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Abstract

The RLAB color space has been tested for a variety of
viewing conditions and stimulus types.  These tests have
shown that RLAB performs well for complex stimuli and
not-so-well for simple stimuli.  This paper reviews the
various psychophysical results, interprets their dif-
ferences, and describes evolutionary enhancements to
the RLAB model that simplify it while improving its
performance.

Introduction

The accurate reproduction of color images in different
media has a number of requirements1.  One of the most
notable is the need to specify and reproduce color ap-
pearance across a range of media and viewing condi-
tions.  This cannot be accomplished using traditional
colorimetry which is only capable of predicting color
matches under identical viewing conditions for the origi-
nal and reproduction.  When viewing conditions such as
the luminance level, white-point chromaticity, surround
relative luminance, and cognitive interpretation of the
medium vary, a color-appearance model is necessary to
predict the appropriate image transformation required to
produce an image that closely resembles the color ap-
pearances of the original.

The RLAB color-appearance space was developed
by Fairchild and Berns for cross-media color reproduc-
tion applications in which images are reproduced with
differing white points, luminance levels, or surrounds2.

Since its development, the RLAB space has been sub-
jected to an extensive series of psychophysical compari-
sons with other color-appearance models.  This paper
reviews the RLAB space, briefly describes the results of
some visual evaluations of its performance, and outlines
the derivation of a revised version of RLAB.  The revi-
sions result in a simpler formulation of RLAB with per-
formance equal to or better than the original in all
applications evaluated to date.

Overview of RLAB

For a detailed derivation of the original RLAB equations,
the reader is referred to reference 2.  A descriptive sum-
mary of the philosophy and implementation of the RLAB
color-appearance space is given below.

RLAB was derived to have color-appearance pre-
dictors similar to those of the CIELAB color space3.
RLAB includes predictors of lightness, LR, redness-
greenness, aR, yellowness-blueness, bR, chroma, CR, and
hue angle, hR.  These appearance-predictors are calcu-
lated using equations virtually identical to the CIELAB
equations after the stimulus tristimulus values are trans-
formed to the corresponding tristimulus values for a ref-
erence viewing condition (D65, 318 cd/m2, hard copy).
The transformation is accomplished using a modified von
Kries-type chromatic adaptation transformation previ-
ously formulated by Fairchild4. The end result is that
the RLAB color space is identical to (and takes advan-
tage of the excellent performance of) the CIELAB color
space for the reference viewing conditions.  However,
for other viewing conditions, the more accurate chro-
matic-adaptation transform replaces the normalization
of tristimulus values inherent in the CIELAB equations.

The chromatic-adaptation transform utilized in
RLAB has several unique features.  The first is the capa-
bility to predict incomplete levels of chromatic adapta-
tion that result in highly chromatic “white-points” retaining
some of their chromatic appearance.  In addition, the
incomplete-chromatic-adaptation feature can be turned
on and off depending on whether or not cognitive “dis-
counting-the-illuminant” mechanisms are active or not.
These mechanisms are active when viewing hard-copy
images in an illuminated environment and inactive when
viewing soft-copy images.  A final unique feature is a ma-
trix in the transformation that modeled interaction between
the cone-types allowing the prediction of luminance-
dependent appearance effects such as the Hunt effect.

Another feature of the RLAB model is that the
power-function nonlinearities in the CIELAB equations
(cube root) are allowed to vary depending on the image-
surround conditions.  This is to model the change in
image contrast caused by changes in the relative lumi-
nance of the image surround.  For example, the dark sur-
round in which projected slides are typically viewed
causes the perceived contrast to be lower than if the same
image luminances were presented in an average surround
as is typical of a printed image.

Visual Evaluation of RLAB

A series of experiments have been undertaken to
visually evaluate the performance of various color-ap-
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pearance models under a variety of viewing conditions
using both complex stimuli (images) and simple color
patches.  This section reviews and summarizes the re-
sults of five such studies.  The performance of the RLAB
color-appearance model relative to the other models in
these experiments has provided a greater understanding
of its relative strengths and weaknesses.

