et al.

To examine this question further, a subgroup of
three observers (A,B and E) scaled all stimuli under
two conditions of D 6 illuminance: yielding surround
luminances of 1,000 and 200 cd.m • The absolute satur-
ation results are shown at the top of Figure 53. Satur-
ation of Value 5 samples at the two illuminances are
linearly related. But the slope of the relation for
the 200 cd . m 2 surround condition against the 1,000
cd.m 2 one is less than unity; just under 0.7, in fact.
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interest.

Comparisons with prior work

It should be clear from the foregoing discussion
that the data obtained in this research can be expressed
in a variety of ways. In addition to showing directly
the psychosensorial relations among attributes of color
appearance as adaptation changes, the data may be ar-
ranged for comparison with various psychophysical ex-
pressions and sensory physical contours of perceptual
constancy. A set of sensory physical contours of par-
ticular interest is that which displays predicted iso-
appearance loci under one or more conditions of chromatic
adaptation. These can be specified as chromaticity co-
ordinates corresponding to equal color appearances
under various illuminants.

Appendix M lists CIE 1976 u',v'  chromaticities
for 8 hues at several levels of saturation under each
of 4 adaptation conditions: D 65 ,  D44 ,  A and dark adapt-
ation. The first three are for samples with luminance
factors of 0.20 (approximately Munsell Value 5) with
respect to a 1,000 cd . m 2 surround. When plotted on
the u',v' diagram, those data define maps of correspond-
ing color appearances for the different adaptation
conditions. Such maps may be compared with similar
sensory physical maps predicted or determined by the
work of other experimenters who have studied chromatic
adaptation using surface color stimuli.

The maps need not be limited to samples of Value 5.
The relationship illustrated in Figure 34 (on page 169)
and Equation 18 (on page 168) provides a means for
converting the data of Appendix M to any other level
of Munsell Value (or luminance factor). It is possible,
then, to compare the results of this work with those of
other experimenters who used stimuli of different lumi-

nance factors. A comparison of that kind is made in
Figure 54.	 Irterpc

The graphs in that figure show 1(predictions of u',v'
chromaticities with respect to CIE Illuminant A for 8
hues at 3 saturations each. Work of Pointer and Ensell
(1975)270 is shown in Figure 54a. Results from Sobagaki,
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Takahama, Yamanaka, Nishimoto and Nayatani (1975)306
are displayed in b. Data from the present research
are set forth in c. The 8 hues chosen for illustration
are the unitaries (red, green, blue, and yellow) and
their intermediates (yellow-red, yellow-green, blue-
green, and blue-red). Since those hues were scaled as
hue proportions in all three experiments, the results
should be directly comparable. Saturation scales in
this research and that of Sobagaki et al had similar
scale factors and, therefore, saturations of 20, hO,
and 60 are plotted in 5 11. b and 5 L1c. The Pointer-Ensell

saturation scale-factor was about 3/4 of that in the
other two works and for that reason, saturations of

1 5, 30, and 115 are plotted in 511a. Accordingly, the
saturation contours should all be directly comparable
in Figure 511. Luminance factors for the data displayed
are approximately equivalent to Munsell Values of 7.2
to 7.5; the Sobagaki et al luminance factor was 0.46

and the other two are 0.50.
The general shapes of the maps in 54a and 54c

agree quite well. It is of interest to note that both
experiments produced data that, under D 65 adaptation,
closely matched the contours of' the Munsell Renotation
map. The map based on work by Sobagaki et al has a dif -

ferent shape from the other two maps. The D 65 map of

the Sobagaki work did not match the Munsell map very

closely.
All three experiments used magnitude estimation

to determine color appearances of surface color stimuli
over chromatic adaptation. Comparison of their results
seems to indicate that there are two distinctly dif-
ferent kinds of' results that may be obtained from such
studies. Figure 55 allows a somewhat more direct ex-

amination of the nature of these differences. Saturation
contours from all three works are superimposed in 55a.
Unitary hue loci are superimposed in 55b.

The hue contours of the Pointer-Ensell work are

quite similar to those of the present work. The Soba-
gaki et al hue loci are also quite similar except for

unitary yellow. But the saturation contours of Sobagaki
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et al are quite different from the others.
The comparisons of Figures 54 and 55 are all among

results of experiments in which the same method was
used; magnitude estimation. It is also of interest to
compare the results of this research with those deter-
mined by different experimental methods. To do this,
the work of Helson, Judd and Warren (1952)138 - using
memory matching techniques - and that of Burnham, Evans
and Newhail (1957)61 - using hapioscopic matching - were
used. Those works provide means for computing corres-
ponding chromaticities for Munsell samples viewed under
CIE Illuminant A rather than C. Accordingly, a series of
30 Munsell notations were used to derive sensory phys-
ical maps analogous to those of Figure 54. They are
shown in Figure 56.

Ten Munseil Hues are shown; the five Munsell pri-
maries and their mid-point intermediates. Chromaticity
for each Hue is shown at Munseil Chroma levels of 2,
6, and 10; corresponding approximately to saturations
of 20, 40, and 60 of the present work. Munsell Value 5
(luminance factor of approximately 0.2) was used in the
computations. The experimental results derived here were
expressed in equivalent Munsell notation by overlaying
the 65 Munsell grid on the D 65 map of the data listed
in Appendix M, then converting the Munsell notation to
the scales of the present work, and finally determining
the chromaticities for those scale values from the ii-
luminant A map of Appendix M. The Helson-Judd-Warren
map was constructed from their published linear trans-
form equations. The Burnham-Evans-Newhall map was con-
structed from their published empirical transformation
matrix,

The Burnham et al map is quite similar to the one
from this work. But, again, the third map differs sig-
nificantly from the other two. The general nature of
the Helson et al map is reminiscent of that found by
Sobagaki et al.

The Burnham et al map is not centered on the CIE
Iliuminant A chromaticity point. According to their re-
sults, that point would appear slightly yellowish-green.
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However, the adapting luminances in the Burnham-Evans-
Newhall study were only about 85.7 cd . m 2 (25 foot-
lamberts surround). That luminance is below the level
of 200 cd.m 2 estimated here as a representative mini-
mum required for adaptation to proceed to the point
where the surround will appear white. Accordingly, the
decentering of their contours with respect to the ii-
luininant point may be a valid reflection of the con-
ditions of their experiment rather than an artifact
of the transformation.

Figure 57 shows superimposed hue and saturation
loci from the three experiments. Again, the largest
differences are in saturation contours. The Buriiham et
al contours are very similar to those of this work; ex-
cept for the lowest saturation (or Munsell Chroma) which
probably is a consequence of' the discrepancy between
illuminant point and predicted neutral point in the
Burnhain-Evans-Newhall work. The Helson-Judd-Warren
saturation contours are different from the others.
The hue loci of Burnham et al were translated in u',v'
to force coincidence of the neutral point with the chrorna-
ticity for CIE Illuminant A. The translated hue loci are
close to those of the present work, with the exception
of that for Munsell 5B. Hue loci of the Helson et al
work differ most from those found here in the region
of }dunsell5Y and 5B.

It is well to note that the linear transform used
by Helson, Judd and Warren was not considered wholly
satisfactory for characterizing the results. They
stated that: "It is evident that there is a general
agreement between observation and theory, but in iso-
lated cases the hue changes found are very different
in amount and sometimes even in direction from those
predicted" (Helson et al 1 95 2 , p .23 2 ) 138 .  Inspection
of their Figure 1 on page 231 of the publication, in
which observed and predicted shifts are shown in Munsell
polar coordinates, suggests that the raw experimental
data may not differ quite as much in hue from that of
the present work as is suggested by Figure 57b. Sim-
ilarly, the Chroma shifts actually observed are not
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quite so large in the red and green directions as those
shown in Figure 57. But these differences are not such
as to alter substantially the general relations illus-
trated. The Helson-Judd-Warren results are closer in
form to those of Sobagaki et al even when the observed
rather than predicted data are considered.

The graphs of Figures 54 through 57 indicate that

the general shapes of the contours derived here agree
reasonably well with those from other experiments. There
is close agreement with one other direct scaling ex-
periment and with the haploscopic work. However, the
saturation contours determined here differ in much
the same manner as do those two sets of results from
the memory matching experiment and one other direct
scaling work. Those latter results show horizontally
elongated saturation contours compared with the ones
found here. Computations of predictions by MacAdam's
(1963)234 power transform, made for another purpose
by M. R. Pointer (private communication, 1976), also
show this horizontal elongation characteristic. It is
a curious fact that there seem to be two generic types
of result. They are not distinguished by experimental
method. The horizontal form derives from three quite
different techniques: memory matching, differential
retinal conditioning, and direct scaling. The second
form is found in results of two direct scaling experi-
ments and a haploscopic study. There may be uncontrolled
factors that are responsible for these differences, but
that seems less likely than if they were associated with
differences in experimental method. For the present, it
would appear that there are unexplained differences
among the results of various representative studies
that tend to define two classes of results. Perhaps
these discrepancies merely represent the extent of
variability among results of different experiments.

