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Describing color appearance:
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Most of the fully elaborated systems for describing color appearance rely on matching to samples
from some standard set. Since this is not satisfactory in all situations, various forms of direct lin
guistic description have been used, ranging from color naming to continuous numerical scaling of
sensations. Wehave developed and extensively applied a particular variant in which subjects use per
centage scales to describe their sensations of the four unique hue sensations (red, yellow, green,
blue) and of the apparent saturation of colored lights. In this paper we explore the properties of this
procedure, including its statistical properties and reliability both between and within subjects, in dif
ferent contexts. Weconclude that the technique is robust, easy to use, and provides direct access to
sensory experience.

One of the salient features of the world in which we
live is that things appear colored, often brightly so. We
see a red book on the shelf, rather than a book that, inci
dentally, appears red. Because color is so rooted in our
perceptions, a full description of what we see must in
clude precise statements about it. But, as we have known
for three centuries, this cannot be done simply by de
scribing the physical properties ofany object, such as the
wavelengths oflight that it reflects: "For the rays to speak
properly are not coloured. In them there is nothing else
than a certain power and disposition to stir up a sensa
tion of this or that colour" (Newton, 1704, p. 90).

In standard colorimetry, the color of an object or a
light is specified in terms ofthe additive mixture of three
primary lights needed to match it (Wyszecki & Stiles,
1967). Not only can this be very precise, but it is also
conceptually important. Even though the wavelengths of
light from the two stimuli-the sample and the matching
mixture-are often drastically different, they elicit iden
tical responses from the visual system and are perceived
as being completely equivalent. This severely constrains
the mechanisms that can be postulated to account for

This research was supported in part by grants EY07l29 and
EY01428 from the National Institutes of Health, and 661209 from the
PSC/CUNY Faculty Research Award Program. Address correspon
dence to 1. Gordon, Department of Psychology, Hunter College of
CUNY, 695 Park Avenue, New York, NY 10021 (e-mail: jmghc@
cunyvm.bitnet).

27

color vision. However, colorimetry still describes colors
only by means of standardized equivalents and does not
describe what they actually look like. For example, the
light ofa wavelength that appears yellow can be exactly
matched by a mixture oftwo other wavelengths, one that
appears red and one that appears green; the ''yellow'' is
specified by the relative intensities of the "red" and
"green" in the mixture. Normally, the "yellow" stimulus
and the matching mixture both appear identically yellow.
But what it looks like also depends on many other fac
tors. Ifone first stares at a field that appears red and then
looks at these stimuli, the single wavelength and the
mixture will still look like each other (a color match is
unaffected by chromatic adaptation short of consider
able pigment bleaching), but neither will look yellow
they will look distinctly greenish.

A variety of color-order systems has been devised to
meet the demands for descriptions of color appearance.
These systems specify colors "within a limited domain
by means of a set of material standards" (reflectance
samples or chips) chosen to cover the gamut of colors
that one might need to describe (Wyszecki & Stiles,
1967, p. 475); in this sense, the systems are "objective,"
but they also include "subjective" elements. In the
widely used Munsell system, the scales of hue, chroma,
and value have been adjusted so that the chips are uni
formly separated along the corresponding sensory di
mensions (Newhall, Nickerson, & Judd, 1943). In use,
the particular chip that most closely matches the object
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to be described is found, and the Munsell notation of that
chip specifies the object's color. However, unless one is
familiar with Munsell notation, it may be necessary to
present the actual chip. Even this may not be enough,
since the observer's state of adaptation can affect its ap
pearance. Also, the particular mix ofwavelengths reach
ing the eye is the product of the relatively broad re
flectance spectra of the pigments that color the chips and
the illuminant's spectrum; any change in the illuminant
can markedly change a chip's appearance. Ideally, then,
the chips must be viewed under a standard illuminant
and with a neutrally adapted eye, while the object is
viewed under the particular conditions for which one
wants to specify its appearance. All of this can become
very cumbersome, since it may require looking back and
forth between them and even using separate eyes for the
chips and the object.

We opt for a more direct approach-we ask the ob
server what the object looks like. However, the way in
which the observer is asked to describe a color must be
carefully chosen.

