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Abstract 

Colour perception is a perceptual response of the human visual system to stimuli with different 

spectral compositions under different viewing conditions. The characterization of the perceived 

colour appearance is critically important to different applications, such as lighting, camera, and 

imaging systems. Great efforts have been made to develop numerical models (e.g., colour 

appearance models and uniform colour spaces) for colour specification, colour reproduction, and 

characterization of light source colour rendition. These models were developed and verified 

through psychophysical experiments which were carried out under a limited number of standard 

illuminants and a small range of light levels for general illumination. Therefore, these models may 

not be applicable to the requirements of modern technologies and the stronger desires to achieve 

accurate colour reproduction across a wide range of conditions. 

This dissertation reports a series of psychophysical experiments that were designed to test 

hypotheses that light level should be considered in specifying light source colour rendition, and 

the existing models (i.e., CIECAM02) cannot accurately characterize the colour appearance of 

stimuli under a wide range of light levels. The results clearly suggested the importance of light 

level in specifying light source colour rendition. The source that can achieve a greater chroma 

enhancement was generally preferred under a lower light level, while the one with little chroma 

enhancement was preferred under the extremely high light levels. Based on this, CIECAM02 was 

found to have bad performance in characterizing the colour appearance of stimuli under these 

extremely high light levels, and the adapting light level was recommended to be considered to 

better characterize the colour attributes. Lastly, a carefully designed experiment was carried out to 

test and verify the performance of CIECAM02 in characterizing unique hues and hue linearity. 
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In summary, this dissertation helps us to better understand how various factors should be 

considered in characterizing the colour appearance of stimuli under various viewing conditions. 

The findings also suggest the necessary improvements and considerations for colour 

characterization and reproduction. 

  



VI 

 

Publications 

Journal: 

1. Bao W, Wei M. 2019. Change of Gamut Size for Producing Preferred Colour Appearance 

from 20 to 15000 lux. LEUKOS. 17(1): 21-42. 

2. Bao W, Wei M. 2020. Investigating Unique Hues at Different Chroma Levels with a Smaller 

Hue Angle Step. Journal of the Optical Society of America A. 37(4): 671-679. 

3. Bao W, Wei M. 2020. Testing the performance of CIECAM02 from 100 to 3500 cd/m2. 

Colour Research and Application. 45(6): 992-1004. 

4. Wei M, Bao W, Huang HP. 2018. Consideration of Light Level in Specifying Light Source 

Colour Rendition. LEUKOS. 16(1): 55-65. 

Conference: 

1. Bao W, Wei M, Liu A. Light Sources with a Larger Gamut Area Can Enhance Colour 

Preference under a Lower Light Level. Proceedings of the 26th Colour and Imaging 

Conference. 12-16 November, 2018. Vancouver, Canada. pp. 354-358. 

2. Bao W, Wei M. Effect of Light Level on Colour Preference and Specification of Light Source 

Colour Rendition. Proceedings of the 29th Quadrennial Session of the CIE. 14-22 June, 2019. 

Washington DC, USA. pp. 241-250. 

3. Bao W, Wei M. Change of Colour Appearance Due to Extremely High Light Level: 

Corresponding Colours under 100 and 3000 cd/m2. Proceedings of the 27th Colour and 

Imaging Conference. 21-25 October, 2019. Paris, France. pp. 320-325. 

  



VII 

 

Acknowledgements 

First of all, I would like to thank my supervisor, Professor Minchen Wei, for his meticulous care 

and help in my research. His profound knowledge and patient guidance helped me a lot on my 

Ph.D. project in the past four years. During the study period, with the assistance of my supervisor, 

my learning ability and mentality have been greatly improved. I realized that I must use a positive 

and optimistic attitude to face all the difficulties on the scientific road. 

I would like to thank my dear colleagues, Siyuan Chen, Jun Wang, Yiqian Li, Hongbing Wang, 

Mingyu Hu, and Jialu Wu, for their selfless help and encouragement in our daily life. We together 

formed a harmonious and pleasant working environment. In addition, I would like to express my 

appreciation for the exchange students: Zheng Huang, Xiaoxuan Liu, Hsin-Pou Huang, Yu Hu, 

Xiangzhen Kong, Yuechen Zhu, and Mengmeng Wang. Their coming added a lot of fresh and 

interesting things to our study life. The communication with them inspired a lot of new ideas. 

Finally, I would like to thank my family. For so many years, your support and encouragement 

enable me to complete my studies. Your care and silent dedication create superior conditions for 

me to be optimistic and move forward courageously. 

  



VIII 

 

Table of Contents 

Abstract .......................................................................................................................................... iv 

Publications .................................................................................................................................... vi 

Acknowledgements ....................................................................................................................... vii 

Table of Contents ......................................................................................................................... viii 

List of Figures ................................................................................................................................ xi 

List of Tables ............................................................................................................................... xvi 

Chapter 1 Introduction .................................................................................................................... 1 

1.1 Colour vision ......................................................................................................................... 1 

1.2 Colour specification and colour matching functions............................................................. 2 

1.3 Colour spaces ........................................................................................................................ 8 

1.4 Colour appearance models .................................................................................................. 13 

1.4.1 Colour attributes ........................................................................................................... 13 

1.4.2 Colour appearance phenomena ..................................................................................... 15 

1.4.3 Colour appearance models............................................................................................ 16 

1.5 Structure of dissertation ...................................................................................................... 17 

Chapter 2 Literature review .......................................................................................................... 18 

2.1 Colour rendition and colour preference .............................................................................. 18 

2.1.1 Colour rendering index ................................................................................................. 18 

2.1.2 Colour preference ......................................................................................................... 18 

2.2 Chromatic adaptation .......................................................................................................... 25 

2.3 Colour appearance model .................................................................................................... 28 

2.3.1 Light levels ................................................................................................................... 28 

2.3.2 Viewing techniques ...................................................................................................... 29 

2.3.3 Experimental methods .................................................................................................. 30 

2.3.4 Unique hue .................................................................................................................... 36 

2.3.5 CIECAM02 ................................................................................................................... 37 

Chapter 3 Working hypotheses ..................................................................................................... 47 

Chapter 4 Preferred colour appearance under low light levels ..................................................... 48 

4.1 Motivation ........................................................................................................................... 48 



IX 

 

4.2 Method ................................................................................................................................ 49 

4.2.1 Apparatus ...................................................................................................................... 49 

4.2.2 Lighting conditions and observers’ evaluations ........................................................... 49 

4.2.3 Observers ...................................................................................................................... 54 

4.2.4 Experiment procedures ................................................................................................. 54 

4.3 Results ................................................................................................................................. 55 

4.3.1 Possible interval bias .................................................................................................... 55 

4.3.2 Effect of illuminance and gamut size on colour appearance ........................................ 56 

4.4 Discussion ........................................................................................................................... 58 

4.5 Conclusion ........................................................................................................................... 59 

Chapter 5 Effect of light level on preferred colour appearance from 20 to 15000 lx ................... 61 

5.1 Motivation ........................................................................................................................... 61 

5.2 Method ................................................................................................................................ 61 

5.2.1 Apparatus ...................................................................................................................... 61 

5.2.2 Light settings ................................................................................................................ 65 

5.2.3 Observers ...................................................................................................................... 78 

5.2.4 Experimental design ..................................................................................................... 79 

5.2.5 Experimental procedures .............................................................................................. 79 

5.3 Results ................................................................................................................................. 80 

5.3.1 Experiment 1 ................................................................................................................ 80 

5.3.2 Experiment 2 ................................................................................................................ 80 

5.4 Discussion ........................................................................................................................... 81 

5.4.1 Colour rendition and light level .................................................................................... 81 

5.4.2 Colour appearance and colour preference .................................................................... 83 

5.5 Conclusion ........................................................................................................................... 87 

Chapter 6 Corresponding colour appearance data from 100 to 3500 cd/m2 ................................. 91 

6.1 Motivation ........................................................................................................................... 91 

6.2 Experiment 1 ....................................................................................................................... 92 

6.2.1 Apparatus ...................................................................................................................... 92 

6.2.2 Adapting conditions and stimuli ................................................................................... 93 

6.2.3 Experimental procedure ................................................................................................ 94 



X 

 

6.2.4 Results .......................................................................................................................... 95 

6.3 Experiment 2 ..................................................................................................................... 100 

6.3.1 Apparatus and experimental procedure ...................................................................... 102 

6.3.2 Adapting conditions and stimuli ................................................................................. 102 

6.3.3 Results and discussions .............................................................................................. 102 

6.4 Discussion ......................................................................................................................... 107 

6.5 Conclusion ......................................................................................................................... 109 

Chapter 7 Effect of adapting conditions on unique hues ............................................................ 111 

7.1 Motivation ......................................................................................................................... 111 

7.2 Method .............................................................................................................................. 112 

7.2.1 Apparatus .................................................................................................................... 112 

7.2.2 Adapting conditions and stimuli ................................................................................. 112 

7.2.3 Observers .................................................................................................................... 115 

7.2.4 Experiment procedures ............................................................................................... 116 

7.3 Results ............................................................................................................................... 117 

7.3.1 Intra- and inter-observer variations ............................................................................ 117 

7.3.2 Observers’ confidence in unique hue selections ........................................................ 117 

7.3.3 Unique hue angles in CIECAM02 .............................................................................. 118 

7.4 Discussion ......................................................................................................................... 121 

7.4.1 Unique hue angles in CIELAB ................................................................................... 121 

7.4.2 Unique hues under the dark condition ........................................................................ 122 

7.4.3 Unique hue selections and variations ......................................................................... 123 

7.5 Conclusions ....................................................................................................................... 126 

Chapter 8 Conclusion .................................................................................................................. 127 

Reference .................................................................................................................................... 131 

  



XI 

 

List of Figures 

Figure 1.1. Photoreceptors in the retina of the human’s eyes (3). .................................................. 1 

Figure 1.2. Illustration of the colour vision process from the cones to the opponent channels (4). 2 

Figure 1.3. Spectral luminous efficiency functions (i.e., V(λ) and V’(λ)) under the photopic and 

scotopic visions. .............................................................................................................................. 3 

Figure 1.4. Illustration of typical colour matching experiments (7). .............................................. 4 

Figure 1.5. Colour matching functions derived from the colour matching experiment using red, 

green, and blue as the primaries (10). ............................................................................................. 5 

Figure 1.6. CIE 1931 CMFs (solid lines) and CIE 1964 CMFs (dotted lines). .............................. 6 

Figure 1.7. CIE 1931 chromaticity diagram (11). ........................................................................... 7 

Figure 1.8. CIE 1931 chromaticity diagram with the blackbody locus (12)................................... 8 

Figure 1.9. MacAdam ellipses for one of MacAdam's test participants, observer ‘PGN’, plotted 

on the CIE 1931 chromaticity diagram. The ellipses are ten times their actual size, as depicted in 

MacAdam's paper for illustration (14). ........................................................................................... 9 

Figure 1.10. MacAdam ellipses transformed to the CIE 1976 UCS diagram (The ellipses are ten 

times their actual size for illustration (15). ................................................................................... 10 

Figure 1.11. Illustration of the CIELAB colour space (16). ......................................................... 12 

Figure 1.12. Illustration of the Munsell colour system (17). ........................................................ 13 

Figure 1.13. A schematic diagram of the CIECAM02 (24). ......................................................... 17 

Figure 2.1. Schematic diagram of typical CATs, including three stages (57). ............................. 26 

Figure 2.2. Flow chart of the calculation procedure of the new CAM developed by Kim et al. 

(90) for characterizing the colour appearance of colour stimuli under extended adapting 

luminance levels............................................................................................................................ 43 

Figure 4.1 (a) Photograph of the artwork illuminated using the LED fixtures; (b) illumination of 

the experimental setup. ................................................................................................................. 50 

Figure 4.2. Relative SPD of each channel in the LED device used in the experiment. ................ 51 

Figure 4.3. Gamut shape (IES-TM-30-15 colour vector graphics) of each stimulus. .................. 51 

Figure 4.4. Relative SPDs of the four stimuli under the two light levels. .................................... 52 

Figure 4.5. IES TM-30-15 colour vector graphics of the light settings at 20 lx. .......................... 52 

Figure 4.6. IES TM-30-15 colour vector graphics of the light settings at 500 lx. ........................ 53 



XII 

 

Figure 4.7. Interval scales of the stimuli selected by the observers at each light level, calculated 

using Thurstone case V method (109). The results were normalized to have a standard deviation 

of one and an average of zero. ...................................................................................................... 57 

Figure 5.1. Photograph of the artwork, viewed from the observer’s position during the 

experiment, with the numbers representing the 13 measurement locations. ................................ 62 

Figure 5.2. SRDs of the 13 locations on the artwork, as shown in Figure 5.1. ............................ 62 

Figure 5.3. Relative SPDs of the seven channels in the LED device used in Experiment 1. ....... 63 

Figure 5.4. Photograph of the artwork in Experiment 2, viewed from the observer’s position. .. 64 

Figure 5.5. Relative SPDs of the four channels in the LED device used in Experiment 2. .......... 64 

Figure 5.6 Relative SPDs of the stimuli at 480 lx in Experiment 1. ............................................. 65 

Figure 5.7. IES TM-30-15 Colour Vector Graphics for the nine stimuli at 480 lx in Experiment 1.

....................................................................................................................................................... 66 

Figure 5.8. Relative SPDs of the light stimuli at 200 lx in Experiment 2. ................................... 72 

Figure 5.9. IES TM-30-15 Colour Vector Graphics of the nine stimuli at 200 lx in Experiment 2.

....................................................................................................................................................... 73 

Figure 5.10. Percentage of each stimulus being selected to produce the most preferred color 

appearance of the artwork at each illuminance level. (a) Experiment 1; (b) Experiment 2. ........ 82 

Figure 5.11. Average Rg, together with the 95% confidence interval, of the selected stimuli under 

which the artwork had the most preferred colour appearance at each illuminance level in each 

experiment. (a) Experiment 1; (b) Experiment 2. ......................................................................... 84 

Figure 5.12. Relationship between the illuminance level and the average Rg, Rcs,h1, and Rcs,h16 of 

the selected stimuli in each experiment. The dotted lines are the trend lines fitted using a 

logarithm model. (a) Experiment 1; (b) Experiment 2. ................................................................ 85 

Figure 5.13. Relationship between the illuminance level and the average Rg, Rcs,h1, and Rcs,h16 of 

the selected stimuli under which the artwork had the most preferred colour appearance in the 

experiments. (a) Average Rg, Rcs,h1, and Rcs,h16 versus illuminance E; (b) average Rg, Rcs,h1, and 

Rcs,h16 versus the logarithm of the illuminance level ln(E). ........................................................... 86 

Figure 5.14. Average colour attributes of the artwork under the selected stimuli, as calculated 

using CIECAM02 for the 13 locations labeled in Figure 5.1 in Experiment 1. (a) Colourfulness 

M; (b) chroma C; (c) lightness J; (d) brightness Q; (e) saturation s. ............................................ 88 



XIII 

 

Figure 5.15. Average colour attributes of the artwork under the selected stimuli, as calculated 

using CIECAM02 for the 13 locations in Figure 5.1 in Experiment 2. (a) Colourfulness M; (b) 

chroma C; (c) lightness J; (d) brightness Q; (e) saturation s. ....................................................... 89 

Figure 5.16. Average chromaticities of the 13 locations of the artwork under the stimuli in the 

two experiments on the a’-b’ plane of CAM02-UCS. .................................................................. 90 

Figure 6.1. Photograph of the experiment setup. The chin rest was used for the observer to fix 

his/her chin during the experiment. .............................................................................................. 93 

Figure 6.2. Chromaticities of the reference stimuli, marked with ＋, and the chromaticities of the 

matched stimuli, marked with ×, with the one standard error ellipses, under each adapting 

condition in the CIE 1976 u’10v’10 chromaticity diagram. The solid line ellipses are the results 

under the conditions when the colour matches were conducted at the low light level; the dashed 

line ellipses are those under the conditions when the colour matches were conducted at the high 

light level. (A), 2700 K; (B), 6500 K. ........................................................................................... 98 

Figure 6.3. Chromaticities of the reference stimuli and the average chromaticities of the adjusted 

stimuli under each adapting condition in the CIE 1976 u’10v’10 chromaticity diagram. (A), 2700 

K; (B), 6500 K. ............................................................................................................................. 98 

Figure 6.4. Chromaticities of the reference stimuli and the average adjusted chromaticities under 

each adapting condition in the a’10-b’10 plane of CAM02-UCS. (A), 2700 K; (B), 6500 K. ....... 99 

Figure 6.5. Comparison between the average CIECAM02 hue angles, with the 95% confidence 

interval, and the hue angles of the corresponding reference stimulus under each adapting 

condition. (A), 2700 K; (B), 6500 K. .......................................................................................... 100 

Figure 6.6. Average ratios, together with the 95% confidence interval, of the colour attributes, as 

characterized using CIECAM02, of the adjusted stimuli to those of the corresponding reference 

stimuli under each adapting condition. (A), Lightness J; (B), Brightness Q; (C), Chroma C; (D), 

Colourfulness M; (E), Saturation s.............................................................................................. 101 

Figure 6.7. Chromaticities of the reference stimuli, labeled with +, and these of the adjusted 

stimuli, labeled with ×, with the one standard error ellipses, under each adapting conditions, in 

the CIE 1976 u’10v’10 chromaticity diagram. .............................................................................. 104 

Figure 6.8. Chromaticities of the reference stimuli and the average chromaticities of the adjusted 

stimuli under each adapting luminance in the CIE 1976 u’10v’10 chromaticity diagram. ........... 105 



XIV 

 

Figure 6.9. Chromaticities of the reference stimuli and the average chromaticities of the adjusted 

stimuli under each adapting luminance in the a’10-b’10 plane of CAM02-UCS. ........................ 106 

Figure 6.10. Comparison between average CIECAM02 hue angles of the adjusted stimuli, 

together with the 95% confidence interval, and the hue angles of the corresponding reference 

stimuli under each adapting luminance level. ............................................................................. 106 

Figure 6.11. Average ratios of the colour attributes of the adjusted stimuli under each adapting 

luminance level to those of the reference stimuli, with the 95% confidence intervals, as 

calculated using CIECAM02. (A), Lightness J; (B), Brightness Q; (C), Chroma C; (D), 

Colourfulness M; (E), Saturation s.............................................................................................. 108 

Figure 6.12. Average ratios of the brightness of the adjusted stimuli to that of the reference 

stimuli, with the 95% confidence intervals, under each adapting condition, as calculated using 

the model developed in a recent study (90). (A), Experiment 1; (B), Experiment 2. ................. 109 

Figure 7.1. Photograph of experiment setup, viewed from the observer’s eye position. A 

spectrally tunable LED device was placed behind the booth to provide a uniform illumination to 

the opening. A layer of diffuser was attached to the opening, so that the stimulus viewed by the 

observer had a diffuse distribution (note: the photograph shows a red stimulus). ..................... 114 

Figure 7.2. Chromaticities of the stimuli in the ac, 10-bc, 10 and a*
10-b

*
10 planes of CIECAM02 and 

CIELAB. (a)-(c), the chromaticities in the ac, 10-bc, 10 plane of CIECAM02, (d), the chromaticities 

in the a*
10-b

*
10 plane of CIELAB. ............................................................................................... 115 

Figure 7.3. Average confidence in hue selections suggesting the similarity between the hue of the 

selected stimuli and the unique hue in the observers’ memory versus inter-observer variation: (a) 

dark, (b) 3000 K, and (c) 6500 K. ............................................................................................... 118 

Figure 7.4. Averaged hue angles of the selected stimuli, together with the 95% confidence 

interval. The solid line indicates the hue angle of the unique hue defined in CIECAM02 (1): (a) 

red, (b) green, (c) blue, and (d) yellow. ...................................................................................... 120 

Figure 7.5. Average chromaticities of the selected stimuli, together with the fitted lines, and the 

hue angles of the unique hues defined in CIECAM02 in the ac, 10-bc, 10 plane (1). The right 

bottom area of each figure illustrates a close-up of the area near the origin: (a) dark, (b) 3000 K, 

and (c) 6500 K. ........................................................................................................................... 121 

Figure 7.6.Average chromaticities of the selected stimuli, together with the fitted lines, and the 

hue angles of the unique hues defined in CIELAB in the a*
10-b

*
10 plane (94). The right bottom 



XV 

 

area of each figure illustrates a close-up of the area near the origin: (a) dark, (b) 3000 K, and (c) 

6500 K. ........................................................................................................................................ 122 

Figure 7.7. Chromaticities of all the stimuli at the three chroma levels (grey contours) and the 

chromaticities of the selected stimuli in the CIE1931 chromaticity diagram. The plus sign (+) 

denotes the chromaticities of the equal-energy illuminant. The top right area shows a close-up of 

the area near the chromaticities of the equal-energy illuminant. ................................................ 123 

Figure 7.8. Hue angle distributions of the selected stimuli under the three adapting conditions in 

this experiment: (a) dark, (b) 3000 K, and (c) 6500 K. .............................................................. 125 

Figure 7.9. Hue angle distributions of the selected stimuli under the two adapting conditions in a 

recent experiment (97), where the observers viewed 40 Munsell samples simultaneously and 

made the unique hue selections: (a) 2700 K and (b) 3500 K. ..................................................... 126 

  



XVI 

 

List of Tables 

Table 2.1. Summary of past studies investigating colour preference. .......................................... 22 

Table 2.2. Summary of the past studies investigating the colour appearance of stimuli. ............. 32 

Table 2.3 Unique hue data for calculating hue quadrature. .......................................................... 41 

Table 4.1. Colorimetric characteristics of the four stimuli at the two light levels. ....................... 54 

Table 4.2. Percentage of each stimulus being selected by the observers to produce the most 

preferred appearance in each pair. The highlighted values represent the selections that were 

statistically different from 50% vs. 50%, as tested using a Chi-square goodness-of-fit test with 

d.f. = 1 at the α level of 0.05). ....................................................................................................... 57 

Table 4.3. Results of the McNemar test for evaluating the selections at the two light levels. The 

highlighted values represent the choices that were statistically different at the α level of 0.05. .. 57 

Table 5.1. Colorimetric characteristics of the nine stimuli at 480 lx in Experiment 1. ................ 67 

Table 5.2. Colorimetric characteristics of the nine stimuli at 20 lx in Experiment 1. .................. 68 

Table 5.3. Colorimetric characteristics of the nine stimuli at 50 lx in Experiment 1. .................. 69 

Table 5.4. Colorimetric characteristics of the nine stimuli at 100 lx in Experiment 1. ................ 70 

Table 5.5. Colorimetric characteristics of the nine stimuli at 200 lx in Experiment 1. ................ 71 

Table 5.6. Colorimetric characteristics of the nine stimuli at 200 lx in Experiment 2. ................ 74 

Table 5.7. Colorimetric characteristics of the nine stimuli at 2000 lx in Experiment 2. .............. 75 

Table 5.8. Colorimetric characteristics of the nine stimuli at 5000 lx in Experiment 2. .............. 76 

Table 5.9. Colorimetric characteristics of the nine stimuli at 10000 lx in Experiment 2. ............ 77 

Table 5.10. Colorimetric characteristics of the stimuli at 15000 lx in Experiment 2. .................. 78 

Table 6.1. Photometric and colorimetric characteristics of the adapting conditions in Experiment 

1..................................................................................................................................................... 94 

Table 6.2. Colorimetric characteristics of the four stimuli under the adapting conditions and 

those of the NCS samples if they were placed under the same adapting conditions. ................... 94 

Table 6.3. Inter-observer variations, as characterized using MCDM values in u’10v’10  units, of 

the four reference stimuli under each pair of the adapting conditions. ......................................... 97 

Table 6.4. Inter-observer variations, as characterized in CIEDE2000  units of the four reference 

stimuli under each pair of the adapting conditions. ...................................................................... 97 

Table 6.5. Photometric and colorimetric characteristics of the adapting conditions. ................. 103 



XVII 

 

Table 6.6. Colorimetric characteristics of the reference stimuli under the adapting condition and 

the NCS samples if they were placed under the same adapting condition. ................................ 103 

Table 6.7. Inter-observer variations, as characterized using MCDM values, under each pair of the 

adapting conditions for each reference stimulus in u’10v’10 units. .............................................. 103 

Table 6.8. Inter-observer variations, as characterized in CIEDE2000 units under each pair of the 

adapting conditions for each reference stimulus. ........................................................................ 104 

Table 7.1. Colorimetric characteristics of the adapting conditions. ........................................... 114 

Table 7.2. Intra- and inter-observer variations in terms of CIECAM02 hue angles (note: the hue 

angle step between the adjacent stimuli was 5°). ........................................................................ 118 

Table 7.3. Summary of the average hue angles of the selected stimuli at each chroma level under 

each adapting condition. ............................................................................................................. 120 

Table 7.4. Average perceptual hue differences (△𝑯) under each adapting condition for each hue.

