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Proper quantification of appearance is fundamental in
any study on visualperception.In this paper, we report find-
ings that bear on the issue of the quantification of achro-
matic color. Achromatic color is traditionally measured
usingmatchingparadigms,whichrequireusingan adjustable
patch or a set of patches (a gray scale) that an observer can
inspect to choose a match. However, it is known that this
method will not provide a match for a surface in general.
In some conditions, some surfaces will look either too
dark or too light for any of the matchingpatches on a given
scale. This problem involves several issues that have been
touched on previously in the literature, including the dif-
ficulty of matching increments to decrements, the possi-
bility of a qualitative change from matches of perceived
reflectance (lightness) to matches of perceived luminance
(brightness), and the putative appearance of superwhites,

surfaces that look both self-emitting and opaque. In this
paper, we propose a method for computing a unified met-
ric for achromatic surface color, encompassing matches
with different scales and providinga new view of the above
issues. In other research (Bruno, Jandó, Galmonte,& Agos-
tini, 1998), we have applied this method to a study of sur-
faces surrounded by linear gradients.

MEASURING SURFACE COLOR

It is known, at least since the seminal work of Kardos
(1934) and Katz (1935), that surface color is a function of
all the surfaces in a given scene. Kardos wrote this func-
tion as

C (T) = f (s1, s2, s3, . . . si ), (1)

where C (T) is the color of a target surface, si is the lumi-
nance of the i th surface, and f means simply that a certain
stimulus surface corresponds to a position or a set of po-
sitions in a multidimensional space of the given parame-
ters. This is only a formal definition,not a quantitativede-
scription.It amounts to assuming thatobserverswill perceive
similar things while looking at the same image and that
the perceptionof a color is fairly stable in the time domain.
None of the above statements is entirely true, given indi-
vidual differences and the potential effects of age, drugs,
training, and perceptual set.

While most of these effects are commonlybelieved to be
weak or transitory, several investigatorsbelieve that, at least,
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Surface color is traditionally measured by matching methods. However, in some conditions, the color
of certainsurfacescannot be measured: The surface simply looks brighter or darker than all the patches
on a matching scale. We studied the reliability, validity, and range of application of three different types
of simulated Munsell scales (white-, black-, and split-surrounded) as methods for measuring surface
colors in simple disk–ring displays.All the scaleswere equally reliable for matching both incrementsand
decrements, but about 20% of the increments were unmatchable on the white-surrounded scale, about
13% of the decrements were unmatchable on the black-surrounded scale, and about 9% of the incre-
ments were unmatchable on the split-surrounded scale. However, matches on all the scales were lin-
early related. Therefore, it is possible to convert them to common units, using regression parameters.
These units provide an extended metric for measuring all increments and decrements in the stimulus
space, effectively removing ceiling and floor effects, and providing measures even for surfaces that
were perceived as out of range on some of the scales.
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the set of an observer is important. In this view, whenever
the surfaces to be matched can be perceived as being
under different illuminations, two different perceptual di-
mensions can be matched: perceived reflectance, or light-
ness, which is approximately invariant with changes in il-
lumination, and perceived luminance, or brightness, which
varies as a function of a change in illumination (for vari-
ous treatmentsof these issues, see the chapters in Gilchrist,
1994). Since Wallach (1948), several investigators have
proposed that matching a surface on a decremental scale
(i.e., a scale of Munsell papers surrounded by white) tends
to elicit lightness matches, whereas matching on an incre-
mental scale (i.e., a scale of Munsell papers surrounded by
black) tends to elicit brightness matches (Gilchrist, 1988;
Heinemann, 1989; Jacobsen & Gilchrist, 1988b). How-
ever, to our knowledge, this claim has never been tested
systematically.What seems to be true, as has been verified
by several studies, is that certain surfaces in certain con-
ditions cannot be matched at all. For instance, it is known
that, in simple displays, increments cannot be matched to
decrements (Whittle & Challands, 1969). Unmatchable
surfaces have sometimes been reported when a simple
disk–ring arrangement has been compared with a more
complex stimulus (Bruno, 1992;Bruno, Bernardis, & Schi-