The results of Helson et al and those of' MacAdam
cannot be evaluated directly in terms of' agreement with
Munsell Renotation contours under CII Illuminants D65

or C. Those of Sobagaki et al, Pointer and Ensell,
Burnham et al, and the present work can be used to
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reconstruct the Munsell map. It is probably significant
that where such a direct comparison can be made, only
one class of results is concordant with Munsell con-
tours; and that is not the horizontally elongated class.
The results reported here do agree very well with the
Munsell Renotation array. This constitutes a form of
validation. Both the massive number of observations in-
volved and the extensive practical application of Munsell
data lend support to their validity. Agreement with
Munsell data seem to provide a favorable weighting for
that class of results showing concordance with Munsell
contours.
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VI. Conclusions

The research described here has undertaken to
study chromatic adaptation by applying methods of
direct scaling to the color appearances of stimuli
perceived under different conditions of adaptation.
It differs from previous studies of chromatic adapta-

tion, in a number of ways.
By measuring color appearance directly, the data

collected permit examination of adaptationally induced
color changes of invariant stimuli, Those changes have
been expressed in response diagrams, on chromaticity
maps, as corresponding adaptational metamers, and in a
number of other psychophysical relations.

The study has involved measurement of color at-
tributes resulting from variations in (1) correlated
color temperature of adapting illuminants, (2) illu-

minance, (3) luminance factor, and (4) surround in-
duction conditions. This factorial approach to the
problem yields information about changes in color
appearance throughout the entire color solid rather
than being restricted to a single planar section of
that solid,

A distinction has been made between absolute and
relative attributes of' perceived color. It has been
shown that inferences drawn from data depend signifi-.
cantly on the kind of attribute that is addressed.
For example, relative saturation is invariant with
illuminance, but absolute saturation depends very much
on illuminance. In the past, failure to make such dis-
tinctions has led to confusion in attempts to interpret
the results of various experiments.

The observers here were subjected to a training
program before embarking on the main experimental
labors. That program was intended to familiarize the
observers with the color appearance phenomena they
would encounter in the main experiment and to help
them learn to express their color perceptions in a
consistent maimer. In addition, the training phase
required observers to scale color appearances by mag-
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nitude production methods as well as by magnitude
estimation, thereby generating an independent set of
data for use in evaluating internal consistency of
result 8,

Evaluations of both internal and external con-
sistency indicate that the data generated in this re-
searchhave high precision for direct scaling and are
suitably valid.

The results show that chromatic adaptation induces
smooth, continuous changes in color appearance with
variation in correlated color temperature of adapting
illumination. The nature of these induced changes
depends upon illuminance and luminance factors of sur-
face color stimuli, but the relative changes are the
same for all levels of illuminance and luminance factor
studied here. The results indicate the kinds of van-
ations in appearance that are associated with various
levels of each of these parameters.

Saturation, or what has been called colorfulness,
is most susceptible to change with variation in con-
ditions of stimulation. Saturation is highly dependent
upon illuminance and luminance factor in addition to
color temperature of adapting illumination. The nature
of these dependencies is systematic and explicit in

the results presented here.
The hue appearance of a given sample depends

primarily upon color temperature of adapting illumina-
tion. Little or no shift in hue was found for the range
of illuminances and luminance factors investigated here.
But hue shifts vary greatly according to the saturation

level of stimuli. In general, the hues of all stimuli
change with chromatic adaptation but there are im-
portant exceptions.

Unitary hues - red, green, and blue hues - of
maximal saturation tend to have invariant wavelengths
over the range of adaptation conditions studied here.
This finding militates against a simple coefficient
rule for describing the adaptation process.

Simple multiplicative changes in visual sensitivity
are also ruled out by results for saturation. Contours
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of colorimetric purity versus dominant wavelength
for constant-saturation appearances are related to
threshold chromatic purity functions by power trans-
forms. The exponents of those power transforms vary
systematically with correlated color temperature of
adapting illumination. The present data indicate, for
the first time, that purity contours undergo contin-
uous compression from low to high saturation. This
finding is a consistent supplement to the fact that
different compressions have been found for purity
thresholds depending upon whether they represent the
first saturation increment from 'white' or the first
decrement from spectral lights.

These purity functions are shown to be descrip-
tively analogous to a fundamental aspect of the per-
ception of colorfulness. That mechanism is apparently
responsible for a number of hitherto seemingly unrelated
phenomena of color including the Helmholtz-Kohlrausch
effect, zero gray content, chromatic strength, satura-
tion or colorfulness, constants of saturation psycho-
physical functions, and the constants of lightness
psychophysical equations for chromatic stimuli.

The theoretical chromatic purity function is de-
rived from opponent chromatic response functions which,
in turn, are based on fundamental sensitivity curves.
In the past, greatest attention has been attached to
determining fundamental sensitivities from studies of
chromatic adaptation. The work presented here suggests
that more attention should be given to chromatic response
functions and their derivative chrominance and chromatic
purity functions. The hue scaling of this work provides
directly hue coefficient functions of wavelength.
Psychophysical maps of saturation contours scaled here
may be expressed as chromatic purity functions. It is
also suggested that chrominance components may explain
results of adaptation to monochromatic spectral lights.
In short, there appears to be a multiplicity of infor-
mation that may be used to Infer chromatic response
functions and underlying fundamental sensitivities in
ways that have not been used in previous studies of
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chromatic adaptation.
The data of this research provide means for carry-

ing out analyses of those kinds. The data should sub-
sequently be analyzed in detail with the objective of
determining implied chromatic opponent response functions.
Particularly, the manner in which those functions vary
with chromatic adaptation should be studied. A mathe-
matical expression of the transformation of adaptational
metamers should be based on the nature of those changes.

For the present, however, the data set forth here
offer a reasonably complete description of changes in
color appearances of stimuli as chromatic adaptation
varies over ranges that are representative of those
typically encountered in industrial and commercial
situations. Since the data describe changes throughout
the entire solid of surface color perceptions, they
afford an opportunity to evaluate proposed transfor -

mation methods with a thoroughness that has not been
possible before, as well as offering the basis for
developing new, multi-dimensional transformation ex-
pressions.
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Appendix A
Spectral power distributions of surround illumination:

Wavelength	,,	tt	 ,,	,,	 ,. ,,

(nm)	 5	____	____

400	 30,2	 11.6
410	 48.0	 16.2
420	 67.6	 20.7
430	 91.2	 25.4
440	 118.6	 31.1
450	 135.6	 34,2
460	 148.6	 36.4
470	 157.7	 38.2
480	 164.6	 40.9
490	 165.2	 43.1

500	 159.4	 45.9
510	 158.1	 53.1
520	 148.2	 62.4
530	 136.3	 72.8
540	 125.1	 83.6
550	 112.5	 93.1
560	 100.0	 100.0
570	 91.8	 105.3
580	 89,4	 111.4
590	 88.8	 115.3

600	 88.8	 118.5
610	 94,2	 122.8
620	 106.1	 129.9
630	 125.1	 137.2
640	 157.7	 148,4
650	 204,3	 160.3
660	 23116	 169.2
670	 271.3	 163.2
680	 251.9	 148.4
690	 215.6	 126.8

700	 174,7	 100.3

K
	

6,510
	4,400	2,8110
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Appendix C

Transmittances of magnitude estimation filters:

Wavelength
- (nm)

400
410
420
4:30
440
450
460
470
480
490

500
510
520
530
540
550
56o
570
580
590

600
610
620
630
64o
650
66o
670
680
690

1

.077

.089

.096
• 103
• 1 09
.112
.116
.121
• 125
• 125

• 126
.130
• 1 29
• 127
.125
• 1 211.
• 1 20
.115
• 1 09
• 104

.098

.092

.084

.076

.072

.070

.068

.067

.065

.065

2

.082

.095

.101

.107

.112

.118
• 123
• 1 25
• 125
• 124

.121

.120

.121

.119

.119

.120

.119

.119
• 122

1 24

• 1 25
• 124
.121
.116
.115
.1111
.116
.116
.116
.116

.041
• o45
.049
.052
.055
.057
.061
.066
.071
.076

.077

.0714

.072

.071

.070

.071

.073

.076

.085

.095

• 1 03
• 108
• 109
• 107
• 107
• 108
• 109
.110
.111
.112

14

.200

.208

.210

.200

.182

.160

.135

.111

.086

.064

.050
• 040
.031
.027
.033
.042
• 045
.053
.088
.157

.229

.275

.297

.305

.309

.314

.317

.320

.320

.322

• 1 811.
.202
.215
.222
.225
.223
.215
.200
.184
.165

.146

.130

.114
• 103
.097
.092
.091
.095
• 103
.115

.123
• 126
.120
.110
• 102
.099
.097
.096
.093
.091

6

.082

.101

.124

.148

.173

.200

.229

.258

.279

.293

.298

.293

.278

.251

.211

.160
• 106
• 069
.050
.036

.022

.016

.016

.020

.025

.031

.040

.050

.058

.0611.