..................................................................................................................................................... 121 

Table 7.5. Dominant or complementary wavelengths of the average chromaticities of the selected 

stimuli under the dark condition (+ complementary wavelength). ............................................. 123 



1 

 

Chapter 1 Introduction 

1.1 Colour vision 

Colour describes the appearance of objects or the effect of optical radiation generated by light 

sources, processed by the human visual system, and formed in people’s mind (1). In general, the 

development of colorimetry includes three main components: colour specification, colour 

difference characterization, and colour appearance characterization (2). 

Colour perception involves three components: light source, object, and the human visual system. 

Light sources produce radiation at different wavelengths, which interacts with objects through 

reflection, transmission, and absorption. Then the radiation between 380 and 780 nm, known as 

the visible spectrum, excites the human visual system. 

The spectral power distribution (SPD) describes the radiant power emitted by a light source at each 

wavelength across the entire visible spectrum. It is used to derive various metrics to characterize 

the photometric and colorimetric properties of the stimuli. Spectral reflectance radiation (SRD) is 

used to describe the ability of a surface to reflect the radiation at each wavelength across the entire 

visible spectrum, in terms of the reflectance factor. 

 

Figure 1.1. Photoreceptors in the retina of the human’s eyes (3). 
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After interacting with surfaces, the optical radiation enters our eyes and excites the photoreceptors 

in the retina, as shown in Figure 1.1. So far, three kinds of photoreceptors have been discovered to 

respond to the optical radiation within the visible spectrum: rods, cones, and intrinsically 

photosensitive retinal ganglion cells (ipRGCs). There are three types of cones (i.e., S-, M-, and L-

cones), which have greater responses to the radiation at the short, medium, and long wavelengths, 

respectively. The cones are active under the photopic vision, with the luminance level beyond 3 

cd/m2. In contrast, the rods are active under the scotopic vision, with the luminance level below 

0.001 cd/m2. When the luminance is between 0.001 and 3 cd/m2 (i.e., mesopic vision), the 

sensitivities of the cones and rods vary with the luminance level. 

The responses of the three types of cones are further processed into three opponent channels—red 

versus green, blue versus yellow, and black versus white, according to the opponent theory 

proposed by Hering (4), as illustrated in Figure 1.2. This theory is able to explain some phenomena 

in our daily life. For example, red and green can never simultaneously appear in a colour. 

 

Figure 1.2. Illustration of the colour vision process from the cones to the opponent channels (4). 

1.2 Colour specification and colour matching functions 

In 1924, the Commission Internationale de l’Eclairage (CIE) specified the spectral luminous 

efficiency function (i.e., the V(λ) curve) according to the average results of 251 people with a 
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normal colour vision under the photopic levels. Later in 1951, the CIE specified the V’(λ) as the 

spectral luminous efficiency function under the scotopic vision according to a brightness matching 

experiment conducted by Wald (5) and Crawford (6). As shown in Figure 1.3, the peak of the V(λ) 

curve is at 555 nm, while the peak of the V’(λ) shifts to 507 nm. The V(λ) curve, however, is used 

to quantify the amount of light perceived by the human beings from various perspectives. 

 

Figure 1.3. Spectral luminous efficiency functions (i.e., V(λ) and V’(λ)) under the photopic and scotopic 

visions. 

In order to characterize the colour properties of a stimulus, colour matching experiments were 

carried out. It was found that nearly all the colours can be mixed using three primary colours at an 

appropriate proportion. Figure 1.4 (a) illustrates a typical setup of colour matching experiments. 

The circle surrounded by dark was bisected with one half being illuminated by a monochromatic 

light as the reference field and the other half being illuminated by a mixture of three primary 

colours as the test field. As shown in Figure 1.4 (b), an observer adjusted the colour appearance of 

the test field to match that of the reference field by adjusting the intensities of the three primaries. 

The colour matching experiment was repeated by shifting the wavelengths of the monochromatic 

light at the reference field from 380 to 780 nm. The colour matches at each wavelength can then 
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be described in the format of Eq. (1), representing R units of the R primary, G units of G primary, 

and B units of B primary create a colour match to the monochromatic light at the wavelength of λ. 

Cλ = �̅� (R) + 𝑔 ̅ (G) + �̅� (B) (1) 

 

(a) 

 

(b) 

Figure 1.4. Illustration of typical colour matching experiments (7). 

The result of the colour matching experiment led to a set of colour matching functions, as shown 

in Figure 1.5. It needs to be noted that the negative values represent the conditions that colour 

matching can only be realized by moving the red primary to the reference field. This may lead to 

inconvenience in practice. Therefore, the CIE developed an imaginary primary set, so that the RGB 

colour matching functions, as shown in Figure 1.5, can be linearly transformed using Eq. (2). Such 

Test field

Reference 

field
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a transformation led to a new CMF set, known as the CIE CMFs. However, the field of view (FOV) 

for viewing objects in daily life usually exceeds 2°. In 1964, the CIE recommended another set of 

CMFs (i.e., CIE 1964 X10Y10Z10 CMFs) based on the experiments conducted by Stiles, Burch (8), 

and Speranskaya (9). Figure 1.6 shows these two sets of CMFs. It can be observed that the CIE 

1931 CMFs have smaller values in the spectral range of 380 to 460 nm. This is mainly due to the 

rod cell intrusion and the influence of fovea yellow pigments under a large FOV. It is 

recommended to use the CIE 1931 CMFs for stimuli with a FOV between 1°and 4°, and to use the 

CIE 1964 CMFs for stimuli with a FOV beyond 4°. 

 

Figure 1.5. Colour matching functions derived from the colour matching experiment using red, green, and 

blue as the primaries (10). 
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Figure 1.6. CIE 1931 CMFs (solid lines) and CIE 1964 CMFs (dotted lines). 

Using the CMFs and the SPD of a stimulus, the tristimulus values can be calculated using Eqs. 

(3)-(5). These three values can be further converted to two values (i.e., chromaticity coordinates) 

using Eq. (6). Figure 1.7 shows the CIE 1931 chromaticity diagram, which is derived based on the 

chromaticity coordinates of monochromatic light using the CIE 1931 CMFs. The straight line 

connecting the chromaticity coordinates of the monochromatic lights at 380 and 780 nm is called 

the purple line. All the colours that can be perceived by the human beings should have the 

chromaticitiy coordinates in the CIE 1931 chromaticity diagram. Two stimuli having different 

SPDs but the same chromaticity coordinates are called metamers. 

X = ∫ 𝑆𝑃𝐷(𝜆)�̅�(𝜆)𝑑𝜆
780

380
 (3) 

Y = ∫ 𝑆𝑃𝐷(𝜆)�̅�(𝜆)𝑑𝜆
780

380
 (4) 
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Figure 1.7. CIE 1931 chromaticity diagram (11). 

The SPD of a blackbody radiator at a certain temperature T can be calculated using Eq. (7). The 

chromaticity coordinates of a series of blackbody radiators at different temperatures can be plotted 

in the chromaticity diagram, known as the blackbody locus. 

𝑀𝑏λ =
𝑐1λ

−5

𝑒
𝑐2
λT−1

  (7) 

where:  

Mbλ: spectral radiant exitance of the blackbody; 

c1: the first radiant constant, c1 = 3.74188e-12 W·cm2; 

c2: the second radiant constant, c2 = 1.4388 cm·K; 

λ: wavelength of the blackbody; 

T: temperature of the blackbody. 
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The colour temperature of a stimulus is the temperature of a blackbody radiator with the emitted 

colour being identical to that of the stimulus. Colour temperature, however, cannot be used for the 

stimuli whose chromaticity coordinates are far from the blackbody locus. Therefore, the correlated 

colour temperature (CCT) is used. It refers to the temperature of a blackbody radiator with the 

emitted colour being most similar to that of the stimulus. Figure 1.8 shows the blackbody locus in 

the CIE 1931 chromaticity diagram. 

 

Figure 1.8. CIE 1931 chromaticity diagram with the blackbody locus (12). 

1.3 Colour spaces 

The CIE 1931 chromaticity diagram is not uniform as the same distance between two 

chromaticities does not correspond to the same perceived colour difference. This brings 

inconveniences to practical applications. MacAdam (13) conducted a local-adaptation colour 

matching experiment using twenty-five selected colour centres with five to nine directions in the 

CIE 1931 chromaticity diagram to investigate its inhomogeneity. The experiment was carried out 

with a FOV of 2° and repeated several times. The results (i.e., MacAdam ellipses), as shown in 
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Figure 1.9, clearly suggested the nonuniformity of the CIE 1931 chromaticity diagram. In 

particular, a small shift of chromaticities for blue stimuli, which is at the low left of the 

chromaticity diagram, would introduce noticeable colour differences. In contrast, yellow stimuli 

have a much larger tolerance of chromaticity shifts. 

 

Figure 1.9. MacAdam ellipses for one of MacAdam's test participants, observer ‘PGN’, plotted on the CIE 

1931 chromaticity diagram. The ellipses are ten times their actual size, as depicted in MacAdam's paper for 

illustration (14). 

A great number of attempts have been made to transform the CIE 1931 chromaticity diagram, so 

that the MacAdam ellipses become circles. The CIE recommended a uniform chromaticity scale 

diagram called CIE 1960 UCS diagram in 1960, which transforms the chromaticity coordinates (x, 

y) to (u, v) using Eqs. (8) and (9). 

𝑢 =
4𝑥

−2𝑥+12𝑦+3
  (8) 

𝑣 =
6𝑦

−2𝑥+12𝑦+3
  (9) 
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This was further revised to the CIE 1976 uniform chromaticity scale (UCS) diagram, which 

transforms the chromaticity coordinates (x, y) to (u’, v’) using Eqs. (10) - (11). Figure 1.10 shows 

the CIE 1976 UCS with the transformed MacAdam ellipses. It can be observed that the MacAdam 

ellipses are much closer to circles in the CIE 1976 UCS. 

𝑢′ =
4𝑥

−2𝑥+12𝑦+3
  (10) 

𝑣′ =
9𝑦

−2𝑥+12𝑦+3
  (11) 

 

Figure 1.10. MacAdam ellipses transformed to the CIE 1976 UCS diagram (The ellipses are ten times their 

actual size for illustration (15). 

The two diagrams mentioned above, however, do not consider lightness, which is an important 

colour attribute. Two colours having the same chromaticity coordinates may appear very different 

due to the different lightness values. For example, orange and brown colours have the same 

chromaticity coordinates, but orange colour has a much greater lightness value. Therefore, three-

dimensional colour spaces are needed to better characterize the colour differences. 
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The CIE recommended two uniform colour spaces (i.e., CIELUV and CIELAB) in 1976, with 

Figure 1.11 illustrating the CIELAB colour space. The L*, u*, and v* values of a stimulus in the 

CIELUV colour space are calculated using Eqs. (12) - (14). 

𝐿∗ = 116 · (
𝑌

𝑌𝑛
)
1

3 − 16 (12) 

𝑢∗ = 13𝐿∗ · (𝑢′ − 𝑢𝑛
′ ) (13) 

𝑣∗ = 13𝐿∗ · (𝑣′ − 𝑣𝑛
′ ) (14) 

The L*, a*, and b* of a stimulus in the CIELAB colour space are calculated using Eqs. (15) - (17). 

𝐿∗ = 116 · (
𝑌

𝑌𝑛
)
1

3 − 16 (15) 

𝑎∗ = 500 · [(
𝑋

𝑋𝑛
)
1

3 − (
𝑌

𝑌𝑛
)
1

3] (16) 

𝑏∗ = 200 · [(
𝑌

𝑌𝑛
)
1

3 − (
𝑍

𝑍𝑛
)
1

3] (17) 

Where XYZ are the tristimulus values of the stimulus, XnYnZn are the tristimulus values of a 

perfect white diffuser under the same condition. 

The colour difference between two colour stimuli can be calculated in the CIELUV and CIELAB 

using Eqs. (18) and (19), respectively. 

∆𝐸𝑢𝑣
∗ = [(∆𝐿∗)2 + (∆𝑢∗)2 + (∆𝑣∗)2]1/2 (18) 

∆𝐸𝑎𝑏
∗ = [(∆𝐿∗)2 + (∆𝑎∗)2 + (∆𝑏∗)2]1/2 (19) 
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Figure 1.11. Illustration of the CIELAB colour space (16). 

To better specify the colours perceived by the human beings, the Munsell colour system was 

developed. It describes a stimulus using three scales: value (lightness), hue, and chroma, as shown 

in Figure 1.12. The vertical axis stands for the value scale between 0 to 10, with 0 representing 

black and 10 representing white. The chroma scale contains 20 or more steps from neutral to highly 

saturated colours. The hue scale is arranged in a horizontal circle divided into five principal hues: 

red, green, blue, yellow, and purple, and five intermediate hues. The three scales and steps are 

carefully designed and specified so that the perceived colour difference between each increment 

is identical under the CIE illuminant C. 
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Figure 1.12. Illustration of the Munsell colour system (17). 

1.4 Colour appearance models 

1.4.1 Colour attributes 

To better describe the perceived appearance of a stimulus, various terms are developed to 

characterize the attributes of the stimulus. They are classified into two categories (i.e., absolute 

and relative). The absolute attributes include brightness and colourfulness, while the relative 

attributes include lightness, chroma, and saturation. 

Brightness (Q) 

Brightness is an absolute attribute describing the perception of the perceived amount of light that 

is emitted or reflected. Brightness is open-ended, with a zero origin defined as black. 

Lightness (J) 
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Lightness refers to the brightness of an area in comparison to that of a reference white illuminated 

under a similar condition (i.e., J = Qs/Qr, where Qs and Qr are the brightness of the sample and 

reference white, respectively). Therefore, lightness is a relative colour attribute. 

Colourfulness (M) 

Colourfulness describes the degree of chromatic appearance that an area appears. It is an open-

ended scale with a zero-origin defined as an achromatic appearance. The colourfulness of a sample 

is affected by luminance levels. 

Chroma (C) 

Chroma refers to the ratio of the colourfulness of a stimulus to the brightness of reference white 

illuminated under a similar condition. It is a relative attribute and is decided by colourfulness and 

brightness (i.e., C = M/Qr). Chroma is an open-ended scale with the zero-origin defining an 

achromatic appearance. 

Saturation (S) 

Saturation refers to the ratio of the colourfulness of a stimulus to its brightness (i.e., s = M/Q, or s 

= C/J). Similar to colourfulness and chroma, it is an open-ended scale with the zero-origin defining 

an achromatic appearance. 

Hue (H) 

There are four primary hues: red, yellow, green, and blue. Hue describes the visual perception of 

colour that a stimulus appears to be similar to one of the four hues or to a proportion of two of the 

four primary hues. 
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1.4.2 Colour appearance phenomena 

The colour appearance of a stimulus is not only affected by itself, but also affected by other factors. 

Some phenomena were found in the past and are summarized below. 

Hunt effect 

The effect of light and dark adaptation on the colour appearance of a stimulus was investigated in 

a haploscopic colour matching experiment conducted by Hunt (18). The observers viewed two 

different stimuli using different eyes and made colour matching between the two stimuli. The 

collected corresponding colour data suggested that the colourfulness of a stimulus increased with 

the adapting luminance. This effect reveals the importance of considering the effect of light level 

in colour appearance characterizations. 

Stevens effect 

Stevens and Stevens (19) conducted an experiment to investigate the effect of adaptation level on 

brightness perception using a magnitude estimation method under different adapting conditions. 

The results revealed that the perceived brightness contrast increased with the luminance, following 

a power relationship. 

Surround effect 

Bartleson and Breneman conducted an experiment to investigate the perception of brightness in 

complex fields. The perceived contrast in brightness and colourfulness was found to increase with 

the light level (20). Colour appearance models need to model this phenomenon, especially when 

it involves cross-media colour reproduction. 

Lightness contrast effect 



16 

 

The perceived lightness increases as the luminance of the background decreases (21). It is one of 

the simultaneous contrast effect which considers the effect of the colour of background on colour 

appearance. It was found that the change of background colour affects the perception of hue and 

lightness. The effect on colourfulness is much smaller. 

The colour phenomena described above are more obvious for related colours, which refer to the 

stimuli that are perceived to belong to an area or viewed with other stimuli (22). Unrelated colours, 

in contrast, refers to stimuli perceived by themselves in isolation from other stimuli. 

1.4.3 Colour appearance models 

The two three-dimensional colour spaces, CIELUV and CIELAB, were mainly developed to 

characterize colour differences between stimuli under the light sources similar to D65 (23). They 

were not intended to characterize the colour attributes perceived by the human beings across a 

wide range of conditions. Colour appearance models (CAMs) were developed to mathematically 

characterize and predict the effect of various factors on the perceived colour appearance. 

CIECAM02, which was proposed by Luo et al. (24) in 2002, is the most widely used CAM 

currently. This model is capable of predicting the colour appearance of stimuli across a wide range 

of viewing conditions. Figure 1.13 shows the schematic diagram of the CIECAM02. The inputs 

are the tristimulus values XYZ of a stimulus and the tristimulus values of a white standard XwYw 

Zw under the same condition (note: the Yw value needs to be scale to 100). The outputs are the 

predicted colour attributes: brightness (Q), lightness (J), chroma (C), colourfulness (M), hue 

composition (H), hue angle (h), and saturation (s). 
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Figure 1.13. A schematic diagram of the CIECAM02 (24). 

CAM02-UCS is a uniform colour space developed based on CIECAM02, so that it can characterize 

the colour differences. 

1.5 Structure of dissertation 

The dissertation is organized as follows. Chapter 2 introduces past studies that were relevant to 

this dissertation. Chapter 3 proposes three hypotheses that need to be tested in this dissertation. 

Chapters 4 and 5 report the two studies investigating the preferred colour appearance across a wide 

range of light levels (i.e., 20 to 15000 lx). Chapter 6 reports the study testing the performance of 

CIECAM02 under extremely high light levels. Chapter 7 goes through the study investigating the 

change of unique hue under different conditions. Chapter 8 summarizes the studies and 

contributions. 
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Chapter 2 Literature review 

2.1 Colour rendition and colour preference 

2.1.1 Colour rendering index 

Colour rendition refers to the influence of a light source spectrum on object colour appearance, 

which is of great significance to lighting manufacturers (25). It can be described in three 

dimensions—fidelity, discrimination, and preference. Great efforts have been made to develop 

light sources with better colour rendition. In particular, with the development of light-emitting 

diodes (LEDs), the SPDs can be easily adjusted to achieve better colour rendition. The CIE General 

Colour Rendering Index CRI-Ra characterizes the average colour shift of eight colour samples 

illuminated by a test source in comparison to those illuminated by a reference illuminant (26). The 

eight colour samples are Munsell colour samples with medium chroma, which may lead to 

inaccuracy when evaluating light sources with highly structured spectra. 

2.1.2 Colour preference 

Colour preference is of great significance in light source colour rendition. It describes whether a 

light source can render objects such that they appear satisfying. Manufacturers and designers 

always aim to manufacture and use light sources providing higher colour preference. Colour 

preference enhancement can be realized by manipulating the SPDs of light sources, which can be 

traced back to the invention of neodymium incandescent lamps in 1975. 

Many studies found that light sources with higher CRI-Ra values were not necessarily preferred 

(27-29). Smet et al. (27) evaluated the correlation between the colour quality of light sources 

characterized using 13 metrics and the evaluated appreciation of colour quality in nine 

psychophysical studies. It was found that the light sources with high fidelity values were not 

always preferred. Wei et al. (28) compared the colour preference of a scene illuminated by a typical 
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blue-pumped LED (BP-LED) and by a blue-pumped LED with diminished yellow emission (YD-

LED). The result showed that the YD-LED (CRI = 78) was generally preferred over the BP-LED 

(CRI = 86). Colour preference for three applications was investigated by Teunissen et al. (29) 

using seven LED light sources with Ra values from 70 to 100. The colour appearance of the objects 

under the light source with an Ra of 70 was found to be more preferred than those under the light 

source with an Ra of 80. This was believed due to the fact that CRI-Ra penalizes any colour shift 

regardless of the shift direction. 

Light sources with larger gamut areas were found to be able to produce higher colour preference, 

as they can enhance the saturation of illuminated objects (30-39). Liu et al. (30) conducted an 

experiment to evaluate the colour preference of different artwork under different light sources at 

300 lx. They found that the sources with larger gamut areas were more preferred. The effect of 

gamut size and shape on colour preference in retail and restaurant settings was investigated in two 

psychophysical experiments carried out by Wei et al. (31) using two series of light sources under 

300 and 500 lx. The results suggested that the object colours were more satisfying under the 120-

series spectra (i.e., Rg = 113-117) and 110-series spectra (i.e., Rg = 104-108) than those under the 

reference stimulus (i.e., Rg = 97). Wei et al. (32) also compared the observers’ perceptual responses 

to LED illumination with different colour rendering indices to investigate colour rendering of 

different objects under 500 lx. The results showed that the VLED with a Qf = 94 and a Qg = 100 

was preferred over the BLED with a Qf = 85 and a Qg = 97. Dangol et al. (36) conducted a 

psychophysical experiment using seven different LEDs to investigate the observers’ colour 

preference around 460 lx and compared the performance of various colour quality metrics. The 

results suggested that light sources with high Ra values were not necessarily preferred, while light 

sources with larger gamut areas were more preferred. In general, the colour appearance of objects 
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under light sources that can enhance the saturation of colours, especially red colours, was 

preferred. 

Several attempts have been made to develop alternatives to CRI-Ra or complementary ways to 

evaluate colour rendition of light sources. The development of a new colour rendering index was 

proposed by the CIE Technical Committee TC 1-62. Since a single colour fidelity measure cannot 

accurately characterize the colour rendition of a light source, a two-measure system including a 

fidelity measure and a relative gamut measure was believed to better characterize light source 

colour rendition (40). In 2015, the Illuminating Engineering Society (IES) developed IES TM-30-

15, which included a colour fidelity metric Rf and a relative gamut metric Rg (41, 42). The reference 

illuminant is set to have an Rg of 100. Sources with Rg > 100 can enhance the average saturation 

of illuminated objects while sources with Rg < 100 decrease the average saturation of illuminated 

objects. In addition, a Colour Vector Graphic was also proposed to characterize the gamut shape 

of a light source. Gamut shape is also found to have a significant impact on light source colour 

rendition, since gamut area can only characterize the average chroma change (31). 

Great efforts have been made to investigate the general range of colour fidelity, gamut area, and 

gamut shape for producing higher colour preference. Rea and Freyssinier proposed the Class A 

designation, specifying light sources for general illumination when colour rendition is important 

should have an Ra greater than 80 and a GAI between 80 and 100 (43-45). Systematic changes 

were made in gamut size to investigate the effect of gamut size on colour preference and an upper 

limit was found essential for gamut area, since oversaturation may reduce the naturalness of objects 

and decrease colour preference (46). Two psychophysical studies (47, 48) systematically varying 

colour fidelity, gamut area, and gamut shape within the context of IES TM-30-15 Rf, Rg, and 
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Colour Vector Graphic were carried out. The criterion that Rf ≥ 74, Rg ≥ 100, and 2% ≤ Rcs,h16 ≤ 

16% was proposed (47), which was later relaxed to Rf ≥ 75, Rg ≥ 98, and -7% ≤ Rcs,h1 ≤ 15% (48). 

Table 2.1 summarizes the studies investigating colour preference and colour rendition, including 

light levels, tasks, viewing conditions, and results. As shown in Table 2.1, the illuminance levels 

used in these psychophysical studies (27-39, 43-48), including those described above, were 

generally between 200 and 1000 lx. These illuminance levels were within the range for typical 

general illumination and well above the threshold of photopic vision (49). Moreover, each study 

was only carried out under a single illuminance level, which cannot be used to test the interactive 

effect of illuminance and colour rendition on colour preference. More importantly, light source 

colour rendition was seldom investigated under low or extremely high illuminances, though there 

are applications, such as museum lighting, where the light levels are generally lower than 200 lx 

and the colour appearance of colour stimuli are critically important. On the other hand, 

investigating the effect of extremely high illuminance on colour rendition is essential because the 

change of light level in cross-media colour reproduction is sometimes very large. For example, 

exhibiting an artwork that was captured under daylight in a museum involves significant reduction 

of light levels. Light levels outside the typical range were used in only a few studies (i.e., 5 fc: Rea 

and Freyssinier (50); 28 lx: Rea and Freyssinier (51); 100 lx: Kawashima et al. (52); 2000 lx: 

Khanh et al. (53)). 
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Table 2.1. Summary of past studies investigating colour preference. 

