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Abstract: Unique hue settings of 185 observers under three
room-lighting conditions were used to evaluate the accuracy
of full and mixed chromatic adaptation transform models of
CIECAMO? in terms of unique hue reproduction. Perceptual
hue shifts in CIECAMO2 were evaluated for both models
with no clear difference using the current Commission Inter-
nationale de l’]fclairage (CIE) recommendation for mixed
chromatic adaptation ratio. Using our large dataset of
unique hue data as a benchmark, an optimised parameter is
proposed for chromatic adaptation under mixed illumination
conditions that produces more accurate results in unique hue
reproduction. © 2011 Wiley Periodicals, Inc. Col Res Appl, 00, 000—
000, 2011; Published online in Wiley Online Library (wileyonlinelibrary.
com). DOI 10.1002/co0l.20725
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INTRODUCTION

Colour appearance models is an active research area with
the aim to extend basic colorimetry to predict how
observers perceive, describe and match colours in a wide
range of viewing conditions. Interest in colour appearance
models has been greatly stimulated by the need to predict
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colour inconstancy, evaluate colour rendering properties
of light sources and simulate colour reproductions under
different lighting conditions.

In the most common form, colour appearance models
consist of three stages: a chromatic adaptation transform
(CAT), a dynamic response function and a transformation
into a uniform colour space.! This article focuses on the
CAT, which models the ability of the human visual sys-
tem to adjust to changes in the illumination to preserve
approximately the appearance of object colours. In other
words, CATs allow the prediction of corresponding
colours under different illumination conditions.” The CIE
TC8-01 has recommended CIECAMO2 colour appearance
model for colour management applications,” which con-
sists of a modified version of the CMCCAT2000 CAT
model and equations for computing a set of perceptual
attribute correlates.* In a parallel technical report, CIE
TC 8-04 has also recommended a mixed and incomplete
CAT model® for comparing soft copy images previewed
on self-luminous displays and hardcopy images printed on
paper by using successive observations. Because of the
fairly limited corresponding-colour datasets, the CIE
has recommended a set of experiments to evaluate the
adopted ratio parameter of the chromatic adaptation
model and proposed future research directions towards the
formulation of a model that more closely follows the
human visual system.*>

The work presented in this article evaluates the per-
formance of the above CIE colour appearance models for
the common mixed illumination conditions where users
tend to view images on self-luminous displays in rooms
with sufficient ambient light for comfortable viewing. In
this context, previous studies using achromatic colour
matching experiments’® indicated shifts of 10-20%
caused by the ambient illumination. To test the hue repro-
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FIG. 1. Viewing patterns used in the experiment.

duction of colour appearance models, it is necessary to
assess the appearance of a coloured patch under different
adaptation conditions. A widely used assessment method
is asymmetric matching, where a test patch seen under a
particular chromatic adaptation is matched to a reference
patch viewed under a different adaptation; this requires
full adaptation of different parts of the retina to different
adapting lights (e.g. Ref. 9). An alternative method is to
ask observers to provide unique hue settings under differ-
ent illumination conditions, the advantage being that no
reference is necessary.'®

Unique hues'' are defined as pure colours such that
either a putative red-green channel is at equilibrium,
yielding unique yellow (UY) and blue (UB); or a putative
yellow-blue channel is at equilibrium, yielding unique red
(UR) and green (UG). In this study, we used unique hue
settings obtained using a hue selection method'*'® under
three different ambient illumination conditions to test
current colour appearance models. In addition to previ-
ously reported unique hue data obtained in a dark room,"”
we present two supplementary sets of unique hue data
assessed and then measured under mixed illumination
conditions. The unique hues under each illuminant were
predicted by using both full and mixed CATs embodied
in CIECAMO2. The performance of each CAT was eval-
uated by measuring perceptual hue differences between
predicted and observed unique hue settings. An optimized
adaptation parameter is suggested for mixed chromatic
adaptation under mixed illumination conditions, which
produces more accurate colour appearance predictions.

