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Table 1 Colorimetric characteristics of three reference stimuli

calculated by CIE 1964 10° CMFs

Stimulus Y Ko Yo uly o
White 100. 0 0.347 0. 356 0.211 0. 487
Red 14.2 0.513 0.352 0.331 0.511
Blue 8.0 0.219 0.201 0.176 0.363
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Fig. 2 Diagram of experimental equipments
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Table 2 Observer variations in different primary sets

(')bs.er\'/er* Al o) : : L2 : : : : L4 : :

variation 2.9 5.7 8.6 11.0 2.9 5.7 8.6 11.0
Maximum 0.0158 0.0127 0.0146 0.0112 0.0119 0.0178 0.0126 0.0152
oé:ze\l/ier Minimum 0.0002 0. 0001 0.0003 0. 0001 0.0001 0. 0003 0.0001 0. 0001
Mean 0.0042 0.0037 0.0042 0.0036 0.0044 0.0039 0. 0040 0.0038
Maximum 0.0255 0.0332 0.0264 0.0317 0.0297 0.0297 0.0333 0.0298
otl)::i:er Minimum 0. 0004 0. 0004 0.0003 0. 0005 0. 0005 0. 0001 0.0003 0. 0008
Mean 0. 0069 0. 0069 0.0076 0.0074 0.0087 0.0082 0.0082 0.0084
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Fig. 3 Spectral cone response of CIE CMFs in different FOVs. (a) Six CIE 2006 CMFs; (b) four CIE CMFs
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2.9° 10.0120 | 0.0138 | 0.0099 [ 0.0095 | 0.0103 | 0.0114 | 0.0125 | 0.0135 | 0.0143 | 0.0150 | 0.0157 0.0163
5.7° 10.0148 | 0.0112 [ 0.0115 | 0.0092 | 0.0088 | 0.0092 | 0.0100 | 0.0109 | 0.0116 | 0.0123 | 0.0129 0.0135
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Fig. 4 Accuracies of color matching by the all the observers using CIE CMFs in different field of views
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Table 3 Matching accuracy of different color stimuli calculated by CIE CMFs

CIE CIE CIE CIE CIE CIE CIE CIE CIE CIE
“olor FOOV / CIE CIE 2006 1° 2006 2° 2006 3° 2006 4° 2006 5% 2006 6° 20067° 20068 2006 9° 20006
© 1931 1964 (21) (21) (21) (21) (21) (21) (21) (21) (21) (21)
2.9 0.0096 0.0094 0.0073 0.0063 0.0066 0.0072 0.0080 0.0087 0.0093 0.0098 0.0103 0.0107
) 5.7 0.0116 0.0077 0.0088 0.0065 0.0057 0.0058 0.0061 0.0066 0.0071 0.0076 0.0081 0.0085
White 8.6 0.0118 0.0072 0.0090 0.0067 0.0059 0.0057 0.0058 0.0062 0.0065 0.0070 0.0074 0.0078
11.0 0.0122 0.0072 0.0093 0.0071 0.0062 0.0059 0.0059 0.0062 0.0066 0.0070 0.0074 0.0078
2.9 0.0098 0.0086 0.0094 0.0077 0.0075 0.0077 0.0079 0.0083 0.0085 0.0089 0.0091 0.0093
5.7 0.0124 0.0082 0.0118 0.0092 0.0084 0.0081 0.0080 0.0080 0.0081 0.0083 0.0084 0.0085
Red 8.6 0.0122 0.0077 0.0116 0.0090 0.0081 0.0077 0.0076 0.0076 0.0076 0.0078 0.0079 0.0080
11.0 0.0126 0.0077 0.0119 0.0094 0.0084 0.0080 0.0077 0.0076 0.0076 0.0077 0.0077 0.0078
2.9 0.0165 0.0233 0.0132 0.0145 0.0168 0.0193 0.0216 0.0235 0.0252 0.0264 0.0277 0.0288
5.7 0.0203 0.0179 0.0139 0.0119 0.0123 0.0138 0.0159 0.0179 0.0196 0.0210 0.0223 0.0235
Blue 8.6 0.0226 0.0177 0.0160 0.0130 0.0127 0.0140 0.0159 0.0178 0.0195 0.0209 0.0222 0.0234
11.0 0.0224 0.0176 0.0160 0.0132 0.0130 0.0139 0.0158 0.0177 0.0194 0.0207 0.0221 0.0232
2006 7° CMFs £ ¥l i i , CIE 2006 CMF's (19 #1 #1154 200~300 pm &b %% B 35 WA, b6 5 40 AR 10 A8 Ak, 2 A7 TRk

SR TR I AR GE B . i B 3(b) I A kB,
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2006 CMFs I 45 1T 3500 A S 50y 3 m 2 () Ty (2)
T T A 0 (L I8 K A 34 1) S O T A RS L 2 (A) 38 T 1)
U (% < 3 i 7 2R S R . 25 A R A P R R AR
&P CIE 2006 2°F1 CIE 2006 3° CMFs A # i iy it 3
P, TESE AP AR F R IAT CIE 2006 9 10490 £ h (1 i
T T Al T ONHR T R A 2 A G T e R X b R A
o R TR R AR T —E R

i

3.2.3 #F CIE 2006 CMFs R B 4L & ++ 5 % fe 69 5 A
L
) A i B 5T TP SR 4R G H B € DT I (2

i TR MRS WS AER 224,18 A CIE
2006 (1°~10") CMFs it & H 45 & Fl Ut i 2[5 1Y

1133001-5



ACu', o), S5 33 4 T i Mean(6) 7, oy 64~ 33t
GRIPE AT R . 72 4 I 7R R R 104

F43%5 F 11 H/2023 F£ 6 B/ RFFR

GARIE  L2~L7 AL G P S i B AU AR BT LD
IR .G Bl 2z

CMFs it B Rtk L1 5 H s (1) RGB J5 (4 41
# 4 CIE 2006 CMFs AN [7] 40 £ 2 80 11 551 AR A 45
Table 4 Performance of CIE 2006 CMF's using different FOV's
L5 L6 L7