.1

.031

.031

.031

.033

.035

.040

.050

.066

.085

.111

.142
• 160
.165
.166
.163
.159
.154
.150
.146
.142

.139

.141

.147

.151

.152

.152

.152
• 160
.172
.184

700	.070 .121 	.116 .329 .093 .076 .192

(continued)
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500
510
520
530
540
550
560
570
580
590

600
610
620
630
640
650
660
670
680
690

Appendix C

(continued):

Wavelength
(nm)

Li.00
410
420
430
440
450
460
470
480
490

8

.002

.002

.002

.002

.003

.010

.024

.049

.079

.109

9

.060

.058

.056

.056

.059

.061

.067

.07)4

.082

.091

10

.00)4

.005

.008

.011

.017

.027

.0)46

.071

.095
122

11

.031

.032

.033

.035

.037
0)42

.050

.060

.072

.088

12

.117
125

.130

.133

.137

.139

.136
• 1 27
.115
.100

13

.46)4

.510

.561

.607

.617

.605

.578

.538

.490

.432

14

.001

.001

.001

.001

.001

.001

.001

.001

.001

.001

.13)4

.151

.16o

.165

.167

.163

.152

.138

.118

.091

.062

.043

.037

.035

.035

.039
• 049
.063
.076
.090

.099

.096

.087

.079

.074

.073

.075

.085
106

.137

.171

.198

.215

.224

.229

.232

.235

.236

.238

.2)42

.151
• 180
.206
.226
.231
.219
.187
.138
.08)4
.034

.008

.002

.001

.001

.002

.002

.002

.008

.017

.029

.110
• 124

1 28
.127
• 12)4
.121
.114
• 106
.100
096

.091

.082

.073

.064

.058

.057

.056

.056

.053
• 053

.088

.078

.069

.062

.060

.058

.061

.068

.082

.1 06

.133

.156

.172

.180

.186

.189

.193

.193

.192

.194

.372

.315

.255

.201

.164

.137
108

.083
077

• 084

.092

.093

.101
• 144
.242
.38)4
.536
.632
.685
.711

.001

.002

.002

.006

.012

.020

.030

.050

.089

.155

.236

.296

.326

.337

.3)43

.3)47

.352

.35)4

.358

.362

700	.103 .254 .0111	.058 .199 .721	.371

(continued)
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Appendix C

(continued):

Wavelength
- (nm)
	

11 12 12

400
410
420
4:30
440
450
460
470
480
490

500
510
520
530
540
550
560
570
580
590

600
610
620
630
64o
650
660
670
680
690

700

.075

.087

.098

. 1 05
• 109
.112
.115
• 120
• 123
• 127

• 127
• 1 26
• 122
.119
.116
.112
• 105
.098
.092
.086

.079

.070

.060

.050
• 046
.044
.043
• 042
• o4o
.040

.0411.

.001

.001

.001

.001

.001

.001

.001

.001

.002

.008

.016

.029

.047

.070

.093

.113
• 127
.136
.144
.150

• 152
.151
.1149
.148
.146
.1116
.148
.149
.149
.150

.155

.080

.087

.095

.098
• 1 03
.107
• 104
• 102
.098
.092

.086

.080

.075

.071

.068

.068

.070

.074

.085

.100

.117
• 129
.133
.135
.136
.138
.140
.141
.1140
.140

.145

• 327
• 308
.266
.202
.133
.073
.032
.012
.002
.001

.001

.001

.001

.001

.001

.001

.001

.001

.003
• 048

.212

.422

.568

.641

.679

.699

.711

.721

.727

.733

.737

.573

.605

.635

.662

.688

.716

.742

.758

.761

.755

.736

.698

.657

.631

.592

.517

.465

.501

.570

.575

.5211

.483

.476

.486

.494

.509

.550

.599

.642

.678

.700

.153
• 125
.112
.114
.130
.161
.211
.271
.340
.14i6

.498

.580

.655

.720

.774

.811

.836

.852

.864

.870

.873

.875

.878

.878

.878

.878

.880

.880

.880

.882

.8811

.045

.067

.096

.139

.195

.277

.379

.481i

.555

.593

.590

.543

.451

.323

.191

.088

.035

.020

.017

.016

.015

.0111.

.olLi.

.015

.016

.017

.018

.020

.021

.023

.027

(continued)
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23 211.

400	.185
410	.255
420	.341
430	•44L.
440	.508
450	.535
460	.528
470	.497
480	.442
490	.368

500	.291
510	.212
520	.133
530	.074
540	.042
550	.023
560	.012
570	009
580	.009
590	.009

600	.010
610	.009
620	.009
630	.011
640	.020
650	.053
660	.115
670	.158
680	.163
690	.i6o

700	.1711.

Appendix C

(continued):

Wavlength
(nm)
	

22

.136

.187

.257

.321

.309

.248

.171

. 1 06

.062

.034

.022

.018

.015

.015

.016

.016

.016

.016

.016

.016

.016

.016

.017

.018

.026

.071

.210

.380

.514

.613

.665

.371

.409

.439

.443

.403

.343

.266

.195

.137

.088

.056

.039

.029

.022

.019

.019

.019

.019

.019

.020

.028

.055

.093

.150

.246

.375

.511

.601

.657

.692

.712
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400

420
430
kLi.o
450
460
470
480
490

500
510
520
530
540
550
560
570
580
590

600
610
620
630
640
650
660
670
680
690

700

Appendix D

Spectral power distribution of unfiltered stimulus beam:

Wavelength
(nm)

Relative
power

18.2
21.4
24.3
28,4
31.7
37.5
43.9
47.6
54.0
58.7

66.4
71.3
76.3
80.9
87.7
95.1

100.0
io4.o
103.8
107.8

106.7
106.8
104 • 3
99.3
96.8
86.8
84.1
74.7
61.5
55.1

51.3
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Wave length
(nm)

	

e-	e-	e-

	

x	 y	z

380
390

400
410
420
430
440
450
460
470
480
490

500
510
520
530
540
550
560
570
580
590

600
610
620
630
640
6o
660
670
680
690

Appendix E

Spectral error factors of UBD colorimeter:

-.0014
-.0042

-.0143
-.0407
-.0405
-.0179
-.0178
+.001 8
^.021 1
+.055L1
+.0806
+.0743

+.o482
+.0127
-.0455
-.0656
-.0427
+ .003 2
-.0134
-.06 19
-.0885
-.0508

0
+.oi6o
-.0138
-.0246
-.0268
-.0144
+.00lL.
+.0075
-.0067

+ • 0070

0
-.0001

-.0004
- . 0004
- . 0006
-.003 1
-.0092
-.0138
-.0188
-.0148
+.0034
+,0399

+.081 1
09 15
03 19

-.0195
-.0247
-.0096
+.0050
_.00811.
+.0018
^.o149

+.0073
-.0065
-.0112
-.0183
-.0146
-.0076
-.0011
+.0018
+.0006
+ . 0010

-.0065
- .0201

-.0679
-.1929
-.1535
+.0085
-.0 143

0
-.034 1
+.0271
+.1 110
+.0923

+.0062
-.0503

-.0378
-.019L1
-.0087
-.0039
-.002 1
-.0017
-.0011

-.0008
-.0003
-.0002

0
0
0
0
0
0
0

700	 +.00Li7	+.0007	0
710	 +.0025	+.0007	0
720	 +.0015	-.0003	0
730	 +•0001	-.0005	0
740	 -.0007	-.0003	0
750	 -.0003	-.0001	0

	

e:	 .0245	.0123	.0240

	

e
	2.41%	2.01%	2.50%
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timu1us
1
2
3
L1.