The terms used for a single hue, such as pea green, sea
green, olive green, grass green, sage green, evergreen, in
visible green, are not to be trusted in ordering a piece of
cloth. They invite mistakes and disappointment. Not only
are they inaccurate: they are inappropriate. Can we imag
ine musical tones called lark, canary, cockatoo, crow, cat,
dog, or mouse, because they bear some distant resemblance
to the cries of those animals? (Munsell, 1905, p. 8)

To meet such objections, we have been developing a
controlled percentage-estimation procedure in which
observers numerically rate their color sensations. For
simplicity, we ignore the surface properties of colored
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Figure 1.Hue and saturation functions from a representative subject Stimuli were foveaUy viewed Dashes of monochromatic light. equated for
a low levelof photopic intensity and seen against a dark background After each Dash, a subject rated percentages ofthe four unique hues (red,
yellow,green, blue) in the sensation; these had to sum to 100%, or to zero if there was no hue. The subject also stated, as a separate number, the
apparent saturation (i.e., percentage ofthe entire sensation that was chromatic). We term this method "4 + 1 categories." (A) Mean (N= 32) hue
functions. (B) Mean saturation function. (C) Curves from A and B replotted in "Xategory" format, At each wavelength, the hue values in A
have been multiplied by the percent saturation experienced at that wavelength; thus, the rescaled hue values sum to the saturation value at each
wavelength. (Before averaging, an arcsine transfonn was applied to the raw data from each trial in order to equalize variances; see text for de
tails.)
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Table 1
Effects of Arcsine Transform on Means and Variances of Hue and Saturation Scaling Responses

and Group Means of Individual Subjects' Means and Variances Before and After Transform

Red Yellow Green Blue Saturation Row Mean

Means
Mean means (untrans) 27.1 18.2 30.2 24.5 80.1 36.0
Mean means (trans) 26.3 21.1 28.6 23.9 72.8 34.6
Untrans/trans 1.0 0.9 1.0 1.0 1.1 1.0

Variances

Mean variance (untrans) 56.4 100.9 144.1 71.4 93.6 93.3
Mean variance (trans) 49.8 83.4 110.7 58.3 57.2 71.9
Untrans/trans 1.1 1.2 1.3 1.2 1.6 1.3

Variance of variance (untrans) 14,529.1 34,022.0 67,256.3 43,228.1 10,765.3 33,960.1
Variance of variance (trans) 9,035.4 15,837.3 28,907.6 17,941.7 3,048.2 14,954.0
Untrans/trans 1.6 2.1 2.3 2.4 3.5 2.4

Note-Group data from 6 subjects. Each value is the mean of the corresponding values from the individual subjects. Hues and
saturations of each of23 stimuli were scaled a total of32 times by each subject, yielding 115 (5 categories X 23 wavelengths)
individual means and variances. The values were computed from trial-by-trial responses before and after the arcsine transfor
mation. Values were collapsed together within a response category. Stimuli were monochromatic lights, 440-660 nm, foveal,
1°,500 msec, 20 Td.

stimuli and limit ourselves to "aperture colors" or "light
mode of perception" (Evans, 1964). In this case, it is
generally accepted that sensations vary along three ap
proximately independent dimensions: hue, saturation,
and brightness (Boynton, 1979; Hunt, 1975; Hurvich,
1981); as in many studies ofcolor vision, we hold bright
ness approximately constant and study how hue and sat
uration are related to changes in the physical character
istics of our stimuli. We do this with a specific form of
numerical estimation. There is, ofcourse, a considerable
history of using estimation techniques to obtain imme
diate and direct measures of sensation (e.g., Marks,
1974). However, the details of the method that subjects
use to assign numbers to sensations must be considered
carefully (e.g., Gescheider, 1988; Gescheider &
Bolanowski, 1991; Poulton, 1979).

The generic technique of hue and saturation scaling
that we use was first described by Jameson and Hurvich
(1959) and has since been used to studymany aspects of
color vision: the effect of size and retinal locus of stim
ulation (Abramov, Gordon, & Chan, 1991, 1992; Boyn
ton, Schafer, & Neun, 1964; Gordon & Abramov, 1977;
Kaiser, 1968), color appearance following chromatic
adaptation (Jacobs & Gaylord, 1967; Sobagaki, Ya
manaka, Takahama, & Nayatani, 1974), color anomalies
(Pokorny & Smith, 1977; Smith, Pokorny, & Swartley,
1973), duration of stimulation (Luria, 1967), and the
change in hue with intensity (Boynton & Gordon, 1965).
Also, The Natural Color System, adopted in 1979 by the
Swedish Standards Institute, is the only "appearance" or
color-order system whose reflectance chips were chosen
directly from hue and saturation scaling of many stim
uli (Hard & Sivik, 1981).

Despite wide use, there is no single system ofhue and
saturation scaling--everyone devises his or her own vari
ant. Because seemingly minor variations in procedure,
such as changing stimulus range, can grossly change the
psychophysical relation, we ask: To what extent are hue

and saturation scaling subject to these problems? There
is no detailed analysis ofthe techniques. We present here
our tests of the method we use. In some cases we have
done experiments that were designed to test specific
properties. In other cases we have reanalyzed data from
other studies, whose primary goals were not to test the
methods as such. We will show that hue and saturation
scaling, at least as we use it, is a very robust procedure;
it is reliable and easy to use, and is relatively free of
many of the biases associated with some forms of esti
mation procedures.