Ref Author/Year Illuminance Task Viewing conditions Findings 

(28) Wei et al. 2013 
350 or 150 

lx 

Brightness 

matching, 

preference 

evaluation 

Two rooms placed side 

by side 

YD-LED (Qf=83, Qg=115) was generally 

preferred over BP-LED (Qf=83, Qg=100). 

(29) 
Teunissen et al. 

2015  
722 ± 3 lx 

Attraction 

evaluation 

Two displays placed side 

by side 

CRI70R (RGAI=113) and CRI80R 

(RGAI=110) were preferred over CRI80A 

(RGAI=94). 

(30) Liu et al. 2013  300 lx 

Naturalness 

and preference 

evaluation 

Cyclical change of 

lighting conditions in the 

cabinet 

1. Illuminants with larger gamut areas were 

preferred. 

2. When assessing familiar objects, 

subjects relied on their memory. 

(31) Wei et al. 2016  
300 ± 10 lx/ 

500 ± 20 lx 

Forced choice 

of preference 

rating 

Two viewing booths 

placed side by side 

A higher preference under these 120-series 

(Rg=113-117) spectra than reference; a 

higher preference under these 110-series 

(Rg=104-108) spectra than the reference 

(Rg=97). 

(32) Wei et al. 2014  500 lx 

Colour 

appearance 

evaluation, 

brightness 

matching 

Two viewing booths 

placed side by side 

VLED97 (Qf=94, Qg=100) was preferred 

over BLED85 (Qf=85, Qg=97). 

(33) Lin et al. 2015 460 ± 20 lx 

Colour 

preference 

evaluation 

Two rooms placed side 

by side 

1. For restaurant and retailing, SPD B 

(Qf=86, Qg=97) was preferred over A 

(Qf=75, Qg=94). 

2. For supermarket, SPD A (Qf=75, Qg=94) 

was preferred over SPD C (Qf=95, Qg=99). 
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(34) 
Khanh et al. 

2016  
920 lx 

Naturalness, 

vividness, and 

preference 

evaluation 

A full-scaled space 

MaxQg0 (Qf=97, Qg=111) and rot0 (Qf=89, 

Qg=106) were preferred over the five light 

sources without object over-saturation. 

(35) 
Dikel et al. 

2013  
500 lx 

Lighting 

assessment 

and preference 

evaluation 

The lighting condition of 

the experimental chamber 

was changed one after 

another while the 

participants turned 180◦ 

away from the model. 

Stimulus E (Qg=119 max) was the most 

pleasant pre-set spectra. 

(37) 
Islam et al. 

2012 
500 lx 

Naturalness, 

brightness, 

pleasantness, 

and 

colourfulness 

evaluation 

Triple rooms placed side 

by side 

SPD2 (Qg_new=115, GAI=72), SPD5 (Qg 

_new=117, GAI=66) and SPD8 (Qg 

_new=105, GAI=54) were preferred over 

SPD4 (Qg_new=78, GAI=35) and SPD6 

(Qg_new=87, GAI=41). 

(46) 
Wei and Houser 

2016  
415 ± 5lx 

Forced choice 

of preference 
A viewing booth 

Qg within a certain range (116 to 134) were 

preferred over Qg of 97, 106 and 140. 

(47) 
Royer et al. 

2017  
214 ± 4 lx 

Colour 

appearance 

evaluation 

A full-scaled space 2%≤ Rcs,h1 ≤16% were preferred. 

(48) 
Royer et al. 

2017  
207 ± 2 lx 

Colour 

appearance 

evaluation 

A full-scaled space 
Rf ≥ 75, Rg ≥ 98 and -7% ≤ Rcs,h1 ≤ 15% 

were preferred. 

(54) 
Khanh et al. 

2016  
550 lx 

Naturalness, 

vividness, and 

preference 

evaluation 

A full-scaled space 
A (Rf=73, Rg=107 max) has the highest 

preference. 

(55) 
Baniya et al. 

2013 
485 ± 5 lx 

Naturalness, 

colourfulness, 

and brightness 

evaluation 

Two lighting booths 

placed side by side 

The SPD (Qg=119, Ra=82) were preferred 

over the SPDs (Qg=100 to 114, Ra=86 to 

96). 
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(56) Harper 2013  540 lx 

Forced-choice 

of colour 

preference 

Two viewing booths 

placed side by side 

Near-white illuminants that saturate one or 

more hues are preferred to those that are 

neutral-white. 

(130) 
Huang et al. 

2020 
200 lx 

Compared 

comparison of 

colour 

preference, 

colour 

comfort, 

colour 

discrimination

, and antiquity 

Two viewing booths 

placed side by side 

A light source with the CCT of 4000 K and 

a Duv of 0 had the highest colour preference 

and colour comfort. 

The observers had the greatest capability 

for color discrimination under a light 

source of 4000 K with a Duv value of 

−0.015. 
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2.2 Chromatic adaptation 

Chromatic adaptation significantly affects the perceived colour appearance of stimuli, and this is 

an essential part of colour appearance models. It refers to the capability of the human visual system 

to eliminate the colour cast produced by the light sources, so that people can perceive a relatively 

consistent colour appearance of the same surface colour under different lighting conditions. The 

chromatic adaptation transform (CAT), which predicts the chromatic adaptation of the human 

visual system, is embedded in colour appearance models to characterize the chromatic adaptation 

mechanism and the effect of the adapting luminance on degree of chromatic adaptation. CATs 

were mainly developed on the basis of corresponding colour data sets. Corresponding colours refer 

to a pair of colour stimuli that appear identical to a human observer under two different adapting 

conditions (57). Various colour matching methods such as local adaptation matching (58), 

haplosopic colour matching (59, 60), magnitude estimation (61), and memory colour matching 

(62) were used to collect corresponding colour data. 

Figure 2.1 illustrates three stages that are included in most CATs, most of which were developed 

based on the von Kries’s assumption. It states that the adapting field affects the responses of the 

three cones, and the response of each cone is independent of the others and is only determined by 

the adapting field (63). Regardless of the adapting condition, the relative sensitivity of each cone 

remains constant, which can be described using Eqs. (20) - (22). 

𝑅𝑐 = 𝛼𝑅  (20) 

𝐺𝑐 = 𝛽𝐺  (21) 

𝐵𝑐 = 𝛾𝐵  (22) 
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Where R, G, B and Rc, Gc, Bc are the cone responses under the reference and test illuminants. The 

von Kries coefficients (α, β, and γ) correspond to the sensitivity adjustments of the three cones 

affected by the adapting condition. They can be calculated from the change of a reference white, 

as illustrated in Eqs. (23) - (25). 

𝛼 = 𝑅𝑤𝑟/𝑅𝑤  (23) 

𝛽 = 𝐺𝑤𝑟/𝐺𝑤  (24) 

𝛾 = 𝐵𝑤𝑟/𝐵𝑤  (25) 

where Rwr, Gwr, Bwr are the cone responses of the reference white under the reference illuminant 

and Rw, Gw, Bw are the cone responses of the reference white under the test illuminant. 

 

Figure 2.1. Schematic diagram of typical CATs, including three stages (57). 

Xw, Yw, Zw Xrw, Yrw, Zrw X, Y, Z

Stage 1

Rw, Gw, Bw R, G, BRrw, Grw, Brw

Stage 2

Rc, Gc, Bc

Stage 3

Xc, Yc, Zc
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The degree of chromatic adaptation factor (D) is an important parameter in many CATs. It refers 

to the degree of adaptation to the white point in the adapting field. The value of D with a range 

between 0 and 1 in CAT02, as shown in Eq. (26), is affected by both the surrounding condition 

and adapting luminance level, as characterized using F and adaptation luminance (LA), 

respectively. 

𝐷 = 𝐹(1 − 
1

3.6
 𝑒−

𝐿𝐴+42

92 ) (26) 

Past studies suggested that the degree of chromatic adaptation was affected by the chromaticities 

of the adapting conditions, in addition to the adapting luminance (62, 64-66). Zhai et al. (64) 

conducted two experiments to investigate the chromatic adaptation and neutral white under the 

illuminants with different values of CCT and Duv. The observers were asked to make achromatic 

colour matchings using both self-luminous display and surface colours under different illuminants. 

It was found that the degree of chromatic adaptation was higher when the observers viewed the 

surface colours, in comparison to when they viewed the self-luminous display. In addition, the 

degree of chromatic adaptation was found to be significantly affected by the chromaticities of the 

adapting condition, with a higher degree at a higher CCT. Similar experiments were conducted by 

Smet et al. (62, 65) using a long-term memory matching method under neutral and coloured 

illuminants. The results showed that the degree of chromatic adaptation was much lower than that 

predicted by the CATs, and the prediction was especially worse under the coloured illuminants. 

The colour appearance of white of a display was investigated under different adapting conditions 

with various CCTs and Duv (67). It was found that the degree of chromatic adaptation was higher 

under the illuminants with a Duv of -0.02 than that under the illuminants with a Duv of +0.02 or -

0.04. In addition, the adaptation degree was found to increase with the adapting CCT. Wei et al. 

(68) conducted a psychophysical experiment to investigate the effect of adapting luminance and 
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adapting CCT on chromatic adaptation and the appearance of white. The results suggested that the 

adapting CCT and adapting light level jointly affected the adaptation degree, especially at a lower 

CCT. Moreover, it was found that the effect of viewing medium was indeed the effect of viewing 

mode, caused by the luminance levels of the adapting field and stimulus. A stimulus would appear 

as a reflective surface colour when its luminance is lower than the luminance of a perfect diffuser 

(i.e., Lw) under the same viewing condition, while a stimulus would appear self-luminous when its 

luminance is higher than that of a perfect diffuser under the same viewing condition. 

2.3 Colour appearance model 

Colour appearance models are developed to predict and characterize the colour attributes of a 

stimulus under a certain adapting conditions. Experiments were carried out to understand how 

different parameters affected colour attributes. 

2.3.1 Light levels 

The illuminance levels typically used in the visual experiments on colour appearance were from 

0.1 to 1000 lx, which covered both photopic and scotopic ranges. Hunt (18) selected 0.007, 0.03, 

0.25, 0.75, 6, and 100 cd/ft2 (i.e., from 0.02 to around 335 lx) for the adapting field in his 

experiment. The illuminance levels used in Ishida (69), Ikeda (70), and Shin et al. (71, 72) all 

ranged from 0.1 to 1000 lx to investigate the effect of illuminance levels on surface colour 

appearance. Choi et al. (73) varied luminance levels from 0 to about 380 cd/m2 (i.e., from 0 to 

around 1500 lx) to investigate the effect of ambient illuminance levels on the colour appearance 

of a large display. Similarly, Baek (74) used luminance levels from 0 to around 2087 cd/m2 (i.e., 

from 0 to around 7000 lx) to measure the optimum surround ratio inducing the highest perceived 

image contrast and to determine the perceived contrast compensation ratio for a wide range of 

surround luminance. Illuminance levels from 0.003 to 10 lx were used in Pokorny et al. (75) to 
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focus more on the scotopic vision. Past studies that were relevant to colour appearance generally 

used illuminance levels below 1000 lx. Though human beings experience very high light levels 

under daylight, few experiment was carried out under an extremely high light level due to the lack 

of experiment facility, which is one of the weaknesses of the existing colour appearance models. 

2.3.2 Viewing techniques 

Different viewing techniques were used in the psychophysical experiments to investigate colour 

appearance of stimuli under different viewing conditions, including: memory viewing technique, 

successive-binocular viewing technique, simultaneous-binocular viewing technique, 

simultaneous-haploscopic viewing technique, and successive-Ganzfeld-haploscopic viewing 

technique (76). 

When using the haploscopic viewing technique, an optical device called haploscope is used to 

present one stimulus to one eye and another stimulus to the other eye for interocular comparison 

or colour matching. This technique was adopted in many psychophysical experiments. For 

example, Buck (77) designed an adapting field with a changing background (unique yellow, red, 

blue, and green) and a one deg-dia spot illuminated by a monochromatic light. The observers were 

asked to observe the adapting field with their right eyes and to observe the spot with their left eyes. 

Ikeda et al. (70) also employed the simultaneous-haploscopic viewing technique to investigate the 

equivalent lightness of coloured objects under the illuminance from the scotopic to photopic levels. 

The observers were required to look at the stimuli under different surrounding conditions with 

their left eyes and look at a series of samples with different lightness levels with their right eyes. 

Shin et al. (71) used a haploscopic viewing technique to collect the corresponding colours of test 

colour samples under different light levels. When using the simultaneous-binocular viewing 

technique, the test and reference stimuli are viewed with both eyes at the same time for comparison, 
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which is a natural viewing condition, and was used in many studies (29, 31, 32, 76). Observers 

make a direct comparison between the test and reference stimuli or adjust the test stimuli to match 

the colour appearance of the reference stimuli. 

2.3.3 Experimental methods 

Colour matching and magnitude estimation are the two major experimental methods for evaluating 

colour appearance in many psychological experiments on colour appearance (1). In colour 

matching experiments, observers are required to adjust the colour appearance of a test stimulus to 

match that of a reference stimulus (78-80). The observers can also be asked to make colour 

matching base on their long-term memories (81-84). In some experiments, observers were asked 

to make colour identification, in terms of hue, based on their long-term memories under various 

illuminance levels (69, 75). Corresponding colour data can be collected through colour matching 

experiments, which can be used to develop and test colour appearance models. In magnitude 

estimation experiments, observers are asked to directly scale the colour attributes of stimuli. 

Although it was found that the results of magnitude estimation experiments had larger variations 

than those of colour matching experiments, the results of magnitude estimation experiments 

provided numerical values of colour attributes under different viewing conditions, which offered 

convenience for developing and revising colour appearance models. Magnitude estimation method 

has been frequently used in psychophysical experiments. For example, Choi et al. (73), Wang et 

al. (85), and Luo et al. (86) asked the observers to scale the lightness, colourfulness, and hue of the 

test stimuli under various surrounding conditions in their experiments. Baek (74) asked the 

observers to scale the brightness when the light level was changed. 

Table 2.2 summarizes the past studies that were relevant to the investigation of colour appearance. 

It can be noticed that most studies used certain adapting illuminants, making the stimuli appear to 
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be relative colours. The colour appearance of unrelated colours, however, is also important, since 

unrelated colours widely exist in our daily life (e.g., traffic lights and signs at night). 
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Table 2.2. Summary of the past studies investigating the colour appearance of stimuli. 

Ref. Author/Year 
Luminance/Illu

minance 
Task Media 

Viewing 

condition 
Response Findings 

(18) Hunt 1951 

0.007, 0.03, 

0.25, 0.75, 6, 

and 100 cd/ft2 

Colour matching 
Light 

colour 
Aperture 

RGB 

colour 

matching 

Colours gradually became 

more and more desaturated 

when the adapting light 

intensity decreased. 

(70) 
Ikeda et al. 

1989 

0.01 - l000 lx in 

equal steps of 

0.5 in 

logarithmic 

units 

Brightness 

matching  

Surface 

colour 

Two 

windows 

placed side 

by side  

Brightness Leq = Lach+Lchr. 

(86) 
Luo et al. 

1990 
20.3 - 264 cd/m2 

Magnitude 

estimation of 

lightness, 

colourfulness, and 

hue 

Surface 

colour 

and 

display 

A fully 

scaled 

complex 

viewing field 

Lightness, 

colourfuln

ess, and 

hue  

The hue results were the most 

consistent throughout the 

entire experiment and the 

colourfulness was the least. 

(87) 
Ikeda et al. 

1989 

0.001, 0.1, 1, 10, 

100, and 1000 lx 

Brightness 

matching  

Surface 

colour 

Two 

windows 

placed side 

by side 

Brightness Leq = Lach+Lchr. 

(77) 
Buck et al. 

1997 
/ Colour matching 

Surface 

colour 

A fully 

scaled space 

RGB 

amount 

The red adapting field 

induced different scotopic- 

and photopic-contrast hue 

matches. 
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(69) Ishida 2002 
0.1, 1, 10, and 

1000 lx 

Colour 

specification 

Surface 

colour 

A fully 

scaled space 

Colour 

names 

When the illuminance 

decreased:  

1) Blue obviously shifted 

towards the green region; 

2) The green response 

shrunk; 

3) The range of yellow 

shifted towards the red 

region. 

(88) 
Freyssinier 

et al. 2006 

0.01, 0.1, 1, and 

10 cd/m2 
Brightness scaling 

Surface 

colour 

A fully 

scaled space 

Brightness 

contrast 

1) Rated brightness contrast 

was significantly affected by 

the lightness; 

2) When the luminance 

increased, the brightness 

contrast increased. 

(75) 
Pokorny et 

al. 2006 
0.0003 - 10 lx 

Colour 

specification 

Surface 

colour 

A fully 

scaled space 

Colour 

names 

There were salient and 

diverse colour appearances at 

all illumination levels. 

(73) 
Choi et al. 

2010 
0 - 382 cd/m2 

Lightness, 

colourfulness, and 

hue evaluation 

Display 

A fully 

scaled 

complex 

viewing field 

Lightness, 

colourfuln

ess, and 

hue 

1) For the surround excluding 

glare, the illumination hardly 

affected the appearance of 

displayed colours. 

2) For the surround including 

glare, the observers could see 

veiling glare added to the 

displayed colours with a 

bright surround. 
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(89) 
Kim et al. 

2010 

0, 61, 117, 200, 

468, 1215, and 

2087 cd/m2 

Image brightness 

contrast 

comparison 

Surface 

colour 

A fully 

scaled 

complex 

viewing field 

Brightness 

contrast 

Maximum contrast was found 

near SR = 1. 

(74) 
Baek et al. 

2013 

0, 61, 117, 200, 

468, 1215, and 

2087 cd/m2 

Brightness scaling 
Surface 

colour 

A fully 

scaled 

complex 

viewing field 

Brightness 

Compensation ratio was 

appropriate to describe the 

change in perceived 

brightness contrast. 

(85) 
Wang et al. 

2017 
2500 - 10000 lx 

Lightness, 

chroma, and hue 

matching  

Surface 

colour 

Two viewing 

booths placed 

side by side 

Lightness,  

chroma, 

and hue 

1) The L* values decreased 

with the increase of ambient 

illuminance. 

2) The chroma values 

increased with the increase of 

ambient illuminance.  

3) Obvious hue shift was 

found. 

(90) 
Kim et al. 

2009 

50, 125, 500, 

1000, 2200, 

8500, and 16860 

cd/m2 

Magnitude 

estimation of 

lightness, 

colourfulness, and 

hue 

Display 
A fully 

scaled space 

Hue, 

lightness, 

and 

colourfuln

ess 

1) Lightness and 

colourfulness increased as the 

luminance levels increased; 

they decreased when the 

background luminance 

increased. 

2) Hue was constant with 

regard to the variations in 

luminance, background, and 

surround. 
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131 
Feltrin et al. 

2020 

55, 140, 145, 

147, 150, 155 lx 

Evaluation of 

visual experience 

Surface 

colour 

A fully 

scaled space 

Visual 

experience 

of colour 

appearance 

1). CCT affected the 

painting’s appearance and the 

observers’ overall preference 

the most.  

2). Hue content of the 

painting and the background 

lightness had a smaller effect.  

3). Brightness increases along 

with the CCT. 
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2.3.4 Unique hue 

Unique hue plays an important role in colour appearance models. The specification of unique hues 

is of great importance for developing uniform colour spaces and colour appearance models, where 

unique hues are used for calculating the hue angle and hue composition of a stimulus. The natural 

colour system (NCS) is a psychological opponent-colour system where the concept of unique hue 

was embedded, with the four unique hues (i.e., red, green, yellow, and blue) being specified to 

have a 90° interval in the hue circle based on several psychophysical experiments (91, 92). In the 

IPT colour space developed by Ebner and Fairchild (93), the calculation of the colour attributes is 

based on three opponent channels: I (light–dark), P (red–green), and T (yellow–blue). In 

CIECAM02 (24), the redness-greenness component is characterized in a axis while the 

yellowness-blueness component is described in b axis. The hue angles (h) for the four unique hues 

are defined as 20.14° (UR), 90° (UY), 164.25° (UG), and 237.53° (UB) (1). In uniform colour 

spaces such as CIELAB and CAM02-UCS, the chromaticities of colours with the same hue but 

different chroma levels are expected to lie on a single line across the origin of the a*b* and a’b’ 

planes (known as the iso-hue line). In CIELAB, the hue angles for the four unique hues are defined 

as 25° (UR), 92° (UY), 163° (UG), and 253° (UB) (94). 

Great efforts (95-102) have been made to investigate or verify the hue angles of unique hues in 

colour appearance models and uniform colour spaces. In past studies (95-97, 100-102), Munsell 

and NCS samples were commonly used for observers to select the samples with the unique hues. 

Kuehni (101) asked forty observers to make unique hue selections using four arrays of Munsell 

samples under a D75 simulator. In Shamey et al. (100), the observers were asked to choose the 

samples with unique hues among forty highly chromatic NCS colour samples under four different 

illuminants (i.e., A, CWF, D65, and TL84). All the colour samples were arranged according to hue 
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on a rotatable circular tray and shown to the observers. Huang et al. (97) asked the observers to 

make unique hue selections from 40 saturated (V6C8) and 40 desaturated (V8C4) Munsell samples 

under six light sources with different chromaticities. The 40 samples were attached along the 

boundary of a circular plate in the order of hue and presented to the observers. In Xiao et al. ’s 

experiments (98, 99), the observers made unique hue selections from a designed group of colour 

patches shown on a CRT display at different chroma and lightness levels under different 

surrounding conditions (i.e., D65, CWF, and dark condition). 

It can be noticed that most of the above studies used a simultaneous viewing method, with all the 

colour samples being simultaneously presented to the observers at the same time for selection. 

Hinks (96) investigated the effect of the number of samples that were simultaneously presented on 

the unique hue judgments. The hue selection results using two different methods were compared 

(i.e., viewing 40 Munsell samples simultaneously versus viewing only three consecutive samples 

with the others covered using a mask). During the experiment, the observers selected unique hues 

among 40 V6C8 Munsell samples with or without a mask under a daylight simulator. It was found 

that the unique hue selections were significantly different when using the two methods. 

2.3.5 CIECAM02 

CIECAM02 is the most widely used colour appearance model. It was developed based on the 

LUTCHI dataset, which was collected through a series of psychophysical experiments evaluating 

colour appearance of stimuli (21, 86, 103-105) across a wide range of viewing conditions using a 

magnitude estimation method. Different light sources (e.g., D65, D50, WF, A, etc.), viewing media 

(colour samples, transmissive media), luminance levels, and background conditions (grey, white, 

black) were used in the experiments. CIECAM02 is capable of predicting colour appearance under 

a wide range of viewing conditions and across different media. The luminance levels used in the 
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experiment were mainly below 700 cd/m2 and only four colour samples were evaluated between 

1000 and 1280 cd/m2 (86, 105). However, colour appearance under high light levels is also 

important, since people may experience a wide range of luminance levels (from 10-6 to 10+6 cd/m2) 

in their daily life (106). In addition, the change of light levels between different lighting 

applications can also be tremendous. Although Hunt effect is considered in CIECAM02, recent 

studies (90, 107) found that CIECAM02 had a lower accuracy in predicting colour appearance 

under the light levels outside the typical range for general illumination. 

Calculation steps of CIECAM02: 

Step 0: Calculate the parameters which are independent of the stimulus 

𝑀𝐶𝐴𝑇02 = (
0.7328 0.4296 −0.1624
−0.7036 1.6975 0.0061
0.0030 0.0136 0.9834

) (27) 

(

𝑅𝑤
𝐺𝑤
𝐵𝑤

) = 𝑀𝐶𝐴𝑇02 · (
𝑋𝑤
𝑌𝑤
𝑍𝑤

) (28) 

𝐷𝑅 = 𝐷 ·
𝑌𝑤

𝑅𝑤
+ 1 − 𝐷 (29) 

𝐷𝐺 = 𝐷 ·
𝑌𝑤

𝐺𝑤
+ 1 − 𝐷 (30) 

𝐷𝐵 = 𝐷 ·
𝑌𝑤

𝐵𝑤
+ 1 − 𝐷 (31) 

𝐹𝐿 = 0.2𝑘
4 · (5𝐿𝐴) + 0.1(1 − 𝑘

4)2(5𝐿𝐴)
1/3 (32) 

where: 

𝑘 =
1

5·𝐿𝐴
; 
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D is calculated using Eq. 26; 

Xw, Yw, and Zw are the tristimulus values of a perfect diffuser under the same condition (Note: 

Yw needs to be scaled to 100); 

LA is the adapting luminance. 

