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Color Matching Experiments Using Six-Primary Display
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*** Akasaka Natural Vision Research Center, National Institute of Information and Communica-
tions Technology, 2-17-28 Akasaka, Minato-ku, Tokyo 107-0052

We quantitatively investigated the color differences of two color-stimuli perceptually matched by
twelve observers due to variations of the observers’ color matching functions (CMFs). The
experiments were conducted using two different combinations of 3-primary constituting a 6-
primary display. The average color difference calculated using the CIE (Commission Inter-
nationale de I'Eclairage) 1931 CMFs was approximately 10 to 20, measured in JE units. The
inter-observer variations of the color-matching were also large. The CIE 1964 CMFs and Judd-
modified CMFs were also used for the evaluation, with the Judd-modified CMFs reducing the
average color difference to approximately 8 in 4E units. The simulation experiments using ten
sets of CMFs data measured by Stiles and Burch indicates that the variation of the observers’
CMFs brings large color difference in this experiment. This suggests that the performance of the
available CMFs and the variations among the observers’ CMFs significantly influence color-
imetric color reproduction when a 6-primary display is used.

Key words: multi-primary display, color reproduction, color matching functions, observer
metamerism
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Fig.1 Spectral power distributions displayed by Projector
1 (dotted line) and Projector 2 (solid line).
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Fig. 2 Ilustration of the apparatus used in the color-
matching experiments.
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Table1l CIE 1931 XYZ tristimulus values and L*a*b*
values measured in displayed areas.

Displayed area X Y Z L* a* b*

Background 3242 3926 31.68 100 0 0

Proximal field 12.64 15.35 13.99 68.82 —0.46 —6.06
Red 11.57 954  6.62 56.39 4254  6.12
Green 12.48 19.73 941 76.23 —33.91 25.57

Blue 879 8.64 2381 54.04 21.64 —61.09
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Table 2 CIE 1931 XYZ tristimulus values of the target stimulus, the matching stimulus, and the color differences for individual
subjects.

Red stimulus

Target stimulus Matching stimulus Color difference
X Y Z X Y Z AX AY A7
1S 11.54 9.90 6.43 10.70 9.29 4.39 —0.83 —0.61 —2.04
NB 11.56 9.79 6.50 10.40 9.20 5.15 —1.16 —0.59 —1.35
TT 11.43 9.47 6.53 10.87 9.35 5.75 —0.56 —0.12 —0.78
AT 11.65 10.05 6.48 11.01 9.74 5.68 —0.64 —0.30 —0.80
MY 11.64 9.32 6.89 10.56 8.72 5.27 —1.08 —0.60 —1.62
SJ 11.79 9.61 6.75 10.29 8.70 5.09 —1.51 —0.91 —1.66
FK 11.76 9.62 6.75 10.58 9.04 5.35 —1.18 —0.58 —1.40
NK 11.58 9.33 6.64 9.53 8.41 458 —2.05 —0.91 —2.06
OK 11.33 9.27 6.54 10.26 8.87 4.76 —1.07 —0.40 —1.77
KF 11.22 8.96 6.56 9.84 8.13 5.17 —1.39 —0.83 —1.39
uT 11.44 9.54 6.52 10.51 9.27 5.08 —0.93 —0.27 —1.44
YM 11.85 9.58 6.81 11.19 9.24 5.18 —0.66 —0.34 —1.63
Avg. 11.57 9.54 6.62 10.48 9.00 5.12 —1.09 —0.54 —1.50
Green stimulus
Target stimulus Matching stimulus Color difference
X Y Z X Y Z AX AY A7
1S 12.55 19.85 9.21 10.95 19.74 7.80 —1.60 —0.12 —1.41
NB 12.50 19.82 9.22 11.47 19.13 7.70 —1.03 —0.69 —1.52
TT 12.36 19.55 9.30 11.55 19.23 8.35 —0.82 —0.32 —0.95
AT 12.62 20.00 9.25 11.76 18.54 8.28 —0.85 —1.46 —0.97
MY 12.41 19.54 9.65 10.42 17.70 7.36 —1.98 —1.84 —2.29
SJ 12.88 20.35 9.72 11.78 19.97 8.43 —1.10 —0.38 —1.29
FK 12.38 19.62 9.49 10.77 19.18 7.40 —1.62 —0.44 —2.09
NK 12.33 19.49 9.51 12.45 19.82 7.84 0.11 0.33 —1.67
OK 12.32 19.47 9.31 10.86 19.61 6.78 —1.46 0.14 —2.53
KF 12.19 19.22 9.40 10.95 17.65 8.72 —1.24 —1.58 —0.68
uT 12.43 19.65 9.25 11.62 19.74 7.03 —0.81 0.09 —2.23
YM 12.76 20.18 9.61 10.80 19.44 7.07 —1.96 —0.74 —2.54
Avg. 12.48 19.73 9.41 11.28 19.15 7.73 —1.19 —0.58 —1.68
Blue stimulus
Target stimulus Matching stimulus Color difference
X Y Z X Y Z AX AY A7
1S 8.98 9.09 23.47 7.95 8.75 18.79 —1.03 —0.34 —4.68
NB 8.86 8.90 23.36 7.69 8.44 17.91 —1.17 —0.45 —5.45
TT 8.74 8.59 23.55 7.20 8.24 16.27 —1.54 —0.35 —7.28
AT 9.00 9.16 23.38 8.12 8.90 19.01 —0.88 —0.26 —4.37
MY 8.78 8.42 24.42 7.50 8.18 17.31 —1.28 —0.24 —7.11
SJ 8.88 8.67 24.22 7.48 8.19 17.67 —1.39 —0.48 —6.54
FK 8.91 8.69 24.29 7.73 8.19 17.64 —1.18 —0.50 —6.65
NK 8.69 8.39 24.08 7.17 7.92 15.82 —1.52 —0.47 —8.26
OK 8.65 8.41 23.59 7.02 7.75 15.35 —1.63 —0.66 —8.24
KF 8.54 8.22 23.66 7.51 7.81 19.87 —1.03 —0.42 —=3.79
uT 8.81 8.73 23.56 7.74 8.23 17.26 —1.07 —0.50 —6.30
YM 8.69 8.41 24.18 7.81 8.24 18.48 —0.88 —0.17 —5.70
Avg. 8.79 8.64 23.81 7.58 8.24 17.62 —1.22 —0.40 —6.20
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Table 3 Average color differences (Avg.) between RGB
target and matching stimuli calculated using the CIE 1931