Print-to-Print Image Reproduction
Experiment 1 examined the reproduction of printed

images viewed under different light sources at different
luminance levels.  Details of this experiment were de-
scribed by Kim, et al5. Four pictorial images were used
in this experiment.  The originals were viewed under a
CIE illuminant A simulator at a luminance level (white)
of 214 cd/m2.  Reproductions were viewed under fluo-
rescent CIE illuminant D65 simulators at one of three
different luminance levels (71, 214, and 642 cd/m2).  The
reproductions were produced by applying color-appear-
ance transformations as described by each of eight mod-
els.  The reproductions were viewed pairwise in every
possible combination and 30 observers were asked to
choose which image in each pair was a better reproduc-
tion of the original.  The data were then analyzed using
Thurstone’s Law of Comparative Judgements to derive
interval scales of model performance.  Confidence lim-
its were also calculated about each of the scale values.
The images were viewed using a successive-Ganzfeld
haploscopic viewing technique.6  The rank order of each
model’s performance (averaged over all images and con-
ditions) is given in Table I.  Models that did not perform
significantly differently than one another are given iden-
tical ranks.  Only the data for the five appearance mod-
els common to all of the experiments is given in Table I.
In experiment 1, the RLAB, CIELAB, Hunt, and von
Kries models all performed similarly, while the Nayatani
model performed significantly worse.  The other three
models performed worse than each of these five, which
is why they were not included in further experiments.

Table I.  Rank order of model performance in each of the 4
visual experiments.

Simple Object-Color Reproduction
Experiment 2 was virtually identical to experiment

1 with the exception that simple color patches on gray
backgrounds were used as stimuli rather than pictorial
images.  Details of this experiment were described by
Pirrotta.10  Ten different original colors, chosen to maxi-
mize differences between the appearance model predic-
tions, were used.  The originals were viewed under a

CIE illuminant A simulator at a luminance level (white)
of 73 cd/m2.  Reproductions were viewed under fluores-
cent CIE illuminant D65 simulators at a luminance of
763 cd/m2.  Nine different color-appearance transfor-
mations were evaluated using the same experimental
procedure and analysis as experiment 1 and viewed via
the successive-Ganzfeld haploscopic technique6 by 26
observers. The rank order of each model’s performance
(averaged over all colors) is given in Table I.  In experi-
ment 2, the Hunt model performed significantly better
than the others followed by the Nayatani, von Kries, and
CIELAB models with similar performance.  The RLAB
model performed significantly worse than all of the other
models in this experiment.  It is of interest that the
RLAB model performed best for pictorial images and
worst for simple color patches under similar experimen-
tal conditions.

Further analysis of the RLAB model showed that it
introduced an unwanted shift in the lightness of the color
samples upon changes in luminance level.  This resulted
in the poor performance of RLAB for the simple color
patches.  This problem was not apparent in the experi-
ments using pictorial images since the lightness shift
occurred for all of the image colors and the image con-
trast was properly reproduced.  This deficiency in the
RLAB model was traced to the C matrix, which models
interactions between the cone types.  The problem is
corrected by removal of the C matrix in the revised for-
mulation of RLAB given below.

Print-to-CRT Image Reproduction
Experiment 3 examined the performance of five

color-appearance transformations for reproductions of
printed original images as CRT-displayed images.  The
experiment was carried out using five different viewing
techniques to determine which was most appropriate for
such comparisons11. A memory-matching technique was
determined to be the best.  Thus, the memory-matching
results are summarized below.  Five different pictorial
images were used as originals.  In one session, the origi-
nals were viewed under a fluorescent CIE illuminant D50
simulator.  In the second session, the originals were
viewed under a CIE illuminant A simulator.  The repro-
ductions were viewed on a CRT monitor with CIE
illuminant D65 white-point chromaticities.  The lumi-
nance of white for all conditions was 75 cd/m2.  Both
the originals and reproductions were viewed with white
borders, gray backgrounds, and dark surrounds.  Fifteen
observers took part in this experiment.  A paired-com-
parison experiment with data analysis similar to the first
two experiments was used.  The model-performance rank
order (averaged over images and print white points) is
given in Table I.  This experiment proved to be the most
sensitive test of model performance with each model per-
forming significantly differently than the others.  The
order of performance from best to worst was RLAB,
CIELAB, von Kries, Hunt, Nayatani.  The problems ex-
hibited by RLAB in experiment 2 were not apparent in
this experiment due to the use of equal luminance levels
and complex images.