(

𝑅𝑤𝑐
𝐺𝑤𝑐
𝐵𝑤𝑐

) = (

𝐷𝑅 · 𝑅𝑤
𝐷𝐺 · 𝐺𝑤
𝐷𝐵 · 𝐵𝑤

) (33) 

𝑀𝐻𝑃𝐸 = (
0.38971 0.68898 −0.07868
−0.22981 1.18340 0.04641
0.0000 0.0000 1.0000

) (34) 

(

𝑅′𝑤
𝐺′𝑤
𝐵′𝑤

) = 𝑀𝐻𝑃𝐸 · 𝑀𝐶𝐴𝑇02
−1 · (

𝑅𝑤𝑐
𝐺𝑤𝑐
𝐵𝑤𝑐

) (35) 

𝑅′𝑎𝑤 = 400 ·
(
𝐹𝐿·𝑅

′
𝑊

100
)0.42

(
𝐹𝐿·𝑅

′
𝑊

100
)0.42+27.13

 + 0.1 (36) 

𝐺′𝑎𝑤 = 400 ·
(
𝐹𝐿·𝐺

′
𝑊

100
)0.42

(
𝐹𝐿·𝐺

′
𝑊

100
)0.42+27.13

 + 0.1 (37) 

𝐵′𝑎𝑤 = 400 ·
(
𝐹𝐿·𝐵

′
𝑊

100
)0.42

(
𝐹𝐿·𝐵

′
𝑊

100
)0.42+27.13

 + 0.1 (38) 

𝐴𝑊 = [2· 𝑅′𝑎𝑤 + 𝐺′𝑎𝑤 + 
𝐵′𝑎𝑤

20
− 0.305]  · 𝑁𝑏𝑏 (39) 

where 𝑛 =
𝑌𝑏

𝑌𝑤
, 𝑧 = 1.48 + √𝑛, 𝑁𝑏𝑏 = 0.725(

1

𝑛
)0.2, 𝑁𝑐𝑏 = 𝑁𝑏𝑏. 

Step 1: Calculate cone responses from the tristimulus values of the stimulus (Note: XYZ are scaled 

based on Yw) 
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(
𝑅
𝐺
𝐵
) = 𝑀𝐶𝐴𝑇02 · (

𝑋
𝑌
𝑍
) (40) 

Step 2: Calculate the corresponding cone responses using DR, DG, and DB 

(

𝑅𝑐
𝐺𝑐
𝐵𝑐

) = (
𝐷𝑅 · 𝑅
𝐷𝐺 · 𝐺
𝐷𝐵 · 𝐵

)  (41) 

Step 3: Calculate the Hunt-Pointer-Estevez responses 

(
𝑅′
𝐺′
𝐵′

) = 𝑀𝐻𝑃𝐸 · 𝑀𝐶𝐴𝑇02
−1 · (

𝑅𝑐
𝐺𝑐
𝐵𝑐

) (42) 

Step 4: Calculate cone responses in the post-adaptation process 

𝑅′𝑎 = 400 ·
(
𝐹𝐿·𝑅′

100
)0.42

(
𝐹𝐿·𝑅′

100
)0.42+27.13

 + 0.1 (43) 

If R’ < 0, then 

𝑅′𝑎 = −400 ·
(
−𝐹𝐿·𝑅′

100
)0.42

(−
𝐹𝐿·𝑅′

100
)0.42+27.13

 + 0.1 (44) 

Step 5: Calculate Redness–Greenness (a), Yellowness–Blueness (b) components and hue angle (h) 

𝑎 = 𝑅′𝑎 −
12𝐺′𝑎

11
+
𝐵′𝑎

11
 (45) 

𝑏 =
𝑅′𝑎+𝐺

′
𝑎−2𝐵

′
𝑎

11
  (46) 

ℎ = 𝑡𝑎𝑛−1(
𝑏

𝑎
)  (47) 
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Table 2.3 Unique hue data for calculating hue quadrature. 

 

Step 6: Calculate eccentricity (et) and hue composition (H), using the unique hue data in the above 

table 

𝑒𝑡 =
1

4
 [𝑐𝑜𝑠 (

ℎ′𝜋

180
+ 2) + 3.8] (48) 

𝐻 = 𝐻𝑖 +
100 (

ℎ′−ℎ𝑖
𝑒𝑖

)

ℎ′−ℎ𝑖
𝑒𝑖

+
ℎ𝑖+1−ℎ

′

𝑒𝑖+1

  (49) 

Step 7: Calculate achromatic responses 

𝐴 = [2𝑅′𝑎 + 𝐺′𝑎 +
𝐵′𝑎

20
− 0.305] · 𝑁𝑏𝑏 (50) 

Step 8: Calculate lightness 

𝐽 = 100(
𝐴

𝐴𝑊
)𝑐𝑧  (51) 

Step 9: Calculate brightness 

𝑄 = (
4

𝑐
) · (

𝐽

100
)0.5 · (𝐴𝑊 + 4) · 𝐹𝐿

0.25 (52) 

Step 10: Calculate chroma (C), colourfulness (M), and saturation (s) 

𝑡 =
( 
50000

13
·𝑁𝑐𝑁𝑐𝑏)·𝑒𝑡·(𝑎

2+𝑏2)1/2

𝑅′𝑎+𝐺′𝑎+
21

20
𝐵′𝑎

 (53) 

𝐶 = 𝑡0.9 · (
𝐽

100
)0.5 · (1.64 − 0.29𝑛)0.73 (54) 
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𝑀 = 𝐶 · 𝐹𝐿
0.5  (55) 

𝑠 = 100 · (
𝑀

𝑄
)0.5  (56) 

where: 

𝐹 = 1.0, 𝑐 = 0.69, 𝑁𝑐 = 1.0 under an average condition; 

𝐹 = 0.9, 𝑐 = 0.59, 𝑁𝑐 = 0.9 under a dim condition; 

𝐹 = 0.8, 𝑐 = 0.535, 𝑁𝑐 = 0.8 under a dark condition. 

Based on CIECAM02, a uniform colour space (i.e., CAM02-UCS) was proposed, which can be 

calculated as follows. 

Calculation steps of CAM02-UCS, with (a’, b’, J’) being the coordinates of a stimulus. 

𝐽′ =
(1+100𝑐1)𝐽

1+𝑐1𝐽
  (57) 

𝑀′ = (
1

𝑐2
) ln(1 + 𝑐1𝑀) (58) 

𝑎′ = 𝑀′ cos(ℎ)  (59) 

𝑏′ = 𝑀′sin(ℎ)   (60) 

where: 

c1 = 0.007; 

c2 = 0.0228. 

Since CIECAM02 was developed based on the data collected under light levels for general 

illumination, a new CAM was developed by Kim et al. (90) in 2009 to characterize the colour 

appearance of stimuli under a wide range of adapting light levels. The observers were asked to 
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make magnitude estimations on stimuli under different light levels (i.e., 44 to 16860 cd/m2). The 

collected data, the tristimulus values of the stimuli, and the adapting conditions were used to 

develop the new colour appearance model. The model contains four stages, as shown in Figure 

2.2. 

In this model, the calculations are based on the tristimulus values that are not scaled using the Yw 

value. More importantly, the post-adaptation compression is performed using a revised model 

based on the actual adapting luminance (108). 

 

Figure 2.2. Flow chart of the calculation procedure of the new CAM developed by Kim et al. (90) for 

characterizing the colour appearance of colour stimuli under extended adapting luminance levels. 

Calculation steps of the new model: 

Step 1: Calculate absolute cone responses of the stimulus and adapting white 

(

𝑅𝑤
𝐺𝑤
𝐵𝑤

) = 𝑀𝐶𝐴𝑇02 · (
𝑋𝑤
𝑌𝑤
𝑍𝑤

) (61) 

(
𝑅
𝐺
𝐵
) = 𝑀𝐶𝐴𝑇02 · (

𝑋
𝑌
𝑍
) (62) 

Chromatic 
adaptation

Cone 
response

Color 
decomposition

Color appearance
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𝑀𝐷 =

(

 
 

𝑌𝑤

𝑅𝑤
0 0

0
𝑌𝑤

𝐺𝑤
0

0 0
𝑌𝑤

𝐵𝑤)

 
 

 (63) 

(
𝑅′
𝐺′
𝐵′

) = 𝑀𝐷 · (
𝑅
𝐺
𝐵
)  (64) 

(

𝑅𝑤′
𝐺𝑤
𝐵𝑤′
′) = 𝑀𝐷 · (

𝑅𝑤
𝐺𝑤
𝐵𝑤

) (65) 

(
𝐿
𝑀
𝑆
) = 𝑀𝐻𝑃𝐸 · 𝑀𝐶𝐴𝑇02

−1 (
𝑅′
𝐺′
𝐵′

) (66) 

(

𝐿𝑤
𝑀𝑤
𝑆𝑤

) = 𝑀𝐻𝑃𝐸 · 𝑀𝐶𝐴𝑇02
−1(

𝑅𝑤′
𝐺𝑤
𝐵𝑤′
′) (67) 

𝐿′ =
𝐿𝑛𝑐

𝐿𝑛𝑐+𝐿𝑎
𝑛𝑐
, 𝑀′ =

𝑀𝑛𝑐

𝑀𝑛𝑐+𝐿𝑎
𝑛𝑐
, 𝑆′ =

𝑆𝑛𝑐

𝑆𝑛𝑐+𝐿𝑎
𝑛𝑐

 (68) 

𝐿𝑤′ =
𝐿𝑤

𝑛𝑐

𝐿𝑤
𝑛𝑐+𝐿𝑎

𝑛𝑐
, 𝑀𝑤

′ =
𝑀𝑤

𝑛𝑐

𝑀𝑤
𝑛𝑐+𝐿𝑎

𝑛𝑐
, 𝑆𝑤

′ =
𝑆𝑤

𝑛𝑐

𝑆𝑤
𝑛𝑐+𝐿𝑎

𝑛𝑐
 (69) 

where: 

Xw, Yw, and Zw are the tristimulus values of a perfect diffuser under the same condition; 

X, Y, and Z are the tristimulus values of the stimulus; 

La is the adapting luminance; 

𝑛𝑐 = 0.57; 

MCAT02 and MHPE are the same as Eqs. (27) and (34). 
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Step 2: Calculate the achromatic signals A and Aw 

𝐴 = (40𝐿′ + 20𝑀′ + 𝑆′)/61 (70) 

𝐴𝑤 = (40𝐿𝑤′ + 20𝑀𝑤
′ + 𝑆𝑤

′)/61 (71) 

Step 3: Calculate lightness and brightness 

𝐽′ = 𝑔(
𝐴

𝐴𝑊
)  (72) 

with 

𝑔(𝑥) = (
−(𝑥−𝛽𝑗)𝛿𝑗

𝑛𝑗

𝑥−𝛽𝑗−𝜕𝑗
)1/𝑛𝑗 (73) 

𝐽 = 100 · [𝐸 · (𝐽′ − 1) + 1] (74) 

Q=J· 𝐿𝑤
𝑛𝑞  (75) 

where: 

𝜕𝑗 = 0.89; 𝛽𝑗 = 0.24; 𝛿𝑗 = 0.65; 𝑛𝑗  = 3.65; 𝑛𝑞 = 0.1308; 

E = 1 (high-luminance LCD display), 1.2175 (transparent advertising media), 1.4572 (CRT 

display), and 1.7526 (reflective paper). 

Step 4: Calculate colour attributes 

𝑎 = 𝐿′ −
12𝑀′

11
+
𝑆′

11
  (76) 

𝑏 =
𝐿′+𝑀′−2𝑆′

9
  (77) 

𝐶 = 𝑎𝑘(𝑎
2 + 𝑏2)𝑛𝑘  (78) 

𝑀 = 𝐶 · (𝑎𝑚𝑙𝑜𝑔10𝐿𝑤 + 𝛽𝑚) (79) 
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𝑠 = 100(
𝑀

𝑄
)1/2  (80) 

ℎ =
180

𝜋
𝑡𝑎𝑛−1(

𝑏

𝑎
)  (81) 

where: 

𝑎𝑘 = 456.5; 𝑛𝑘 = 0.62; 𝑎𝑚 = 0.11; 𝛽𝑚 = 0.64. 
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Chapter 3 Working hypotheses 

Based on the literature review, this dissertation mainly aims to test the following working 

hypotheses. They help us to better understand the importance of light level in specifying light 

source colour rendition and colour appearance of stimuli. 

1. A lower illuminance level reduces the colour preference under a certain light source, which can 

be compensated with enhanced chroma levels using a light source with a larger gamut area. Light 

level should be taken into account when characterizing the colour rendition of light sources. 

2. The consistent finding that human beings prefer an enhanced chroma level in the past studies 

was mainly due to the relatively lower light levels. 

3. The existing colour appearance models have poor performance in characterizing colour 

appearance of stimuli at light levels, including colour attributes and unique hues.  
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Chapter 4 Preferred colour appearance under low light levels 

4.1 Motivation 

Colour rendition refers to the effect of the light source spectrum on object colour appearance, 

which is of great significance in colour science. Colour preference is an important part of light 

source colour rendition. The development of LEDs makes it easier to enhance colour preference 

by tuning the SPDs. Several psychophysical experiments have been conducted to investigate how 

people’s colour preference varied with the colour rendition of light sources, and alternative or 

complementary methods have been proposed to better characterize the colour preference of light 

sources. It has been extensively documented that a single colour fidelity index cannot accurately 

characterize colour rendition of light sources. The combination of the colour fidelity score Rf and 

the colour gamut score Rg can better characterize the colour rendition from two complementary 

perspectives. Many past studies have consistently found that light sources with larger colour gamut 

were preferred due to the enhancement of object chroma levels. Though the effect of light levels, 

known as ‘Hunt effet’, was found in the past, few studies have specifically investigated how this 

affected the characterization or specification of light source colour rendition. 

The light levels used in these past studies were typically between 200 and 1000 lx, which generally 

fell into the range for general illumination. Moreover, light level was seldom employed as an 

independent variable in these past studies. 

The experiment described in this chapter was designed to investigate how light level affects colour 

preference, which was specifically designed to test a prior hypothesis that a lower illuminance 

level would reduce the colour preference of a light source, which can be compensated with a higher 

chroma level using sources with a larger gamut area. 
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4.2 Method 

4.2.1 Apparatus 

An artwork, as shown in Figure 4.1(a), was used as the stimulus for investigating the colour 

preference. The artwork was carefully selected to contain familiar objects such as fruits, as past 

studies suggested that colour preference should be investigated using objects having familiar 

colour appearance to human beings. Two spectrally tunable LED fixtures (Electronic Theatre 

Controls D22 Lustr+) were used to uniformly illuminate the artwork, with two layers of diffusers 

being placed in front of each fixture. The LED fixture consisted of seven channels, as shown in 

Figure 4.2. The intensities of the channels can be independently manipulated using a Digital 

Multiplex (DMX) controller through a computer. The observers were seated 1.2 m from the 

artwork during the experiment, as shown in Figure 4.1(b), and he/she was asked to fix his/her chin 

on the chin rest to maintain a stable viewing geometry. 

4.2.2 Lighting conditions and observers’ evaluations 

Eight lighting conditions were used in the experiment, comprising two illuminance levels (i.e., Ew 

= 20 and 500 lx) and four levels of IES TM-30-15 Rg (i.e., Rg = 100, 110, 118, and 125). In this 

experiment, Stimulus A with an Rg of 100 was designed to have a similar gamut shape to the 

reference illuminant, which was a blackbody radiator having the same CCT. As shown in Figure 

4.3, the variations of Rg were designed to be caused by changing the saturation of red and green 

colours (i.e., hue angle bins 1, 8, 9, and 16). Past studies have consistently found that red colours 

played an important role in colour preference evaluations (31, 32, 40, 47, 48). All the stimuli were 

designed to have similar values of CCT and Duv (i.e., CCT ≈ 3000 K and Duv ≈ -0.005). The Duv 

was set to be -0.005 instead of 0 because the maximum Rg of the stimuli with a Duv = 0 produced 

by the LED fixtures was only 120, which may be too small to test the hypothesis. Therefore, the 

chromaticities were moved slightly below the blackbody locus to achieve a greater Rg value. 
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Figure 4.1 (a) Photograph of the artwork illuminated using the LED fixtures; (b) illumination of the 

experimental setup. 

A JETI specobos 1211UV telespectroradiometer was used to calibrate all the SPDs of the lighting 

conditions, with a standard reflectance being placed at the centre of the artwork, with the relative 

SPDs shown in Figure 4.4. The light levels were measured using a Minolta T-10 illuminance meter 

at the centre of the artwork. The intensity of each channel was carefully adjusted to produce similar 

SPDs and colorimetric characteristics under the two light levels, as summarized in Table 4.1. 

Figure 4.5 and 4.6 show the colour vector graphics of the SPDs. 
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In this experiment, the observers were asked to carefully compare the colour appearance of the 

artwork under pairs of lighting conditions at the same light level, and choose the one under which 

the artwork had a preferred colour appearance. Each observer evaluated 18 pairs of lighting 

conditions (i.e., 12 pairs of different lighting conditions + four pairs of null conditions + two pairs 

for practice). 

 

Figure 4.2. Relative SPD of each channel in the LED device used in the experiment. 

 

Figure 4.3. Gamut shape (IES-TM-30-15 colour vector graphics) of each stimulus. 
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Figure 4.4. Relative SPDs of the four stimuli under the two light levels. 

 

Figure 4.5. IES TM-30-15 colour vector graphics of the light settings at 20 lx. 
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Figure 4.6. IES TM-30-15 colour vector graphics of the light settings at 500 lx. 
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Table 4.1. Colorimetric characteristics of the four stimuli at the two light levels. 

 

4.2.3 Observers 

Twenty-one observers (six females and 15 males) between 18 and 26 years of age (mean = 21.6, 

SD = 2.0) participated in this experiment. The Ishihara Colour Vision Test was used to test the 

observers and all of them had normal colour visions. 

4.2.4 Experiment procedures 

Upon arrival, the observer completed a general information survey and Ishihara Colour Vision 

Test, during which the illumination was provided using a 3000 K LED at 50 lx. Then the observer 

was guided to the experimental area and seated in front of the painting, as shown in Figure 4.1(b). 

The observer was required to fix his or her chin on a chin rest to guarantee a similar field of view 

A B C D A B C D

CCT 3039 3101 3155 3066 3021 3050 3136 3018

D uv -0.005 -0.0053 -0.0043 -0.0033 -0.0059 -0.0051 -0.0041 -0.0048

CRI-R a 93 81 58 40 92 82 62 43

R 9 76 41 -35 -88 80 46 -26 -86

GAI 67 78 76 86 67 75 84 89

R f 93 84 71 60 93 86 75 63

R g 100 111 117 124 100 110 118 125

R cs,h1 -3% 7% 17% 23% -3% 6% 15% 23%

R cs,h2 -1% 6% 14% 20% 0% 6% 13% 19%

R cs,h3 0% 4% 7% 11% 1% 4% 7% 11%

R cs,h4 1% 5% 2% 4% 1% 4% 4% 5%

R cs,h5 2% 10% 7% 8% 1% 7% 8% 10%

R cs,h6 2% 12% 14% 20% 1% 9% 15% 21%

R cs,h7 0% 14% 21% 29% 0% 11% 20% 29%

R cs,h8 4% 12% 22% 30% 3% 11% 20% 28%

R cs,h9 2% 7% 15% 21% 3% 7% 14% 20%

R cs,h10 2% 1% 4% 6% 3% 2% 4% 6%

R cs,h11 2% -2% -2% -2% 3% -1% -1% -2%

R cs,h12 2% 0% -1% -1% 3% 0% 0% -1%

R cs,h13 1% 3% 1% 2% 1% 2% 3% 3%

R cs,h14 -3% 0% -1% 0% -3% -1% 2% 2%

R cs,h15 -3% 6% 10% 14% -3% 4% 10% 15%

R cs,h16 -6% 6% 17% 25% -6% 5% 17% 26%

Low (20 lx) High (500 lx)
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and viewing condition during the experiment. The observer was asked to view the artwork for 2 

minutes for adaptation under stimulus A at the low light level (i.e., 20 lx). Meanwhile, the 

experimental procedure was explained to him or her by the experimenter. Before the experiment, 

two pairs of lighting conditions were presented to the observers for practice under 20 lx, including 

a null condition pair (i.e., the two lighting conditions in this pair were identical) and a pair with 

the largest difference (i.e., stimuli A and D). The evaluations were made under the low light level 

first, which allowed a short adaptation period. 

The eight pairs of lighting conditions were presented at 20 lx randomly. For each pair, the two 

lighting conditions switched every three seconds and a dark period of six milliseconds was 

presented between them. The dark period was set to remind the observer of the alternation of the 

lighting conditions. 

When the lighting conditions alternated, the experimenter read aloud, “A, B, A, B…”. The 

observers were asked to evaluate the overall colour appearance of the artwork under the pair of 

lighting conditions and make the judgment after at least five alternations. When the evaluations at 

the low light level were finished, the experimenter proceeded to the high light level. The entire 

experiment lasted for around 25 minutes for each observer. The order of the two lighting conditions 

in each pair was counterbalanced among the observers. Also, each observer made choices upon 

two pairs of null conditions at each illuminance level. 

4.3 Results 

4.3.1 Possible interval bias 

The presenting sequence of the lighting conditions in each pair was counterbalanced among the 

observers. Therefore, the choice made by the observers for the first and the second stimulus was 

supposed to be similar to 50% versus 50%. Among all the 336 pairs of lighting conditions, the first 
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and the second lighting conditions were chosen 175 and 161 times, which was similar to 50%, as 

tested using a Chi-square test at the α = 0.05 level (p-value = 0.45). For the 84 pairs of null 

conditions, the first and second lighting conditions were selected 44 and 40 times, respectively, 

with a p-value of 0.66. Thus, there was no interval bias in the observers’ judgments. 

4.3.2 Effect of illuminance and gamut size on colour appearance 

All the selections made by the observers were used to evaluate the effect of gamut area on colour 

preference. A Chi-square goodness of fit test was used to test whether the selection of each lighting 

condition in each pair was statistically different from 50% at the α = 0.05 level. Table 4.2 

summarizes the statistical test results. At the low light level, no significant difference was found 

among the selections of Stimuli A, B, and C. Stimulus C, however, was more preferred than 

Stimulus D. On the contrary, at the high light level, Stimulus C was less preferred than Stimulus 

A, Stimuli C and D were less preferred than stimulus B, and Stimulus D was less preferred than 

Stimulus C. 

A McNemar’s test was employed to evaluate the judgments made under the two light levels, as 

shown in Table 4.3. It can be found that the judgments made by the observers were generally 

similar under the two light levels. Only Stimulus B versus Stimulus C had a significant difference 

under the two light levels. 

Figure 4.7 shows an interval scale of the lighting conditions at each light level, which was derived 

from the observers’ judgments using Thurstone case V method (109). It can be observed that 

Stimulus D was the least preferred at the two light levels. Stimuli A and B were the most preferred 

at 500 lx, while Stimulus C was the most preferred at 20 lx. 
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Table 4.2. Percentage of each stimulus being selected by the observers to produce the most preferred 

appearance in each pair. The highlighted values represent the selections that were statistically different from 

50% vs. 50%, as tested using a Chi-square goodness-of-fit test with d.f. = 1 at the α level of 0.05). 

 

Table 4.3. Results of the McNemar test for evaluating the selections at the two light levels. The highlighted 

values represent the choices that were statistically different at the α level of 0.05. 

 

 

Figure 4.7. Interval scales of the stimuli selected by the observers at each light level, calculated using 

Thurstone case V method (109). The results were normalized to have a standard deviation of one and an 

average of zero. 

Pairs Percentage χ
2 p-value Percentage χ

2 p-value

A vs B A 48% 0.048 0.827 62% 1.191 0.275

 B 52%  38%

A vs C A 52% 0.048 0.827 71%* 3.857 0.049

 C 48%  29%*

A vs D A 48% 0.048 0.827 67% 2.333 0.127

 D 52%  33%

B vs C B 48% 0.048 0.827 81%* 8.048 0.005

 C 52%  19%*

B vs D B 48% 0.048 0.827 71%* 3.857 0.049

 D 52%  29%*

C vs D C 71%* 3.857 0.049 81%* 8.048 0.005

 D 29%*  19%*

Illuminance (lx)

20 500

A vs B A vs C A vs D B vs C B vs D C vs D

McNemar's χ
2 0.57 1.50 1.50 4.00 2.29 0.50

p-value 0.450 0.221 0.221 0.046* 0.131 0.480

Pairs



58 

 

4.4 Discussion 

The results based on the judgments made by the observers at the high light level were generally 

consistent to the results in past studies (31, 47, 48). The Rf, Rg, and Rcs,h16 of Stimuli A and B were 

both within the range defined in (48). The preference for Stimuli C and D was lower than that for 

A and B, since Stimuli C and D oversaturated the colours. 