EXPERIMENTS
Methods

The experimental setup and the assessment of the
unique hues in a dark room have been described in previ-
ous articles.'”'* All stimuli were presented on a 21-inch
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SONY CRT display driven by a ViSaGe system (Cam-
bridge Research Systems, Kent). In addition to the dark
room data (first presented in Ref. 10), unique hue settings
were obtained from 185 colour normal observers under
two ambient illumination conditions: under a daylight
simulator (D65) and cool white fluorescent (CWF) light
sources. All three datasets were obtained using the same
CRT, the same stimuli and the same 185 colour-normal
observers.

Stimuli and Task

The hue selection interface adopted in the previous
experiments''* was also used to find the coordinates of
the four unique hues under room lighting conditions (Fig.
1). Each patch had a diameter of 2° of visual angle and
was presented at an eccentricity of 4°. For example, to
obtain unique red, 10 reddish patches of similar lumi-
nance and saturation were displayed on an annulus, and
the task of the observer was to indicate via a mouse press
which of these patches contained neither yellow nor blue.
Unique green was assessed in an analogous way. To
obtain unique yellow and unique blue, observers chose
that patch that contained neither red nor green. All four
unique hues were assessed at different lightness and
chroma levels to test hue uniformity.'® The nine particular
chroma and lightness combinations were chosen for each
unique hue in CIELUV colour space to maximize the
available gamut of the display while for each particular
trial only the hue attribute was varying to facilitate the
task.'®'* Stimuli were displayed on a CRT under either a
D65 simulator or a CWF light source (Fig. 2).

Before the beginning of the experiment, the light sour-
ces were equilibrated for at least 15 min, and each ob-
server was adapted to both, display and ambient light for
at least 5 min. During the experiments, each observer first
assessed unique hue stimuli under D65 and then under
CWEF. For each lighting condition, 108 unique hue stimuli
(four unique hues X nine different lightness-chroma
levels X three repetitions) assessed by 185 subjects and

(a) (b)

FIG. 2. Experimental setup under different room lightings.
(a) D65 simulator (b) CWF.
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TABLE |. Specification of room lighting for experiment.

TABLE Ill. Intra-observer variability.

Room lighting Lum X y CCT Intra-observer UR UG uy uB Mean
D65 41.3 0.3229 0.3453 5917 CRT (D65) 0.77 0.53 0.90 0.91 0.78
CWF 136.8 0.3890 0.3887 3866 CRT (CWF) 0.73 0.46 0.74 0.85 0.69

CRT (Dark) 0.97 0.66 1.07 1.06 0.94

19,980 assessments were made in total. The experiment
lasted ~50 min for each subject. For more details regard-
ing the experimental set up, please consult part I of this
study.'”

Ambient Illumination

A GTI ColorMatcher GLE MS5/25 installed in the
centre of a soundproof booth was used to provide two
lighting conditions: a D65 simulator for daylight and
CWF for typical office light. A white tile was placed
underneath the light sources and measured by a PhotoRe-
search PR-650 telespectroradiometer (TSR). Their specifi-
cations (luminance, CIE xy chromaticity and Correlated
Colour Temperature) are listed in Table I.

Unique Hue Data

After each experiment, the colour patches selected as
unique hues were redisplayed on the CRT and measured
with the TSR, under identical illumination conditions.
The unique hue settings were recorded in CIE XYZ tristi-
mulus values in the unit of cd/m2 based on the 2-degree
standard observer.'”

Observer Variability

Both inter-observer and intra-observer variabilities were
evaluated to measure the reliability of the unique hue
data. Inter-observer variability indicates the extent to
which individual observers agree with the average ob-
server, whereas intra-observer variability indicates how
consistent the individual observer is across different ses-
sions. The CIEDE2000 colour difference formula'® was
used to calculate the mean colour difference to the mean
value (MCDM)'’; for both inter-observer and intra-ob-
server variabilities for each group of experimental data. It
is noted that the mean value for inter-observer variability
represents the mean results between 185 observers,
whereas the mean results of three assessments in a differ-
ent time are used to calculate intra-observer variability.
The inter-observer and intra-observer variabilities results
for each unique hue and the overall mean are listed in

TABLE IlI. Inter-observer variability.