rillo, 1997). Most important, a number of investigators
have noted that within the same stimulus space, some sur-
faces can appear definitely too bright, almost self-emitting,
for matching on a decremental scale to be possible (Bo-
nato & Gilchrist, 1994; Heinemann, 1955; MacLeod,
1947). This peculiar mode of appearance has been called
fluorescence (Evans, 1959, 1974) or, more recently, su-
perwhite (Gilchrist et al., 1999). Attempts at constructing
a comprehensive psychophysics of achromatic color
matches have also identified parameters that yield a sort
of superblack region—that is, luminance ratios that yield
appearances that cannot be predicted on the basis of a ratio
principle (see, for instance, Whittle’s chapter in Gilchrist,
1994).

Whatever the interpretation of these observations, a
measuring problem remains. To assess surface color in a
generic image, one need a unified metric for surfaces sur-
rounded by any kind of background (see Figure 1). Given
the above difficulties, it is not at all clear what kind of
matching scale is appropriate for computing this metric.
In a number of studies, decremental scales have been used
for lightness matches and incremental scales for bright-
ness matches. However, this forces an investigator to re-
strict the range of studied displays, for some surfaces will

Figure 1. In a generic image, a target surface T can be surrounded completely or in
part by surfaces that can be either darker or lighter. The simple fact that T can be a
luminance increment, a decrement, or both poses a fundamental problem for mea-
suring its surface color, using a matching paradigm. If a scale is needed to select a
matching patch, what is the proper surround for this scale?

M (T) = f (s1,s2 ,s3 ,s4 . . . sn)
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be impossible to match. Other investigators have used
scales presented on black-and-white checkerboards (for
instance, Schirillo & Shevell, 1996). However, even with
checkerboard-surrounded scales, unmatchable surfaces
can occur. In addition, it is not well understood how these
matches relate to those on simple incremental or decre-
mental scales. Finally, in several publishedworks, Gilchrist
(Jacobsen & Gilchrist, 1988a, 1988b) collected matches
on a hybrid scale consistingof a set of decremental patches
on a white surround plus an adjustable self-emitting re-
gion, also on white. The self-emitting region, constructed
by adding a small chamber containing an adjustable light
sending diffuse illumination through a translucent patch,
effectively extended the lightness scale by providing a
means for matching surfaces that were too bright for any
of the decrementalpatches.Althoughinteresting,Gilchrist’s
approach relies on the untested assumption that matches
on the incremental, emitting patch will form a perceptual
continuumwith the decremental patches. This assumption
is challenged by a number of other papers, some by
Gilchrist himself (Jacobsen & Gilchrist, 1988a), suggest-
ing that lightness and brightness are separate continua. In
addition, it is not clear how the hybrid scale could be ap-
plied on displays that appear under a homogeneous illu-
mination so that perceived reflectance and perceived lu-
minance are completely correlated. In the present paper,

we demonstrate that unmatchable surfaces do occur in
these conditions.

AN EXTENDED SCALE FOR INCREMENTS
AND DECREMENTS

Whenever one attempts to measure physical, chemical,
biological, or psychological quantities, it is crucial to ob-
tain measurements that can be compared across methods
of measurement. Scales and units in general are based on
reasonable but always arbitrary conventions.However, the
most important common requirement for any quantitative
method is that the measurements be reproducible and that
the method be set up in such a way that the discrepancy be-
tween two repeated measurements would be the least pos-
sible. Theoretically, a measurement can be considered as
an evaluationof a function,where the independentvariable
is the underlying variable to be measured, the function
captures processes that can cause an observable change in
a system (i.e., changing an index, moving a pin, etc.), and
the dependent variable is the result of the measurement
(i.e., the degree of shift). If the function is known, the un-
derlying physical variable can be calculated from the in-
verse of the function. In certain types of measurement,
one can even neglect the underlying variable and simply
define what is being measured by the very method of mea-

Figure 2. Illustration of the out-of-range problem in matches of achromatic color. Note that the
central surface looks too bright for any of the patches in the matching scale.
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surement. The measurement of temperature, for example,
is treated in this way, outside of molecular physics. The
volume of a solid mass, liquid, or gas depends on its tem-
perature. Thus, a thermometer can exploit this fact even if
temperature has nothing to do with volume. The essence
of temperature can be found somewhere at the level of
molecular motion, but we do not want to calculate mole-
cular motion when we measure temperature. Instead, tem-
perature is defined as a certain state of a certain material
(i.e., mercury) in certain conditions (i.e., a tube).