Model Exp. 1 Exp. 2 Exp. 3 Exp. 4

RLAB2 1 5 1 1

CIELAB3 1 2 2 2

von Kries7 1 2 3 2

Hunt8 1 1 4 4

Nayatani9 5 2 5 (5)
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CRT-to-Projected Slide Image Reproduction
Experiment 4 was carried out in a manner similar to

experiment 3.  However, the original images were pre-
sented on a CRT display with white-point chromaticities
of either CIE illuminant D65 at 53 cd/m2 or CIE
illuminant D93 at 60 cd/m2 and the reproductions were
projected 35mm transparencies with a white-point cor-
related color temperature of 3863K at a luminance of
109 cd/m2.  The CRT images were viewed in a dim sur-
round of office lighting and the projected transparencies
were viewed in a dark surround to test the models’ abili-
ties to predict surround effects.  Fifteen observers com-
pleted the experiment.  The data were collected using a
memory matching technique and analyzed in a way simi-
lar to the first three experiments.  The Nayatani model
was excluded from the psychophysical experiments since
the images produced by it were clearly inferior to those
produced by other models.  The rank order results (aver-
aged over three pictorial images) are given in Table I.
The RLAB model performed best followed by CIELAB
and von Kries in a tie, Hunt performed the worst of the
models actually evaluated.  Details of this experiment
are described by Fairchild, et al.12 in these proceedings.

Image and Color Dependence
It should be noted that the results described in this

paper are the overall average results for each experiment.
There are many details worthy of further investigation
in the complete results of each experiment.  For example,
the performance of the models is typically somewhat
image dependent.  Usually the rank order of the models
remains approximately the same, but occasionally more
drastic dependencies can be noted.  For example,
CIELAB performs poorly for blue hues.  Thus, if an ex-
periment were designed using images that all had a pre-
ponderance of blue, the performance of CIELAB would
likely be much worse than indicated by the results sum-
marized above.  The same is also true for experiment 2
in which simple color patches were used.  The models’
performance differed for the various colors investigated.
This color dependency is likely to be a major cause of
the observed image dependency.

Evolution of RLAB

The RLAB model performs as well as, or better than, all
of the other color-appearance transformations in the ex-
periments dealing with images.  Since the original ob-
jective in the derivation of RLAB was to develop a simple
model that would perform at least as well as more com-
plicated models in color reproduction applications it
seems that it has been successful.  However, the poor
performance of RLAB in experiment 2 highlighted a flaw
in the model that could easily be corrected without af-
fecting the good performance in the other experiments.
In addition, further simplifications of the equations have
been derived that allow easier implementation and in-
version of the model (both necessary for imaging appli-
cations).  This was accomplished by replacing the
“if-then” linear/power functions of the CIELAB equa-

tions with approximately equivalent simple power func-
tions that do not require the “if-then” implementation
and its complex inversion.  Further flexibility was added
to RLAB by allowing the cognitive “discounting-the-
illuminant” mechanisms to be partially active.  This is
likely the case in situations such as large projected trans-
parencies in a darkened room.  Lastly, the capability to
express hue as percentage combinations of the unique
hues was added to provide a more precise definition of
perceived hue.  These changes are detailed below in the
new RLAB equations.

Summary of RLAB Equations

The following equations describe the forward implemen-
tation of the new RLAB equations.  Changes are de-
scribed as they are presented.  One begins with a
conversion from CIE tristimulus values (Y = 100 for
white) to fundamental tristimulus values as illustrated
in Eqs. 1 and 2.

L

M

S

= M

X

Y

Z

(1)

M =
0.4002 0.7076 −0.0808

−0.2263 1.1653 0.0457

0.0 0.0 0.9182

(2)

The next step is calculation of the A matrix that is
used to model the chromatic adaptation transformation.