Necessary and Sufficient Categories
There are many terms for the different hues; the list

depends on the particular language. However, unlike
most other linguistic categories, hue terms seem to have
the same denotations, as defined by "best exemplar,"
across all languages that have the lexical equivalents
(Berlin & Kay, 1969; Heider, 1972; Kay & McDaniel,
1978). This has led some to conclude that the basic hue
terms closely reflect the responses of sensory areas of
the nervous system that code color sensations (Ratliff,
1976). But what is the set that is necessary and sufficient
for a complete description of all hues? Until quite re
cently, the answer depended on theoretical orientation.
Beare (1963), following Graham (1958), used six terms,
whereas Jameson and Hurvich (1959), in the tradition of
Hering (1920), argued in favor of two opponent hue
pairs: red-green and yellow-blue. Today it is generally
accepted that hues (at least ofaperture colors) can be de
scribed completely by using only the four terms that
Hering postulated as corresponding to the phenomeno
logically unique hue sensations: red (R), yellow (Y),
green (G), and blue (B).

A clear demonstration that the above four terms are
both sufficient and necessary descriptors was given by
Sternheim and Boynton (1966). They began with the
four categories R, Y, G, B, plus orange, and asked sub-
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Figure 2 Use of an arcsine transform ofeach scaling datum (hue or saturation value
on each trial) in order to equalize variances. (A) Variances associated with each mean
from the data set shown in Figures IA and IB plotted against the means (32 repeats per
mean); the statistics are for the raw, untransformed scaling responses. (B) Thesame data
set. except that each response was transformed by an arcsine correction before averag
ing or calculation of variances; in fact. these are the means plotted in Figure 1.

jects to describe the percentage of their hue sensations
in each of the five categories in response to monochro
matic lights. On different sessions, one or more of the
terms was eliminated from the set of permissible cate
gories, but the responses from the remaining categories
no longer had to sum to 100%. The rationale was that
when an unnecessary category was eliminated, sensa
tions would be apportioned readily among the other cat
egories, with the total for any stimulus still adding up to
100. However, when a necessary term was eliminated,

the proportion ofsensation that it usually would have de
noted could not be included in the remaining categories;
the missing color function could be computed from the
rest of the data. Of their five initial terms, only orange
was unnecessary. Similarly, purple and gray are not nec
essary (Fuld, Wooten, & Whalen, 1981).

A complete description of an aperture color also
needs a term for the achromatic component of the sen
sation; if the percentage of the sensation represented by
that term is subtracted from the total of 100%, it can be
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Comparison of Scaling Methods
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Figure 3. Comparison of"4 + 1" and "5-altegory" scaUng methods; in 4 + 1, hues and sat
uration are described separately, but in the 5-altegory method the pen:entages of the hues to
gether with the achromatic sensory component must jointly sum to 100. The same 6 subjects
alternated between the two techniques in a counterbalanced design. (A) Symbols are the
group means using 4 + 1 categories, but rescaled by saturation, as in Figure 1C. The curves
are means using the 5-altegory method; the achromatic values were subtracted from 100 to
obtain saturation. (B) Individual difference functions for saturation obtained from the two
methods. (An arcsine transform was applied to the raw data from each trial in order to equal
ize variances; see text for details.)

called apparent saturation. This is not related exclu
sively to stimulus purity-even spectral lights of arbi
trarily high purity can vary in apparent saturation. When
the stimulus is seen in isolation, with a dark surround,
the achromatic or desaturating component of the sensa
tion can be called white, and when the surround is
brighter than the stimulus, it is black. Incidentally, it had
been thought that when a stimulus that appeared yellow
was surrounded by a brighter achromatic area, brown

had to be added as a necessary hue category (Fuld,
Werner, & Wooten, 1983). But it is now clear that even
under these conditions the only essential terms are R, Y,
G, B, and achromatic (Quinn, Rosano, & Wooten, 1988).