Any measurement can differ from any other measure-
ment either because of random error or because of sys-
tematic biases. The straightforward approach to reducing
random error is to average several measurements. Sys-
tematic biases, on the other hand, can be due to con-
founding variables or to the very measuring method being
used. For instance, temperature readings on a Celsius ther-
mometer will differ from those on a Fahrenheit ther-
mometer because the measuring systems are different.
Nonetheless, the two measures can still be used in con-
junction if there is a way of converting one to the other or

converting both to a third, common measure (i.e., the
Kelvin scale). Once the measurements are all in similar
units, it becomes possible to compare them. Suppose that
two different measures are the following functions of the
underlying mechanism:

M = f (u) (2)

and

N = g (u), (3)

where M and N are the two different measures, and f and
g are two different functionsof the same underlyingmech-
anism (u). If we would like to know the function

N = h (M ), (4)

which allows us to convert one measure into the other, it
is easy to prove that

N = h(M ) = g [ f 21(M )]. (5)

Thus, any pair of measuring scales that are in unequivo-
cal congruencewith the same underlyingvariable (i.e., that

Figure 3. Experimental display. A disk (D) surrounded by a ring (R) was placed at the center of the mon-
itor. On the right side of the monitor, a vertically oriented Munsell scale was simulated. The general back-
ground (G) was set to a constant value.
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have inverse functions) can be converted to each other, and
the resulting combined scale can be used for quantifica-
tion. If we do not know the f and g functions but can make
measurementswith both methods, the followingprocedure
can be used to determine h. First, take measurements in
different conditions (as many conditionsas possible) with
both methods. (The conditions should be within the range
that we would like to study.) Second, plot the data mea-
sured by Method 1 against the value measured by Method
2. Third, establish the function between the two scales by
fitting the most suitable function to the data. Finally, use
the function to convert the data to comparable units.

We speculated that a similar approach could be used for
measuring surface achromatic color. As was stated above,

none of the existing matching methods is fully satisfac-
tory. For instance, a high-contrast incremental surface can-
not typically be matched on a decremental scale, such as
a Munsell scale on a white surround, which is typically
used to obtain lightness matches (see Figure 2). A high-
contrast decrement will tend to give similar problems
when matched on an incremental scale. If, however, each
of these matching scales can be considered as measuring
methods that are valid within a certain range and if well-
behaved relationshipscan be establishedbetween measure-
ments on each scale, it may be possible to convert them all
to a common, extended scale. This scale would then pro-
vide a unified metric for any surface in the stimulus space.

GENERAL METHOD

To investigate matches of surface achromatic color as a function
of the type of matching scale, two experiments were performed. In
the first experiment, the test–retest reliability of the matches within
each scale was established by presenting the same displays in two
successive sessions. In the second experiment, matches on the three
different scales were compared within each image to construct an
extended achromatic–color scale for increments and decrements. All
the displays were simulated on a computer monitor and presented on
the same general background in order to evoke an impression of a
single, homogenous illumination on the whole simulated pattern.

Observers
Eight observers participated in both experiments. Three of them

(T.A., A.G., and N.B.) were experienced in the psychophysics of achro-
matic surface color, whereas the remaining 5 were completely naive.

Equipment
All the stimuli were generated using a Silicon Graphics Indigo work-

station and were displayed on a carefully calibrated Silicon Graph-
ics monitor. This monitor has a resolution of 1,280 3 1,024 pixels
and 256 simultaneously displayable gray levels covering a range of
approximately 2 log units of luminance. Monitor calibration was
performed in two steps. First, photometer readings were obtained for
the darkest and the brightest grays that could be produced on the
monitor, and the contrast and brightness switches were adjusted to
achieve a range of about 2 log units. Next, luminances at different
monitor locations and at different gray values were measured for
each software-specifiable gray level (that is, 0 to 255), and the re-
sulting 256 luminance–gray-level pairs were stored in a look-up
table. Finally, luminances were converted to relative luminance val-

Figure 4. Schematics of the three scales (corresponding patches
have the same reflectance). Scales actually used in the experi-
ments had 32 different patches.