The observers’ judgments of the same pairs of stimuli under the two different light levels suggested 

the effect of light level. The preference for Stimulus C was lower than that for Stimuli A and B at 

500 lx, while the preference for Stimulus C was similar to that for Stimuli A and B at 20 lx, as 

shown in Figure 4.7 and Table 4.2. This suggests that the same stimulus—Stimulus C—

oversaturated the colours in the artwork at 500 lx but did not oversaturate the colours at 20 lx. This 

corroborated the Hunt effect, that a higher light level could increase the perceived colourfulness 

of a stimulus (18). Thus, a stimulus with a greater value of Rg could be used to enhance the 

saturation for compensating the effect of the low light level, making the colour appearance remain 

similar. Past studies found that human beings preferred light sources that can enhance the 

saturation of colours (28-31, 37, 39, 110, 111). Based on this experiment, we speculated that such 

a finding could be due to the relatively low light levels used in these experiments (i.e., 200 to 500 

lx), in comparison to the light levels under daylight (i.e., 105 lx) (106). This speculation is also 

supported by a recent study (107) which found that the 42 colour samples were perceived to be 

more saturated outdoor (i.e., Yw = 13050 cd/m2) than those perceived under indoor conditions. 

The reason might be that the light levels (i.e., from 200 to 500 lx) used in previous studies were 

much lower than that of the daylight, which can reach 105 lx (106). Recently, a study (107) found 

that the 42 colour samples were perceived to be more saturated outdoor (i.e., Yw = 13050 cd/m2) 
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than indoor. Therefore, it is necessary to systematically vary the light level over a wide range and 

to investigate the effect of light level on perceived colour appearance. 

Last but not least, the criteria for producing preferred colour appearance, such as Ra ≥ 80 and a 

GAI between 80 and 100 (43-45), or Rf ≥ 74, Rg ≥ 100, and 2% ≤ Rcs,h16 ≤ 16% (47), were proposed 

without specifying light levels in past studies. The results of this experiment are especially 

important to applications (e.g., museums) that the colour appearance of illuminated objects are 

important under low light levels. 

4.5 Conclusion 

A psychophysical experiment was conducted to investigate the colour appearance under lighting 

conditions having different gamut areas at two light levels. Specifically, four illuminants with a 

CCT of 3000 K, Duv ≈ -0.005, and IES Rg values ranging from 100 to 125 were designed. The 

variations of Rg values were designed to be caused by the changes of saturation of red and green 

colours. The colour appearance of an artwork was evaluated by 21 observers under all possible 

pairs of lighting conditions using a forced choice method at two different light levels (i.e., 20 and 

500 lx). The preference judgments at the high light level were generally consistent to the findings 

in past studies. The lighting conditions that slightly enhanced the saturation resulted in a higher 

preference. In contrast, light conditions with too large gamut areas were not preferred, which was 

likely due to the oversaturation. The results highlighted the importance of light level in specifying 

light source colour rendition, with those having a greater gamut area being preferred under a lower 

light level. 

Based on the findings of this experiment, an interesting hypothesis that whether the preference for 

light sources with relatively larger gamut areas, as found in many past studies, was caused by the 

relatively low light levels in comparison to daylight illuminance was developed. And the 
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relationship between a wide range of light level and preferred level of saturation needs to be further 

investigated. 
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Chapter 5 Effect of light level on preferred colour appearance from 

20 to 15000 lx 

5.1 Motivation 

Colour preference plays an important role in light source colour rendition. The results of the 

experiment presented in Chapter 4 suggested that the observers’ judgments on preferred colour 

appearance were greatly affected by illuminance levels. Little work, however, has been done to 

systematically vary light source colour rendition and light level and past experiments on colour 

appearance and preference were seldom conducted under extremely high light levels. 

This chapter reports two psychophysical experiments that were designed to test a hypothesis that 

light level would have a significant effect on the characterization of light source colour rendition 

for producing a preferred colour appearance and little saturation enhancement is preferred at 

extremely high light levels. Nine nearly metameric light stimuli with a CCT of 3000 K were 

designed to have a wide range of gamut areas, with an Rg from 98 to 124, under low (i.e., 20, 50, 

100, 200, and 480 lx) and high illuminance levels (i.e., 200, 2000 5000, 10000, and 15000 lx). 

Under each illuminance level, the observers evaluated the colour appearance of an artwork, which 

was used in the experiment presented in Chapter 4, under the nine light stimuli and selected the 

one producing the most preferred colour appearance. 

5.2 Method 

5.2.1 Apparatus 

An artwork, with dimensions of 50 cm (height) × 60 cm (length), was used in the two experiments. 

It was purposely chosen to contain various familiar objects to humans, as shown in Figure 5.1 (31), 

which is important to colour preference evaluations. The white vase and tablecloth in the artwork 

served as a reference of illumination white point. The dominant hue of the painting was red, which 
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was found to greatly affect the evaluations of colour preference (28, 31, 38, 47, 48, 110). The 

SRDs of the 13 locations on the artwork, as shown in Figure 5.1, were measured using a calibrated 

Xrite i1 Pro spectrophotometer. Figure 5.2 shows the SRDs of the 13 locations. 

 

Figure 5.1. Photograph of the artwork, viewed from the observer’s position during the experiment, with the 

numbers representing the 13 measurement locations. 

 

Figure 5.2. SRDs of the 13 locations on the artwork, as shown in Figure 5.1. 

In Experiment 1, two seven-channel spectrally tunable LED devices (ETC D22 Lustr+) were 

symmetrically placed to provide a uniform illumination on the artwork from 45°. The peak 

wavelengths of the seven channels ranged between 430 and 630 nm, as shown in Figure 5.3, and 
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the intensity of each channel can be individually adjusted. A DMX controller was used to adjust 

and store the intensities of the channels, which can be recalled using an iPad remotely. During the 

experiment, the observer was seated 1.2 m away from the artwork, with his or her chin being fixed 

on a chin rest, so that all the observers experienced a similar field of view (i.e., around 28°). A 

piece of black cloth was used to cover the desk and the background, which was purposely designed 

to reduce the impact of light stimuli chromaticity variation and to simulate the viewing 

condition/surround in a museum. 

 

Figure 5.3. Relative SPDs of the seven channels in the LED device used in Experiment 1. 

Experiment 2 was conducted using a viewing booth, with dimensions of 60 cm (height) × 60 cm 

(width) × 60 cm (depth). The front side of the booth was partially covered with black felt, with the 

bottom 50 cm open to prevent observers from directly seeing the lighting device placed above the 

booth. The interiors of the viewing booth were painted with Munsell N7 spectrally neutral paint. 

A chin rest was placed just outside the booth, and centred on the opening. The artwork was placed 

on the bottom of the viewing booth and uniformly illuminated by the LED device, as shown in 

Figure 5.4. An LED device (i.e., ARRI SkyPanel S60-C) with four spectrally tunable channels was 

used to provide uniform illumination. The peak wavelengths of the three chromatic channels 
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ranged between 430 and 630 nm, as shown in Figure 5.5, and the intensity of each channel can be 

adjusted individually. A DMX controller was used to connect the device to a desktop, so that the 

light stimuli could be switched by the observers using the keyboard. During the experiment, the 

observer was seated in front of the viewing booth, with his or her chin being fixed on the chin rest, 

so that all the observers experienced a similar field of view (i.e., around 74°). 

 

Figure 5.4. Photograph of the artwork in Experiment 2, viewed from the observer’s position. 

 

Figure 5.5. Relative SPDs of the four channels in the LED device used in Experiment 2. 
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5.2.2 Light settings 

In Experiment 1, five illuminance levels (i.e., 20, 50, 100, 200, and 480 lx) were used, which 

covered the typical range for general interior illumination. The stimuli were designed to have a 

CCT around 3000 K and a Duv around -0.005. The stimuli had different relative gamut areas (i.e., 

Rg) between 100 and 124 with a step of 3. More importantly, the variations in Rg were caused by 

the changes of Rcs,h1, Rcs,h8, Rcs,h9, and Rcs,h16 (i.e., the chroma enhancement in red and green 

colours), as the dominant hue of the artwork was red. 

The nine stimuli (A1 to A9) were calibrated at the five illuminance levels, using a calibrated JETI 

1411UV specbos spectroradiometer with a reflectance standard placed at the centre of the artwork. 

The CCTs of the calibrated stimuli were 3094 ± 74 K and the Duv ranged from -0.0078 to +0.0018. 

Figure 5.6 shows the relative SPDs of the stimuli at 480 lx, with the Colour Vector Graphics shown 

in Figure 5.7. Table 5.1-5.5 summarize the colorimetric characteristics of the stimuli at each light 

level. 

 

Figure 5.6. Relative SPDs of the stimuli at 480 lx in Experiment 1. 
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Figure 5.7. IES TM-30-15 Colour Vector Graphics for the nine stimuli at 480 lx in Experiment 1.  

-20%

20%

1

2

3

45

16

6

7

8

9

10 15

11

12 13

14 Duv

93

CCT

100

-0.0075

RgRf

3125 K

-20%

20%

1

2

3

45

16

6

7

8

9

10 15

11

12 13

14 Duv

93

CCT

103

-0.0068

RgRf

3154 K

A1 A2

-20%

20%

1

2

3

45

16

6

7

8

9

10 15

11

12 13

14 Duv

90

CCT

106

-0.0064

RgRf

3135 K

A3

-20%

20%

1

2

3

45

16

6

7

8

9

10 15

11

12 13

14 Duv

87

CCT

109

-0.0070

RgRf

3063 K

A4

-20%

20%

1

2

3

45

16

6

7

8

9

10 15

11

12 13

14 Duv

84

CCT

112

-0.0052

RgRf

3158 K

A5

-20%

20%

1

2

3

45

16

6

7

8

9

10 15

11

12 13

14 Duv

80

CCT

115

-0.0060

RgRf

3105 K

A6

-20%

20%

1

2

3

45

16

6

7

8

9

10 15

11

12 13

14 Duv

76

CCT

118

-0.0050

RgRf

3144 K

-20%

20%

1

2

3

45

16

6

7

8

9

10 15

11

12 13

14 Duv

71

CCT

121

-0.0048

RgRf

3132 K

A7 A8

-20%

20%

1

2

3

45

16

6

7

8

9

10 15

11

12 13

14 Duv

67

CCT

124

-0.0044

RgRf

3149 K

A9



67 

 

Table 5.1. Colorimetric characteristics of the nine stimuli at 480 lx in Experiment 1. 

  

Stimulus A1 A2 A3 A4 A5 A6 A7 A8 A9

x 0.4185 0.4175 0.4192 0.4231 0.4193 0.4217 0.4206 0.4214 0.4209

y 0.3794 0.3808 0.3822 0.3823 0.3849 0.3842 0.3861 0.3868 0.3874

CCT 3125 3156 3136 3062 3157 3106 3143 3133 3148

D uv -0.0075 -0.0068 -0.0064 -0.0070 -0.0053 -0.0060 -0.0050 -0.0048 -0.0045

R a 92 92 86 81 75 68 59 52 44

R f 93 93 90 87 84 80 76 71 67

R g 100 103 106 109 112 115 118 121 124

R cs,h1 -3% 0% 4% 6% 9% 12% 15% 18% 22%

R cs,h2 -2% 0% 3% 5% 7% 10% 12% 15% 17%

R cs,h3 0% 1% 3% 4% 5% 6% 8% 9% 10%

R cs,h4 0% 0% 1% 1% 1% 2% 2% 3% 4%

R cs,h5 0% 0% 2% 3% 4% 5% 6% 7% 8%

R cs,h6 1% 3% 6% 8% 10% 13% 15% 19% 19%

R cs,h7 1% 4% 10% 13% 17% 20% 26% 28% 35%

R cs,h8 2% 5% 10% 13% 16% 20% 24% 27% 31%

R cs,h9 2% 4% 7% 9% 11% 13% 16% 18% 20%

R cs,h10 2% 3% 4% 5% 5% 6% 6% 7% 7%

R cs,h11 3% 3% 2% 3% 1% 1% 0% -1% -2%

R cs,h12 6% 5% 4% 3% 3% 3% 2% 1% 0%

R cs,h13 3% 3% 3% 3% 2% 3% 1% 0% 0%

R cs,h14 2% 2% 3% 1% 4% 3% 5% 6% 7%

R cs,h15 -1% 0% 3% 5% 6% 8% 10% 12% 14%

R cs,h16 -6% -3% 2% 5% 8% 12% 16% 20% 24%
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Table 5.2. Colorimetric characteristics of the nine stimuli at 20 lx in Experiment 1. 

 

  

Stimulus A1 A2 A3 A4 A5 A6 A7 A8 A9

x 0.4301 0.4339 0.4372 0.4313 0.4295 0.4313 0.4300 0.4283 0.4267

y 0.3878 0.3899 0.3970 0.3963 0.4058 0.4063 0.4023 0.4048 0.3968

CCT 2980 2932 2937 3033 3142 3115 3107 3157 3119

D uv -0.0057 -0.0053 -0.0029 -0.0024 +0.0018 +0.0017 +0.0003 +0.0016 -0.0015

R a 92 90 83 79 65 61 54 43 42

R f 93 92 88 86 79 76 72 66 65

R g 100 103 106 109 112 115 118 121 124

R cs,h1 -3% 0% 4% 7% 13% 15% 17% 22% 22%

R cs,h2 -2% 2% 5% 6% 10% 12% 14% 18% 18%

R cs,h3 0% 2% 3% 4% 6% 7% 8% 10% 10%

R cs,h4 0% 0% 1% 1% 1% 2% 2% 2% 3%

R cs,h5 0% 1% 2% 4% 5% 5% 7% 7% 8%

R cs,h6 1% 3% 6% 8% 11% 15% 18% 18% 22%

R cs,h7 1% 6% 12% 15% 24% 25% 28% 36% 34%

R cs,h8 3% 8% 14% 16% 22% 25% 28% 33% 33%

R cs,h9 2% 5% 9% 10% 14% 15% 18% 21% 21%

R cs,h10 2% 4% 4% 4% 5% 5% 6% 7% 7%

R cs,h11 4% 4% 2% 1% -2% -2% -2% -3% -3%

R cs,h12 4% 3% 1% 1% -1% -1% -1% -2% -1%

R cs,h13 2% 1% 1% 1% -3% -4% 0% -4% -3%

R cs,h14 -2% -1% 0% -2% -1% 0% -2% 2% 4%

R cs,h15 -2% -3% -2% 3% 6% 7% 9% 12% 13%

R cs,h16 -7% -3% 2% 5% 12% 14% 17% 23% 23%
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Table 5.3. Colorimetric characteristics of the nine stimuli at 50 lx in Experiment 1. 

 

  

Stimulus A1 A2 A3 A4 A5 A6 A7 A8 A9

x 0.4275 0.4299 0.4225 0.4154 0.4203 0.4236 0.4259 0.4296 0.4295

y 0.3852 0.3861 0.3883 0.3854 0.3916 0.3933 0.3920 0.3943 0.3908

CCT 3006 2969 3125 3241 3197 3148 3093 3047 3018

D uv -0.0064 -0.0064 -0.0044 -0.0044 -0.0026 -0.0024 -0.0033 -0.0029 -0.0044

R a 92 91 86 82 71 64 57 48 43

R f 93 93 90 88 83 79 75 70 67

R g 100 103 106 109 112 115 118 121 124

R cs,h1 -3% 0% 4% 6% 11% 14% 16% 19% 21%

R cs,h2 -2% 1% 3% 5% 9% 11% 13% 16% 17%

R cs,h3 0% 2% 3% 4% 5% 7% 8% 9% 10%

R cs,h4 0% 0% 1% 1% 2% 2% 3% 3% 4%

R cs,h5 0% 0% 2% 3% 4% 5% 6% 8% 11%

R cs,h6 1% 3% 7% 8% 10% 13% 17% 19% 20%

R cs,h7 1% 5% 10% 14% 20% 24% 27% 31% 34%

R cs,h8 3% 7% 11% 13% 19% 22% 26% 31% 33%

R cs,h9 2% 5% 7% 8% 12% 15% 17% 20% 21%

R cs,h10 2% 4% 4% 3% 5% 6% 6% 7% 8%

R cs,h11 4% 4% 2% 1% 0% 0% -1% 0% 0%

R cs,h12 4% 4% 3% 3% 1% 1% 1% -1% -1%

R cs,h13 3% 2% 1% 3% 0% -1% 1% 1% 2%

R cs,h14 -1% 0% 1% 3% 2% 3% 1% 1% 2%

R cs,h15 -1% -2% 2% 4% 6% 8% 10% 11% 13%

R cs,h16 -6% -3% 2% 5% 10% 13% 16% 20% 22%
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Table 5.4. Colorimetric characteristics of the nine stimuli at 100 lx in Experiment 1. 

 

  

Stimulus A1 A2 A3 A4 A5 A6 A7 A8 A9

x 0.4217 0.4272 0.4189 0.4141 0.4205 0.3990 0.4245 0.4274 0.4272

y 0.3826 0.3817 0.3852 0.3830 0.3906 0.3858 0.3884 0.3901 0.3850

CCT 3091 2981 3168 3246 3184 3602 3089 3051 3009

D uv -0.0066 -0.0078 -0.0051 -0.0052 -0.0030 -0.0008 -0.0046 -0.0043 -0.0065

R a 92 90 87 82 73 53 58 50 44

R f 93 92 91 89 84 81 76 71 68

R g 100 103 106 109 112 115 118 121 124

R cs,h1 -3% 0% 3% 6% 10% 12% 15% 18% 20%

R cs,h2 -2% 1% 3% 5% 8% 10% 13% 15% 17%

R cs,h3 0% 2% 3% 4% 5% 6% 8% 9% 11%

R cs,h4 0% 1% 1% 1% 2% 2% 3% 3% 4%

R cs,h5 0% 1% 2% 3% 4% 4% 6% 7% 11%

R cs,h6 1% 4% 6% 8% 10% 12% 17% 19% 20%

R cs,h7 1% 6% 10% 13% 19% 22% 26% 30% 34%

R cs,h8 2% 7% 10% 12% 18% 21% 25% 30% 33%

R cs,h9 1% 5% 6% 8% 12% 13% 16% 19% 21%

R cs,h10 2% 3% 3% 4% 5% 5% 6% 7% 8%

R cs,h11 3% 4% 2% 1% 0% 0% 0% 0% 0%

R cs,h12 5% 4% 4% 3% 2% 1% 1% 0% 0%

R cs,h13 3% 3% 3% 4% 1% 0% 2% 2% 3%

R cs,h14 0% 0% 2% 4% 2% 3% 2% 2% 4%

R cs,h15 -2% 1% 3% 4% 6% 7% 10% 11% 14%

R cs,h16 -6% -2% 2% 5% 9% 12% 16% 19% 22%
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Table 5.5. Colorimetric characteristics of the nine stimuli at 200 lx in Experiment 1. 

 

In Experiment 2, five illuminance levels (i.e., 200, 2000, 5000, 10000, and 15000 lx) were used. 

The stimuli were designed to have a CCT around 3000 K, and a Duv around -0.005, and an Rg value 

between 100 and 117 with a step of 2 to 4. Similar to Experiment 1, the variations of Rg were 

mainly caused by enhancing the saturation of red and green colours (i.e., the change of Rcs,h1, Rcs,h8, 

Rcs,h9, and Rcs,h16). 

Nine stimuli (B1 to B9) were calibrated at the five illuminance levels, using the JETI 1411UV 

specbos spectroradiometer with a reflectance standard placed at the centre of the viewing booth. 

CCTs of the calibrated stimuli were 3025 ± 20 K and the Duv ranged from -0.0042 to -0.0021. The 

Stimulus A1 A2 A3 A4 A5 A6 A7 A8 A9

x 0.4201 0.4225 0.4148 0.4241 0.4207 0.4232 0.4229 0.4258 0.4233

y 0.3804 0.3813 0.3846 0.3837 0.3869 0.3849 0.3876 0.3880 0.3889

CCT 3102 3065 3246 3055 3148 3083 3112 3060 3116

D uv -0.0074 -0.0073 -0.0046 -0.0066 -0.0047 -0.0059 -0.0047 -0.0050 -0.0042

R a 92 91 88 81 75 67 59 51 43

R f 94 93 92 88 85 81 76 72 68

R g 100 103 106 109 112 115 118 121 124

R cs,h1 -3% 0% 3% 6% 9% 12% 15% 18% 21%

R cs,h2 -2% 0% 3% 5% 7% 10% 12% 15% 17%

R cs,h3 0% 2% 2% 4% 5% 6% 8% 9% 10%

R cs,h4 0% 0% 1% 1% 1% 2% 3% 3% 4%

R cs,h5 0% 1% 2% 3% 4% 5% 6% 7% 8%

R cs,h6 1% 3% 6% 8% 10% 14% 17% 19% 22%

R cs,h7 1% 5% 9% 13% 18% 21% 25% 30% 33%

R cs,h8 2% 6% 9% 14% 17% 21% 25% 29% 32%

R cs,h9 2% 4% 6% 9% 11% 14% 16% 19% 21%

R cs,h10 2% 3% 3% 5% 5% 6% 6% 7% 7%

R cs,h11 3% 4% 2% 3% 1% 1% 0% 0% -2%

R cs,h12 6% 4% 4% 3% 3% 2% 1% 0% 0%

R cs,h13 3% 3% 4% 3% 1% 3% 2% 2% -1%

R cs,h14 1% 1% 2% 1% 3% 3% 3% 2% 6%

R cs,h15 -1% 0% 2% 4% 6% 8% 10% 11% 14%

R cs,h16 -6% -3% 1% 4% 8% 12% 16% 19% 23%
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SPDs of the stimuli at 200 lx were shown in Figure 5.8, with Colour Vector Graphics shown in 

Figure 5.9. Tables 5.6-5.10 summarize the colorimetric characteristics of the stimuli at each light 

level in Experiment 2. 

 

Figure 5.8. Relative SPDs of the light stimuli at 200 lx in Experiment 2. 

0%

20%

40%

60%

80%

100%

380 430 480 530 580 630 680 730 780

R
e
la

ti
v
e
 r

a
d
ia

n
t 

p
o
w

e
r

Wavelength (nm)

B1 B2 B3

B4 B5 B6

B7 B8 B9



73 

 

 

Figure 5.9. IES TM-30-15 Colour Vector Graphics of the nine stimuli at 200 lx in Experiment 2.  
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Table 5.6. Colorimetric characteristics of the nine stimuli at 200 lx in Experiment 2. 

 

  

Stimulus B1 B2 B3 B4 B5 B6 B7 B8 B9

x 0.4321 0.4323 0.4329 0.4320 0.4301 0.4316 0.4313 0.4303 0.4288

y 0.3945 0.3959 0.3971 0.3951 0.3945 0.3946 0.3936 0.3919 0.3919

CCT 3003 3012 3012 3010 3039 3013 3010 3013 3041

D uv -0.0032 -0.0026 -0.0023 -0.0029 -0.0029 -0.0031 -0.0035 -0.0040 -0.0038

R a 85 89 95 87 79 75 64 55 32

R f 84 87 91 90 86 84 77 72 59

R g 99 100 104 108 110 111 113 115 117

R cs,h1 -10% -8% -3% 3% 6% 8% 12% 16% 24%

R cs,h2 -7% -5% -2% 4% 7% 8% 12% 15% 22%

R cs,h3 -2% -1% 0% 3% 4% 5% 7% 9% 12%

R cs,h4 3% 3% 1% 0% -1% -1% -3% -4% -7%

R cs,h5 4% 3% 2% 0% -1% -2% -3% -4% -7%

R cs,h6 6% 6% 7% 8% 9% 9% 10% 11% 13%

R cs,h7 -1% 0% 3% 7% 9% 10% 12% 15% 20%

R cs,h8 -2% 0% 5% 12% 15% 17% 22% 26% 33%

R cs,h9 -6% -4% 0% 7% 10% 12% 16% 20% 28%

R cs,h10 -5% -4% -1% 3% 5% 7% 10% 12% 15%

R cs,h11 -1% 0% 1% 3% 3% 4% 5% 5% 6%

R cs,h12 6% 6% 6% 5% 5% 4% 4% 3% 1%

R cs,h13 7% 6% 5% 3% 2% 2% 0% -1% -4%

R cs,h14 7% 7% 5% 3% 1% 0% -2% -4% -8%

R cs,h15 -1% 0% 1% 3% 3% 3% 4% 5% 7%

R cs,h16 -4% -3% 1% 5% 8% 9% 12% 15% 22%
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Table 5.7. Colorimetric characteristics of the nine stimuli at 2000 lx in Experiment 2. 