Our conceptual framework for scaling these sensory
quantities can be broadly described as follows (Abramov
& Gordon, 1994). There are separate chromatic and
achromatic pathways that process inputs from the three
spectrally distinct cone types in the retina. The chro-
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matic mechanisms must somehow preserve differences
in relative responses of different cone types in order to
preserve any information about stimulus wavelength;
this is because each of the different cone types can only
signal the rate at which it absorbs photons. The nervous
system carries out this comparison by means of spec
trally opponent neurons that are stimulated by one type
ofcone and inhibited by another. The chromatic pathway
is divided into separate R, Y, G, and B mechanisms;
these are the unique hue sensations, each of which is a
unitary category and cannot be further divided. Achro
matic pathways are represented by spectrally nonoppo
nent systems that simply combine cone responses. The
ratio ofchromatic to total responses (i.e., chromatic plus
achromatic) represents the degree to which a stimulus
appears saturated. But these mechanisms are not neces-

sarily the same as the opponent and nonopponent cells,
or parvo- and magno-cellular units that are currently
known, even though these neurons must provide the in
puts to the sensory pathways with which we are con
cerned (e.g., De Valois, Abramov, & Jacobs, 1966; Rat
liff, 1976; Zrenner et aI., 1990).

Our linking hypothesis (Teller, 1990) is that the four
chromatic processes are the channels for the four unique
hue sensations; each hue sensation is directly related to
the pattern of responses across these cells. They consti
tute internal "standards" for the hues, and a unique sen
sation occurs when only one of them responds to a stim
ulus. Thus, a response of "red" reflects responses of
some unitary mechanism, even though that mechanism
may itself receive inputs from many submechanisms.
For example, short- and long-wavelength redness may
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Hue & Saturation Scaling: Range Effects
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be due to different processes, but ultimately they must
come together in a final common pathway, because the
final appearance is the same-red. The four unique hue
terms can be used to examine the properties of these
mechanisms. Subjects do not need special training to use
these terms since they refer to internal standards, as ev
idenced by the fact that the denotations of these terms
are universal. Apparent saturation is based on the relative
strengths of the responses by the chromatic and achro
matic processes.

SCALING PROCEDURE

For all the studies considered here, subjects scaled the
appearance of small uniform fields of monochromatic
light presented as brief flashes against a dark back
ground; all lights were equated for retinal illuminance,
and the time between flashes was 15-20 sec to minimize
carryover of sensory effects. (Details are given with each
set of results.) Different groups of subjects were used,
although some, as will be noted, took part in more than
one study. The age range for all the subjects was 16 to
49 years. All were screened with the Dvorine Pseudo
Isochromatic Plates, the Farnsworth Dichotomous Test
for Color Blindness, Panel D-15, and the Farnsworth
Munsell 100 Hue Test. Unless otherwise stated, all the
subjects knew the aim of the study in which they partic
ipated as subjects and experimenters.

Wecall our basic method "4+ 1categories." After each
stimulus, the subject reports the percentages of his/her
sensation ofR, Y, G, or B for a total of 100%; the sub
ject then states apparent saturation (S), or chromatic
content, as a percentage of the sensation elicited by the
stimulus that was just seen. Typical instructions (there
are minor variations for each study or optical system),
which are read before each session regardless ofthe sub
ject's expertise, are:

A beep will warn you to look directly at the center of the
space surrounded by the four fixation dots. After each
beep, a flash of light will be shown to you. After each
flash, describe the sensation produced in you by the light.
First, divide your sensation into two parts. The first part
consists of hue. You must divide your sensation of hue
into red, yellow, green, or blue. These are the only words
you may use to describe the hue. If you wish, you may use
pairs of names to describe a hue. When you are describ
ing your sensations of hue, please state them in percent
ages. The percentages you assign to these words must add
up to 100. For instance, your sensation might be 40% red
and 60% yellow, or 86% green and 14% yellow, or 95%
blue and 5% red, and so on. It can also be 100% ofone of
the hues.

Think carefully about your answer and try to be as pre
cise as possible. Remember that the term hue refers to
your own sensation elicited by the light. Youare not being
asked how you might create the particular hue you saw.
You are being asked to describe your sensation. Please
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note that there are no right or wrong answers.Youare sim
ply describing your sensation.

The secondpart ofyour sensation is not hue; it is achro
matic. After describing the hue of your sensation, you
must consider what percentage it formed of your entire
sensation; that is, what is the percentage of chromatic ver
sus achromatic-plus-chromatic sensations? This value is
apparent saturation. It refers to the strength or concentra
tion of hue in your total sensation. A total absence of hue
wouldbe represented by 0% saturation and a total absence
of any achromatic sensation would be 100% saturation.

The first few trials will be practice trials. They are done
to familiarize you with the procedure. We will tell you
when they end and the experimental trials begin. The ses
sion will last about 1 hour. Is everything clear?