5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

MPE:

A
3.0
1.5
1.5
1.5
0.7
0.7
0.0
0.7
0.0
1 .5
0.0
2.2
1 .5
0.7
1.5
0.7
1.5
2.2
1.5
0.0
1.5
:3.0
1.5
1.5
1.5

B
4.4
3.0
4.4
5.9
3.0
0.0
4.4
3.0
3.0
4.4
3.0
3.0
0.0
0.0
0.0
3.0
3.0
3.0
1.5
4.4
5.9
4.4
3.0
5.9
2.1

F
0.0
3.0
3.0
1.5
0.0
0.0
1.5
0.7
1.5
0.7
1.5
3.0
0.0
0.7
1.5
3.0
0.0
1.5
0.0
1.9
0.7
0.0
3.0
1.5
0.9

G
1.1
2.2
2.2
1.7
3.3
0.0
2.2
4.4
0.0
2.2
0.0
2.2
2.2
2.2
1.1
0.0
0.0
0.0
4.4
4.4
0.0
1.1
2.2
2.2
1 .4

MPE:	8.1 36.1 18.5 16.0 37.6 19.6 20.3

Appendix F

Standard deviations:

Hue:
Observers

C	D
1.1
0.0
1.1
3.3
0.0
2.2
2.2
7.8
1.1
1.1
0.0
1.1
1.1
0.0
5.5
1.1
1.1
1.1
6.5

10.0
0.0
0.0
0.0
0.0

1.1
1.1
2.2
8.9
1.1
0.0
2.2
0.0
0.0
6.6
3.3
4.4
2.2
4.4
4.4
1.1
2.2
0.0
0.0
0.0
0.0
1.1

13.3
1.1

3.0
4.4
1.5
3.0
3.0
0.0
7.4
0.0
3.0
3.0
5.9

10.3
3.0
4.4
8.9
4.4
8.9
1.5
8.9
4.4
3.0
1.5
4.4
0.0

Avg.
9.8
5.8

5.7
5.6
0.8
2.8
5.1
5.3
6.5
1.6
6.6
4.5
7.3
8.4
5.4
3.5
7.2

14.2
9.3
2.7
3.1
4.2
2.1
3.72,4 1.6 2.6

Saturation:

	

1	7.7 53.1

	

2	2.6 10.4

	

3
	7.1 27.2

	

4	5.5 0.0

	

5
	29.9 113.1

	

6	5.0 17.1

	

7
	9.8 23.1

	

8	7.6 46.7

	

9
	5.1 5.7

	10	19.9 16.9

	

11	2.3 10.6

	

12	17.2 35.4

	

13
	

7.5 5.7

	

1L1
	 5.3	0.0

	

15
	5.2 0.0

	

16	io.6 59.0

	

17
	6.6 10.4

	

18
	

4.0 52.2

	

19
	5.2 0.0

	20	10.0 101.3

	

21	2.4 0.0

	

22	7.8 50.7

	

23	3.1 71.0

	

24	7.5 11.1

9.3
29.5
17.7
13.6
25.3
7.1

26.9
0.0
0.0

18.3
6.1

25.3
7.1
0.0
7.7

88.7
23 • 1
17.7
58.7
25. 1
21.3
5.7

25.4
3.0

46.7
0.0

13.7
13.7
19.8
5.7
0.0

59.1
0.0

23 • 1
5.7
9.3
0.0
0.0

16.2
25.4
25.3
7.0

25 • 1
0.0
7.0

11.7
25.4
0.0

10.3
44.3
33.2
41.6
39.3
42.3
44.2
118.0

8.0
48.2
69.0
39.3
8.8

26.5
17.7
17.7
12.6
19.7
37.9
63.4
30.8
0.0

39.3
37.3

0.0
20.6
0.0

18.9
0.0

18.5
6.4

35.6
7.9

17.8
5.9

68.2
7.7

10.7
30.8
44.8
0.0

24.4
25.7
31.4
23.4
9.0

56.7
9.7

25.4
44.3
29.5
13.7
95.4
0.0
0.0

35.6
11.9
0.0
0.0

59.1
0.0

13.7
13.5
0.0

19.8
0.0

25.1
0.0

13.7
0.0
0.0

29.5

22.0
17.3
5.8
7.6

46.6
17.3
15.2
32.1
5.8

14.0
10.6
22.9
7.6

15.9
25.5
31.7
14.5
16.9
24.4
29.4
14.0
21.5
24.7
11.1
18.9
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Appendix G
Individual and mean estimates of hue and saturation:
D65 hue.;

Stm. A

	

1
	34.2

	

2	30.0

	

3
	41.9

	

L1.	47.5

	

5
	

7.5

	

6
	

70.0

	

7
	21.0

	

8	31.0

	

9
	50.0

	

10
	4o.o

	

11
	88.3

	

12	-5.8
	13
	

45.0
	14	92.8

	

15
	17.5

	

16	-4.2

	

17
	40.8

	

18	-5.6

	

19	12.5

	

20	17.2
	21	6.6
	22	83.2

	

23
	10.6

	

24	91.2

B
31.6
22,5
42.5
49.4
10.8
72.3
19.3
28.6
50.0
35.8
88.3
6.6

47.5
100.0
15.0
7.5

40.8
0.0

13.2
20.0
0.8

92.5
12.5
92.5

C
47.2
39.3
46.8
52.8
-5.6
71.8
24.9
34.2
57.5
47.2
90.0
-3.2
49.4
97.5
18.8
-3.2
48.4
-1.3
0.6

33.2
0.2

82.5
4.2

90.0

D
40.0
20.0
46.3
52.5
6.8

74.2
22.5
32.5
52.5
44.7
83.7
5.0

46.7
97.5
16.7
5.7

45.3
1.6
5.6

32.5
4.3

100.0
6.7

83.3
116.7

E

45.8
42.5
43.3
50.8
-5.0
78.3
26.7
42.5

40.8
88.3
8.3

41.7
94.2
29.2
5.0

4.8
5.0
8.2

41.7
11.7
82.5
14.2
92.5

N

F

32.7
21.7
43.7
47.8
8.3

72.3
21.7
25.0
47.8
41.3
90.0
2.5

46.3
98.8
17.8
5.3

42.5
0.0

15.8
23.8

1.3
112.5

9.2
91.2
80.4

G

37.5
17.5
48.3
52.5
8.3

72.6
16.7
27.5
56.7
41.7
80.7
7.5

50.0
98.8
15.0
10.8
49.3
0.7

17.5
28.3
1.3
N

12.5
90.7
75.0

x
38.11.
27.6
44.7
50.5
4.4

73.1
21.8
31.6
52.0
41.6
87.0
3.0

46.7
97.1
18.6
3.8

44.7
0.1

10.5
28.1
3.7

92.2
10.0
90.2
92.0Snd N	95.8 N

D65 Saturation;

	

1
	112. 1

	2	45.8

	

3
	46.6

	

4
	

67.6

	

5
	

35.5
	6
	

63.2

	

7
	51.6

	

8	38.7

	

9
	66.5

	

10
	27.5

	

11
	6i .1

	12	49.9

	

13
	84.3

	

14	118.4

	

15
	

49.9

	

16
	

44.3

	

17
	30.0

	

18	77.11

	

19
	46.6

	

20	41.4

	

21
	94.9

	22	13.3

	

23
	56.1

	

24
	82.9

50.8
60.5
64.6
67.5
12.2
67.5
46.5
21.6
87.8
50.8
60.5
51.9
67.5
75.3
60.5
43.6
51.9
67.5
43.6
115.5
73.7
7.5

63.2
87.8

44.3
4243
55.3
85.2
25.0
91.0
65.2
49.5
98.0
4i .1
71.6
47.7
69.0
79.9
45.1
33.6
41.1
61.7
28.9
35.5
70.2
11.7
49.5
89.3

43.5
47.0
77.8
50.8
29.5
61.7
61.7
34.5

1 02. 1
34.5
77.8
40.2
72.1

124.0
55.0
26.3
40.2
55.0
29.5
40.2
77.8
4.6

40.2
94.6

210.0
36.1
54.6
54.6
36.1
63.6
58.9
31.7
86.6
58.9

117.8
44.4
86.6

101.0
49.2
31.7
31.7
49.2
36.1
31.7
68.7
18.6
72.3
78.2

112.4
49.5
51.5
60.2
20.3
79.1
66.3
31.1
87.1
441

114.4
34.9
71.7

101.8
55.7
32.9
47.6
71.7
31.1
37.0
88.9
6.3

47.6
92.3
4.1

41.6
43.8
59.2
72.5
25.8
72.5
55.0
31.6
86.4
55.0
76.2
46.0
72.5
86.4
59.2
37.7
51.0
63.9
31.6
31.6
80.1