Table 1
Reliability Coefficient for Each of the Scales

Observers

A.G. F.M. G.J. I.C. C.R. N.B. P.B. T.A. Average

Scale Type n r n r n r n r n r n r n r n r n r

Increments
Black 20 .98 17 .89 18 .97 19 .98 23 .94 28 .97 22 .94 23 .95 21 .95
White 20 .92 17 .89 18 .99 19 .95 23 .93 28 .97 22 .97 23 .85 21 .93
Split 20 .98 17 .88 18 .98 19 .97 23 .93 28 .99 22 .88 23 .95 21 .95

Decrements
Black 20 .82 23 .94 22 .93 21 .96 17 .95 32 .91 18 .96 17 .94 21 .93
White 20 .97 23 .94 22 .89 21 .90 17 .96 32 .95 18 .88 17 .98 21 .93
Split 20 .96 23 .96 22 .96 21 .95 17 .95 32 .83 18 .92 17 .91 21 .93
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ues (RL) ranging from 0 to 1 (gray 0 = 0.000 RL = 0.2 cd m2; gray
255 = 1.000 RL = 60 cd m2). An RL value of 0 was defined as a sim-
ulated Munsell value of 0/, whereas an RL of 1 was defined as a sim-
ulated value of 10/. Intermediate values were assigned a simulated
Munsell value according to the conversion table of Judd (1966).

Displays
Experimental displays were presented on the computer monitor in

a completely dark room (see Figure 3). They consisted of a central
disk surrounded by a ring, both of variable luminance, set against a
general background of constant luminance equal to 18.2 cd m2. To
ensure homogeneous sampling of log-ratio space, luminances were
assigned to the disk and the ring according to the following proce-
dure. First, a value was selected at random, with replacement in the
range between log (0.1/0.85) and log (0.85/0.1). Second, a log-
relative luminance was chosen at random in the range between log
(0.1) and log (0.85). Third, the second log-relative luminance was
computed from the ratio selected in Step 1. If the second relative lu-

minance was below 0.1 or above 0.85, Step 2 was repeated until a suit-
able pair was chosen. The diameter of the central disk subtended 3.75º
of visual angle, the diameter of the surrounding ring subtended 12º,
and the horizontal extent of the general background was equal to

Figure 5. Test–retest correlations in the three scales. All 8 observers are plotted simultaneously. Each data point represents a pair
of matches on the same image by the same observer.

Table 2
Frequencies (F ) of Out-of-Range Judgments in the Three Scales

With Increments and Decrements and Percentages Relative
to 340 Matched Surfaces Within Each Scale, Rounded

to the Second Decimal Digit
Scale

Luminance Black White Split

Contrast F % F % F %

Increments 6 2 70 20 30 9
Decrements 44 13 0 0 6 2
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26.25º, at a viewing distance of approximately 76 cm. Thus, the whole
display filled a larger portion of the observer’s visual field, mini-
mizing unwanted interactions with the uncontrolled, dark surround
around the monitor (Agostini & Bruno, 1996; Agostini & Galmonte,
1999). To the right of the disk–ring arrangement and next to the right
edge of the monitor, a simulated Munsell scale (32 patches from
simulated Munsell 2/ to Munsell 9.75/, in steps of 0.25/) was pre-
sented, as is illustrated in Figure 3. Each randomly selected display
was presented once with a scale on a white surround (simulated
Munsell value 10/), once with a scale on a black surround (0.3/ ), and
once with a scale on a split surround (left half 10/, right half 0.3/; see
Figure 4)1. In addition, each scale included a black triangle at the
bottom and a white triangle on the top. These were used to signal that
the displayed achromatic color was out of the range of the given
scale.