Tables II and III, respectively. The observer variability
for the unique hue data assessed in a dark room from the
previous study'” is also listed for comparison.

Comparing the intra-observer variability (Table III) for
the dark room condition with the mixed illumination con-
dition (D65 or CWF) indicates that observer has a smaller
variability for assessing all four hues in the mixed illumi-
nation condition. Equally, variability across observers
(Table II) was also lower under D65 or CWF compared
to the dark room condition. The lowest observer variabili-
ty was found for unique green, whereas for the other
three unique hues, it was found to be similar. The intra-
observer variability was roughly 50% of the inter-observer
variability.

RESULTS AND ANALYSIS

Using the measured unique hues settings as a reference,
the performance of full and mixed CAT models of CIE-
CAMO02 was evaluated by predicting the loci of the
unique hues under three room-lighting conditions. As
the human visual system adapts to the chromaticity of
the illumination to preserve the neutral appearance of the
white point,2 for each viewing condition, both CATs were
applied to the recorded tristimulus values of the unique
hue settings under one adapting light to predict the corre-
sponding unique hue settings under another adapted light.

In CAT method I, it was assumed that subjects were
fully adapted to the CRT. The white point of the monitor
was measured in each room lighting condition by a TSR
(Table 1IV) and used as the adopted white point. CIE-
CAMO2 was used to predict colour appearance attributes
for each unique hue stimulus, whereas the full CAT
model transformed unique hue data from the test viewing
condition to the standard equal-energy white condition.
The input parameters for CIECAMO2 are given in Table
IV. The Surround parameter was defined as “Average”
when the CRT was viewed in rooms with sufficient
ambient light.

In CAT method II, it was assumed that subjects were
adapted to both the white point of the CRT display and to
each of the ambient room illumination (Table I). The

TABLE IV. Input parameters for CIECAMO02 for

unique hue stimuli for full adaptation.

Inter-observer UR uG uy uB Mean

CIECAMO02 Kw Yw Zy Lw Yo Surround
CRT (D65) 1.44 0.95 1.76 1.76 1.48
CRT (CWF) 1.58 0.91 1.51 1.63 1.41 CRT (D65) 97.4 100.0 138.2 1171 20 Average
CRT (Dark) 2.30 1.17 1.92 1.97 1.84 CRT (CWF) 97.7 100.0 134.2 121.4 20 Average
Volume 00, Number 0, Month 2011 3



TABLE V. Input parameters for CIECAMO2 for unique
hue stimuli for mixed adaptation.

CIECAMO02 Xn Yn Zn Xa Ya Za  Ragp

413 397 0.6
136.8 78.2 0.6

D65 (D65) 1176 120.0 1676 38.6
CWF (CWF) 117.6 120.0 167.6 136.9

measured peak white in a dark room was used as the
main adopted white point (X,,Y,,,Z, in Table V), and the

light (X,,Y,,Z, in Table V). The mixed chromatic adapta-
tion model using the CIE recommendation of R,q, value
of 0.6° was adopted to transform unique hue stimuli
from the test mixed illumination condition to the stand-
ard equal-energy white condition, and CIECAMO2 was
used to predict their colour appearance attributes. The
remaining input parameters were the same for both
methods. The implementation of both colour appearance
models is described in detail in the CIE technical

measured room lighting was used to represent ambient  reports.>®
(a) CIECAMO2 (D65-1) (b) CIECAMO02 (D65-11)
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FIG. 3. Unique hue distribution in CIECAMO02 chromatic diagram. (a) Unique hue stimuli under D65 predicted by method
I. (b) Unique hue stimuli under D65 predicted by method Il. (c) Unique hue stimuli under CWF predicted by method I. (d)

Unigue hue stimuli under CWF predicted by method II.
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TABLE VI. Mean hue angle for unique hue settings in
CIECAMO2.