0.0
63.9
86.4
1.8

43.7
46.8
57.5
64.6
24.5
74.1
58.9
31.6
89.1
42.7
81.3
45.7
77.6

100.0
53.7
36.3
40.7
66.1
35.5
38.0
81.3
10.0
56.2
89.1

2.0Snd	0.0	3.9	0.0 10.9	0,0
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(continued):

D	kL;

1
2
3
4
5
6
7
8
9

10
11
12
13

15
i6
17
18
19
20
21
22
23
24
Snd

Appendix G

2Strn. A

	

1
	

37.5
	2	32,5

	

3
	

45.0

	

4
	

52,5

	

5
	2.5

	6
	

72.5

	

7
	21.3

	

8	26.3

	

9
	

53.7
	10	32.5

	

11
	

85.0

	

12
	6,3

	

13
	

46.3

	

14
	98,7

	

15
	12.5

	

16
	

2.5
	17
	

37.5
	18	97.5
	19
	

15.0

	

20	27,5
	21	2.5

	

22	77.5
	23
	

15.0

	

24
	

87.5
Snd N

B

37.5
30.0
42.5
50.0
8.7

75.0
22.5
33.7
52.5
37.5
87.5
8.7

51.3
100.0
21.3
12.5
53.7

100.0
21.3
37.5
2.5

77.5
12.5
87.5

N

45.0
40.0
47.5
53.2

0.0
75.0
25.8
45.0
57.5
46.3
82.5
-5.0
49.0
97 • 5
21.2
1.3

48.8
97.2
11.3
32.5
1.6

77.5
9.14

90.0
N

46.8
35.0
30.0
52.5
5,0

75.0
29.2
42.5
55.0
43.7
82.5
5.0

47.5
97.5
21.3
3.7

52.5
102.5
43.7
142.5
3.7

75,0
12.5
88.7
22.5

42.5
42.5
47.5
50,0
-5.7
75.0
30.7
45.0
55.6
43 .11
85.7
5.0

46.8
101.7
34.2
10.0
48.4

105.0
38.3
40.0
6.7

76.3
15.0
97.5

N

F
115.4
27.0
41.5
48.4
18.7
74.0
25.0
36,8
52.0
43.4
8210
-0.7
47.5
96.3
26.2
7.0

48.0
100.0
20.7
35.8
2.5

75.0
13.3
90.7

G

55.0
19.4
51.7
57.5
6.7

75.0
20.0
42.5
61.3
43.2
84.3
8.2

47.5
99.3
19.0
15.7
54.5
97.5
19.0
35.7
2.5

75.0
14.3
89.3

x
44.2
32.3
43.7
52.0
5.1

74.5
24.9
38.8
55.4
41.4
811.2
8.2

48.o
98.7
22.2
7.5

49.1
100.0
24.2
35.9
3.1

76.3
13.1
90.2

94.0 100.0 72.2
D44 Saturation;

44.8
44.8
57.6
68.2
15.9
57.6
57.6
32.9
79.3
3019
57,6
37,8
74,1
93.8
52,1
37,8
30.9
44.8
30.9
22.9
79.3
8.3

44.8
62.7
0.0

60.5
60,5
72.1
62.9
18.3
79.5
54.8
41.7
94.8
60.5
75.0
23.2
87.7
98.6
46.o
23.2
33.0
23.2
41.7
37.1
75.0
12.9
28.2
50.7
0.0

37.6
43.2
62.0
78.8
13.5
36.8
49.7
35.4
83.7
48.7
57.2
36.8
82.0
87.1
45.0
31.4
34.0
30.7
34.0
27.3
78.8
16.5
48.7
74.2
0.0

60.0
64.4
69.1
60.0
14.5
79.7
60.0
60.0
95.1
79.7
79.7
50.2
85.5

105.8
46.8
20.7
146.8
27.5
23.9
30.6
88.6
17.3
79.7
79.7
5.0

39.7
39.7
50,9
54,4
14.7
85.5
47.6
43.5
81.7
54,4

100.1
33.1
76,4
85.5
54,4
18.4
33.1
29.6
36.3
36.3
58,3
7.6

33.1
58.3

40.9
51.4
511.5
68.5
8.9

71.2
61.1
42.5
86.2
47.6

108.4
29.0
79.8
93.0
57.7
21.3
49.5
51.4
24.9
39.4
73.9
9.9

44.1
91.2

42.4
29.5
58.1
63.6
10.0
72.8
48,5
29.5
72.8
51.9
72.8
32.3
68.1
72.8
38.7
18.0
45.4
48.5
24.7
24.7
72.8
4.1

37.0
68.1

46.6
47.6
60,6
65.2
13.7
69,0
54,2
40.8
84.8
53.4
78.y
34.6
79.1
90 • 9
48.7
24,4
39.0
36.5
30.9
31.2
75.2
10.9
45.1
69.3
1.80.0	4.5	3,1
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(continued): 	Appendix G
A
Stm A

	

1
	

42.9

	

2	31.7

	

3
	

44.6

	

4
	

65.2

	

5
	80.8

	

6
	

72.9

	

7
	

40.0

	

8	50.8

	

9
	60.0

	

10
	

42.5

	

11
	82.5

	

12
	

83.8

	

13
	

45.8

	

14
	

87.9

	

1,5	21.7

	

16
	

85.4

	

17
	

59.2

	

18	86.3

	

19
	

13.3

	

20
	

45.0
	21	3.8

	

22	81.3

	

23
	4.2

	

24
	

87.9
Snd 19.6

B

43.3
35.8
4.o
68.3
85.0
75.0
34.2
47.5
58.3
45.0
85.0
88.3
50.0

100.0
30.0
89.2
53.3
90.0
11.7
35.0
9.2

83.3
10.8
87.5

59.4
47.5
48 • 1
56,9
77.5
75.0
41.3
55.6
69,4
49.4
82.5
84.4
50,6
96.3
41.9
95.6
59.4
88 • 1
31.3
56,9
3.8

75.0
0.0

85.0

69.4
43.1
53.8
62.5
85.6
75.0
41.3
61.3
70.0
50.0
81.9
92.5
53.8
95.0
42.5
85.6
56.3
90.0
50.0
60.0
5.0

75.6
2.5

90 • 6

45.0
40.0
41.7
6o,o
87.5
75.0
41.7
47.5
55,8
32.5
85.0

101 .7
41.7

107.5
37.5
90,8
53.3

105.8
47.5
44.2
5.0

76,7
7.5

90.0
N

F

50.0
42.5
47.6
52,8
N

75.0
39.2
49.8
61.7
45.6
80.6
93.4
49.3
97.0
26.4
95.0
50.0
96,4
25.0
48.5
2.0

75.0
7.5

87.5

G

53.4
46.3
48.8
58.1
92.5
75.0
38.8
57.5
60.0
46.3
85.0
95.0
51.5
96.3
44.4

100.0
57.5
97.5
37.5
55.0
5.0

76.9
11.3
88.8

x
51.9
41.0
47.1
60.5
84.8
74.7
39.5
52.9
62.2
44.5
83.2
91.3
49.0
97.1
34.9
91.7
55.6
93.4
30.9
49.2
4.8

77.7
6.3

88.2

21.7 21.3 15.0 16.7 16.9 18.5

A Saturation;

	

1
	

29.9

	

2
	41.8

	

3
	

73.0

	

4
	

83.5

	

5
	

13.1

	

6
	

91.3

	

7
	

47.8

	

8	25.6

	

9
	91.3

	

10
	41.6

	

11	99.8

	

12	34.9

	

13
	

91.3
14 122.0

	

15
	46.7

	

16
	20.0

	

17
	

39.9
	18
	

69.8

	

19
	

17.9

	

20	29.2

	

21	91.3

	

22	57.1

	

23
	

39.9

	

24
	

95.5
Snd	1.8

30.3
48.9
72.4
82.0
10.3
58.9
43.1
29 • 1
83.7
60.1
91.0
44.0
83.7
96.8
27.9
19.2
48.9
48.9
14.1
22.2
82,0
60.1
44.0
87.3
2.1

37.8
45.4
68.1
83.4
20.6
81.8
58.7
51.6
98.4
52.6
91.4
40.6
81.8
94.8
43.8
26. 1
43.8
68.1
17.1
16.8
81.8
55.6
29,2
91.4
2.1

46.8
64.7
71.3
69.0
9.8

92.4
64.7
42.4
89.5
60.6
92.4
46.8
81.2
89.5
56.8
29.7
53.2
69.0
11.2
24.4
69.0
32.7
29.7
71.3