 

  

Stimulus B1 B2 B3 B4 B5 B6 B7 B8 B9

x 0.4312 0.4323 0.4317 0.4311 0.4319 0.4319 0.4318 0.4302 0.4303

y 0.3943 0.3964 0.3961 0.3953 0.3936 0.3951 0.3923 0.3913 0.3917

CCT 3018 3015 3024 3028 2999 3012 2990 3010 3012

D uv -0.0032 -0.0025 -0.0025 -0.0027 -0.0036 -0.0029 -0.0041 -0.0042 -0.0041

R a 86 89 95 88 81 76 65 53 32

R f 85 87 92 90 86 84 78 71 59

R g 100 101 104 108 110 111 114 116 118

R cs,h1 -9% -8% -3% 2% 5% 7% 12% 16% 24%

R cs,h2 -6% -5% -1% 3% 6% 8% 12% 15% 22%

R cs,h3 -2% -1% 1% 3% 4% 5% 7% 9% 12%

R cs,h4 4% 3% 2% 1% -1% -1% -3% -3% -6%

R cs,h5 4% 4% 2% 1% 2% -1% 0% -3% -6%

R cs,h6 6% 6% 7% 9% 10% 10% 11% 12% 14%

R cs,h7 0% 1% 4% 7% 9% 10% 14% 16% 21%

R cs,h8 -1% 1% 6% 12% 15% 17% 22% 27% 34%

R cs,h9 -5% -3% 1% 7% 10% 12% 16% 20% 28%

R cs,h10 -5% -4% -1% 2% 5% 6% 9% 12% 16%

R cs,h11 -1% -1% 1% 2% 3% 3% 4% 5% 6%

R cs,h12 6% 6% 5% 5% 5% 4% 3% 3% 1%

R cs,h13 7% 6% 5% 3% 3% 2% 1% -1% -4%

R cs,h14 7% 7% 5% 3% 1% 0% -1% -3% -8%

R cs,h15 0% 0% 1% 3% 3% 4% 5% 6% 7%

R cs,h16 -3% -3% 1% 5% 7% 9% 12% 16% 22%
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Table 5.8. Colorimetric characteristics of the nine stimuli at 5000 lx in Experiment 2. 

 

  

Stimulus B1 B2 B3 B4 B5 B6 B7 B8 B9

x 0.4305 0.4333 0.4331 0.4322 0.4307 0.4315 0.4313 0.4296 0.4290

y 0.3951 0.3970 0.3974 0.3951 0.3937 0.3946 0.3950 0.3933 0.3944

CCT 3037 3003 3011 3007 3022 3014 3021 3037 3057

D uv -0.0027 -0.0024 -0.0021 -0.0030 -0.0033 -0.0031 -0.0029 -0.0034 -0.0028

R a 84 88 95 87 80 76 65 53 33

R f 84 87 92 90 86 84 78 71 60

R g 99 101 104 108 110 111 113 115 117

R cs,h1 -10% -8% -3% 3% 6% 8% 12% 17% 24%

R cs,h2 -7% -5% -1% 4% 6% 8% 11% 16% 22%

R cs,h3 -2% -1% 1% 3% 5% 5% 7% 9% 12%

R cs,h4 4% 3% 2% 1% 0% -1% -2% -3% -6%

R cs,h5 4% 4% 2% 1% 0% -1% -2% -3% -6%

R cs,h6 6% 6% 7% 9% 10% 10% 11% 12% 13%

R cs,h7 0% 1% 4% 7% 10% 11% 13% 16% 20%

R cs,h8 -2% 0% 6% 12% 16% 17% 22% 26% 32%

R cs,h9 -6% -4% 1% 7% 10% 12% 16% 20% 27%

R cs,h10 -6% -4% -1% 3% 4% 6% 8% 10% 14%

R cs,h11 -1% -1% 1% 2% 3% 3% 4% 5% 6%

R cs,h12 6% 6% 5% 5% 4% 4% 3% 2% 0%

R cs,h13 7% 6% 5% 3% 2% 2% 0% -1% -4%

R cs,h14 8% 7% 5% 3% 1% 1% -1% -3% -7%

R cs,h15 0% 0% 1% 3% 4% 4% 5% 6% 8%

R cs,h16 -4% -3% 1% 5% 8% 9% 13% 17% 23%
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Table 5.9. Colorimetric characteristics of the nine stimuli at 10000 lx in Experiment 2. 

 

  

Stimulus B1 B2 B3 B4 B5 B6 B7 B8 B9

x 0.4316 0.4324 0.4321 0.4313 0.4299 0.4307 0.4288 0.4301 0.4278

y 0.3967 0.3969 0.3965 0.3947 0.3938 0.3942 0.3929 0.3944 0.3925

CCT 3030 3017 3020 3019 3037 3026 3050 3039 3062

D uv -0.0022 -0.0023 -0.0024 -0.0030 -0.0032 -0.0031 -0.0034 -0.0029 -0.0034

R a 84 89 95 87 79 75 64 52 30

R f 85 87 92 90 86 84 78 71 59

R g 99 100 104 108 110 111 114 116 119

R cs,h1 -10% -8% -3% 3% 7% 8% 13% 18% 26%

R cs,h2 -7% -5% -1% 4% 7% 8% 12% 16% 23%

R cs,h3 -2% -1% 1% 3% 5% 5% 7% 9% 12%

R cs,h4 3% 3% 2% 0% 0% -1% -2% -4% -6%

R cs,h5 4% 3% 2% 1% 0% -1% -2% -4% -6%

R cs,h6 6% 6% 7% 9% 9% 10% 11% 12% 14%

R cs,h7 -1% 1% 3% 7% 9% 10% 13% 16% 21%

R cs,h8 -2% 0% 5% 12% 15% 17% 21% 25% 32%

R cs,h9 -6% -4% 1% 7% 10% 11% 16% 20% 27%

R cs,h10 -6% -4% -1% 3% 4% 5% 8% 10% 14%

R cs,h11 -1% -1% 1% 2% 3% 3% 4% 5% 4%

R cs,h12 6% 6% 5% 5% 4% 4% 3% 2% 2%

R cs,h13 7% 6% 5% 3% 2% 2% 0% -1% -4%

R cs,h14 7% 7% 5% 3% 2% 1% -1% -3% -6%

R cs,h15 0% 0% 1% 3% 4% 4% 6% 7% 9%

R cs,h16 -4% -3% 1% 6% 9% 10% 14% 18% 26%
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Table 5.10. Colorimetric characteristics of the stimuli at 15000 lx in Experiment 2. 

 

5.2.3 Observers 

Forty observers (7 females and 33 males) and 30 observers (15 females and 15 males) participated 

in Experiment 1 and Experiment 2, respectively. In Experiment 1, the observers were between 20 

and 28 years of age (mean = 21.15, std. dev. = 1.53). The evaluations at 20 and 480 lx were made 

by a panel of 22 observers (Exp 1a); those at 50, 100, and 200 lx were made by a panel of 18 

observers (Exp 1b). In Experiment 2, the observers were between 20 and 24 years of age (mean = 

21.93, std. dev. = 1.05). Two and one observers were found to have abnormal colour vision in 

Experiments 1 and 2, respectively, as tested using the Ishihara Colour Vision Test. Their data were 

discarded in the analyses. 

Stimulus B1 B2 B3 B4 B5 B6 B7 B8 B9

x 0.4301 0.4313 0.4327 0.4297 0.4275 0.4315 0.4277 0.4292 0.4263

y 0.3951 0.3951 0.3962 0.3942 0.3917 0.3931 0.3918 0.3937 0.3920

CCT 3044 3022 3007 3043 3061 3002 3060 3048 3086

D uv -0.0027 -0.0028 -0.0026 -0.0030 -0.0037 -0.0037 -0.0037 -0.0031 -0.0034

R a 84 89 96 86 77 74 62 51 28

R f 85 87 92 90 86 84 77 71 58

R g 98 100 104 108 111 112 114 116 119

R cs,h1 -10% -7% -3% 4% 8% 9% 14% 19% 28%

R cs,h2 -7% -5% -1% 4% 7% 9% 13% 16% 24%

R cs,h3 -2% -1% 1% 3% 5% 5% 7% 9% 12%

R cs,h4 3% 3% 2% 0% -1% -1% -2% -3% -6%

R cs,h5 3% 3% 2% 0% 0% -1% -2% -3% -6%

R cs,h6 5% 6% 7% 8% 9% 10% 11% 12% 14%

R cs,h7 -1% 1% 3% 7% 10% 11% 13% 16% 21%

R cs,h8 -2% 0% 5% 11% 15% 17% 21% 25% 32%

R cs,h9 -6% -4% 1% 7% 10% 11% 16% 20% 27%

R cs,h10 -5% -4% -1% 3% 5% 6% 8% 10% 14%

R cs,h11 -1% 0% 1% 3% 3% 4% 4% 5% 4%

R cs,h12 6% 6% 5% 5% 5% 4% 3% 2% 1%

R cs,h13 6% 6% 5% 3% 2% 2% 0% -1% -4%

R cs,h14 7% 7% 5% 3% 2% 1% 0% -2% -5%

R cs,h15 -1% 0% 1% 3% 5% 5% 6% 8% 10%

R cs,h16 -4% -3% 1% 7% 10% 11% 16% 19% 28%
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5.2.4 Experimental design 

The illuminance level was the independent variable in the two experiments, with five levels for 

each experiment. The light stimulus that was selected by the observers to produce the most 

preferred colour appearance of the artwork at each illuminance level was the dependent variable. 

The observers were asked to carefully compare the colour appearance of the artwork under the 

nine stimuli at each illuminance level, and to select the one producing the most preferred colour 

appearance of the artwork. The observer was allowed to take as much time as he or she needed. 

The light stimuli were arranged based on their Rg values, so the observers had a clear idea about 

whether the chroma level needed to be increased or decreased. 

5.2.5 Experimental procedures 

The experimental procedures were generally similar in the two experiments. 

Upon arrival, the observer was asked to complete a general information survey and the Ishihara 

Colour Vision Test. The observer was asked to read the experiment instructions and the 

experimenter answered questions raised by him/her. Then the observer was guided to the 

experimental area and was seated in front of the artwork or the viewing booth, with his or her chin 

being fixed on the chin rest. The general illumination in the space was then switched off. 

Under each light level, the observer firstly viewed the artwork under the stimulus with an Rg of 

100 (i.e., A1 or B1) for two minutes for adaptation. In Experiment 1, an iPad was placed in front 

of the observer, with the display background being set to black and the brightness being adjusted 

to the lowest (note: the control interface on the iPad produced less than 1 lx at the observer’s eye 

position, and the observer can see the iPad by fixing his or her chin on the rest). Nine buttons 

labelled as “A” to “I” appeared on the iPad interface, with each button representing a light stimulus. 

To counter a possible order bias, the nine buttons were arranged in two reverse orders—one from 
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the lowest to the highest Rg (i.e., A1 to A9 were arranged from A to I) and the other from the 

highest to the lowest Rg (i.e., A9 to A1 were arranged from A to I). In addition, the evaluation 

under 15000 lx was performed twice by each observer to characterize the intra-observer variations. 

In Experiment 2, the observers used a customized keypad with two keys to switch back and forth 

among the stimuli. To counter a possible bias, the evaluations were made twice under each 

illuminance level, with one beginning with B1 (i.e., the stimulus with the smallest value of Rg) and 

the other beginning with B9 (i.e., the stimulus with the largest value of Rg). 

After the judgment was made, the experimenter recorded the choice made by the observer. The 

order of the illuminance levels was randomized in the two experiments. 

5.3 Results 

5.3.1 Experiment 1 

The stimuli that were selected in the two orders were analysed using a Chi-square test of 

independence to evaluate the order bias. There was no significant difference between the two 

orders (χ2 = 2.017, d.f. = 8, p-value = 0.980). 

Figure 5.10(a) shows the frequency of the stimuli being selected to produce the most preferred 

colour appearance of the artwork at each light level. At 20, 50, and 100 lx, A7 (Rg = 118) was the 

most frequently selected stimulus. At 200 lx, A3, A4, and A6 were selected with the similar 

frequencies, while A4 (Rg = 109) was the most frequently selected one at 480 lx. The effect of light 

level on the selection of stimulus was tested using a Chi-square test of independence, with the 

illuminance level having a significant effect (χ2 = 69.04, d.f. = 32, p-value < 0.001). 

5.3.2 Experiment 2 

The selections made by the observer under 15000 lx were analysed using a Chi-square test of 

independence to evaluate the intra-observer variations. There was no statistical difference between 
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the two judgements (χ2 = 1.09, d.f. = 5, p-value = 0.955). Besides, the statistical analysis (i.e., Chi-

square test of independence) showed that the preference selections were not associated with the 

presentation orders at each illuminance level (200 lx: χ2 = 8.09, d.f. = 5, p-value = 0.151; 2000 lx: 

χ2 = 9.26, d.f. = 6, p-value = 0.159; 5000 lx: χ2 = 3.38, d.f. = 4, p-value = 0.496; 10000 lx: χ2 = 

4.57, d.f. = 3, p-value = 0.206; 15000 lx: χ2 = 8.89, d.f. = 5, p-value = 0.114). 

The frequency of each stimulus that was selected by the observers to produce the most preferred 

colour appearance of the artwork was summarized in Figure 5.10(b). B7 (Rg = 113) was the most 

frequently selected stimulus at 200 lx, while B4 (Rg = 108) was the most frequently selected one 

at 2000 and 5000 lx. B3 (Rg = 104) and B2 (Rg = 100) were most frequently selected under the 

higher illuminance, with B3 having the highest frequency at 10000 lx and B2 having the highest 

frequency at 15000 lx. 

5.4 Discussion 

5.4.1 Colour rendition and light level 

The average Rg of the selected stimuli, under which the painting had the most preferred colour 

appearance, was calculated for each light level, as shown in Figure 5.11. The average Rcs, h1 and 

Rcs, h16 values of the selected stimuli were also calculated at each light level, since red was the 

dominant hue in the artwork and the stimuli were designed to change red colours, which 

significantly affects colour preference of the selected stimuli. Figure 5.12 shows that the average 

Rg, Rcs, h1, and Rcs, h16 decreased when the illuminance increased, following a logarithm relationship. 

This is more obvious in Figure 5.13. 
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Figure 5.10. Percentage of each stimulus being selected to produce the most preferred colour appearance of 

the artwork at each illuminance level. (a) Experiment 1; (b) Experiment 2. 

At 50, 100, 200, 480, 2000, and 5000 lx, all the selected stimuli had Rg values greater than 100, as 

shown in Figure 5.10. It agreed with the findings that sources with good colour fidelity may not 

always be preferred and those with larger relative gamut areas within a certain range were preferred  

(28, 29, 31, 37, 38, 46-48, 55, 112, 113). In particular, a higher chroma enhancement was preferred 

at a lower light level. At the two highest illuminance levels (i.e., 10000 and 15000 lx), the average 
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Rg of the selected stimuli was close to 100, suggesting little chroma enhancement was needed to 

produce preferred colour appearance. 

Specifically, Rf, Rg, and Rcs,h1 of the most preferred stimuli that were selected under 50, 100, 200, 

480, 2000, and 5000 lx were within the range defined in the two recent studies (47, 48)—Rf ≥ 74, 

Rg ≥ 100, and 2% ≤ Rcs,h1 ≤ 16%, though they were carried out around 200 lx. The most preferred 

stimulus under 20 lx, however, had a greater Rg and an Rcs,h1 of 17.8%. In contrast, at 10000 and 

15000 lx, most of the selected stimuli had Rg values around 100. And the most preferred stimulus 

under 10000 and 15000 lx had an Rcs,h1 of -3% and -7%, respectively. 

Therefore, the finding in most past studies that the enhanced chroma was preferred was likely to 

due to relatively lower light levels in comparison to daylight illuminance. 

5.4.2 Colour appearance and colour preference 

The different selections of preferred light stimuli at different illuminance were likely due to the 

different colour appearance of the artwork under the same stimuli at different light levels, as 

suggested in past studies (18, 90, 107). 

It is likely that the individual observers adopted the similar criteria at different illuminance levels 

when evaluating the preferred colour appearance. Therefore, we assumed that the colour 

appearance of the artwork under the preferred light stimuli at different light levels were similar. In 

other words, the average colour appearance attributes and chromaticities of the artwork, as 

calculated using CIECAM02 and CAM02-UCS respectively, under the most preferred light stimuli 

should be similar across the light levels. 
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Figure 5.11. Average Rg, together with the 95% confidence interval, of the selected stimuli under which the 

artwork had the most preferred colour appearance at each illuminance level in each experiment. (a) 

Experiment 1; (b) Experiment 2. 
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Figure 5.12. Relationship between the illuminance level and the average Rg, Rcs,h1, and Rcs,h16 of the selected 

stimuli in each experiment. The dotted lines are the trend lines fitted using a logarithm model. (a) Experiment 

1; (b) Experiment 2. 
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Figure 5.13. Relationship between the illuminance level and the average Rg, Rcs,h1, and Rcs,h16 of the selected 

stimuli under which the artwork had the most preferred colour appearance in the experiments. (a) Average 

Rg, Rcs,h1, and Rcs,h16 versus illuminance E; (b) average Rg, Rcs,h1, and Rcs,h16 versus the logarithm of the 

illuminance level ln(E). 

The colour appearance of the artwork was characterized using the colour attributes of the 13 
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Figure 5.14 and Figure 5.15 show the average preferred colour attributes of the thirteen locations 

under the selected stimuli across the illuminance levels in Experiments 1 and 2. It can be noticed 

that lightness, colourfulness, chroma, and saturation under different light levels changed slightly. 

This may suggest that lightness, colourfulness, chroma, and saturation were employed to evaluate 

the colour preference. 

Figure 5.16 shows the average chromaticities of the 13 locations under the selected stimuli across 

the illuminance levels. It can be observed that the average chromaticities shifted further away from 

the origin as the illuminance increased. The different average chromaticities at different light levels 

suggested that CAM02-UCS may not accurately characterize the effect of light level, which needs 

to be more carefully investigate through corresponding colours. 

5.5 Conclusion 

This chapter reports two psychophysical experiments that were carried out to investigate the effect 

of light level on the characterization of colour rendition of light sources. 

In Experiment 1, the stimuli were created to be metameric with a CCT ≈ 3000 K and Duv ≈ -0.005 

using two spectrally tunable LED devices with seven channels. Nine stimuli were designed to have 

different gamut areas, with a range of Rg from 98 to 124 at five light levels (i.e., 20, 50, 100, 200, 

and 480 lx). In Experiment 2, the stimuli were created to be metameric with a CCT ≈ 3000 K and 

Duv ≈ -0.005 using a spectrally tunable LED device with four channels. Nine stimuli were produced 

with different Rg values (i.e., from 99 to 117) at five light levels (i.e., 200, 2000, 5000, 10000, and 

15000 lx). As red was the dominant hue of the artwork, the variations in Rg were carefully designed 

to be caused by the chroma enhancements in red and green colours. At each light level, the 

observers were asked to select the light stimulus under which the artwork had the most preferred 

colour appearance. 
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Figure 5.14. Average colour attributes of the artwork under the selected stimuli, as calculated using 

CIECAM02 for the 13 locations labelled in Figure 5.1 in Experiment 1. (a) Colourfulness M; (b) chroma C; 

(c) lightness J; (d) brightness Q; (e) saturation s. 
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Figure 5.15. Average colour attributes of the artwork under the selected stimuli, as calculated using 

CIECAM02 for the 13 locations in Figure 5.1 in Experiment 2. (a) Colourfulness M; (b) chroma C; (c) 

lightness J; (d) brightness Q; (e) saturation s. 
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Figure 5.16. Average chromaticities of the 13 locations of the artwork under the stimuli in the two 

experiments on the a’-b’ plane of CAM02-UCS. 

The results showed that the preference judgments were significantly affected by light levels. At 

low light levels, the colour appearance of the artwork under the stimulus with an Rg greater than 

100 was preferred, while the stimuli with an Rg around 100 were preferred at 10000 and 15000 lx. 

The stimulus with a greater value of Rg was preferred at lower illuminance, which suggested that 

the preference for more saturated colours may be due to the relatively lower light levels in 

comparison to daylight illuminance. 

It was assumed that the observers generally adopted the same criterion to evaluate the preferred 

colour appearance, so that the average colour attributes and chromaticities of the artwork under 

the selected stimuli should be similar across the light levels. It was found that four colour attributes 

(i.e., lightness, colourfulness, saturation, and chroma) changed slightly across the different light 

levels, which suggested that they may be the determining factors for preference evaluation. On the 

other hand, the average chromaticities of the artwork were generally shifted with the light level, 

which suggested that CAM02-UCS cannot accurately characterize the effect of light level, which 

merits further investigations.  
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Chapter 6 Corresponding colour appearance data 

from 100 to 3500 cd/m2 

6.1 Motivation 

Colour appearance models aim to characterize and predict the colour appearance of stimuli under 

different adapting conditions. The widely used colour appearance model⸻CIECAM02 was 

developed based on the LUTCHI colour appearance data (21, 86, 103-105). These data were 

collected through psychophysical experiments using magnitude estimation methods. Different 

light sources, viewing media, luminance levels, and background conditions were employed in a 

series of experiments. Therefore, CIECAM02 is capable of predicting colour appearance under a 

wide range of viewing conditions and across different media. The experiments were generally 

carried out under luminance levels lower than 700 cd/m2, and only four colour samples were 

evaluated between 1000 and 1280 cd/m2 (86, 105). Human beings, however, people may 

experience a wide range of luminance levels (from 10-6 to 10+6 cd/m2) in their life (106) and the 

change of light levels between different lighting applications can also be extremely large. Though 

Hunt effect is considered in CIECAM02, several recent studies (90, 107, 114) found that 

CIECAM02 cannot accurately characterize the colour appearance under the light levels outside 

the typical range for general illumination. In addition, the experiments described in Chapter 5 also 

suggested that CIECAM02 and CAM02-UCS can be further improved under extremely high light 

levels. 

The experiment in this chapter was designed to test the performance of CIECAM02 under 

extremely high light levels through corresponding colours. Two colour matching experiments were 

conducted to collect corresponding colours using a haploscopic viewing condition. The adapting 

conditions in the reference and test fields always had the same CCT in order to minimize the effect 
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of chromatic adaptation. The luminance levels (Lw) of the adapting conditions of the reference 

stimulus were 100 and 150 cd/m2 in Experiments 1 and 2, respectively; while the luminance levels 

(Lw) of the adapting conditions of the matching stimulus had two levels—100 and 3000 cd/m2—

in Experiments 1 and six levels—150, 500, 1000, 2000, 3000, and 3500 cd/m2—in Experiment 2. 

6.2 Experiment 1 

6.2.1 Apparatus 

The experiment was conducted using two side-by-side viewing booths, with the interior walls 

painted with Munsell N7 spectrally neutral paint. The dimensions of the booths were 60 cm 

(height) × 60 cm (depth) × 60 cm (width). The top 15 cm of the front side of each viewing booth 

was covered with black cloth, so that the observers could not see the lighting devices placed above 

the booth. A 45 mm × 45 mm square opening was cut on the back panel of each booth, as shown 

in Figure 6.1. A spectrally tunable device was fixed on a tripod and used to illuminate each opening 

from the back of each booth. A layer of diffuser was placed at the opening on the back side, so that 

the illuminated opening was viewed as a diffuse stimulus when viewed from the front. A spectrally 

tunable LED device was placed above each booth to provide a uniform illumination. A chin rest 

was mounted in front of the two booths, so that the observer’s sagittal plane was aligned with the 

plane between the two booths to ensure a haploscopic viewing condition. The observers viewed 

the two stimuli simultaneously, with the right eye viewing the stimulus in the right booth and the 

left eye viewing the stimulus in the left booth. The LED device for producing the stimulus in the 

right booth was connected to a DMX controller so that the intensities of the four channels could 

be adjusted individually through the controller. And the adjustments were performed to change the 

stimulus in the HSI (i.e., hue, saturation, and intensity) mode using six keys on a keyboard. 
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Figure 6.1. Photograph of the experiment setup. The chin rest was used for the observer to fix his/her chin 

during the experiment. 

6.2.2 Adapting conditions and stimuli 

In Experiment 1, the reference stimuli always appeared in the left viewing booth and the matching 

stimuli appeared in the right booth. Two adapting conditions with the chromaticities on the 

Planckian locus were calibrated in the left viewing booth, including two CCT levels (i.e., 2700 and 

6500 K) and one luminance level (i.e., Lw ≈ 100 cd/m2). Four adapting conditions with the 

chromaticities on the Planckian locus were calibrated in the right viewing booth: two CCT levels 

(i.e., 2700 and 6500 K) and two luminance levels (i.e., Lw ≈ 100 and 3000 cd/m2). The SPDs of 

the adapting conditions were carefully adjusted to make CRI-Ra values around 90. Table 6.1 

summarizes the photometric and colorimetric characteristics of the adapting conditions.  
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Table 6.1. Photometric and colorimetric characteristics of the adapting conditions in Experiment 1. 

