
eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk

Universities of Leeds, Sheffield and York

Deposited via The University of Leeds.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/id/eprint/141480/

Version: Accepted Version

Proceedings Paper:
li, C, liu, X, Xiao, K et al. (2018) An Extension of CAM16 for Predicting Size Effect and 
New Colour Appearance Perceptions. In: 26th Color and Imaging Conference Final 
Program and Proceedings. CIC 26, 12-16 Nov 2018, Vancouver, BC, Canada. Society for 
Imaging Science and Technology, pp. 264-267. 

https://doi.org/10.2352/ISSN.2169-2629.2018.26.264

Reprinted with permission of IS&T: The Society for Imaging Science and Technology sole 
copyright owners of the CIC26: Twenty-sixth Color and Imaging Conference Final Program
and Proceedings.

Reuse 
Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless 
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by 
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of 
the full text version. This is indicated by the licence information on the White Rose Research Online record 
for the item. 

Takedown 
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 

mailto:eprints@whiterose.ac.uk
https://doi.org/10.2352/ISSN.2169-2629.2018.26.264
https://eprints.whiterose.ac.uk/id/eprint/141480/
https://eprints.whiterose.ac.uk/


 

1 

An extension of CAM16 for predicting size effect and new 
colour appearance perceptions 

Changjun Li1, Xiaoxuan Liu1 , Kaida Xiao2, Yoon Ji Cho3 and Ming Ronnier Luo2,4* 

1 School of Electronics and Information Engineering, University of Science and Technology Liaoning, 

Anshan 114051, China 

2 School of Design, Leeds University, Leeds, UK 

3 School of Electrical & Electronic Engineering, Yonsei University, Seoul, South Korea 

4 State Key Laboratory of Modern Optical Instrumentation, Zhejiang University, Hangzhou, China 

* Corresponding Author:  m.r.luo@zju.edu.cn 

 

Abstract 
CAM16 colour appearance model has been extended to 

predict the appearance for stimulus of varying sizes and to 

provide new scales to evaluate saturation, vividness, whiteness 

and blackness. 

Introduction  
Recently, a new colour appearance model, CAM16 [1], was 

proposed for replacing the current CIE colour apperance model: 
CIECAM02 [2]. CAM16 is simpler than CIECAM02 and most 

importantly, overcomes some mathematical problems in 
CIECAM02. Similar to CIECAM02, CAM16 can predict the 
perceptual attributes, lightness (J), Choma (C), Colourfulness 
(M), brightness (Q), saturation (s), hue angle (h), and hue 
compositions (H) for related colours under the photopic region 

over a wide range of viewing conditions which are defined by the 
illumination of adapting field, lightness of the background and 
surround. However, strictly speaking, it can only be used in size 

stimulus of 2o. Also, it does not provide some important attributes 
identified recently, such as whiteness, blackness, and vividness.  

Our goal is to continue to develop CAM16 to make it a 
comprehensive model. In this paper, the CAM16 has been further 
extended.. 

Size Correction in CAT16 Cone-like Space 
Size effect data were accumulated by Xiao et al [3-5] at 

Derby university. It included 10 colour stimuli at six different 
sizes. The colours were selected from a popular shade range of 
decorative paints at that time and were painted in six different 

sizes (from visual fields of 2° to 50°). Colour appearance of six 
sizes had been obtained using three different psychophysical 
experiments [3-5]. Finally, the results by matching different sizes 

in situ on a CRT display were used. The six physical sizes are 

categorized into three groups, named small-, large- and room- 

size. Small size group includes three smaller fields (2°, 8° and 

19°), which were assessed in a viewing cabinet against a mid-
grey background with L* of 50. Large size group includes two 

larger fields (22° and 44°) placed in the center of a mid-grey (L* 
of 50) wall (4 by 3 meter square) illuminated by the lights from 
the ceiling, named room lighting condition. The final group has 

size of the entire side of wall subtended a visual field of 50° and 
the whole wall was assessed under the room lighting from the 
ceiling. The same 10 observers took part in all three groups. All 
the illuminants used was the same type of fluorescent D65 

simulator. The room size (visual field of 50°) will not be used in 
this study since it is an immersive environment and the viewing 
condition is quite different from the others so that the results were 
also very much different from those of the other viewing 

conditions.  

Xiao et al [5] proposed size correction in tristimulus space 
first, then the performance is evaluated using the J, C, and H in 
CIECAM02 space. Here size correction has been developed in 
the CAT16 cone-like space, which can be easily and 

economically built in the CAM16. Let M16 be the CAT16 
matrix [1], firstly mapping the CIE XYZ values under two 
degree size to cone-like space: (𝑅2𝐺2𝐵2) = 𝑀16 (𝑋2𝑌2𝑍2)                                         (1) 

Subsequently, size correction was done in separated 

channel from 2 degree to θ degree in cone like space using 
equation (2).  