In response to questions, subjects are encouraged to
treat each category as a continuous scale and not limit
themselves to just a few values. No specific training is
given other than simple practice without any feedback,
nor are any of the hue terms defined beyond their com
mon, everyday meanings. No named examples are ever
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shown as "standards"-that would simply tell us how
well subjects remembered our definitions rather than
what they saw. The most problematic concept for sub
jects is "saturation." Beyond the descriptions in the in
structions, we might offer: "Think of your total sensa
tion after a flash as something contained in a bucket.
Now pour a little bit of a hue into it and stir. What has
happened to the saturation? Now add a little bit more
and stir. Again, how has saturation changed?"

The goal was to find a method that would be easy for
subjects while still preserving the relations among the
different sensory qualities, since the color sensation is a
cross-category comparison. Many of the problems with
magnitude scaling are dealt with in the context ofa sen
sory dimension that varies along some intensive contin
uum (e.g., brightness, loudness; see Gescheider, 1988).
Ours differs in that it deals first with subjects' decisions
about "which" category to use, but sensory magnitude
can vary within a category (e.g., amount of red sensa
tion). Subjects express their judgments using percent
ages, because they are comfortable with them and use
them all the time outside the laboratory. Note that sub-

jects are not given any modulus to anchor their judg
ments. Also, subjects are not told that within a category
they must assign numbers to reflect sensory ratios; the
only requirement, which is implicit, is that they take
whatever numbers they would have assigned to sensa
tions in each category and then tell us the ratios ofthese
values between categories. This may make the demands
on the subjects more like those ofthe absolute magnitude
estimation techniques that have been advocated (e.g.,
Gescheider & Hughson, 1991; Zwislocki, 1983; Zwis
locki & Goodman, 1980).

Figure 1 shows data from a typical subject from a
lengthy study ofcolor vision across the retina (Abramov
et al., 1991). In each session, stimuli of different sizes
and locations were randomly intermixed, but on each of
the 32 sessions a particular set of stimuli was presented
as part of the random stimulus sequence: foveally pre
sented flashes of monochromatic lights, ranging from
440 to 660 nm in 10-nm steps. All these stimuli sub
tended 10 of visual angle, were equated for a retinal il
luminance of20 Td, and were seen against a dark back
ground. (In this and all subsequent figures, an arcsine
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Figure 9. Effects of language background on hue and saturation scaling. Symbols are
the means ofa group of bilingual subjects (for whom English wasthe second language)
who used English in the experiment; curves are tOra group of monolingual English speak
ers. (An arcsine transform wasapplied to the raw data from each trial in order to equal
ize variances; see text for details.)

transform was applied to all the raw data. The nature of
this transform and the reasons for using it are given in
the section on percentage scales.) In Figure 1A we see,
starting from the longer wavelengths, that the hues
elicited by the stimuli were first mostly R, shading to Y,
and in tum shading to G, then B, and finally back to
some R at the shortest wavelengths. Note that Rand G
are largely mutually exclusive, so that when neither is
present in the sensation we have either a wavelength that
appears uniquely Y or another wavelength that appears
uniquely B. Similarly, Band Y are opposites and they
are absent at unique G. The slight overlap ofR and G in
the figure is due entirely to intertrial variability. Wehave
not encountered a reliable subject who has used both R
and G for anyone trial. Occasionally, however, some
subjects (not the one in this figure) use Y and B together,
but only together with G as the major response (simi
larly,see Boynton & Gordon, 1965; Gordon & Abramov,
1977). On debriefing, all our subjects who used these
three terms said that the stimulus appeared "mottled,"
with some parts G and B and others G and y. In our ear
lier work there were no "forbidden" combinations ofhue
terms. However, because of the extreme rarity of the
pairing of R with G and Y with B, we now sometimes
add the following to the first paragraph of the instruc
tions given previously: "The only limitation is that you
may not pair red with green, or pair yellow with blue; all
other combinations are allowed." Figure IB shows the
spectral variation in saturation. Note that although all
lights were equally pure and were narrow band, satura
tion still varied; hence, we should discuss "apparent sat-

uration" rather than the quantity that varies strictly with
purity.

There is a problem with the presentation in Figure 1.
For example, 600 nm appears 66%R and 34%Y.But that
stimulus also appears somewhat desaturated-it is only
67% S. This possibly misleading separation ofsaturation
and hue is even more glaring in conditions in which
everything is very desaturated. To combine both aspects
ofthe sensation, we rescale the hues according to the as
sociated saturation values so that the sum of the hues
equals saturation; this is shown in Figure 1C, where
600 nm elicits a sensation that is 44R and 23Y. Before
dealing with the legitimacy of this rescaling, however,
we must consider the particular form of the numerical
scales that we use.