1.9

27,6
49.5
68.8
72,4
8.8

93.2
49.5
23 • 1
98,1
44.7
78.1
36.5
86.4
86.4
40.4
40.4
59.1
78.1
18.0
26.3

ioo.6
49.5
36.5
82.1
0.0

49.6
53.5
79.6
85.8

0.0
87.5
56.6
34.0
84.2
6o.o

105.6
25.2
84.2
90.8
47.8
25.6
60.0
57.7
i6.o
37.4
72.4
42.7
23.3
97.9
2.4

43.3
49.8
75.3
80.7
8.1

99.3
49.8
31.4
94.8
62.6
99.3
28.0
99.3
80.7
40.4
22.7
55.8
62.6
21.7
37.7
80.7
62.6
24.9
73.9
2.2

36,8
49.6
73.9
81.8
10.3
86.2
52.5
32.7
93.3
55.9
96.4
35.0
88.5
96.4
42.0
24.6
50.9
64.0
i6.o
26.2
83.7
51.6
31.2
88.5
1.7
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Appendix H

D65 Hue and Saturation estimates at 3 luminance factors:
Hue	 Saturation

____	0.20	0.07	0,43	0.20	0.01

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
i6
17
18
19
20
21
22
23
24

35.3
25.8
45.9
52.3
8.9

74.1
22.8
30.8
53.9
39.4
85.3
6.1

43.5
98.9
18.6
10.6
44.4
3.1

18.1
25.4
5.0

88.2
14.8
89.9

40.8
27.8
44.6
53.0
0.7

75.0
22.8
36,5
55.4
40.1
85.6
7.0

43.0
96.9
22.5
4.8

41i.8
2.1

12.9
33.1
5.8

86.3
13.6
89.2

42.6
26.2
43.4
55.3
-2.4
73.6
22.9
34.2
57.4
42.9
84.6
2.3

45.8
99.3
26.8
3.0

43.8
-0 • 6
9.2

31.4
2.5
N

12.5
87.1

37.3
52. 1
48.8
49.1
24. 1
63.2
65.1
22.6
90 • 5
37,8
74.9
36,1
72.1

102.4
47.4
27 • 1
27.9
54.2
24 • 1
20.7
91.4
2.9

50.5
75.6

28.0
32.9
42.2
51 .7
21.9
50.4
51.8
22.5
69.3
31.5
62.5
34.8
62.9
82.4
37.9
23.2
22.4
38.9
19.8
17.1
58.5
2.6

41.3
57.2

19.3
20.7
26 • 6
30.6
12.2
27.7
37.2
10.2
53 • 1
20.9
26.5
19.1
38,9
61.9
26. 1
10.6
13.2
26.4
9.4

12.4
41.9
0.0

24,9
30.4

Mean for 3 observers
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Appendix I

A Hue and Saturation estimates at 3 luminance factors:

Stm

1
2

L1

5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

0.43

40.0
32.5
42.5
60.0
82.5
73.7
30.0
45.0
65.0
41.2
82.5
92.5
42.5
97.5
22.5
97.5
57.5
90.0
22.5
37.5
10.0
82.5
11.3
87.5

Hue
0.20

40.0
35.0
40.0
60.0
82.5
72.5
31 .2
32.5
63.7
41.2
82.5
92.5
4:3.7
97.5
22.5
96.7
57.5
87.5
23.7
40.0
7.5

80.0
10.0
86.7

0.07

41.3
33.7
43.7
58.7
80.0
72.5
:35.0
35.0
65.0
42.5
83.7
91.7
45.0
96.7
23.7
95.0
55.0
90.0
25.0
40.0
6.7

78.7
10.0
85.0

0.43

20
20
40
50
20
70
25
20

150
30
90
30

120
160
35
30
50
75
20
12
85
6o
45

130

Saturation
0.20

15
20
30
50
12
6o
20
15

110
20
50
20
80

120
25
20
20
50
15
10
70
55
40

100

0.07

12
13
22
22
10
35
15
12
75
10
39
17
53
85
16
15
10
38
10
7

56
33
30
70

Mean for 1 observer
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Stm
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
Snd

1
2
3
'4.

5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
Snd

Appendix J
Hue and saturation estimates at 500 cd.m'2:
D65 kL!;

A

35.0
30.0
44.3
4,o

7.5
72.3
22.5
29.3
48.3
44.7
88.3

0.7
45.0
94.3
17.3

2.3
40.7

0.0
12.5
20 • 0

5.0
92.5

7.5
91.7

N

B
32.7
25.0
40.5
49.4

2.5
75.0
20.3
25.4
50.0
37.5
87.5

6.6
45.0
99.5
16.7
5.0

41.5
0.3

12.5
25,7

1.5
97.3
10.3
92.5

N

C

45.0
46.5
48.0
119.5
10.0
73.3
23.3
40.0
51.3
45.0
82.5

3.7
48.3
92.5
20.0
12.5
47.5

2.5
21.7
42.5

3.7
N

12.5
90.0

N

D
44.3
36,0
45.0
53.0

7.0
75.0
20.0
47,0
52.5
45.0
81.0

6.3
45,5
99.5
17.0
5.0

45.0
5.0

12.0
41.5

5.0
N
7.5

90.0
20.0

E

42.5
31.0
46,0
49.0

2.0
77.5
24.7
41.5
54.0
45.5
88.3

6.5
43.0

102.5
16.5
6.3

50,0
7.5

28.8
43.7
11.3
N

13.8
91.3

F
:35.0
24.7
43.0
48.7
13.0
73.7
22.5
28,3
51.3
35.0
80.3

5.0
43.3
98.5
21.5
14.2
45.7

0.0
19.3
26.8

1.5
107.5

13.3
90.7

G

40.0
17.5
47,5
52.5
10.0
73.7
18.7
33.7
55.0
43.3
83.7

6.3
50.0
99.4
15.0
15.0
51.7

0.6
17.5
37.5

1 .7
N

12.5
88.3

N

x
39.2
30.1
44.9
49.6

7.4
74.4
21.7
35.0
51.8
42.3
84.5

5.0
45.7
98.0
17.7

8.6
46.0

2.3
17.8
34.0

4.2
99.1
11.1
90,6
35.875.0 12.5

D65 Saturation;

30.8
50.0
51.6
49.7
24.3
68.8
58.6
40.2
84, 1
50.0
51.8
35.8
70.6
90.8
48.0
30.6
25.4
60.0
30,3
32.4
75.2

8.4
48.3
69.2

0.0

35.2
48.7
50.1
49.4
20.0
70.2
58.6
32.4
69.7
44.1
49.9
38.4
59.4
89.6
49.0
29.2
38.2
59.1
29.7
21.0
6o,o

5.4
53.2
67.9

0.0

35.7
42.7
119.0
52.5
25.2
50.4
46.9
25.2
62.3
39.9
52.5
32.2
57.4
72.1
44.8
25.9
37.1
64.4
30.1
30.1
65.8

0.0
44.8
52.5

0.0

39.0
50.0
64.0
57,7
31.2
6o.4
64.0
31.2
64,0
41.4
60,0
40.4
60.9
95.0
50.0
30.2
35.0
60.0
20.3
32.3
71.0

0.0
50.0
70.1

0.9

26.5
3.8

26.5
29 • 4
19.8
65.4
36.8
19.8
65.4
39.7
91.1
29.4
33.9
72.0
44.1
31.6
21.3
31.6
21.3
31.6
68.4

0.0
31.6
47.0

0.7

35.0
53.0
52 • 3
50.6
23.0
70.7
6o,o
38.0
81.8
11.9,0
97.0
38.0
69.5
98.2
58.1
33.2
49.0
58.0
29.7
41.4
80.2

4.0
56.1
92, 1

4.0

27,0
25.3
4i .7
49.4
14.7
41.7
34.1
19.4
68.8
27.0
115,9
27.0
65.3
65.3
27.0
14.7
25.3
34.1
12.3
19.4
55.9

0.0
27,0
115.9

0.0

32.9
43,11.
47.9
48.Li.
22.6
61.1
51.3
29.5
70.9
41.6
64.0
34.5
59.6
83.3
45.9
27.9
33.0
52.5
211.8
29.7
68.1

2.5
44,4
63.5

0.8
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1
2

4
5
6
7
8
9

10
11
12
13
14
15
i6
17
18
19
20
21
22
23
24
Snd

(continued)
	

Appendix J
A

Stm A
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

42.4
35,4
40.7
65.3
79.7
75.0
40 • 0
51 .4
58.7
40.0
80.3
90.2
46.2
90 • 3
23.3
82.9
54.5
90 • 3
14.7
46.3
3.0

78.7
106 • 3
88.0

B

42.0
38.4
45.0
60.0
83.7
75.0
38.4
50.0
65.4
45.0
83.5
95.0
44.8
98.7
32.7
91.3
55.0
90.0
30.7
40.0
7.5