(𝑅𝜃𝐺𝜃𝐵𝜃) = (𝛼(𝜃)𝑅2𝛽(𝜃)𝐺2𝛾(𝜃)𝐵2) = (𝛼(𝜃) 0 00 𝛽(𝜃) 00 0 𝛾(𝜃)) (𝑅2𝐺2𝐵2)          (2) 

 

Table 1 shows the optimized scaling factors for 𝛼(𝜃), 𝛽(𝜃), 𝛾(𝜃). Figure 1 shows the trends of the scaling factors 

versus the visual angle 𝜃. In general, the scaling factors are 
increasing with the increase of the size of stimulus. The scaling 

factors 𝛼(𝜃) and 𝛽(𝜃) are similar and 𝛾(𝜃) has the same trend 
as the other two, but had a lower slope. Table 2 summarizes its 

performance of look-up-table in predicting three sets of visual 
data, lightness, colourfulness and hue in CV value. For a perfect 
agreement between the visual and predicted results, CV should 
be zero.  

Models were developed to fit the scaling factors in Table 1. 

It was found that 𝛼(𝜃), 𝛽(𝜃), 𝛾(𝜃) in equation (3) are simple, 
continuous and give reasonable prediction. 𝑓(𝜃) = 1 + (𝜃−2)1000 (𝑐0 + 𝑐1𝜃)                  （3） 

where the coefficients for 𝛼(𝜃), 𝛽(𝜃), 𝛾(𝜃) are given in Table 
3.  

Table 4 summarises its performance, again in CV values. 

Figure 2 shows 𝛼(𝜃), 𝛽(𝜃), 𝛾(𝜃) functions versus visual angle 
using equation (3). Comparing Tables 2 and 4, as expected, the 

performance using equation (3) for 𝛼(𝜃), 𝛽(𝜃), 𝛾(𝜃) are worse 

than that using the optimum coefficients in Table 1. However, 
the difference in CV value is quite small, i.e. equal performance 
for predicting lightness and hue results and only one unit (in 
CV) worse for predicting colourfulness results.  

Other modifications were also made such as the extension 

based on lightness and colourfulness, etc. The final decision was 
made to use cone-like space (equation (3)) due to its simplicity 

and continuity. In real applications, if 𝜃 is less than 2o, it should 

set to 2o. Note that the size effect will not affect the accuracy to 



 

predict existing dataset such as LUTCHI and corresponding 
colour datasets [6,7], because they are based on 2o observer 
colorimetric observer. 

Table 1: Scaling factors for 𝜶(𝜽), 𝜷(𝜽), 𝜸(𝜽) θ 2° 8° 19° 22° 44° α(θ) 1 1.0179 1.2313 1.3323 1.6962 β(θ) 1 1.0132 1.2339 1.3230 1.6770 γ(θ) 1 0.9842 1.2047 1.1831 1.5295 

 
Figure 1: Scaling factors for 𝜶(𝜽), 𝜷(𝜽), 𝜸(𝜽 versus the visual 

angle 𝜽 using piecewise linear interpolation 
 

 
Figure 2: Scaling factors 𝜶(𝜽), 𝜷(𝜽), 𝜸(𝜽) plotted against 

visual angle 𝜽 using equation (3) and Table 3  
 

Table 2: Performance in CAT16 Cone-like space using 
piecewise linear interpolation 

CV 8° 19° 22° 44° Mean 
J 8.6 6.6 5.3 4.7 6.3 
C 4.5 6.9 12.5 13.3 9.3 
H 3.0 3.1 3.1 3.3 3.1 

Table 3: coefficients for 𝜶(𝜽), 𝜷(𝜽), 𝜸(𝜽) 

 𝑐0 𝑐1 α(θ) 10.7964 0.1388 β(θ) 10.6742 0.1320 γ(θ) 6.3890 0.1477 

 

 

Table 4: Performance in CAT16 Cone-like space using 
equation (3) and Table 3 

CV 8° 19° 22° 44° Mean 

J 8.1 6.5 4.6 4.9 6.0 
C 5.7 8.9 14.6 13.2 10.6 
H 3.0 3.5 3.3 3.3 3.3 

 

Predicting new colour scales: Saturation, 
Vividness, Whiteness and Blackness 

 