Percentage Scales
We now deal with a relatively minor and well-known

problem: percentage scales are bounded. And with such
scales, the variances could well vary with the mean,
which is least at the extremes. Thus, the means of sen
sations that are predominantly of one hue will seem
more reliable than those of intermediate hues because
their variances are typically smaller. We argue that this
is an artifact imposed by using bounded scales. But in
order to compare sensations elicited by different stimuli,
or to compare the effects of different experimental ma
nipulations, it is desirable to have sensory scale values
that are equally reliable, regardless of the particular hue
ratio. Moreover, one ofour goals is to use hue scaling to
generate a color space with a uniform metric so that
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equal distances in any direction represent equal percep
tual changes. For this, we clearly require values with
equal variances.

To investigate the uniformity of variance in hue scal
ing data, we used the raw data that were transformed to
produce Figure I. For each stimulus, we averaged the
trial-by-trial hue and saturation scaling responses; in
Figure 2A we plot the variances associated with each of
these means, regardless of category. If all the means
were equally reliable, we would expect the distribution
in Figure 2A to be rectangular, which it clearly is not
variances are indeed lower for means close to 0 or 100%,
many of which lie over each other and are obscured.

A method for normalizing variances ofproportions is
to apply an arcsine transform to each datum before car
rying out any other manipulations, such as averaging
(Winer, 1971). The specific form that we used was: Sen
sation % = ((2 X arcsine (square root(untransformed
sensation %/1OO)))/pi) X 100. The limits of the scale
values transformed in this way are still 0 and 100. Since
our percentages are not derived from binomial pro
cesses, it is an empirical question whether this transform
is useful. Figure 2B shows the effects of this transform;
overall, variances are reduced and the distribution is
more nearly rectangular.

The study from which the data of Figure 2 are derived
had 6 subjects. We repeated the above procedures for
each subject. The transform we use should not distort
mean scaling functions, such as those in Figure 1. To test
this, we averaged together all the mean responses in each
hue category and saturation before and after transform
ing the responses from individual trials. A summary of
the results is given in Table 1; this includes only group
data because none of the subjects showed a different pat
tern. The ratios of these untransformed mean category
responses to the means from transformed values are ap
proximately 1 in all cases, implying no distortion of the
mean functions. Note that this is not simply because the
mean responses in each category were symmetrically
distributed above and below 50%. For example, all sat
uration means were above 50 and most yellow means
were below 50, and yet in both cases the ratios of un
transformed/transformed means were very close to 1.
We also averaged all the variances in a category before
and after transformations, and, in this case, mean vari
ance after transform is always less. Also, the variance of
the set of transformed variances is reduced, demon
strating that the distribution of variances is made more
uniform by the transform. On the basis of this, we apply
the arcsine transform to all our data prior to any further
analysis; for example, the data in Figures lA and IB
were so transformed before reapportioning the data ac
cording to their saturation values (Figure 1C).

4+1 Versus 5-Category Procedures
At one time we had used a 5-category procedure in

which subjects directly produced data, as in Figure 1C
(Gordon & Abramov, 1977). The categories were R, Y,

G, B, and achromatic, all of which had to sum to 100%
for each stimulus; saturation was calculated by sub
tracting the achromatic value from 100. We changed to
4+ 1 categories because the subjects found it easier. But
do the two procedures yield comparable results? Can we
convert data from one procedure into the other's format,
as was done in Figure I? Such conversion assumes that
subjects compare sensations to their internal standards
(the separate hue mechanisms) and can specify ratios of
activity among them. For instance, the ratio of R/Y at
600 nm in Figure lA is the same as that in Figure lC,
and it does not matter which procedure was used to get
that ratio; the relative hues are invariant under multipli
cation by a constant.

We directly tested that assumption with a group of 6
subjects, each of whom scaled spectral lights with both
4+ 1 and 5-category procedures in a counterbalanced de
sign. In Figure 3A, the data points are the group's means
for 4+ 1 categories converted, as in Figure 1, to 5 cate
gories; the curves are the means from direct use of the
5-category procedures. The two procedures yield simi
lar data when converted to the same form. We show in
Figure 3B, for each subject, the differences between sat
uration values obtained from the two methods; the re
sults are approximately the same for all individuals, and
on average the differences are less than 5%. Also, the
differences do not change systematically across the
spectrum. Note that the scale in Figure 3B is magnified
in comparison with 3A.

Either procedure is acceptable. And, in accord with
subjects' preferences, we also found that the 4+ 1 proce
dure was more reliable. For each subject, the mean ofthe
variances for each category was always greater for the
5-category procedure.