80.0
108.7
86.5

C

52.5
46.0
46.0
59.0
80.0
75.0
40.0
56,7
68.0
47.5
81.0
91.3
49.3
94.3
41.3
82.5
53.0
96.0
31.3
52,0
o.6

75.0
109.3
83.0
25.0

B
59.3
45.0
52.5
70.0
86.3
75.0
45.0
62.5
72.0
54.2
80.0
92.0
53.0
97.0
45.0
80.5
55.0
93.0
50.5
62,5
7.0

75.5
105.5
85.0
20.0

51 .7
43.3
46.0
61.8
88.3
75.0
40.8
48.3
70.0
46.8
88.3
90.8
46.8

103.0
45.7
90.0
51.7
97.5
48.3
49.3
8.0

75.0
95.8
92.5

N

F

50.0
43.7
47.8
56.7

N
75,0
37.5
49.8
6.o
48.0
80.5
92.7
48.0
97.5
26.3
93.7
51.0
94.8
29.3
51.0
2.3

75.0
106.3
89.3

G

53.7
48.8
50.0
62.5

N
75.0
41.3
52.5
69.5
50.0
83.7
96,3
50 • 5
97.5
37.5

1 07.5
55.0
94.4
45.0
53.7
4.4

77.5
108.7
88.7

x
50.5
42.9
li6.9
62.2
83.6
75.0
40.4
53.0
66.9
47.4
82.5
92.6
48.4
96.9
36.0
89,8
53.6
93.7
35.7
50.7
4.7

76.7
5.8

87.6
Snd 21.0 20.0

A Saturations;

11.0 20.6 19.6

27.6
38.6
58,0
67.6
11.6
74,5
44.2
23.0
83.7
38.6
92.0
32.0
69.8
89.7
43.0
16.7
36.5
63.9
16.4
21.7
62.5
42.2
32.9
86.9

1 .4

28.5
45.1
60.6
73.6
11.1
54.3
37.7
17.5
77.0
31.5
82.8
27.6
69.9
88.6
25.6
17.6
44.7
40.7
9.5

20.3
71.6
39.7
18.9
71.6
0.9

25.2
31.5
51.8
58.8
2.1

56.0
35.7
16.8
72 • 1
35.7
58.8
16.8
65.1
73.5
32.9
2.1

37.1
39.9
2.1

23.8
63.0
37.8
25.9
65.1
0.7

32.0
32.0
44.0
48.0
22.0
52.0
35.0
26. 1
60.9
26.7
48.4
20.7
48.3
57.2
29, 1
14.0
27.4
35.0
7.0

15.8
49,0
29.8
15.9
58.0
0.7

40.4
30.9
40.4
44.1
25.7
50.0
19.1
22.1
50.0
37.5
65.4
28.7
47.0
47.0
37.5
22, 1
30.9
30.9
44.1
28.7
47.0
12.5
19.1
50.0

0.0

41.0
42.0
54.2
66.9

0.0
80.0
46.0
30.6
53.0
44.1
94.6
21.3
64.0
80.2
40.6
9.0

40.2
55.8
10.0
28.0
63.4
40.9
18.0
84.0

7.0

29.4
31.2
44.1
40.6

0.0
58.8
31.2
21.8
70.0
32.9
47.6
16.5
66.4
55.3
18.2
0.6

32.9
35.3
7.1

21.8
44.1
40.6
12.9
51.7
2.9

32.0
35.9
50.4
57.1
10,4
60.8
35.6
22.6
69.5
35.3
69.9
23.4
61.5
70.2
32.4
11.7
30.5
43.1
13.7
22.9
57.2
34.8
20.5
66.8

1 .9
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2
3
4
5
6
7
8
9

10
11
12
13
i4
15
i6
17
18
19
20
21
22
23
24
Snd

Appendix K

Hue and saturation estimates at 200 cd.m2:
D65

Stm A

	1	35.0

	

2	32.7

	

3
	44.7

	

4
	

45.0

	

5
	5.0

	

6	70.0

	

7
	20.7

	

8	31.0

	

9
	

52.3
	10	42.5

	

11	90 • 7

	

12	1 .7

	

13
	

45.0

	

14	97.5
	15	15.7

	

16	2.5

	

17
	42.5

18 102.5

	

19	14.3

	

20	18.7

	

21
	

7.5

	

22	98.3

	

23
	10.0

	

24	90.7
Snd N

B

34.3
2510
42.5
50.0

7.7
73.7
18.8
28.7
50.0
35.3
86.8

5.0
49.0
99.3
18.3

5.0
4o.o

100.0
10.7
18.7

2.3
97.5
12.5
95.3
N

C
43.7
28.0
27.3
48.5
13.3
78.0
22.5
33.3
55.0
1+4,5
80.5

4.7
46.7
97.3
18.4

5.5
115.5
98.7
18.3
30.5

3.0
N

11.6
88.4
N

D
43.7
30.0
43.7
50.0

2.5
73.7
20.0
43.7
55.0
45.0
82.5

6.3
46.3
97.5
18.7
5.0

45.0
105.0

10.0
41.3

6.3
N
7.5

85.0
25.0

E

39.2
31.7
46.7
44.2
13.3
76.7
25.0
44.2
49.2
46.7
85.8

4.2
45.8

101.7
21.7

5.8
49.2

103 • 3
4.2

20.8
17.5
N
6.7

92.5
N

F

:35.0
23.7
113.7
48.7
11.6
73.7
23.7
25.3
48,5
35.0
81.0

2.7
47.0
97.3
19.0

5.3
45.5

100.0
18.7
24,8

1.3
100.0

12.7
90.5
12.5

G

44.2
17.5411.7
511.5

5.0
73,5
20.5
33.7
60.0
112.5
80.0

5.0
49.8
98.8
17.0
13.2
51.7
98.7
23.3
37.5
20
N

12.5
88.3
N

39.3
26.9
44.8
48.7

8.3
74.2
21.6
34.3
52.9
41.6
83.9

4.2
47.1
98.5
18.4
6.o

45.6
1.2

14.2
27.5

5.7
98.6
10.5
90.1
18.8

D65 Saturation;

30.0
32.2
39.5
44.4
16.8
50.0
4o.5
26.8
55.5
27.9
57.1
32.6
52.7
68.5
39.4
23 • 1
27.5
45.1
20.9
27 • 1
55.2

6.8
38.5
62.7

0.0

32.11
29.7
35.9
48.5
20.6
46.4
44.4
22.7
61.2
32.4
55.9
26.2
46.5
67.3
39.4
20.3
30.0
41.6
24.8
26.0
53,8

0.4
36.0
61.0

0.0

35.7
42.7
49.0
52.5
25.2
50.4
46.9
25.2
62.3
39.9
52.5
32.2
57.11
72.1
44.8
25.9
37.1
64.4
30.1
30.1
65.8

0.0
44.8
52.5

0.0

27.3
35.0
44.8
40.6
22.4
44.8
44.8
22.4
44.8
30.8
42.0
30.8
48.3
66.5
35.0
22.4
24.5
42.0
16.1
22.4
119.7

0.0
35.0
49.7

6.3

32.0
27. 1
4o.o
46,2
14.0
59.6
32.3
27.0
50.0
40.6
80.3
32.4
50.0
64.2
32.5
23.4
27.7
36.4
36.0
27, 1
50.6

0.0
19.5
36,3

0.0

28.7
:35.0
35.0
49.7
14.0
53.9
46.2
26.6
59.5
37.1
67.9
23 • 1
46.2
65.1
39.2
18.9
34.3
42.0
211.5
26.6
53.2

2.8
35.0
60.9

4.2

18.5
21.1
33.4
30.9

6.o
35.4
30.9
16.5
50.4
24,4
35.4
24.0
50.4
61.9
24.0
15,5
21.5
37.4
10.5
13.5
48.Li

0.0
24.5
37.4
0.0

29.2
31.8
39.7
44,7
17.0
48.6
40.9
23.9
54,8
33.3
55.9
28.6
50.2
66.5
36.3
21.4
28.9
44.1
23.3
24.7
53.8

1 ,1

33.3
51.5

1.5
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1
2
3
Li.
5
6
7
8
9

10
11
12
13
14
15
16
17
18
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20
21
22
23
24
Snd

(continued)	Appendix K

A kLa;
tin A

	

1
	

43.0

	

2	32.0

	

3
	

47.3

	

11.
	65,0

	

5
	82,5

	

6	70.7

	

7
	

42.5
	8	52.5
	9
	

59.5

	

10
	44.3

	

11	84.7

	