General Procedure
Matches were performed in sessions consisting of 10 randomly

selected disk–ring arrangements. Each was paired with each of the
scales. The resulting 30 displays were shown in completely ran-
domized order. The observers were instructed to match the achromatic
colors of the disk and of the ring by clicking the appropriate patches
on the available scales, yielding a total of 60 matches per session.
The 2 matches (disk and ring) for each image were also performed
in random order by prompting the subject for a disk or a ring match
according to a computer-simulated coin toss in the experimental pro-
gram. If no match was possible, observers were asked to click on the
lower (color too dark for any of the patches) or upper (color too
bright) out-of-range symbols. Each session lasted about 5 min. A
break was mandatory between sessions to avoid adaptation effects.

Instructions
The exact instructions read to the observers were, “Find the gray

patch on the scale that you think would melt into the color of the
area in question if you could detach it from the scale and move it
over the area to be matched. If the color looks too bright for any of
the patches, click on the upper triangle. If the color looks too dark,
click on the lower triangle.”

EXPERIMENT 1
Test-Retest Reliability of

Achromatic Color Matches

Method
Procedure and Analysis. All the observers performed a total of

four sessions [two tests and two retests; in order: test(1), test(2), few
days pause, retest(1), retest(2)], except for Observer N.B., who per-
formed six sessions. Each retest session was completed at least 1 day
after the test and no later than 3 days after. Each pair of sessions was
administered in the same random order. Matches in the first session

were compared with those in the second session by computing sep-
arate test–retest reliabilities for the black-, white-, and split-surrounded
matching scales (henceforth, the black, white and split scales) and for
incremental and decremental disk–ring arrangements.

Results and Discussion
Table 1 summarizes test–retest correlationsfor each ob-

server, matching increments and decrements with each of
the three scales. Increments and decrements were defined
in relation to the given surrounding luminance. Thus, the
disk was an increment or decrement relative to the ring,
whereas the ring was an increment or decrement relative
to the general background, independent of its relation to
the disk. Computation of the individual correlations in-
cluded the out-of-range judgments, coded as a match equal
to 0 for the lower out-of-range judgmentsand a match of 10
for the upper out-of-range judgments.

Figure 5 plots matches in the first session against
matches in the second session for each of the three scales
and for all observers, excluding out-of-range judgments.
Individual reliability coefficients were all highly satisfac-
tory, ranging from r(19) = .82 to r (27) = .99, without any
systematic difference between scales or between matches
to increments and decrements.

Tables 2, 3, and 4 summarize frequencies of out-of-
range judgments as a function of type of scale, increments
and decrements, and consistency.Several things are note-
worthy. As is shown in Table 2, essentially all of out-of-
range judgmentson the white and the split scales occurred
with increments, whereas most out-of-range judgmentson
the black scale occurred with decrements. As is shown in
Table 3, upper out-of-range judgments occurred twice as
often as lower out-of-range judgments. Most likely, this
asymmetry was due to the fact that the minimum relative
luminance value in the stimuli was 0.1 (approximately, a
Munsell value of 3.6/), whereas the maximum was 0.85
(approximately9.5/). Note also that all upper out-of-range
judgments occurred with increments, whereas all lower
out-of-range judgmentsoccurred with decrements. Table 3
also demonstrates that the observers were fairly consistent
when providing out-of-range judgments. In Table 4, fre-
quencies of consistent and inconsistentout-of-range judg-
ments are further subdivided by matching scale. Interest-

Table 3
Frequency (F) of Upper and Lower Out-of-Range Judgments
With Increments and Decrements and Percentages Relative

to 1,020 Matched Surfaces Within All Scales, Rounded
to the Second Decimal Digit

Increments Decrements

Judgments F % F %

Upper
Consistent 71 7 0 0
Inconsistent 35 3 0 0

Lower
Consistent 0 0 37 4
Inconsistent 0 0 13 1

Table 4
Frequency (F) of Upper and Lower Out-of-Range Judgments
in the Three Scales and Percentages Relative to 340 Matched

Surfaces Within Each Scale, Rounded to the Second Decimal Digit
Scale

Black White Split

Judgment F % F % F %

Upper
Consistent 5 1 57 17 13 4
Inconsistent 1 0 13 4 17 1

Lower
Consistent 36 11 0 0 1 0
Inconsistent 8 2 0 0 5 1
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ingly, the major contributor to the inconsistent judgments
was the split scale, which in fact yielded more inconsistent
cases than consistent ones. A test of independence con-
firmed that thispatternwas statisticallysignificant[x 2(2) =
25.03, p < .001].