Mean hue UR uG uy uB

CRT (D65-1) 18.7 156.6 84.7 234.0
CRT (D65-I1) 14.4 165.7 83.3 239.0
CRT (CWF-I) 12.7 171.0 93.6 240.8
CRT (CWF-II) 13.2 170.1 92.5 2411
CRT (Dark) 14.2 164.6 83.6 235.4

Unique Hue Distribution in CIECAMO02

CIECAMO2 with two types of CATs was used to pre-
dict colour appearance attributes for each unique hue
stimulus under corresponding mixed illumination condi-
tions. Figure 3 shows the unique hue data in the CIE-
CAMO?2 a.b, chromaticity diagram. Each point in the dia-
gram represents a grand mean of unique hue settings
across 185 subjects in three experimental sessions. Each
diagram includes 36 points (nine lightness-chroma levels
tested X four unique hue) plotted in four different colours
and symbols, red, green, yellow and blue to demonstrate
each corresponding unique hue. Unique hue settings under
D65 calculated by methods I and II are denoted as D65-1
and D65-11 respectively [Figs. 3(a) and 3(b)], whereas
unique hue stimuli under CWF calculated by methods I
and II are denoted as CWF-I and CWF-II [Figs. 3(c) and
3(d)]. The mean of the nine unique hue stimuli in differ-
ent lightness-chroma levels for each unique hue and each
setting are listed in Table VI. In the last row, the results
for dark conditions were added for comparison.

Based on the reported variability in Tables II and III,
which support the theoretical framework, hue angles of
unique hue settings should be similar under different
lighting conditions. This is not the case in Fig. 3, where
there is clearly a larger scatter for UR and UG under
CWF comparing with that under D65, implying the
degree of hue differences vary for each CAT method.
This indicates that the current form of CAT models might
not compensate well for unique hue constancy when col-
our patches are viewed in different room lighting condi-
tions. Accordingly, in the next section, both CAT methods
are evaluated for each unique hue stimulus using our
measured unique hue data as a benchmark.

Testing Chromatic Adaptation Transform Models

Conventionally, the average colour difference (AE)
between observed and predicted data is used to measure
the performance of CAT models.® In this study, as we
focused on the accuracy of the unique hue reproduction,
the performance of each CAT was evaluated by the mean
perceptual hue difference (AH) in CIECAMO2 between
pairs of unique hue stimuli viewed under different light-
ing conditions.

The unique hue settings obtained in the dark room were
used as the reference stimuli and the unique hue settings
under D65 and or CWF room lighting were used as the

Volume 00, Number 0, Month 2011

test stimuli. CIECAMO2 was used to predict the hue
attributes for both reference and test stimuli, and the per-
ceptual hue differences between each corresponding pair
of test and reference stimuli were calculated by using Eq.
(1). Note that, as recommended by Li et al..* because AH
is not normally distributed, instead of using root mean
square, the mean perceptual hue difference (AH) is used
directly to measure the overall predictive hue error.

9

> |AH]

i— he: — hr:
AH :% where AH,' =2 CRiCTi sin (%)

(1)
Cr and Cr represent chroma, and /i and At denotes the
hue angle of reference and test stimuli.

An Optimized Chromatic Adaptation Ratio

In CAT method II, a mixed CAT with an R,q, value of
0.6 was adopted between monitor white point and ambi-
ent light based on the recommendation of CIE TC 8-04.
In CAT method III, we use our unique hue data to find
the best-fitting parameter R,qp; We estimated R4 through
an optimization routine so that the mean perceptual hue
difference [Eq. (1)] between unique hue settings under
dark room and under mixed illumination conditions was
minimized. It was found that the best performance can be
achieved when R,q, is equal to 0.75 and 0.80 for D65 and
CWEF room lightings, respectively. This mixed CAT with
an optimized R,q, (CAT method III) is then compared
with the existing methods I and II.