o CMFs, the CIE 1964 CMFs, and the Judd-modified CIE 1931
5 = CMFs.
. | m = Ny
& .t: S a" pe H » CIE 1931 CMFs
e Avg. SD. Max.
0 -15 -10 5 0 -15 -10 5 0 15 10 5 R 9.5 3.5 15.5
o ' G 11.5 7.5 20.9
an o s B 19.1 5.1 26.0
Fig. 3 Color-difference distributions calculated using the
CIE 1931 color-matching functions. (a) Red stimulus, (b)
Green stimulus, (¢) Blue stimulus. CIE 1964 CMFs
Avg. SD. Max.
R 8.8 3.6 11.9
25 G 24.7 7.7 32.5
B 10.4 4.8 16.4
2
2 A CIE 1931x(1) Judd-mod. CMFs
= CIE 1931y(1)
2 15 -, CIE 19312( 1) Avg. SD. Max.
E . CIE 1964 x(1) R 6.2 3.7 12.6
£ . ———CIE 1964 y(1)
5 ! AN CIE 1964 z( 1) G 9.6 76 17.3
_g - = = Judd x(1) B 8.4 5.2 15.3
s = = = Juddy'(1) The corresponding standard deviation of the color difference
o " = = = Judd (1)
05

0
380 430 480 530 580 630 680 730 780
wavelength[nm]
Fig. 4 The CIE 1931 color-matching functions (bold lines),
the CIE 1964 color-matching functions (solid lines), and the
Judd-modified CIE 1931 color-matching functions (dotted
lines).
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Fig.5 Color-difference distributions calculated using the
CIE 1964 color-matching functions. (a) Red stimulus, (b)
Green stimulus, (¢) Blue stimulus.
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Fig. 6 Color difference distributions calculated using the
Judd-modified CIE 1931 color-matching functions. (a) Red
stimulus, (b) Green stimulus, (¢) Blue stimulus.
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(SD.) and the maximum color difference (Max.) are also
included.
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Fig. 7 Average color-differences by three observers
(square, triangle, diamond) in ten trials. Horizontal bars
of each point show standard deviations of Ja* and
vertical bars show standard deviations of 4b*. The
color-difference distributions calculated using the CIE
1931 color-matching functions are also shown. (a) Red
stimulus, (b) Green stimulus, (c) Blue stimulus.

(a) Red (b) Green (c) Blue
LY
LY
- 0A fa
A
A a4 ok
: i 3 = o : o
N i Sl s s, A
Ly ag A0 B
. . G . =]
s i
20 -15 -10 -5 51 0 -15 10 -5 EDEHst 0 -15 -10 -5 5
5 5
1o 1o 1o
Hax Aax Hax

Fig.9 Color-difference distributions in the psychophysical
experiments (triangles) and the simulation using Stiles and
Burch’s data (squares). (a) Red stimulus, (b) Green stimu-

lus, (c) Blue stimulus.

Table4 Average color differences of RGB stimuli
obtained by the simulation and experimentally.
Simulation Experiment
Avg. SD. Avg. SD.
R 4.8 3.5 9.5 3.5
G 4.5 4.7 11.5 7.5
B 11.9 7.3 19.1 5.1

Relative tristimulus values

380 430 480 530 580 630 680 730 780

wavelength [nm]

Fig.8 Individual 2° color-matching functions of ten
observers (Stiles and Burch).
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The corresponding standard deviations of the color difference
(SD.) are also included.
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