Overall, these results demystify a common belief about
the matching method for measuring achromatic color. On
the basis of our observed reliabilities, there are little
grounds for the claims that the white scale is most reliable
for decrements, whereas the black scale is most reliable
for increments, or that an incremental scale is generally
more variable than scales including a white anchor. The
main difference between the scales appears to be in the lo-
cation of the out-of-range surfaces in the space of the se-
lected displays.

EXPERIMENT 2
Combining Matches on Different Scales

Method
Procedure and Analysis. All the observers completed 4 sessions

on different, randomly selected displays, except for observer G.J.,
who completed 22 sessions. Matches on the same images were com-
pared across scales in order to establish whether surfaces that could
not be matched on one scale could be matched on another and
whether matches from different scales could be combined into an
extended achromatic color scale. More precisely, for each observer,
we plotted matches on the white scale against matches on the black
scale and matches on the white scale against matches on the split
scale. Next, we determined by regression analysis whether the matches
on different scales were linearly related. Given that they clearly did,
we computed individual linear regression parameters to convert

Figure 6. Linear correlation between matches on the white- and
black-surrounded scales in 2 representative observers. The corre-
sponding regression parameters can be found in Table 2.

Figure 7. Linear correlation between matches on the white- and
split-surrounded scales for 2 representative observers. The corre-
sponding regression parameters can be found in Tables 5 and 6.
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matches on the black and the split scales to the same perceptual units
as those used for matches on the white scale. Linear relationship be-
tween scales was also confirmed by an analysis of residuals (i.e.,
subtracting data from the regression equations). The residuals from
upper values were compared with the residuals from lower values
with a one-way analysis of variance and a t test. Finally, we com-
pared the resulting extended-unit scale with the three individual
scales within the context of a simple model predicting the absolute
achromatic color of a surface as a function of two parameters, the
ratio of the luminance of the ring to the luminance of the disk, and
the ratio of the luminance of the general background to the lumi-
nance of the disk.

Results
Figure 6 plots matches of the same surface on the white

scale against corresponding matches on the black scale,
for 2 representative observers. Figure 7 presents the same
plot for matches on the white scale against corresponding
matches on the split scale. Both plots do not include out-
of-range judgments.Two thingsare noteworthy. First, there
is a clear linear relationship between the matches on dif-
ferent scales. More precisely, matches of a given surface
on the white scale can be predicted from the matches on
the black scale by adding approximately 2 Munsell units.
Conversely, matches on the white scale can be predicted
from the matcheson the split scale by addingapproximately
1 Munsell unit. More exact conversions can be performed
for all individual observers or for an ideal average ob-
server by using the regression parameters provided in Ta-
bles 5 and 6. The analysis of residuals confirmed, that the
relationship between scales is truly linear, since data
points were evenly distributedaround the regression equa-
tion with no bias. Second, the bivariate spread of the data
is comparable to that of the test–retest plots, suggesting that
the lack of a tighter relationshipbetween matches on differ-
ent scales is most likely due to random variability in the
matches, not to any systematicdifferencebetween the scales.

Closer inspection of the individual regression parame-
ters in Tables 5 and 6 reveals some individual differences.
By comparing individual parameter estimates and their
standard errors, it seems that all the individual slopes are
essentially equivalent and consistent with ideal-observer
slopes around 0.9, whereas individual y-intercepts show
greater variability. In particular, the y-intercepts of 3 ob-
servers (A.G., N.B., and T.A.) seem to be significantly
higher than those of the others. It is difficult, on the basis