WITIllN-8UBJECTS RELIABILITY

Long-Term Stability
Ideally, a psychophysical procedure should give re

sults that remain stationary over time. Informally, we
have looked at responses from many subjects and have
found that they indeed remain stable. To examine this
formally, we use data from a lengthy study of color vi
sion across the retina in a group of 6 subjects, one of
whom provided the results in Figure 1 (Abramov et aI.,
1991). The relevant data were from the 23 foveal stim
uli that were included in the 115 experimental trials on
each of 32 sessions spaced across several months. We
averaged the results in blocks of four sessions, since
foveal stimuli only appeared once per session. The sym
bols in Figures 4A and 4B show the group means for the
first and last blocks, respectively; the curves are the
means over all 32 sessions. The results from the begin
ning of the study agree closely with those at the end. To
compare performance across blocks, we calculated the
mean response for each category (e.g., R) for each block
of four sessions; these means, which are proportional to
the areas under their respective scaling curves, remain



very stable across time (Figure 4C). Although we show
only group data, each individual showed the same de
gree oflong-term stability. Although mean responses re
mained stable, there was a slight decrease in variance
across sessions, suggesting that precision improves a lit
tle with extended practice.

Context Effects
If subjects are indeed giving "absolute" information

about their sensations, then any stimulus should always
be rated in the same way regardless ofwhat preceded it
provided that duration of time between stimuli is long
enough to allow any physiological effects, such as chro
matic adaptation, to dissipate. However, it is well known
that context can affect judgments; they may depend on
the other stimuli presented in a session (e.g., Geschei
der & Hughson, 1991; Schneider & Parker, 1990).

Our study allowed us to test the stability in time ofhue
and saturation scaling and also provided information
about possible effects of the context in which stimuli are
seen. Each session began with a series of "practice" or
"warm-up" stimuli, all presented to the fovea; subse
quent "experimental" trials included the same foveal
stimuli, but they were randomly intermixed with pe
ripheral stimuli of different sizes and eccentricities
(Abramov et al., 1991). Thus, foveal trials from the ex
perimental series could be preceded by stimuli that ap
peared far more desaturated, which might, in turn, have
biased the ratings of the foveal stimuli.

In Figure 5 we show the differences between the mean
ratings of foveal stimuli seen during practice and exper
imental trials. The data are the mean differences for the
group, together with their standard errors. The differ
ences are quite small (of the order of 5%), but there is a
systematic trend for the practice trials to appear slightly
more saturated. When we examined the original data, we
found that the hue responses were largely unaffected by
this comparison; the differences are due to changes in
apparent saturation. This robustness of hue categories
agrees with subjects' reports about which scales are eas
ier to use; many subjects report that judgments of satu
ration are more difficult to make, and they seem more
likely to be influenced by context.

Stimulus Range
The range of stimuli used in a magnitude-estimation

study can bias the derived psychophysical relationship
(e.g., Marks, 1974; Poulton, 1979; Stevens, 1961). Does
the spectral range of stimuli introduce a similar bias in
our procedures? Using the same group ofsubjects as for
Figure 3, we tested this in a fully counterbalanced de
sign. In one session, subjects saw stimuli spaced in our
usual 10-nm steps across the spectrum; in other sessions,
stimuli were spaced every 5 nm and were confined to ei
ther short or long wavelengths in nonoverlapping ranges.
The total number of stimuli in any session was approx
imately the same. In Figure 6, the symbols indicate the
group means for the two restricted ranges, and the curves
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show the means from the full-range sessions. The dif
ferences are small and unsystematic, implying that hue
scaling is unusually robust and unaffected by changes in
stimulus range within a session.

These data also confirm the previous finding that con
text exerts little influence (Figure 4); in the study ofFig
ure 5, the context could have biased the reported hues for
example, in one session, all stimuli might have appeared
as almost exclusively Rand Y. Finally, the smooth pro
gression ofdata points in restricted-range sessions shows
that the method is sensitive enough to permit clear dis
tinctions among isolated stimuli differing only by 5 nm.

BETWEEN-SUBJECTS VARIABILITY

It is a truism that no two people have exactly the same
visual system. But, equally, all those who pass screen
ing tests for normal color vision produce traditional psy
chophysical functions that are very similar. Is the same
true for hue and saturation scaling functions? As with all
psychophysical procedures, we come across subjects
who, although motivated, do not perform well. In par
ticular, a few subjects do not seemto use the numerical
scales appropriately; they do not use continuous scales
and simply describe stimuli as 100% of one or other of
the hue categories, even after one or two practice ses
sions. We discard such subjects. Fortunately, we find
them to be rare-well less than 5% of our potential sub
jects. Interesting variations among subjects could be due
to real physiological differences, variations in experi
ence with hue scaling or with other forms of sensory
scaling, or individual cultural or linguistic experiences.