12	83.8

	

13
	47.5

	

14
	

88.0

	

15
	22,5

	

16
	

85.0

	

17
	6o.o

	

18	85.7

	

19	15.7

	

20	45.0

	

21	2.8

	

22	82.5

	

23
	

:3.7

	

24	88,3

B

43.0
34.7
44.3
70.2
85.0
75.0
:30.7
47.5
55.6
44.3
83.8
90.3
50.5
98.7
32.3
91.3
55.0
88.3
12.7
4o.o
11.0
82.5
12.0
87.5

C
52.0
46.3
49.3
65.5
80.0
74.9
40.0
55.5
69.5
11.7.5
79.5
90.5
49.0
97.0
37.0
88.3
56,3
911.5
:35.0
51.7
4.5

75.5
9.3

82.5

D
55.8
43.3
53.0
6.50
82.5
75.0
43.5
54.3
69.3
53,0
80.5
97.3
45,8
97.0
42.5
86.8
57.0
94.5
56,7
55.7
4.5

77.5
3.0

81.8

E

49.3
45.7
48.3
6o,o
87.5
75.0
39.5
50 • 3
69.5
48.0
88.0
85.0
48.0

102.5
41.7
92.0
52.7
98.0
49.0
50.3
7.0

75.0
3.7

90.5

F
50.0
39.5
46.3
52.0
87.5
75.0
32.5
50.3
6.o
47.0
79.8
94.7
48.5
90.0
49.0
97.7
50.6
94.5
32.0
48.5
2.5

75.0
7,0

84.5

G

53.0
47.0
52.5
60.0
96,3
75,0
4o,
54.5
63.0
50.0
85.0
97.0
50.0
98,5
34.5

101.7
58,0
97.5
46.8
53.0
5,0

77.0
10.0
88.0
22,0

x
49.4
41.2
48.7
62.5
85.9
74.4
38.5
52.1
611.5
47.7
83,0
92.3
48.4
96,0
37.1
91.8
55.7
93.3
35,L.
49.2
5.3

77.9
7.3

86.2
19.1Snd 20,0 21,7 25,0 220 12.5 10.5

A Saturation;
25.6
31.0
53.3
54,6
6,7

55.4
37.1
21,6
62.8
39.8
63.4
23,6
59.4
63.4
30.2
16.6
39.8
40.8
17.0
20.0
48.7
35.3
8.3

68.4
0,9

22.0
33.1
49.3
59,4
8,8

58.1
35.1
25.0
62.8
37.1
64.8
18.2
54.7
60.1
28.4
9.8

34.4
40.5
10.8
20.0
50.0
40.7
15.6
54.9
1.2

29.5
35.5
52.5
53,6
3.4

56.9
34.2
16.1
64.3
34.2
56.3
19.4
58.3
65.7
30.2
2.7

29.5
42.2
2.0

17.4
57.0
44.9
19.4
53.6
0.7

34.9
31.3
51.9
45.6
21.5
6o,,o
31.3
21,5
51.9
43.0
51.9
26.0
51.9
51.9
23.3
13.4
23.2
39.4
9.8

21.5
4.6
29.5
19.7
52.8
8.0

34.9
31 .3
49.2
57.3
26,8
65.3
31.3
23.3
79.7
34.9
82.3
34.9
60.9
60.9
34.9
28 • 6
45.6
26 • 8
19.7
15.2
34.9
11.6
8.1

71.6
3.6

22.7
34.6
46.4
54.3
1.0

59.3
31.6
14.8
62.2
31.6
82.0
12.8
64.2
71.1
27.7
4.9

31.6
46.4
7.9

19.8
59.3
36.6
11.9
74.1
4.0

41.2
39.1
61.5
61,5

1 .4
72.7
37.7
28.6
94.3
43.3
67.8
14.7
72.7
72.7
21.7
3.5

37.7
43.3
7.0

25.9
52.4
46.i
19,6
58,7

1.Ll

30.1
33.7
52,0
55.2
9.9

61.1
34.0
21.6
68.3
37.7
66.9
21.4
60.3
63.7
28. 1
11.4
311.5
39.9
10.6
20,0
49.7
35.0
14.7
62,0
2.8
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Appendix L

Hue and saturation estimates with dark adaptation:

Stimulus
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

A

30.4
29.2
34.3
50.0
17.8
72.3
18.0
25.0
6o • 5
39.3
85.0
6.7

46.3
98.3
20.0
12.7
40.0

100.0
7.0

25.0
6.o

62.5
12.5
93.3

C

35.0
27.3
44.3
48.7
21.3
75.5
20.0
25.0
55.3
35.0
90.0
7.5

40.3
102.3
17.7
10.3
38.3

100.0
9.3

26.3
8.3

73.7
13.0
95.0

E

43.4
25.0
45.7
50.0
18.3
75.0
24.3
N

52.7
37.3
80.7
9.7

43.0
100.0
18.3
11.0
44.7

100.0
5.3

28.0
3.3
N

14.3
88.7

x
36.3
27.2
41.4
49.6
19.1
74.1
20.8
25.0
56.2
37.2
85.2
8.0

43.2
0.2

18.7
11 .3
4i .0

100.0
7.2

26.11
5.9

68.1
13.3
92.3

Saturations;

	

1
	 30	31
	11
	211.0

	

2	50	43
	

64
	52.3

	

3
	

35
	

37
	36	36.0

	

4
	

40
	46
	

23
	36.3

	

5
	

15
	18	11
	14.7

	

6
	

40	48	23
	37.0

	

7
	

35
	48	36	39.7

	

8	15
	

25
	0	13.3

	

9
	

60	59
	50	56.3

	

10	 28	37
	11	25.3

	

11
	

55
	61i.	50	56.3

	

12	29
	31	11
	

23.7

	

13
	40	48	23

	
37.0

	

14
	

60
	64
	50	58.0

	

15
	

55
	511	64
	

57.7

	

16
	

10
	14
	

1
	8.3

	

17
	

25
	31	5
	20.7

	

18
	

35
	

43
	11
	

29.7

	

19
	20	31	11

	20.7

	

20	20	21	0	13.7

	

21	75
	70	78	74.3

	

22	5
	6
	

0	3.7

	

23
	30	34
	

23
	

29.0

	

24
	

55
	54
	

64
	

57.7
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Appendix M

Corresponding chromaticities for 4 adaptation conditions:

D65;

Sat.
20 U' .218

V I .1174
40 U' .267

v' .486
60 U' .321

v' .497
80 U' .405

V' .507
100 u' .484

V' .511

.215

.492

.249

.534

.273

.555

Y

.208

.1195

.226

.543

.233

.566

YG
.199
.493
.196
.543
.191
.570

G
.185
.480
.151
.498
• 120
.512
.090
.522
• o4
.534

BG

• 182
.465
.144
.454
.111
.442
.082
.430
.045
.408

B

• 1 89
.453
.171
.412
.157
.371
.140
.295

BR

.207

.457

.226

.427

.243

.401

.270

.355

.286

.326

20 U' .232
V I .486

40 u' .272
V t .492

60 U' .332
V' .497

80 U' .420
V t .502

100 u .508
Vt .502

A;

20 U' .278
V t .528

40 U t .316
v i .529

60 Ut .366
Vt .530

80 Ut .413
V t .528

.235

.503

.269

.528

.281

.5141

.315

.554

.224

.508

.245

.541

.269

.543

.281

.560

.211

.505

.210

.539

.204

.569

.258

.539

.258

.555

.196

.493

.169

.507

.138

.521

.098

.535

.054

.545

.243

.531

.227

.538

.195

.548

.150

.556

.188

.478

.155

.467

.113

.453

.080

.441

.045

.4115

.235

.523

.211

.520

.166

.508

.117

.486

.196

.463

.174

.418

.152

.363

.137

.304

.232

.500

.205

.468

.179

.424

.222

.473

.246

.1145
•1t73
.409
.307
.350

.267

.516

.286

.491

.303

.452

(continued)

-256-



(continued)
	

Appendix M

Dark adaptation;

Sat.

10 u' .238
V' •4L1

20 U' .298
v' .477

40 U' .390
V 1 .498

6o u' .1181
v' .508

YR

.230

.470

.277

.515

.316

.546

Y

.212

.472

.228

.533

.237

.561

YG

.200

.470

.192

.529

.189

.568

G

• 1 83
.456
.148
.480
• 100
.508
.062
.525

BG

.178

.433

.142

.423
• 1 03
.414
.o6Li
.402

B

• 1 85
.412
.166
.377
.141
.327
• 1 22
.283

BR

.227

.418

.250

.395

.279

.363

.316

.313
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