A =
aL 0.0 0.0

0.0 aM 0.0

0.0 0.0 aS

(3)

aL = pL + D(1.0 − pL )

Ln

(4)

PL = (1.0 + Yn
1/3 + 1E )

(1.0 + Yn
1/3 + 1.0 / 1E

(5)

lE = 3.0(Ln / 102.70)

Ln / 102.70 + Mn / 98.47 + Sn / 91.82
(6)

The a terms for the short- (S) and middle-wavelength
(M) sensitive systems are derived in a similar fashion
using analogous functions.  Yn is the absolute adapting
luminance in cd/m2.  Terms with n subscripts refer to
values for the adapting stimulus.  The D factor was added
in Eq. 4 to allow various proportions of cognitive “dis-
counting-the-illuminant”.  D should be set equal to 1.0
for hard-copy images, 0.0 for soft-copy displays, and an
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intermediate value such as 0.5 for situations such as pro-
jected transparencies in completely darkened rooms.

After the A matrix is calculated, the tristimulus val-
ues for a stimulus color are converted to corresponding
tristimulus values under the reference viewing conditions
using Eqs. 7 and 8.

Xref

Yref

Zref

= RAM

X

Y

Z

(7)

R =
186.01 −112.95 21.98

36.12 63.88 0.0

0.0 0.0 108.89

(8)

The RLAB coordinates are then calculated using
Eqs. 9-13.

LR = 100(Yref / 100.00)σ (9)

aR = 430[(Xref / 95.05)σ − (Yref / 100.00)σ ] (10)

bR = 170[(Yref / 100.00)σ − (Zref / 108.88)σ ] (11)

CR = (aR )2 + (bR )2 (12)

hR = tan−1(bR / aR ) (13)

Equations 9-11 have been simplified as described
above to avoid complexities in the implementation and
inversion of the CIELAB-style equations.  The exponents
have changed slightly, but their ratios have remained the
same.  For an average surround σ = 1/2.3, for a dim sur-
round σ = 1/2.9, and for a dark surround σ = 1/3.5.  The
hue composition, HR, can be calculated via linear inter-
polation of the values in Table II.  These were derived
based on the notation of the Swedish Natural Color Sys-
tem (NCS).  Example values are listed in the table in
italics.  The inversion of the revised RLAB equations is
straightforward.

Table II.  Data for conversion from hue angle to hue com-
position

Comparison of New and
Old RLAB Equations

To compare the new and old RLAB equations, a sample
of 125 colors was generated (5 levels each of X, Y and
Z).  The RLAB coordinates of each of these colors were
calculated with both the old and new equations and then
the RLAB (i.e. CIELAB) color differences between the
old and new predictions were calculated.  For an aver-
age surround the mean color difference was 6.18 units
with a maximum of 12.17.  The mean color differences
were 5.49 and 4.94 with maximums of 11.40 and 10.56
for dim and dark surrounds respectively.  While these
changes might seem large, they are not significant when
compared to the inter-observer variability in color-ap-
pearance judgments which can often exceed 20 CIELAB
units13 and the differences between similarly-perform-
ing color-appearance models which are even larger.  It
should also be noted that the gamut of the 5X5X5 XYZ
sampling (a simulation) far exceeds the gamut of physi-
cally realizable colors, thus producing a more rigorous
comparison of the equations.  The changes are not sys-
tematic as illustrated in Figure 1, a vector plot indicat-
ing the change from the old to new RLAB equations.

Figure 1. Vectors indicating the magnitude of the change from
the old to new RLAB equations for an average surround.

Conclusion

The RLAB color-appearance space performs as well as
or better than more complex appearance models in im-
aging applications.  This is likely due to the complex
nature of image-color appearance judgments in compari-
son with judgments of simple color patches.  The added
complexity in other appearance models might be useful
for predicting subtle color-appearance effects. However,
these effects are apparently masked in image judgments.
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The RLAB equations have been further simplified while
at the same time improving their performance for all
types of applications.

The Hunt model performed very well in experiment
2 on simple patches.  Thus it is surprising that it did not
perform equally well in other situations.  One reason for
this is some ambiguity in deciding the values of the vari-
ous parameters in the Hunt model for a particular appli-
cation.  The model was implemented exactly as published
in the above experiments.  However, it is clear that the
Hunt model can perform as well as the RLAB model if
its various parameters are optimized to the particular
viewing conditions.13  An advantage of the RLAB model
is that its simplicity leaves little room for ambiguity in
its implementation.
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