 

The four reference stimuli were designed to mimic four Natural Colour Scale (NCS) samples⸺ S 

2030-Y, S 2030-R, S 2030-G, and S 2030-B, with the chromaticities being close to those of the 

NCS samples under the same reference adapting conditions, but the luminance being around 60 

cd/m2. The photometric and colorimetric characteristics of the stimuli under the corresponding 

adapting conditions in the left booth are summarized in Table 6.2, together with those of the four 

NCS colour samples under the same conditions. The chromaticities of the four stimuli were 

designed to be within the colour gamut of the LED device that was used to produce the matching 

stimulus in the right booth and was not close to the gamut boundary, so that the colour matching 

task can be completed without restrictions. 

Table 6.2. Colorimetric characteristics of the four stimuli under the adapting conditions and those of the NCS 

samples if they were placed under the same adapting conditions. 

 

6.2.3 Experimental procedure 

Upon arrival, the observer completed a personal information survey and the Ishihara Colour Vision 

Test. Then the observer was given an explanation of the experiment and escorted to the experiment 

area. He or she was asked to sit in front of the viewing booths with his or her chin being fixed on 

Left booth Right booth

CCT (K) D uv (x 10 ,y 10 ) CRI-R a L w,10 (cd/m
2
) CCT (K) D uv (x 10 ,y 10 ) CRI-R a L w,10 (cd/m

2
)

2789 +0.002 (0.462,0.415) 97.4 97.0 2731 +0.002 (0.468,0.413) 87.4 90.0

2663 0 (0.468,0.406) 91.5 3193.0

6548 +0.002 (0.314,0.334) 90.6 110.0 6534 +0.003 (0.317,0.334) 91.3 117.5

6556 -0.007 (0.317,0.318) 83.3 3317.5

(x 10,y 10) Y10 (x 10,y 10) Y10

Red (0.516,0.389) 59.9 (0.525,0.388) 36.6

Green (0.431,0.455) 68.8 (0.423,0.456) 35.9

Blue (0.408,0.400) 67.0 (0.405,0.409) 33.7

Yellow (0.507,0.434) 67.2 (0.508,0.433) 47.4

Red (0.376,0.331) 63.5 (0.378,0.331) 37.5

Green (0.296,0.373) 66.6 (0.295,0.374) 43.7

Blue (0.260,0.305) 67.6 (0.257,0.306) 42.9

Yellow (0.391,0.402) 64.0 (0.391,0.401) 49.3

Adapting 

CCT

Hue of 

stimulus

Stimuli NCS samples

2700 K

6500 K
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the chin rest. The observer was first required to view the two viewing booths for two minutes for 

adaptation. After the adaptation, one of the four reference stimuli was presented in the left booth 

and the observer was instructed to change the colour appearance of the matching stimulus to match 

that of the reference stimulus. The adjustments were made in terms of hue, chroma, and intensity 

using six keys on a keyboard. Five colour matching trials were made by each observer under each 

pair of the adapting conditions (i.e., four hues + one random repeat). The order of the five trials 

was randomized under each pair of the adapting conditions, and the four adapting condition pairs 

were also presented in a random order. In total, 20 colour matching trials were performed by each 

observer and the entire experiment took about an hour. All the lighting devices were warmed up 

for half an hour before the experiments. 

Seven observers (one female and six males) between 22 and 32 years of age (mean = 26.3, std. dev 

= 3.35) participated in the experiment. The observers were tested with the 24 Plate Ishihara Colour 

Vision Test and all had normal colour visions. 

6.2.4 Results 

All the SPDs of the adjustments made by the observers were measured under the corresponding 

adapting conditions from the observers’ eye position after the experiments. The tristimulus values 

were calculated using the measured SPDs and the CIE 1964 10° CMFs. 

6.2.4.1 Intra- and inter-observer variations 

The intra- and inter-observer variations were characterized by calculating the mean colour 

difference from the mean (MCDM) in the CIE 1976 u’10v’10 chromaticity diagram. The MCDM 

values were calculated using Eq (82). In the experiment, a stimulus that was randomly selected 

was matched twice by each observer under each adapting condition. The intra-observer variation 

was characterized by computing the △u’10v’10 between the two repeated adjustments by each 
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observer under the same adapting condition, with the mean MCDM value of 0.0064 u’10v’10 units. 

The inter-observer variation was characterized by calculating the △u’10v’10 between the 

chromaticities adjusted by each observer and those adjusted by an average observer across all the 

stimuli and adapting conditions, with the average MCDM value being 0.0078 u’10v’10 units. The 

MCDM values of each stimulus under each pair of the adapting conditions are summarized in 

Table 6.3. The chromaticities of the matched stimuli with the one-standard error ellipses are plotted 

in the CIE 1976 u’10v’10 chromaticity diagram, as shown in Figure 6.2. The one-standard error 

ellipses were calculated using Eqs. (82)-(88). The inter-observer variations were smaller when the 

two viewing booths had similar adapting luminance levels. In general, the MCDM values for 

characterizing the inter- and intra-observer variations were similar to those in the past using 

memory colour matching experiments (64, 68, 115-117). To further test the reliability of the 

results, the obverser-variations were also calculated in CIEDE2000 units. As shown in Table 6.4, 

the inter-observer variations were generally smaller than 4 units, which were typical colour 

differences for colour matching experiments. 

△𝑢′10𝑣′10 =
∑ √(𝑢′𝑎𝑣𝑒−𝑢′𝑖)

2+(𝑣′𝑎𝑣𝑒−𝑣′𝑖)
2𝑛

𝑖=1

𝑛
 (82) 

𝑆𝐷𝐸𝑥 = √
∑ (𝑥𝑖−�̅�)

2𝑛
𝑖=1

𝑛
 (83) 

𝑆𝐷𝐸𝑦 = √
∑ (𝑦𝑖−�̅�)

2𝑛
𝑖=1

𝑛
 (84) 

𝐴 = ∑ 𝑥�̅�
2 − ∑ 𝑦�̅�

2𝑛
𝑖=1

𝑛
𝑖=1  (85) 

𝐵 = √(∑ 𝑥�̅�
2 − ∑ 𝑦�̅�

2𝑛
𝑖=1

𝑛
𝑖=1 )2 + 4(∑ 𝑥�̅�𝑦�̅�

𝑛
𝑖=1 )2 (86) 

𝐶 = 2∑ 𝑥�̅�𝑦�̅�
𝑛
𝑖=1   (87) 
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𝑡𝑎𝑛 ɵ =
𝐴+𝐵

𝐶
  (88) 

Table 6.3. Inter-observer variations, as characterized using MCDM values in u’10v’10  units, of the four 

reference stimuli under each pair of the adapting conditions. 

 

Table 6.4. Inter-observer variations, as characterized in CIEDE2000  units of the four reference stimuli under 

each pair of the adapting conditions. 

 

6.2.4.2 Chromaticities of colour matching task adjusted by the observers 

Figure 6.3 shows the average chromaticities of the stimuli and the chromaticities of the reference 

stimuli under each adapting condition in the CIE 1976 u’10v’10 diagram. It can be seen that the 

average adjusted chromaticities under the higher Lw shifted towards the blackbody locus, 

indicating that the stimuli under higher light levels appeared more saturated, which corroborated 

with the Hunt Effect. The average chromaticities of the stimuli adjusted by the observers were also 

plotted in a more uniform colour space (i.e., CAM02-UCS). Since the development of CAM02-

UCS considered the effect of adapting luminance level, the average adjusted chromaticities under 

the two adapting levels were supposed to be close due to the identical reference stimuli. The results, 

however, showed large differences between the two luminance levels under the 2700 K. 

Adapting 

conditions

Red Green Blue Yellow Mean

2700 K, low L w 0.0088 0.0051 0.0064 0.0032 0.0059

2700 K, high L w 0.0119 0.0143 0.0104 0.0052 0.0105

6500 K, low L w 0.0081 0.0074 0.0089 0.0066 0.0078

6500 K, high L w 0.0064 0.0068 0.0079 0.0072 0.0071

Mean 0.0088 0.0084 0.0084 0.0055 0.0078

CCT = 2700 K CCT = 6500 K

Lw (cd/m2) 100 3000 100 3000

Red 1.96 2.30 1.16 0.82

Green 1.31 7.93 1.77 0.68

Blue 1.18 3.54 1.04 1.57

Yellow 1.26 3.16 1.19 1.63

Mean 1.43 4.23 1.29 1.17
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Figure 6.2. Chromaticities of the reference stimuli, marked with ＋, and the chromaticities of the matched 

stimuli, marked with ×, with the one standard error ellipses, under each adapting condition in the CIE 1976 

u’10v’10 chromaticity diagram. The solid line ellipses are the results under the conditions when the colour 

matches were conducted at the low light level; the dashed line ellipses are those under the conditions when the 

colour matches were conducted at the high light level. (A), 2700 K; (B), 6500 K. 

 

Figure 6.3. Chromaticities of the reference stimuli and the average chromaticities of the adjusted stimuli 

under each adapting condition in the CIE 1976 u’10v’10 chromaticity diagram. (A), 2700 K; (B), 6500 K. 
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Figure 6.4. Chromaticities of the reference stimuli and the average adjusted chromaticities under each 

adapting condition in the a’10-b’10 plane of CAM02-UCS. (A), 2700 K; (B), 6500 K. 

6.2.4.3 Colour attributes of colour matching task 

Since the observers performed colour matching tasks based on the colour appearance of the 

reference and matching stimuli, these stimuli should have identical colour attributes after colour 

matching. 

Figure 6.5 and 6.6 show the comparison of the six colour attributes (i.e., hue angle, brightness, 

lightness, colourfulness, chroma, and saturation) between the matched and reference stimuli, as 

calculated using CIECAM02. The comparison of the hue angles is shown in Figure 6.5. It can be 

seen that the large change of the adapting luminance did not affect the hue angle. The ratio of the 

matched stimuli to the reference stimuli for the other five attributes is shown in Figure 6.6. A 

significant effect of the adapting luminance was found for the characterization of brightness, while 

the effect was small for the other four colour attributes (i.e., colourfulness, lightness, saturation, 

and chroma). 
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Furthermore, larger variations of chroma, colourfulness, and saturation can be found for the 

characterizations under the 2700 K adapting conditions. This was likely to be caused by the 

incomplete chromatic adaptation at 2700 K, as revealed in the past experiments (62, 64, 66-68, 

118). This could also be due to the fact that the adjustments of the matching stimuli were performed 

in the HSI space, which used D65 as the white point. 

 

Figure 6.5. Comparison between the average CIECAM02 hue angles, with the 95% confidence interval, and 

the hue angles of the corresponding reference stimulus under each adapting condition. (A), 2700 K; (B), 6500 

K. 

6.3 Experiment 2 

Based on Experiment 1, Experiment 2 was carefully designed to isolate the effect of adapting 

luminance from other factors. Firstly, the luminance level (i.e., Lw) was set above 140 cd/m2 to 

ensure that the chromatic adaptation degree factor D in CAT02 was over 0.90. Secondly, the 

adapting CCT was set at 6500 K to avoid the possible incomplete chromatic adaptation at lower 

CCTs. Thirdly, the adjustments in this experiment were performed by directly changing the 

intensities of the RGB channels instead of in the HSI space. Therefore, six adapting luminance 

levels were designed under which colour matching tasks were performed. 
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Figure 6.6. Average ratios, together with the 95% confidence interval, of the colour attributes, as 

characterized using CIECAM02, of the adjusted stimuli to those of the corresponding reference stimuli under 

each adapting condition. (A), Lightness J; (B), Brightness Q; (C), Chroma C; (D), Colourfulness M; (E), 

Saturation s. 
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6.3.1 Apparatus and experimental procedure 

The apparatus in this experiment was the same as that in Experiment 1. A different spectrally 

tunable LED device was used to produce higher stimulus luminance and the adjustment of each 

channel was performed using a 10-bit control signal. The same experimental procedure was used 

in this experiment. 

6.3.2 Adapting conditions and stimuli 

The luminance Lw of the adapting condition in the left booth was around 150 cd/m2, with the CCT 

was around 6500 K. The CCT levels of the six adapting conditions in the right booth were all 

around 6500 K, while the luminance levels Lw ranged between 150 and 3500 cd/m2. The 

photometric and colorimetric characteristics of the adapting conditions, which were calibrated 

using the spectroradiometer, are summarized in Table 6.5. 

The reference stimuli were still selected to have similar chromaticities to those of the four NCS 

samples as if they were placed under the same adapting conditions with higher light levels. Table 

6.6 summarizes the colorimetric characteristics of the reference stimuli and the NCS samples if 

they were placed there. Chromaticities of the four stimuli were also verified to be within the colour 

gamut and not close to the boundary of the LED device for producing the stimuli in the right booth 

at the six light levels. 

6.3.3 Results and discussions 

6.3.3.1 Inter- and intra-observer variations 

The characterizations of the inter- and intra-observer variations were similar to those in 

Experiment 1. The intra-observer variations, as characterized using the MCDM values in the CIE 

1976 u’10v’10 chromaticity diagram, were between 0.0036 and 0.0108, with the mean of 0.0064 

u’10v’10 units. Table 6.7 summarizes the inter-observer variations which were characterized using 

the MCDM values in the CIE 1976 u’10-v’10 chromaticity diagram, with an average of 0.0108 in 
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u’10v’10 units. The inter-observer variations were also calculated in CIEDE2000 units, as shown in 

Table 6.8. No significant difference was observed among the four reference stimuli and the six 

adapting luminance levels. The chromaticities of the adjusted stimuli, with the one-standard error 

ellipses, under each pair of the adapting conditions are shown in Figure 6.7. The results of the 

intra- and inter-observer variability were comparable to those in Experiment 1 and past studies 

(64, 68, 115-117). 

Table 6.5. Photometric and colorimetric characteristics of the adapting conditions. 

 

Table 6.6. Colorimetric characteristics of the reference stimuli under the adapting condition and the NCS 

samples if they were placed under the same adapting condition. 

 

Table 6.7. Inter-observer variations, as characterized using MCDM values, under each pair of the adapting 

conditions for each reference stimulus in u’10v’10 units. 

 

Booth Nominal L w,10 (cd/m
2
) CCT (K) D uv (x 10,y 10) CRI R a

L w, 10 

(cd/m
2
)

Left 150 6588 0.001 (0.313,0.336) 84.9 156.0

150 6510 0.005 (0.315,0.335) 85.3 152.5

500 6544 0.002 (0.315,0.330) 84.0 521.0

1000 6588 0.003 (0.314,0.330) 84.1 1092.0

2000 6544 0.002 (0.315,0.329) 83.4 2176.0

3000 6509 0.004 (0.316,0.332) 93.3 3227.5

3500 6514 0.002 (0.317,0.328) 94.3 3853.5

Right

(x 10,y 10) Y 10 (x 10,y 10) Y 10

Red (0.380,0.323) 94.1 (0.378,0.331) 37.5

Green (0.294,0.380) 102.4 (0.295,0.374) 43.7

Blue (0.260,0.320) 106.3 (0.257,0.306) 42.9

Yellow (0.389,0.384) 104.4 (0.391,0.401) 49.3

Hue of 

stimulus

Stimuli NCS samples

Nominal L w,10 

(cd/m
2
)

Red Green Blue Yellow Mean

150 0.0109 0.0162 0.0128 0.0052 0.0113

500 0.0056 0.0085 0.0198 0.0075 0.0104

1000 0.0116 0.0085 0.0149 0.0074 0.0106

2000 0.0103 0.0089 0.0072 0.0089 0.0088

3000 0.0134 0.0106 0.0167 0.0089 0.0124

3500 0.0104 0.0128 0.0111 0.012 0.0116

Mean 0.0104 0.0109 0.0138 0.0083 0.0108
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Table 6.8. Inter-observer variations, as characterized in CIEDE2000 units under each pair of the adapting 

conditions for each reference stimulus. 

 

 

Figure 6.7. Chromaticities of the reference stimuli, labelled with +, and these of the adjusted stimuli, labelled 

with ×, with the one standard error ellipses, under each adapting conditions, in the CIE 1976 u’10v’10 

chromaticity diagram. 

6.3.3.2 Chromaticities and colour attributes of colour matching 

The chromaticities of the reference stimuli and the average chromaticities of the adjusted stimuli 

are plotted in the CIE 1976 u’10v’10 chromaticity diagram and a’10-b’10 plane in CAM02-UCS, as 

shown in Figure 6.8 and 6.9. Figure 6.9 shows that the average adjusted stimuli under the different 

adapting luminance levels were close to each other, suggesting that CAM02-UCS seemed to have 

good performance in characterizing the colour matches under each pair of the adapting conditions. 

CCT = 6500 K

Lw (cd/m2) 150 500 1000 2000 3000 3500

Red 3.36 2.32 3.35 3.35 4.07 2.72

Green 3.80 1.62 1.43 1.22 1.75 3.18

Blue 2.86 5.96 3.66 2.18 2.86 1.95

Yellow 2.06 1.67 1.64 1.58 1.34 2.44

Mean 3.02 2.89 2.52 2.08 2.51 2.57
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The colour attributes of the adjusted stimuli and those of the reference stimuli were characterized 

using CIECAM02. The comparison between the hue angles of the reference and adjusted stimuli 

is shown in Figure 6.10; the ratio of the adjusted stimuli to the reference stimuli for the other five 

attributes is summarized in Figure 6.11. Similar to Experiment 1, CIECAM02 can accurately 

predict the hue angles of the stimuli having matched colour appearance. It can be observed that 

the characterization of the brightness had much poor performance, especially when the adapting 

luminance became higher. In contrast, the characterizations of the other four attributes were 

generally better, though there were variations among the four reference stimuli. 

 

Figure 6.8. Chromaticities of the reference stimuli and the average chromaticities of the adjusted stimuli 

under each adapting luminance in the CIE 1976 u’10v’10 chromaticity diagram. 
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Figure 6.9. Chromaticities of the reference stimuli and the average chromaticities of the adjusted stimuli 

under each adapting luminance in the a’10-b’10 plane of CAM02-UCS. 

 

Figure 6.10. Comparison between average CIECAM02 hue angles of the adjusted stimuli, together with the 

95% confidence interval, and the hue angles of the corresponding reference stimuli under each adapting 

luminance level. 
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6.4 Discussion 

At first, we expected that the results of the colour matching tasks might not be reliable when the 

adapting luminance was low, as the 10-bit adjustment resolution may cause large steps at low 

luminance levels. However, results were generally satisfying and no difficulties were reported by 

the observers during the experiment. 

The results derived from the two experiments in this chapter suggested that CIECAM02 had poor 

performance in characterizing brightness at very high adapting luminance levels, which was 

consistent to the results in Chapter 5. Such poor performance cannot be explained by the effect of 

chromatic adaptation because the adapting CCT was the same and the degree of chromatic 

adaptation under the high luminance levels was over 0.90. Therefore, the poor performance is 

likely due to the post-adaptation cone compression. Such a compression can be described using 

the Michaelis-Menten Equation: V = In / (In + σn), where σ was found to depend on the adapting 

luminance and n was 0.74 (119). However, the parameter σ remains unchanged in most existing 

colour appearance models (1) (e.g., Hunt 94, CIECAM97s, and CIECAM02) based on Boynton 

and Whitten’s assumption (120). A recent study (89) which investigated the colour appearance of 

the stimuli generated by a high dynamic range display indicated that the value of σ should change 

with the light level. Based on the collected data using a magnitude estimation method, a model 

was proposed in which the value of σ varied with the adapting luminance LA. Similar analyses 

shown in Figure 6.5, 6.6, 6.10, and 6.11 were performed using this model (90). As shown in Figure 

6.12, this model had a better performance in characterizing brightness than CIECAM02 when 

characterizing brightness. 
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Figure 6.11. Average ratios of the colour attributes of the adjusted stimuli under each adapting luminance 

level to those of the reference stimuli, with the 95% confidence intervals, as calculated using CIECAM02. (A), 

Lightness J; (B), Brightness Q; (C), Chroma C; (D), Colourfulness M; (E), Saturation s. 
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Figure 6.12. Average ratios of the brightness of the adjusted stimuli to that of the reference stimuli, with the 

95% confidence intervals, under each adapting condition, as calculated using the model developed in a recent 

study (90). (A), Experiment 1; (B), Experiment 2. 

Last but not least, both experiments in this chapter adopted a haploscopic viewing condition. 

Further investigations on the performance of CIECAM02 using a magnitude estimation under 

similar adapting conditions are needed, which may avoid the possible influence between the two 

eyes. 

6.5 Conclusion 

This chapter reports two psychophysical experiments investigating the colour appearance of 

stimuli across a wide range of adapting luminance levels. The observers performed haploscopic 

colour matching by adjusting the colour appearance of a stimulus to match that of various reference 

stimuli. The CCTs of the adapting conditions in the two adapting fields were all similar to avoid 

the effect of chromatic adaptation caused by adapting CCT. The luminance level (Lw) of the 

adapting conditions of the reference stimulus was 100 cd/m2 in Experiment 1 and 150 cd/m2 in 

Experiment 2. The luminance levels (Lw) of the adapting conditions of the matching stimulus were 

100 and 3000 cd/m2 in Experiment 1 and were 150, 500, 1000, 2000, 3000, and 3500 cd/m2 in 
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Experiment 2. The observers performed colour matches for four stimuli (i.e., yellow, red, green, 

and blue). 

It was supposed to have similar colour attributes for the matching stimuli, as they were adjusted to 

match the colour appearance of the reference stimuli. The widely used colour appearance model—

CIECAM02—was found to accurately characterize the five colour attributes (i.e., hue, chroma, 

lightness, saturation, and colourfulness) of the stimuli under the wide range of adapting luminance 

levels. The brightness, however, cannot be accurately characterized by CIECAM02 when the 

adapting luminance was extremely high. 

On the contrary, a recently proposed model that considers the adapting luminance in the 

calculations of the post-adaptation cone compression was found to have much better performance 

in characterizing the brightness at the wide range of adapting luminance. This suggested that 

further investigations are needed to better understand and characterize the colour appearance 

across a wide range of adapting luminance levels. 
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Chapter 7 Effect of adapting conditions on unique hues 

7.1 Motivation 

Unique hue plays an important role in uniform colour spaces and colour appearance models, 

especially the definitions of hue, hue angle, and hue composition. The concept of unique hue that 

the perception of colour could be described using three opponent pairs of primary colours: red and 

green, yellow and blue, and white and black was initially proposed by Hering (4). Since the two 

colours in one pair cannot be perceived at the same time in a spatially uniform stimulus, unique 

red (UR) and green (UG) are defined as the hue of colour that does not contain yellow or blue, 

unique yellow (UY) and blue (UB) are defined as the hue of colour that does not contain red or 

green. These two pairs of unique hues constitute a two-dimensional plane in which various hues 

can be described in terms of their redness–greenness and yellowness–blueness. 

The specification of unique hue is useful for developing uniform colour spaces and colour 

appearance models, and it is embedded in various existing colour appearance models and colour 

spaces (e.g., CIELAB, CIECAM02, and CAM02-UCS). In past psychophysical experiments (95-

97, 100-102), Munsell and NCS samples were commonly used and the samples generally had a 

hue angle interval greater than 9° in uniform colour spaces. In addition, the simultaneous viewing 

method that the colour samples covering different hues were presented to the observers at the same 

time was typically employed. Such a viewing method, however, was found to affect the hue 

judgments (96). 

This chapter reports an experiment that was designed to investigate the unique hues in terms of 

hue angles and uniformity using a different viewing method (i.e., a successive viewing method).  
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In particular, the stimuli were carefully designed to have a hue angle interval of 5° in CIECAM02. 

The stimuli were also designed to have three chroma levels, so that the results were used to 

compare the performance of CIELAB and CIECAM02, in terms of hue linearity. 

7.2 Method 

7.2.1 Apparatus 

The experiment was conducted using a viewing booth (60 cm × 60 cm × 60 cm), with a 45 mm × 

45 mm square opening cut at the centre of the back panel. A diffuser was attached to the back of 

the opening, so that the stimulus viewed from the front of the viewing booth had a diffuse 

distribution, as shown in Figure 7.1. The interiors of the booth were painted with Munsell N7 

spectrally neutral paint having a reflectance of 43%. A spectrally tunable LED device was placed 

above the viewing booth to provide a uniform illumination. The intensities of the LED channels, 

with the peak wavelengths ranging from 350 to 700 nm, could be adjusted individually to produce 

the designed adapting conditions. Another spectrally tunable LED device was fixed on a tripod, 

which was placed behind the viewing booth to provide a uniform illumination to the opening. The 

LED device was connected to a DMX controller so that the intensities of the channels could be 

changed individually through the controller. The DMX controller was set in 16-bit RGB mode and 

was connected to a computer. A chin rest was fixed outside the viewing booth to guarantee a 

similar viewing geometry to each observer (about 4.3° × 4.3° field of view). A piece of black cloth 

was used to cover the top 15 cm of the front side of the viewing booth to prevent the observers 

from directly seeing the lighting device. 