Comparison of Models

For each chromatic adaptation model, the average per-
ceptual hue difference of the nine stimuli (nine different
chroma-lightness levels) for each unique hue is calculated
according to Eq. (1) and listed in Table VII. A small hue
difference (AH) indicates a good performance of the CAT
method (I, II or III) in terms of unique hue reproduction.
Perceptual hue differences are derived for both illu-
mination conditions (D65, CWF) in relation to the dark
condition.

For both illumination conditions (D65 and CWF), we
performed a two-way ANOVA (factor 1: CAT method-I,

TABLE VII. Mean perceptual hue differences in
CIECAMO02 for wunique hue stimuli under two
illuminants.
AH UR uG uy UB Mean
Dark versus D65-1 3.3 3.3 0.6 0.8 2.0
Dark versus D65-II 1.0 1.6 0.8 2.4 1.4
Dark versus D65-IlI 1.7 1.2 0.6 0.9 1.1
Mean (Dark vs. D65) 2.0 2.0 0.7 1.4 1.5
Dark versus CWF-I 8.3 9.2 1.3 1.0 4.9
Dark versus CWF-II 3.8 6.4 3.0 4.1 4.3
Dark versus CWF-II 5.3 4.7 1.5 1.5 3.3
Mean (Dark vs. CWF) 5.8 6.8 1.9 2.2 4.2
5



TABLE VIII. P value of
different models.

comparisons between

P values UR UG uy uB
D65-I versus D65-I 7.6E-05  9.3E-03 0.54 6.8E-03
D65-I versus D65-11I 2.8E-10  1.4E-07 0.31 0.69
D65-I1 versus D65-IlI 0.0 0.59 0.21 6.2E-06
CWEF-I versus CWF-II 1.4E-02 0.2 7.6E-05 9.0E-03
CWEF-I versus CWF-III 7.6E-11  6.0E-09 0.26 0.40
CWEF-II versus CWF-III 0.32 0.46 1.7E-04  1.8E-04

-II or -III; factor 2: unique hue — UR, UG, UY, UB) to
test whether there are differences in the model perform-
ance and whether these differences are specific to particu-
lar hues.

For D65, model performances are significantly different
[F(2,48) = 16.34, P < 0.0001). Both mixed adaptation
models (D65-II and D65-IIT) resulted in a significantly
smaller perceptual error (mean error 1.4 and 1.1) than
method I (D65-I; mean error = 2.0). Method III outper-
formed method II, but this difference did not reach
statistical significance. The observed differences in model
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performances are not uniform across the four unique hues
[i.e., significant interaction between model and hue;
F(6,48) = 17.13, P < 0.0001]. To evaluate this difference
in model performance for each of the four unique hues,
posthoc ¢ tests were performed. Table VIII shows the P
values for all pairwise model comparisons; significant (P
< 0.05; Bonferroni-correctedlx) comparisons are under-
lined. Mixed-adaptation models (D65-11 and D65-II) out-
perform CAT model I, but only for red, green and blue;
for yellow all models perform equally well. Model III
yields smaller perceptual errors than model II only for
blue.

A similar pattern of results is obtained for illumination
CWF; we find again significant model performance differ-
ences [F(2,48) = 4.3, P = 0.0192]. In contrast to the D65
results however, only method III outperforms method I
(see Table VII) for CWF. The model performance differ-
ences are again specific to particular hues (significant
interaction between model and hue: F(6,48) = 5.5, P =
0.0002. Posthoc pairwise comparisons are shown in Table
VIII: Model III outperforms Model I for the red and green
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FIG. 4. Predicted hue angle differences [calculated according to Eq. (2)] for all four unique hues and both illumination
conditions. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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predictions, whereas no significant difference in model
performance is present for yellow and blue. In fact,
Model II performs worse than Model I in the latter cases.
All significant pairwise differences (P < 0.05; Bonfer-
roni-corrected) are underlined in Table VIII.