CMFs L1 L2 (R) L3(G) L4 (B) (G4B)  (RLB)  (RLG) Mean (6) Mean (3)
CIE 2006 1° (22) 0. 0044 0. 0085 0.0111 0. 0083 0.0151 0.0129 0.0179 0.0112 0. 0094
CIE 2006 2° (22) 0. 0042 0.0062 0.0075 0. 0065 0.0099 0.0084 0.0101 0.0075 0. 0067
CIE 2006 3° (22) 0.0042 0. 0054 0.0061 0. 0058 0. 0080 0.0070 0.0076 0.0063 0.0057
CIE 2006 4° (22) 0.0042 0.0051 0. 0060 0. 0059 0. 0080 0.0070 0.0073 0.0062 0. 0056
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China

Abstract

Objective

Color matching functions (CMFs) play a critical role in color science and management. Accurate colorimetry

starts with accurate CMFs. Due to changes in the cone pigment optical densities and macular pigment at different retinal
locations, different CMFs are required for different fields of view (FOVs). Currently, the CIE 1931 2° CMFs are
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recommended for a FOV between 1° and 4°, while the CIE 1964 10° CMFs are recommended for a FOV beyond 4°. In

2006, the committee derived a model to estimate the cone fundamentals for normal observers with a FOV ranging from 1°

to 10°. With the development of wide color gamut displays and display devices for different application scenarios, several
recent studies have disclosed that the field size can have a large impact on CMFs, and hence the colorimetric values are
derived from them. It is worth systematically investigating the accuracy and performance of the CMFs recommended by

International Commission on illumination (CIE) concerning the parameter of FOVs.

Methods In this study, a series of color matching experiments using spectrally narrowband primaries are performed.
Firstly, we select LED panels with red, green, and blue colors of 636 nm, 524 nm, and 448 nm as the target set (named
.1 set), and the peak wavelengths of these three primaries are generally similar to those used in Stiles and Burch (i. e. ,
645.2, 526.3, and 444. 4 nm), with wavelength shifts of below 10 nm, which are found to introduce a small degree of
observer metamerism. Meanwhile, the L2 (676 nm-524 nm-448 nm) and 1.4 (636 nm-524 nm-472 nm) are selected as the
matched primary sets. Then, three colors including red and blue from the five colors recommended by CIE and white are
randomly presented with the L1 target set. After that, forty-five color normal observers are organized to carry out the color
matching experiments in four FOVs (2.9, 5.7°, 8.6°, and 11.0°). Finally, the spectral power distributions (SPDs) of the

target and the matched colors are measured immediately.

Results and Discussions The SPDs of the target and the matched colors are measured and calculated by CMFs
recommended by CIE, including CIE 1931 2°, CIE 1964 10°, and CIE 2006 (1°-10") CMFs with the indices of color
matching accuracy and inter-observer variability ellipses. The A(x', v') values are used to test the color matching
accuracies, and the results indicate that the CIE 2006 2° CMFs have the best performance in small FOV (below 4°), and
the CIE 2006 3° CMFs has the best performance in large FOV (beyond 4°) (Fig. 3). In addition, the chromaticity
differences A(u', ') with different CIE CMFs between the average chromaticity of three stimuli adjusted by the observers in
the four FOVs using the 1.2 and L4 sets are compared (Table 4). The CIE 1931 2° CMFs have the worst performance in
white and red stimuli, while CIE 2006 10 ° CMF's perform the worst in the blue stimulus in the four FOVs. On the whole,
the CIE 2006 2°, CIE 2006 3°, and CIE 2006 4° CMFs have the best performances except for the red stimulus in large
FOVs and the blue stimulus in small FOV. The 95% confidence ellipses of the chromaticity adjusted by the observers,
which are calculated by using different CMFs, are used to express the observer metamerism (Fig. 5). The observer
metamerism in small FOV (below 4°) is smaller than that in large FOV(beyond 4°), and the smallest observer metamerism

occurs in the white stimulus, followed by the red stimulus, and the blue stimulus has the largest observer metamerism.

Conclusions  This article reports the results of a series of color matching experiments by using narrowband LED
primaries under 2.9°, 5.7°, 8.6", and 11.0° FOVs conditions. In terms of color matching accuracy, the results indicate
that in small FOVs, the 2006 2° standard observer CMFs recommended by CIE for small field sizes (below 4°) is
confirmed. The results also indicate that among the CIE standard CMFs, the CIE 2006 3° CMFs have a higher predictive
performance than the CIE 2006 10° CMFs and CIE 1964 10° CMFs for the field size beyond 4°, which will not support the
CIE's recommendation. The CIE 2006 10° CMFs have overestimated the blue cone response in large FOV, which is
needed to be improved. In FOV of 2.9°, the color perception tends to be magenta compared with colors matched in large
FOV, especially the blue stimulus in the 1.4 (with the shift of blue primary) primary set. In terms of observer metamerism,
a discrepancy of blue cone distribution in retinal occurs among different observers, which will lead to the largest observer
metamerism in the blue stimulus, as well as in small FOV (below 4°). With fewer blue cones, the observer metamerism
will be smaller than that in large FOV (beyond 4°). The parameters of FOV in CIE 2006 CMFs are needed to be improved

and modified when the colors in different displays in the larger FOV are calculated and calibrated.

Key words visual optics; visual color; color matching experiment; field of view; CIE 2006 color matching functions
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