of the present data, to determine what might have caused
this difference. Given that all the observers were between
25 and 35 years old, that they had no color vision abnor-
malities, to the best of their knowledge, and that no obvi-
ous sex difference was apparent, these factors are unlikely
to have caused the difference. It may be noted that Ob-
servers A.G., N.B., and T.A. were also those that were ex-
perienced in color matching.As an informal test of the hy-
pothesis that the difference was related to expertise, we
asked two leading investigators to perform sessions in the
experiment.Each of the latter observershad at least 20 years
of experience in performing achromatic color matches.
However, their individualestimateswere essentiallyequiv-
alent to those of our naive subjects. As a further check of
long-term effects, we asked Observer G.J. to complete two
more sessions of this study. At the beginning of the pres-
ent study, G.J. had never performed color matches, but he
later performed many additional matching sessions in a
follow-up project. Next, we compared his parameter esti-
mates from the first two sessions of the present data set
with those of the additional sessions. The additional ses-
sions were performed after about a month. Again, we did
not find any shift in the computed parameters. These in-
formal tests seem to rule out the possibility that the dif-
ference in individual intercepts was due to expertise.

Discussion
In general, it seems fair to say that matches from the

three scales can be combined into an extended achromatic
color scale, using regression equations. If we choose the
white scale units as the baseline and the ideal-observer pa-
rameters as the best estimates of the relationshipsbetween
the scales, the conversionof the three matches to extended
units is provided by the equations

Extended unit = white unit, (6)

Extended unit = 0.89 * black unit + 2.55, (7)

and

Extended unit = 0.93 * split unit + 1.23. (8)

After the conversion,it is possible to considereach match
as a comparable assessment of surface achromatic color.
For several surfaces, three such assessments are available.
For some other surfaces, some assessments are lacking.

Table 5
Individual Linear Regressions of the White-Surrounded

Scale on the Black-Surrounded Scale
Subject Slope 6 SE Constant 6 SE r2

A.G. 1.079 6 0.098 2.745 6 0.404 .770
F.M. 0.879 6 0.033 1.312 6 0.194 .912
G.J. 0.903 6 0.016 2.224 6 0.084 .924
I.C. 0.780 6 0.032 2.324 6 0.199 .896
C.R. 0.953 6 0.035 2.139 6 0.199 .922
N.B. 0.894 6 0.048 3.400 6 0.218 .843
P.B. 0.796 6 0.023 2.356 6 0.153 .937
T.A. 0.824 6 0.068 3.874 6 0.368 .781
Average 0.888 2.55

Table 6
Individual Linear Regressions of the White-Surrounded

Scale on the Split-Surrounded Scale
Subjects Slope 6 SE Constant 6 SE r2

A.G. 1.075 6 0.044 1.091 6 0.224 .924
F.M. 0.889 6 0.030 0.813 6 0.187 .929
G.J. 0.982 6 0.011 0.691 6 0.066 .954
I.C. 0.917 6 0.030 1.042 6 0.194 .931
C.R. 0.959 6 0.029 0.983 6 0.195 .945
N.B. 0.857 6 0.021 2.058 6 0.118 .951
P.B. 0.851 6 0.023 1.522 6 0.160 .947
T.A. 0.946 6 0.031 1.651 6 0.171 .926
Average 0.934 1.23
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These are the cases in which some of the scales yielded
out-of-range judgments. However, given that no surface
ever yielded out-of-range judgments on all three scales,
the resulting extended-unit scale encompasses the space
of all possible disk–ring displays. To test the potential ad-
vantages of the extended-unit scale, we compared our
matchingdata against the predictionsof a simple model of
achromatic surface color, for each of the scales separately,
against the matches combined on the extended scale.

A large literature suggests that the achromatic color of
a surface is a function of the luminance ratios between all
the surfaces in a given scene (Jacobsen & Gilchrist, 1988b;
Land & McCann, 1971;Wallach, 1948). In our simple dis-
plays, two such ratios are available: the ratio of the lumi-
nance of the ring to that of the disk and the ratio of the
general background to that of the disk. Applying the ratio
principle, we can express the relative achromatic color in
terms of the following two equations:

mr 2 md = k (log r 2 log d ) (9)

and

mg 2 mr = l(log g 2 log r), (10)

where r, d, and g are the luminances of the ring, the disk,
and the general background,and mr, md, and mg are the cor-
respondingmatches. CombiningEquations9 and 10 yields
an equation for the relative color of the disk to the general
background:

mg 2 md = k (log r 2 log d ) + l (log g 2 log r). (11)