7.2.2 Adapting conditions and stimuli 

Two adapting conditions were designed and produced by the LED device, with the adapting CCT 

levels of 3000 and 6500 K and the adapting luminance (i.e., Lw) of 500 cd/m2. This adapting 

luminance was carefully designed so that the chromatic adaptation degree factor D in CAT02 (also 
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in CIECAM02) was over 0.95. The SPDs were carefully designed to make the conditions have 

CRI-Ra values as high as possible. A JETI Specbos 1211UV spectroradiometer was used to 

calibrate the adapting conditions, with a reflectance standard being attached at the opening. The 

colorimetric characteristics of the adapting conditions were calculated using the measured SPDs 

and the CIE 1964 10° CMFs, as summarized in Table 7.1. An additional dark condition was used 

in this study, with a total of three adapting conditions. 

The stimuli were carefully designed to have three chroma levels C (i.e., C = 10, 20, and 30) in 

CIECAM02 ac, 10- bc, 10 but one lightness level (i.e., J ≈ 65) under each adapting condition. For 

each chroma level, 72 stimuli were produced to have a nominal hue angle step of 5°. All the stimuli 

were calibrated using the spectroradiometer, taking the light produced by the LED device and the 

reflected light from the adapting condition into consideration. Figure 7.2(a) to (c) show the 

chromaticities in the ac, 10-bc, 10 plane of CIECAM02, as calculated using the measured SPDs and 

the CIE 1964 10° CMFs. The adapting condition of 6500 K was also used when computing the 

results under the dark condition. Due to the limitations of the LED device, the chroma levels of 

some stimuli at 3000 K were slightly lower than 30, as shown in Figure 7.2(b). 

The stimuli were also calculated in the CIELAB colour space to better illustrate the distribution of 

the stimuli under each adapting condition. The L* values were around 75. It can be observed that 

the chroma and hue angles slightly shifted, as shown in Figure 7.2(d). 

It was found in past studies (115, 121) that the effect of the viewing medium was actually the effect 

of viewing mode, due to the change of adapting luminance. Although the test stimuli were self-

luminous stimuli produced by the LED device, they were perceived as surface colour stimuli due 

to the luminance relationship between the stimuli and the adapting luminance levels of the two 

non-dark adapting conditions. In particular, a stimulus would be perceived as a reflective surface 
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colour when its luminance is lower than the luminance of a perfect diffuser (i.e., Lw) under the 

same viewing condition, while a stimulus would be perceived as self-luminous when its luminance 

is higher than that of a perfect diffuser under the same viewing condition. 

A customized control program was developed so that the observers can switch between the stimuli 

by calling different DMX signals. The hue angle of the stimulus was changed in the clockwise or 

counterclockwise direction at a constant chroma level using two arrow keys ←→ on the 

customized keyboard with a hue angle step of 5°. 

 

Figure 7.1. Photograph of experiment setup, viewed from the observer’s eye position. A spectrally tunable 

LED device was placed behind the booth to provide a uniform illumination to the opening. A layer of diffuser 

was attached to the opening, so that the stimulus viewed by the observer had a diffuse distribution (note: the 

photograph shows a red stimulus). 

Table 7.1. Colorimetric characteristics of the adapting conditions. 

 

Nominal 

CCT (K)

Measured 

CCT (K)
D uv

L w,10 

(cd/m
2
)

CRI-R a

3000 2982 0 538.0 98.2

6500 6457 +0.004 548.5 98.8
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Figure 7.2. Chromaticities of the stimuli in the ac, 10-bc, 10 and a*
10-b*

10 planes of CIECAM02 and CIELAB. (a)-

(c), the chromaticities in the ac, 10-bc, 10 plane of CIECAM02, (d), the chromaticities in the a*
10-b*

10 plane of 

CIELAB. 

7.2.3 Observers 

Twenty-nine observers (9 females and 20 males) between 20 and 31 years of age (mean = 22.9, 

std. dev. = 2.79) took part in the experiment. All the observers were tested with the 24 Plate 

Ishihara Colour Vision Test and had normal colour visions. 

10
20

30
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7.2.4 Experiment procedures 

Upon arrival, the observer was first asked to complete a personal information survey and the 

Ishihara Colour Vision Test. The observer was then given an explanation of the experiment 

procedure, especially the concept of unique hue, and led to the experimental area. He or she was 

asked to sit in front of the viewing booth with his or her chin being fixed on the chin rest. During 

the experiment, the general illumination in the space was turned off. 

Before the beginning of the trials under each adapting condition, the observer was asked to look 

into the viewing booth for two minutes for adaptation. After that, a colour stimulus with a pre-set 

hue angle (45° for unique red and yellow and 225° for unique green and blue) appeared at the 

opening. The observer was instructed to switch the stimulus with the hue angle step of 5° using 

the two arrow keys, until the stimulus appeared to have a unique hue to him or her. The observer 

was free to spend as much time as he or she needed to make the adjustments. When the observer 

finished one unique hue adjustment, he or she was asked to rate the confidence about how similar 

the adjusted colour compared to the unique hue in his or her memory, with a rating of 100% 

represented completely identical and 0% representing completely different. The rating was 

recorded by the experimenter. 

Under each adapting condition, the order of the three chroma levels was randomized. Under each 

condition, selection of unique green was performed twice by each observer for evaluating the intra-

observer variations. In total, each observer completed 45 unique hue selections (3 adapting 

conditions × 3 chroma levels × (4 unique hues + 1 repeated selection of unique green)). The whole 

experiment lasted for about 45 minutes. 
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7.3 Results 

After the experiment, the stimuli selected by the observers were measured again using the 

spectroradiometer under the corresponding adapting conditions. The measured SPDs and CIE 

1964 10° CMFs were used to calculate various colorimetric quantities for data analyses. 

7.3.1 Intra- and inter-observer variations 

The intra- and inter-observer variations were calculated to evaluate the reliability of the results. 

The intra-observer variations were characterized by comparing the repeated selections made by 

the observers under the same adapting condition. In total, nine pairs of repeated adjustments were 

performed by each observer. The mean hue angle differences of the nine repeated pairs were 

between 4.57° and 21.74°, with a mean value of 11.65°. The inter-observer variations were 

characterized by comparing the selections made by each observer and the averaged selections 

made by all the observers (i.e., an average observer) under the different adapting conditions. The 

average hue angle difference for each observer was between 7.80° and 20.02°, with a mean of 

12.99°. As shown in Table 7.2, the intra- and inter-observer variations were higher at lower chroma 

levels, which was consistent to the results in the past studies (97, 102). The inter- and intra- 

variations, especially those at the lowest chroma level, were slightly larger than the results in the 

past work where Munsell samples were used (97, 102). However, the comparable intra- and inter-

observer variations were not found in the past studies (95-98, 100, 102). 

7.3.2 Observers’ confidence in unique hue selections 

The observers were asked to evaluate their confidence in the unique hue selection after the 

selection was made. Figure 7.3 shows the average confidence of the selected hue versus the inter-

observer variations of the four hues at each chroma level under each adapting condition. The figure 

shows that the confidence was generally lower when the inter-observer variation was larger and 

the confidence at the chroma level of 10 was always the lowest. 
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Table 7.2. Intra- and inter-observer variations in terms of CIECAM02 hue angles (note: the hue angle step 

between the adjacent stimuli was 5°). 

 

 

Figure 7.3. Average confidence in hue selections suggesting the similarity between the hue of the selected 

stimuli and the unique hue in the observers’ memory versus inter-observer variation: (a) dark, (b) 3000 K, 

and (c) 6500 K. 

7.3.3 Unique hue angles in CIECAM02 

The stimuli were designed to have similar lightness and chroma levels in CIECAM02, therefore, 

the average hue angles of the selected stimuli can be compared to the hue angle of the unique hues 

UR UG UB UY

10 22.73 15.02 24.65 18.53 15.76

20 11.79 12.06 16.67 11.55 11.05

30 7.88 16.34 13.74 10.73 9.24

10 15.96 24.63 12.9 10.85 10.55

20 9.78 12.88 13.17 10.24 9.82

30 9.92 16.41 11.93 7.84 9.30

10 14.1 15.27 14.21 12.53 11.17

20 9.88 10.00 11.97 8.17 7.95

30 9.02 8.96 11.40 8.55 7.73

12.35 14.62 14.51 11.00 10.28

3000 K

6500 K

Mean

Adapting

Condition
Chroma

Intra-

(UG)

Inter-

Dark
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defined in CIECAM02. Figure 7.4 shows the mean hue angles of the selected stimuli together with 

the 95% confidence intervals. The solid lines indicate the hue angles of the unique hues defined in 

CIECAM02. The values are summarized in Table 7.3. It can be observed that the average hue 

angles of the selected stimuli under the 6500 K condition were similar to those under the dark 

condition, though the stimuli were viewed as related and unrelated colours, respectively. In 

contrast, the average hue angles of the stimuli selected under the 3000 K condition were slightly 

different. 

The unique hue selections at the chroma level of 10 generally had larger variations than those at 

the two chroma levels, which was similar to the results in the past studies (97, 102), but the hue 

angles of the selected stimuli were not significantly affected by the chroma level. The hue angles 

of the selected stimuli, however, were not the same as those defined in CIECAM02, especially for 

the unique blue. This was similar to the results in the past studies (97). Moreover, though the lines 

fitted using the average chromaticities of the selected stimuli at the three chroma levels did not 

completely converge to the origin of the ac, 10-bc, 10 plane in CIECAM02, as shown in Figure 7.5, 

the intercepts were much closer to the origin than those found in the past studies (97, 98). Table 

7.4 summarizes the average perceptual hue difference △𝐻̅̅ ̅̅ ̅̅  which indicates the deviations of the 

individual hue angles from the mean under each adapting condition, with a smaller value of △𝐻̅̅ ̅̅ ̅̅  

suggesting a better hue uniformity. Compared to the findings in the past study (122), the results in 

this experiment indicated a much better hue uniformity of CIECAM02. 
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Figure 7.4. Averaged hue angles of the selected stimuli, together with the 95% confidence interval. The solid 

line indicates the hue angle of the unique hue defined in CIECAM02 (1): (a) red, (b) green, (c) blue, and (d) 

yellow. 

Table 7.3. Summary of the average hue angles of the selected stimuli at each chroma level under each 

adapting condition. 

 

Adapting 

Condition Chroma UR UG UB UY

10 12.13 160.04 216.56 94.89

20 18.37 158.36 218.71 92.27

30 13.43 159.29 219.60 94.33

Mean 14.64 159.23 218.29 93.83

10 11.82 165.08 223.60 99.39

20 9.68 163.55 225.38 99.84

30 9.26 166.19 225.01 98.91

Mean 10.25 164.94 224.66 99.38

10 15.43 158.64 213.74 93.15

20 13.91 157.70 221.81 95.07

30 10.86 157.17 219.51 94.46

Mean 13.40 157.84 218.35 94.23

Dark

6500 K

3000 K
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Figure 7.5. Average chromaticities of the selected stimuli, together with the fitted lines, and the hue angles of 

the unique hues defined in CIECAM02 in the ac, 10-bc, 10 plane (1). The right bottom area of each figure 

illustrates a close-up of the area near the origin: (a) dark, (b) 3000 K, and (c) 6500 K. 

Table 7.4. Average perceptual hue differences (△𝑯̅̅ ̅̅ ̅̅ ) under each adapting condition for each hue. 

 

7.4 Discussion 

7.4.1 Unique hue angles in CIELAB 

The results of the unique hue selections were also analysed in CIELAB, as shown in Figure 7.6. It 

can be observed that the hue angles of the selected stimuli and the unique hue angles defined in 

CIELAB were different, which was also found in a relevant study (97). Similarly, though the fitted 

lines did not completely converge to the origin of the a*
10-b

*
10 plane in CIELAB, the intersections 

were close to the origin. 

Adapting 

Condition Chroma UR UG UB UY

10 −0.44 0.14 −0.30 0.19

20 1.3 −0.30 0.15 −0.54

30 −0.64 0.03 0.69 0.26

Mean 0.08 −0.04 0.18 −0.03

10 0.273 0.02 −0.19 0.00

20 −0.20 −0.49 0.25 0.16

30 −0.52 0.65 0.19 −0.25

Mean −0.15 0.06 0.08 −0.03

10 0.35 0.14 −0.8 −0.19

20 0.18 −0.05 1.21 0.29

30 −1.33 −0.35 0.61 0.12

Mean −0.27 −0.09 0.34 0.08

Dark

3000 K

6500 K
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Figure 7.6.Average chromaticities of the selected stimuli, together with the fitted lines, and the hue angles of 

the unique hues defined in CIELAB in the a*
10-b*

10 plane (94). The right bottom area of each figure illustrates 

a close-up of the area near the origin: (a) dark, (b) 3000 K, and (c) 6500 K. 

7.4.2 Unique hues under the dark condition 

The parameters of the 6500 K condition were used for the calculations of the results under the dark 

condition. Though the stimuli were perceived as related colours under the 6500 K condition and 

unrelated colours under dark condition, the average hue angles of the selected stimuli were similar 

both in CIECAM02 and CIELAB. 

Moreover, unique hues for unrelated colours were usually characterized using dominant or 

complementary wavelengths in past studies (123-125). The chromaticities of the stimuli (L ≈ 235 

cd/m2) at all the chroma levels and the average chromaticities of the selected stimuli are plotted in 

the CIE 1931 chromaticity diagram, as shown in Figure 7.7. All the stimuli appeared to uniformly 

distribute, though they were not designed in this chromaticity diagram. Table 7.5 summarizes the 

dominant and complementary wavelengths of the selected stimuli with the unique hues at the three 

chroma levels. It can be observed that the dominant or complementary wavelengths of the unique 

hues were different under the three chroma levels. The shifts, especially the direction of the shift, 

were likely to be caused by the Abney effect (126). The differences, in comparison to the past 
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studies (123-125), were likely due to the different luminance levels (i.e., Bezold-Brucke effect 

(1)). In general, the differences were relatively small. 

 

Figure 7.7. Chromaticities of all the stimuli at the three chroma levels (grey contours) and the chromaticities 

of the selected stimuli in the CIE1931 chromaticity diagram. The plus sign (+) denotes the chromaticities of 

the equal-energy illuminant. The top right area shows a close-up of the area near the chromaticities of the 

equal-energy illuminant. 

Table 7.5. Dominant or complementary wavelengths of the average chromaticities of the selected stimuli 

under the dark condition (+ complementary wavelength). 

 

7.4.3 Unique hue selections and variations 

The stimuli were supposed to be perceived as reflective surface colours under the two non-dark 

adapting conditions. However, the hue angles of the selected stimuli were not the same as those 

reported in the past studies (95-97, 100-102) using surface colour samples (e.g., NCS or Munsell 

Chroma=10 Chroma=20 Chroma=30

UR+ 537.1 nm 498.5 nm 498.7 nm

UG 491.2 nm 499.6 nm 502.6 nm

UB 481.9 nm 483.3 nm 483.7 nm

UY 568.6 nm 573.7 nm 573.7 nm
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colour samples). In contrast, the hue angles of the selected stimuli under the dark condition were 

comparable to those in the past studies (123-125) using unrelated stimuli, as illustrated in Section 

7.4.2. Therefore, the different results under the 3000 and 6500 K conditions were likely to be 

caused by the experimental settings (i.e., smaller hue angle step and presentation of individual 

stimulus). It may be difficult for the observers to estimate the illumination with the presentation 

of an individual stimulus. 

In addition, the inter-observer variations were generally similar across the four unique hues, which 

was different from the findings in the past studies (97-99, 102). Figure 7.8 shows the distribution 

of the hue angles of the selected stimuli. The ranges of hue angles covered by the selected stimuli 

were smaller as the chroma level were higher. The observers could hardly distinguish unique 

green, yellow, and blue at the lowest chroma level under all the adapting conditions. This should 

be due to the fact that a hue angle step of 5° at the chroma level of 10 corresponded to a colour 

difference of 0.87 △Eac,10-bc,10 units, which was smaller than the just-noticeable colour difference 

(JND). In addition, the selections of the stimuli at different chroma levels seemed to have a normal 

distribution, which was different from the bimodal distribution of the unique green selections in 

several past studies (96, 127). 

The variations and ranges of the unique hue selections in this experiment were much larger than 

those found in the past studies (97, 98). For comparison, the histograms of the unique hue 

selections in a recent study (97) were shown in Figure 7.9. In addition, the average inter-observer 

variations were 4.87 △ECAM02 units in this study, while it was 3.15 in Ref. (98). Such larger 

variations were speculated to be caused by two factors. Firstly, past studies commonly used surface 

colour samples (e.g., NCS and Munsell samples) as the test stimuli and the adapting conditions 

were not dark. A group of colour samples at the same chroma and lightness levels were viewed 
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simultaneously. The hue angle difference between adjacent samples of NCS (100) and Munsell 

samples (95, 97, 102, 128, 129) was 9°, which was larger than the 5° interval in this study. 

Secondly, viewing 40 samples at the same time might make it easier for the observers to select the 

stimuli based on the adjacent hues, which was also found in a past study (95). When the observers 

viewed the samples individually, the ranges and variations of the unique hue selections were larger. 

 

Figure 7.8. Hue angle distributions of the selected stimuli under the three adapting conditions in this 

experiment: (a) dark, (b) 3000 K, and (c) 6500 K. 
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Figure 7.9. Hue angle distributions of the selected stimuli under the two adapting conditions in a recent 

experiment (97), where the observers viewed 40 Munsell samples simultaneously and made the unique hue 

selections: (a) 2700 K and (b) 3500 K. 

7.5 Conclusions 

This chapter reports a psychophysical experiment investigating unique hues under three different 

adapting conditions at three different chroma levels. Seventy-two stimuli were carefully calibrated 

and produced to have the same chroma and lightness levels but different hue angles with a hue 

angle step of 5° in CIECAM02 at each chroma level. The stimuli were viewed individually instead 

of simultaneously. The observers were asked to switch between adjacent stimuli by either 

increasing or decreasing the hue angles of 5° to select the stimulus having one of the four unique 

hues. The intra- and inter-observer variations were found to increase with the decrease of chroma 

levels. The hue angles of the selected stimuli were not always the same as those defined in 

CIECAM02. In particular, a large difference was found for the unique blue under all the adapting 

conditions and the unique yellow at the 3000 K condition. Compared to the past studies, the results 

in this study suggested a better hue uniformity in CIECAM02. Last but not least, the experimental 

methods were found to significantly affect the unique hue selections of the observers. The larger 

intra- and inter-observer variations were likely to be caused by the smaller hue angle step and the 

individually presenting method. 
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Chapter 8 Conclusion 

This dissertation reports a series of studies that were designed to comprehensively investigate the 

effect of light level on colour appearance across a wide range of luminance levels. It starts with 

the investigation on the effect of light level on colour preference and tests prior hypothesis that the 

lower illuminance levels may reduce the colour preference under a fixed light source, which can 

be compensated using sources enhancing saturation. Eight lighting conditions were designed and 

used in the experiment, comprising two illuminance levels (i.e., Ew = 20 and 500 lx), and four 

levels of relative gamut area (i.e., IES TM-30-15 Rg = 100, 110, 118, and 125). The lighting 

conditions were nearly metameric with a CCT around 3000 K and a Duv around -0.005. An artwork 

with familiar objects and a dominant hue of red was carefully selected for preference evaluation. 

As red was the dominant hue of the artwork, the variations in Rg were designed to be caused by 

the chroma enhancement in red and green colours. The observers carefully evaluated the overall 

colour appearance of the artwork under all possible pairs of the lighting conditions, and selected 

the one under which the artwork had preferred colour appearance. The results revealed that the 

lighting conditions that slightly enhanced the saturation were generally preferred, while the 

conditions with excessively large relative gamut areas were not preferred at 500 lx. In particular, 

the stimulus with an Rg of 118 was preferred at 20 lx but not preferred at 500 lx, which suggested 

that the colour preference under a fixed light source was affected by the light level. 

The effect of light level on light source colour preference was further systematically investigated 

by varying the relative gamut area (i.e., Rg) and light level in the following two experiments. All 

the light settings were nearly metameric with a CCT around 3000 K and a Duv around -0.005. In 

Experiment 1, the light settings were calibrated to have a range of Rg from 98 to 124 at five light 

levels (i.e., 20, 50, 100, 200, and 480 lx). In Experiment 2, the light settings were calibrated to 
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have Rg values from 99 to 117 at five light levels (i.e., 200, 2000, 5000, 10000, and 15000 lx). The 

variations in Rg were intended to be caused by the chroma enhancement in red and green colours 

(i.e., the change of Rcs,h1, Rcs,h8, Rcs,h9, and Rcs,h16). The same artwork was used in these two 

experiments. At each light level, the observers carefully compared the colour appearance of the 

artwork under all the light settings and selected the one under which the artwork had the most 

preferred colour appearance. The results showed that light levels significantly affected the 

preference evaluations. The colour appearance of the artwork was generally preferred under the 

light settings with an Rg greater than 100 at low light levels. In contrast, the light settings with an 

Rg around 100 were the most frequently selected at 10000 and 15000 lx. At the lower light levels, 

the light setting with a larger relative gamut area was more preferred. This suggested that the 

findings in the past studies that light sources with larger gamut areas were preferred were likely 

due to the relatively low light levels in comparison to daylight. In addition, it was assumed that 

the individual observer adopted similar criteria when evaluating preferred colour appearance, so 

the colour appearance of the artwork under the selected light settings should be similar under the 

different light levels. Four colour attributes (i.e., lightness, colourfulness, chroma, and saturation) 

of the artwork were found to change slightly at the different light levels, as characterized using 

CIECAM02. In contrast, the average chromaticities of the artwork under the selected light settings 

were different under the different light levels, as characterized using CAM02-UCS, suggesting 

that CAM02-UCS may not be able to accurately characterize the effect of light level. 

The following two experiments were then carried out to test the performance of CIECAM02 across 

a wide range of light levels through colour matching using a haploscopic viewing condition. In 

Experiment 1, the luminance level (Lw) of the adapting conditions of the reference stimulus was 

fixed at 100 cd/m2, while the luminance levels (Lw) of the adapting conditions of the matching 
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stimulus were 100 and 3000 cd/m2. In Experiment 2, the luminance level (Lw) of the adapting 

condition of the reference stimulus was fixed at 150 cd/m2, while the luminance levels (Lw) of the 

adapting conditions of the test stimulus were 150, 500, 1000, 2000, 3000, and 3500 cd/m2. The 

observers performed colour matches for four reference stimuli (i.e., yellow, red, green, and blue) 

under different pairs of adapting conditions. The results showed that CIECAM02 could accurately 

characterize the five colour attributes (i.e., hue, chroma, lightness, saturation, and colourfulness) 

of the stimuli under the wide range of adapting luminance levels. The attributes of brightness, 

however, could not be accurately characterized when the adapting luminance levels were 

extremely high.  In contrast, a new colour appearance model, in which the cone compression in 

the post-adaptation stage was directly calculated using the adapting luminance levels, was found 

to perform much better than CIECAM02. 

Finally, unique hue⸺an important concept for colour appearance models and uniform colour 

spaces⸺was investigated under different adapting conditions. A psychophysical experiment was 

carefully designed to investigate the unique hue selections in terms of hue angles and uniformity 

in colour appearance models using a smaller hue angle step and an individual presentation method. 

At each of the three chroma levels, 72 stimuli with the same lightness but different hue angles 

were produced. The hue angle step was set to be 5° in CIECAM02. The observers viewed one 

stimulus at a time, instead of all the stimuli at the same time. The results found that CIECAM02 

had a good hue linearity, which was not found in the past. In addition, the results under the dark 

condition were similar to those under the 6500 K condition. This experiment suggested the 

importance of experiment method in investigating unique hues and the good performance of 

CIECAM02 in characterizing the unique hues. 
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In summary, the dissertation thoroughly investigated the colour appearance of a stimulus under 

various viewing conditions, and investigated the performance of CIECAM02 and CAM02-UCS. 

The findings helped us to further understand how the human visual system perceives colour stimuli 

under different conditions, and provided useful guidance to perform colour reproduction and 

characterization under different conditions. 
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