This section describes the development of new CAM16 
scales of saturation, vividness, whiteness and blackness. The 
visual data were accumulated by Cho et al [8,9] at Leeds. There 
are 120 samples specified in XYZ under a fluorescent D65 

simulator. They identified two scales are important to describe 
the third dimension of a colour, i.e. saturation and vividness, 
rather than chroma or colourfulness. Also, whiteness and 
blackness are important perceptions which are widely used in 
daily life and industry. In their experiment, each sample was 

assessed in terms of saturation, vividness, whiteness and 
blackness by about 50 observers, half Korean and half British. In 
total, 132 observers took part the visual experiment. The results 

showed little difference between observers between two 
countries. Hence, the combined dataset including British and 
Korean was used to derive colour scales [9]. From their study, it 
was found that the Berns’ proposed scales [10], Depth (Dab*), 
Clarity (Tab*) and Vividness (Vab*) based on CIELAB can give a 
reasonable fit to the data (see equations (4)-(6)), The results 

showed that Dab* had a strong positive and negative correlation 
to the visual saturation and whiteness data, respectively. This 

indicates that the two perceptions are opposite (or reverse) to each 
other. Vab* had a negative correlation to the blackness data, but 
unexpectedly did not fit well to Cho et al’s vividness data. In 
contrast, Tab* did give reasonable prediction to the vividness data.  

From we learned from above, equations (4) to (7) are 
proposed to be the baseline scales to develop new saturation (s’), 
vividness (V), whiteness (W) and blackness (B), respectively. 
Note that s’ is called new saturation here to differentiate the 
existing s (equation (8)). All baseline equations are based on 

CAM16 colour coordinates (lightness J, redness-greenness aM, 
yellowness-blueness, bM). 

  𝑠′ = √(100 − J)2 + (𝑎𝑀)2 + (𝑏𝑀)2       (4) V = √(50 − J)2 + (𝑎𝑀)2 + (𝑏𝑀)2      (5) 

W = 100 − √(100 − J)2 + (𝑎𝑀)2 + (𝑏𝑀)2       (6) 

B = 100 − √(J)2 + (𝑎𝑀)2 + (𝑏𝑀)2      (7) 

0.5
100 ( )

M
s

Q
        (8) 

where M and Q are CAM16 colourfulness and brightness, 
respectively. 

 

The baseline scales have a common structure as given in 
equation (9).  
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𝑝1 = 𝑥1 +𝑥2√(𝐽 − 𝑥3)2 + 𝑥4 ∙ (𝑎𝑀 − 𝑥5)2 + 𝑥6 ∙ (𝑏𝑀 − 𝑥7)2   

(9) 

Equation (9) can be simplified as equations (10) and (11). 𝑝2 = 𝑥1 + 𝑥2√(𝐽 − 𝑥3)2 + 𝑥4 ∙ (𝑎𝑀)2 + 𝑥5 ∙ (𝑏𝑀)2  (10) 𝑝3 = 𝑥1 + 𝑥2√(𝐽 − 𝑥3)2 + (𝑎𝑀)2 + (𝑏𝑀)2       (11) 

 

where variables of x1 to xn can be obtained by optimization to 
fit a particular visual attribute in the Cho et al data [7]. The 
performance of the new scales are given in Table 5.  

Equation (11) was later rewritten as equations (12)-(15) for 
the new CAM16 saturation, vividness, whiteness and blackness, 

respectively.  𝑠𝐶 = 7.8 + √(J − 77)2 + (𝑎𝑀)2 + (𝑏𝑀)2   (12) 𝑉𝐶 = 4.9 + √(J − 58)2 + (𝑎𝑀)2 + (𝑏𝑀)2         (13) 𝑊𝐶 = 117 − √(J − 100)2 + (𝑎𝑀)2 + (𝑏𝑀)2   (14) 𝐵𝐶 = 106 − √(J − 12)2 + (𝑎𝑀)2 + (𝑏𝑀)2   (15) 

 

Table 5 The performance of all the newly derived model: (s) 

saturation, (V) vividness, (W) whiteness, (B) Blackness 

 s s V V W W B B 

 r CV r CV r CV r 
C
V 

Base
-line 

0.8
4 

27 0.77 29 0.85 23 0.91 27 

p1 
0.9
1 

17 0.87 18 0.87 19 0.92 18 

p2 
0.9
1 

17 0.86 19 0.86 20 0.92 19 

p3 
0.9
1 

18 0.86 19 0.85 21 0.91 19 

Eq. 
12-
15 

0.9
1 

18 0.86 19 0.85 20 0.91 19 

 

The results in Table 5 are very promising. All p1, p2, p3 
scales outperformed baseline scales. The p1 scales did perform 
the best, but they only gave slightly more accurate prediction by 
one unit in CV. The most encouraging is that the new CAM16 
scales are simple and give reasonable prediction to the visual 
results. For the new saturation scale (equation (12)), it is much 

more accurate than equation (8), which had r and CV values of 

0.71 and 31 respectively.  