Finally, reorderingEquation11 yieldsan equationfor the
absolutecolor of a given surface. For instance, for the disk,

md = k (log d 2 log r) + l (log r 2 log g) + mg. (12)

In terms of multiple regression, we can rewrite Equa-
tion 12 in a simpler way as follows:

md = a log d + b log r + c, (13)

where the constants a = k, b = l2k, and c = 2l log g + mg
are determined by regression analysis. On the basis of
Equation 13, therefore, the achromatic color of the disk
can be predicted from log d and log r if log g is constant.
To visualize the model, three dimensionsare needed, with
the log d, log r plane representing the predictor variables
and the expected arrangement of the data being a plane.
The data from Experiment 2 are plotted in this way in Fig-
ure 8. Consistent with the implementation of the ratio
principle of Equation12, the data are indeed quite close to
a plane.

To evaluate deviations of observed matches from the
predictions of the model, we plotted observed matches
against predicted matches. If the model predicts the achro-
matic color of the disk perfectly, all the points should lie
on a line with a unitary slope. These plots are presented in
Figure 9 for the observed matches in Munsell units, using
the white, black, and split scales, and in Figure 10 for all
the matches converted into extended units. The disadvan-
tages of the individual scales are apparent. First, none of
the individual scales can provide measurements for the
whole range of displays, with the white scale faring worst

Figure 8. Observed matches for the disk (D) as a function of the log lumi-
nance of the ring (R) and the general background. Matches are expressed in ex-
tended units (see the text).
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(as much as 23% out-of-range judgments). Second, all of
the individual scales exhibit clear ceiling (white and split
scales) or floor (black scale) effects. Thus, these plots con-
firm that the white scale can provide measurements only
in the lower-to-middle range of predicted achromatic col-
ors, the black scale can provide measurements only in the
upper-to-middle range, and the split scale appears to work
best in the middle-to-lower range. These disadvantages
are effectively solved by the conversion into extended
units, which provides measurements and a common met-
ric for all images.

CONCLUSIONS

Matching scales presented on different backgrounds
provide equally reliable measurements of surface color

within certain ranges. Outside of these ranges, individual
scales appear to become inadequate, and often observers
will report that a surface cannot be matched at all. How-
ever, also contrary to a commonly held view, matches ob-
tained from different scales are comparable once they are
converted to a commonunit.That is, achromaticcolorscales
presented on white, black, and split surrounds appear to
behave very much like different scales for temperature.
One can convert from one to the other once the conver-
sion function is known. The present work exploited this
fact to construct an ideal extended scale (obtained by con-
verting, in a common metric, the values measured with in-
dividualscales) for achromatic color that allowed us to ob-
tain reliable and valid measurements even for surfaces that
are perceived as unmatchable on some of the individual
scales. Using such an extended scale provides two impor-

Figure 9. Observed matches (Munsell units) against predictions based on Equation 12 for each of the three scales. Lower left and
upper right corners of each graph: proportion of lower and upper out-of-range judgments, out of 440. The data are from 1 represen-
tative observer.
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tant advantages over using any of the scales individually.
First, the extended scale provides a common metric for
matches of any surface within a generic scene, even if the
surface cannot be matched on one of the individualscales.
As we have shown in both experiments, unmatchable sur-
faces can be a substantial portion of the sampled stimulus
space even with displaysas simple as the disk–ring arrange-
ments used here. Thus, the extended scale provides a com-
parable measure for both increments and decrements and
for surfaces that border with more than one surrounding
region and are, therefore, an increment and a decrement at
the same time. Second, the extended scale provides a more
valid measurement of achromatic color for surfaces that
are close to the unmatchable region and that would, there-
fore, be affected by floor or ceiling effects. As was shown
in the second experiment, such effects are apparent with
all the three kinds of scales employed here.
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NOTE

1. We did not balance the split surround position (white always on
the left). However, if there is any bias due to the position of the highest
luminance in the global configuration,its effect is constant in all the con-
ditions.
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Figure 10. Observed matches (extended units) against predic-
tions based on Equation 12. Given that no image yielded out-of-
range judgments on all three scales, all the data can be plotted on
the same graph, each point corresponding to a combined esti-
mate of the match for a given surface. The data are from 1 rep-
resentative observer.