Hue Scaling Experience
We have compared the functions from a group of 6

highly experienced observers (the same subjects as for
Figure 4) with functions from another group of sub
jects-ones who had not previously participated in any
study ofvision. Each ofthese "naive" subjects was sim
ply given our standard instructions and generated a set
of data (four repetitions per stimulus), all within a sin
gle l-h session. The results are shown in Figure 7; the
data points indicate the group averages from the naive
subjects, and the curves indicate data from the experi
enced subjects. In order to separate possible differences
between performance with hue categories and with ap
parent saturation, in Figure 7A we show the hue re
sponses before rescaling by the associated values ofsat
uration; in Figure 7B we show the saturation values.
Except for the shortest wavelength, the agreement be
tween the hue functions is good. There are, however,
small but systematic differences in saturation from these
particular groups. In short, experience seems to have a
minimal influence on the group means generated by the
subjects in our task. However, experience does matter in
terms of variance. We averaged the variances of the in
dividual subjects in the above groups within each sen
sory category; for each category, the mean of the indi-
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vidual variances of the naive subjects was approxi
mately double that of the experienced subjects.

Variability Among Experienced Subjects
Averaging together data from a group may obscure

important details. Our experience has been that there is
relatively little variability among subjects in hue and sat
uration scaling-group averages nicely reflect behavior
and serve to reduce noise. To illustrate the range of inter
subject variability, we gathered results from 12 subjects
who scaled a standard set of foveal stimuli, using our
usual 4+ I method; these stimuli were included in several
different studies. We show the group means in Figure 8.
To indicate population variation, the error boundaries
are ± 1 estimated standard deviation of the population.
Further, the data have not been rescaled into a 5-category
format, since we want to show the range of variation in
the data in the form used by the subjects. However, each
individual datum was modified by the arcsine transform,
as described earlier. In all categories, the variation is
quite small, with saturation showing the largest varia
tion. This agrees with the subjects' reports about the rel
ative difficulty of scaling it. We conclude that subjects
use our percentage scales similarly and that there are no
major idiosyncratic ways of assigning these numbers to
sensations.

Language
Although there is considerable evidence that differ

ences in language have little effect on the meanings of
the unique hue terms, it is still possible that there may
be subtle differences in their usage in our kind of hue
scaling task. Toexplore such effects completely,we would
have to use the hue terms of a subject's native language
and conduct the entire experiment in that language. We
focused on a more limited case: Are there linguistic bi
ases when a bilingual subject, for whom English is the
second language, uses English to scale sensations? In
Figure 9, we compare results from 6 bilingual subjects
(data points) with those from 6 monolingual English
speakers (curves). The bilingual group included several
different languages: Arabic, Chinese, Hebrew, Korean,
and Urdu. In agreement with a similar comparison for
Japanese speakers (Uchikawa & Boynton, 1987), there
are no large differences that can be ascribed to language
background. Moreover, there are no systematic differ
ences in between-subjects variance in either group.

CONCLUSIONS

In this paper we have shown that hue and saturation
scaling can be used easily and reliably to describe color
sensations. The method does not seem to be prone to
many of the problems associated with magnitude esti
mation in other contexts. A possible reason is that we do
not instruct subjects to consider previous sensations and
the numbers they assigned to them when judging a par
ticular stimulus. We simply ask them to compare sensa-

tions across categories. Thus, subjects might not have
assigned numbers within a category in strict ratios of
sensations; but, provided they operated in the same way
in each category, their statement of the relative hues al
lows a ratio scale of relative hue. Our method does not
prevent absolute magnitude estimation within each cat
egory (Zwislocki & Goodman, 1980). A peculiar virtue
of hue scaling may be that it "taps," quite closely, cen
tral physiological mechanisms that are the bases for very
distinct perceptual categories (Ratliff, 1976).

In one sense, the validity ofour methods is obvious
we want to know what colors look like to our subjects.
However, we must also go beyond face validity. In some
of our previous work we have directly compared func
tions derived from hue scaling with functions from clas
sical threshold or matching techniques. These include,
for example, the Bezold-Brucke hue shift with intensity
(Gordon & Abramov, 1988), wavelength discrimination
(Abramov,Gordon, & Chan, 1990), and large-scale color
differences (Chan, Abramov, & Gordon, 1991). In those
papers, we also noted that hue and saturation scaling not
only provided appropriate functions, but did so with at
least an order of magnitude savings of time, and it could
be readily used in many circumstances.

The only method we have of knowing anything about the
magnitude of the color sensation is by a process of men
tal estimation. Moreover, the fact that the observations
can be carried out under normal conditions of viewing,
using both eyes and without the interposition of any op
tical devices, adds enormously to the value of the results.
(Wright, 1981, p.147)
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