In summary, for both illumination conditions (D65 and
CWF), the mixed chromatic adaptation model with the
optimised adaptation parameter (Method III) outperforms
method I but depends on the particular hues. The hue
shifts were found to be larger for CWF than for D65
room lighting for both methods, which indicates poor per-
formance for both CATs for CRT displays viewed in
unfamiliar lighting conditions.

Figure 4 illustrates the hue angle shifts for all four hues
at the nine different lightness-chroma levels. The four
panels a, b, ¢ and d represent hue shift for UR, UG, UB
and UY respectively. For each unique hue, the hue angle
difference (Ah) is calculated by Eq. (2) and represents the
hue shift between the reference stimulus and the stimulus
predicted by the three different CAT methods under both
illuminations.

Ah = hg — hr (2)

where Ah, hg and hr represent the hue angle differ-
ence, reference hue angle and test hue angle, respec-
tively.

In total, six sets of predictions were made: three differ-
ent methods (CAT 1, II, III) for two illumination condi-
tions (D65 and CWF). Each data point in the figure repre-
sents the mean hue angle shift for a particular unique hue
at a specific lightness-chroma level, averaged over 185
observers. A hue angle shift close to zero indicates a
good agreement between unique hues in different viewing
conditions and therefore implies a good performance of
the CAT method in terms of unique hue reproduction.
Error bars (95% confidence intervals) are also plotted for
each data point to indicate significant differences from
Zero.

Figure 4 illustrates two main points. First, hue shifts
are much smaller for UY and UB than for UR and UG
[note the different scales on Figs. 4(a) and 4(b) in com-
parison to Figs. 4(c) and (d)] when the reference CRT
stimulus viewed in a dark room is transformed to either
D65 or CWF room lighting. For UR and UG, the
predicted hue differences between the two illuminants are
always significantly different from zero for all three
methods and indicate that current chromatic adaptation
models cannot produce satisfactory results for red and
green hue reproduction. Second, hue shifts are much larger
for CWF compared to D65 for all four unique hues.

The best performance for unique hue reproduction was
achieved with CIECAMO2 for mixed chromatic adapta-
tion when R,qp, was equal to 0.75 and 0.8 for D65 and
CWF ambient light conditions, respectively. Following
the CIE recommendation for a single factor for both
viewing conditions the best performance can be achieved
when R, is equal to 0.77.
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CONCLUSIONS

Unique hue judgements from a large number of colour-
normal observers (n = 185) were obtained under three
different room-lighting conditions using a CRT display.
These unique hue data were used to evaluate the perform-
ance of both full and mixed CATs of CIECAMO2 for
three lighting conditions by measuring the perceptual hue
differences between predicted and observed pairs of
unique hues stimuli. The evaluation of the performance
for both models resulted in large predictive errors particu-
larly when the light source of the room had large devia-
tion from the white point of the monitor.

Our results confirm that incorporation of a mixed adap-
tation parameter improves the reproduction of unique hues
in both viewing conditions (D65, CWF) while it was also
found that the adaptation parameter varies for each light-
ing condition.'” Specifically, the current CIE recommen-
dation (R,q, = 0.6) for the mixed adaptation produced
better performance than the single adaptation for UR and
UB but worse performance for UY and UB. Using our
optimized adaptation ratios (R,q, = 0.75) for D65 and
(Raap = 0.80) for CWF, the mixed CAT outperformed
significantly the full CAT for both room lighting
conditions.

This study complements existing research on colour
appearance models by presenting a new method to evalu-
ate the performance of mixed and full CAT for colours
on display devices without the need of external reference
and by proposing two optimized adaptation ratios, which
predict more accurately hue attributes on display devices
viewed in two different ambient illumination conditions.
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