Figures 3a to 3b show the plot of predictions against visual 
results for saturation (using equation (12)), vividness (using 
equation (13)), whiteness (using equation (14)) and blackness 
(using equation (15)) respectively. It can be seen that in general, 
the new scales gave good prediction to the visual results. The 
scatter is quite small in each figure. 

These new scales can be divided into two groups: 1) 

saturation and vividness, and 2) whiteness and blackness. Figure 
4 is the schematic diagram to illustrate each new scale in CAM16 
JM plane. For the group including saturation and vividness scales, 
colours appear higher saturation or more vivid when it moves 
away from the neutral colours of J= 77 and 58, respectively. For 
the group including whiteness and blackness scales, when the 
colour is closer to the reference neutral colour of J of 100 and 12, 

it would appear to be whiter and blacker, respectively. The scales 

correspond to Cho et al’s experimental condition. It implies that 
neutral colours having J values of 77, 58, 100, 12 roughly 
correspond to the least saturated, background, the whitest and 
blackest anchoring points, respectively. 

 

(a) Saturation (sc) (b) Vividness (Vc) 

(c) Whiteness (Wc) (d) Blackness (Bc) 

 

Figure 3: Plot of predictions against visual results for a) 
saturation, b) vividness, c) whiteness and d) 
blackness. 

 

 

 

 

 

 

 

 

 

 

 

           

 
Figure 4: The schematic diagram to illustrate the whiteness, 

saturation, vividness, blackness scales. 

 
 

Conclusions 
This paper describes the extension of CAM16 colour 

appearance model to predict the visual size effect and to include 
some important new colour appearance scales. Now, it can 
predict colour appearance from 2o upwards to cover most of the 
typical viewing conditions. Four new colour scales, saturation, 

vividness, whiteness and blackness are also developed. The 
extended model gave good prediction to the visual data. 

 

Lightness (J) 
 

 Whiteness (WC) 

 

 Saturation (sC) 

 

 Vividness (VC) 

 

 

 Blackness (BC) 

 

 

Colourfulness (M) 

 



 

 

Acknowledgements  
The work is supported by National Natural Science 

Foundation of China (Grant numbers: 61575090, 61775169, and 
61475142). 

References 
[1] Li C, Li Z, Wang Z, Xu Y, Luo MR, Cui G, Melgosa M, Brill MH, 

Pointer M. Comprehensive color solutions: CAM16, CAT16 and 

CAM16-UCS. Color Res Appl. 2017;42:703-718. 

[2] CIE Publication 159:2004. A colour appearance model for colour 

management systems: CIECAM02. Vienna: CIE Central Bureau, 

2004. 

[3] K. Xiao, M. R. Luo, C. Li, G. Hong, Colour appearance of room 

colours, Color Res. Appl., 35 (2010), 284-293. 

[4] K. Xiao, M. R. Luo, C. J. Li, G. Cui and D. Park, Investigation of 

colour size effect for colour appearance assessment, Color Res. 

Appl.36(2011)201-209. 

[5] K. Xiao, M. R. Luo and C. Li, Color size effect modelling, Color 

Res. Appl.37 (2012) 4-12.  

[6] M. R. Luo, A.A. Clarke, P. A. Rhodes, A. Schappo, S. A. R. 

Scrivener and C. J. Tait, Quantifying colour appearance: Part I – 

LUTCHI colour appearance data, Color Res. Appl. 16 (1991) 166-

180. 

[7] M. R. Luo and P. A. Rhodes, Corresponding-colour data sets, 

Color Res. Appl., 24 295-296 (1999). 

[8] Cho Y-J, Ou L-C, Luo MR., A Cross-cultural comparison of 

saturation, vividness, blackness and whiteness scales, Color Res 

Appl: 2016;42:1–13. 

[9] Cho Y-J, Ou L-C, Cui G, Luo MR. New colour appearance scales 

for describing saturation, vividness, blackness, and whiteness. 

Color Res Appl. 2017;00:000–000. https://doi.org/10.1002/col. 

22114; 

[10] Berns RS. Extending CIELAB: Vividness, V*ab, Depth, D*ab, and 

Clarity, T*ab. Color Res Appl 2014;39:322–330. 

 
Author Biography 
Changjun Li received his B.Sc. (1979), M.Sc. (1982), Ph.D (1989) in 

computational mathematics from Peking University (China), Chinese 

Academy of Science, and  Loughborough University (UK) respectively. 

His current research interests are chromatic adaptation transform, 

colour appearance modeling, uniform colour spaces, and computational 

colour constancy. Currently he is the Chair of CIE JTC10 on 

CIECAM16

  


