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Abstract.  

 

OBJECTIVE. To provide an approach to facial contrast, analysing CIELAB colour differences 

(E*
ab,10) and its components ŝŶ ǁŽŵĞŶ͛Ɛ ĨĂĐĞƐ ĨƌŽŵ ƚǁŽ ĚŝĨĨĞƌĞŶƚ ĞƚŚŶŝĐ ŐƌŽƵƉƐ͕ ŝůůƵŵŝŶĂƚĞĚ 

by modern white light-emitting diodes (LEDs) or traditional illuminants recommended by the 

International Commission on Illumination (CIE).  

METHODS. We performed spectrophotometric measurements of spectral reflectance factors 

on forehead and cheek of 87 young healthy women (50 Caucasians and 37 Orientals), plus 5 

commercial red lipsticks. We considered a set of 10 white LED illuminants, representative of 

technologies currently available on the market, plus 8 main illuminants currently 

recommended by the CIE, representative of conventional incandescent, daylight, and 

fluorescent light sources. Under each of these 18 illuminants we analysed the magnitude and 

components of E*
ab,10 between Caucasian and Oriental women (considering cheek and 

forehead), as well as for cheek-forehead and cheek-lipsticks in Caucasian and Oriental women. 

Colour-inconstancy indices for cheek, forehead, and lipsticks were computed, assuming D65 

and A as reference illuminants.  

RESULTS. E*
ab,10 between forehead and cheek were quantitatively and qualitatively different 

in Orientals and Caucasians, but discrepancies with respect to average values for 18 

illuminants were small (1.5% and 5.0% for Orientals and Caucasians, respectively). E*
ab,10 

between Caucasians and Orientals were also quantitatively and qualitatively different both for 

forehead and cheek, and discrepancies with respect to average values were again small (1.0% 

and 3.9% for forehead and cheek, respectively). E*
ab,10 between lipsticks and cheek were at 

least 2 times higher than those between forehead and cheek. Regarding E*
ab,10 between 



lipsticks and cheeks, discrepancies with respect to average values were in the range 1.5% - 

12.3%, although higher values of up to 54.2% were found for a white RGB LED. This white RGB 

LED provided the highest average colour-inconstancy indices: 17.1 and 11.5 CIELAB units, 

under reference illuminants D65 and A, respectively.  

CONCLUSION. CŽůŽƵƌ ĐŽŶƚƌĂƐƚƐ ŝŶ ǁŽŵĞŶ͛Ɛ ĨĂĐĞƐ ƵŶĚĞƌ CIE ƐƚĂŶĚĂƌĚ ŝůůƵŵŝŶĂŶƚƐ ĨŽƌ ŽƵƚĚŽŽƌ 
and indoor conditions may be strongly altered by using specific white LEDs. More research 

needs to be done on the impact of spectral power distribution of light sources with high colour 

rendering indices on visual colour appearance of cosmetic products. 

 

 

  



Introduction 

The colour of a given object can be considered the result of the combination of three factors: 

The spectral power distribution (SPD) of the light source illuminating the object, the optical 

properties of materials the object is made of (represented by the so-called spectral reflectance 

factor), and the spectral sensitivity of the human visual system (represented by what are called 

colour-matching functions) [1]. These three factors lead to the primary numerical colour 

specification proposed by the International Commission on Illumination (CIE): the so-called X, 

Y, Z tristimulus values [2], which provide an objective (instrumental) method for colour 

measurement of any object. From tristimulus values, using additional information (e.g. 

tristimulus values of a reference white), it is possible to achieve improved colour specifications 

(e.g. CIELAB colour coordinates), establishing numerical correlates of the perceptual colour 

attributes of a given object. For example, CIELAB lightness (L*), chroma (C*
ab) and  hue angle 

(hab) are correlates of the three main colour attributes we can distinguish in objects colours, 

as illustrated by the chips in colour atlases such as the Munsell Book of Color [3]. Ultimately, 

the main goal of colorimetry is to specify colour, allowing objective instrumental colour 

measurements in agreement with subjective human colour perception. The current study 

deals with objective colour measurements, considering the influence of two of the three 

previously mentioned factors:  

1) A relevant set of modern illuminants (white light-emitting diodes, LED). New solid-state 

lighting products are rapidly gaining the lighting market. Especially, white LED sources are 

replacing banned incandescent lamps and other lighting technologies in most general lighting 

applications. However, the SPDs of white LEDs are quite different from those of conventional 

light sources, raising questions concerning possible risks of deterioration (or improvement) in 

contrasts or colour appearance of specific objects such as, for example, human skin. It is 

necessary to compare colour rendition properties of modern white LEDs with that of lamp 

types that they are intended to replace [4].  

2) A set of objects of particular interest to the cosmetic industry (skin in two regions of 

ǁŽŵĞŶ͛Ɛ ĨĂĐĞƐ ĂŶĚ ƐŽŵe representative lipsticks). Skin colour is one of the most important 

factors influencing the acceptability of a light source and is often used, consciously or not, as 

a criterion to evaluate the colour quality of light sources [5]. CIE TC 1-92 is currently working 

to provide a skin-colour database, investigating uncertainty in skin-colour measurements and 

some influential factors in skin colour, such as ethnicity, gender, age, and body location [6, 7]. 

On the other hand, one of the most important components of cosmetic use is the application 

of lipsticks. Lips of the female face are associated with femininity and attractiveness [8], and 

red shades are commonly used for lipsticks to change the natural pinkish colour of lips. In this 

work, we also consider a representative set of lipsticks in relation to the overall appearance 

ŽĨ ǁŽŵĞŶ͛Ɛ ĨĂĐĞƐ ƵŶĚĞƌ ĚŝĨĨĞƌĞŶƚ ůŝŐŚƚ ƐŽƵƌĐĞƐ͘ 

͞FĂĐŝĂů ĐŽŶƚƌĂƐƚ͕͟ ĚĞĨŝŶĞĚ ĂƐ ͞ƚŚĞ ůƵŵŝŶĂŶĐĞ ĂŶĚ ĐŽůŽƵƌ ĚŝĨĨĞƌĞŶĐĞƐ ďĞƚǁĞĞŶ ƚŚĞ ĨĂĐŝĂů 
ĨĞĂƚƵƌĞƐ ĂŶĚ ƚŚĞ ƐŬŝŶ ƐƵƌƌŽƵŶĚŝŶŐ ƚŚŽƐĞ ĨĞĂƚƵƌĞƐ͟ 9], has been considered important because 

ŽĨ ŝƚƐ ĂƐƐŽĐŝĂƚŝŽŶ ǁŝƚŚ ĂƚƚƌĂĐƚŝǀĞŶĞƐƐ͕ ŚĞĂůƚŚ͕ ĂŶĚ ƉĞƌĐĞŝǀĞĚ ĂŐĞ͕ ŵĂŝŶůǇ ĨŽƌ ǁŽŵĞŶ͛Ɛ ĨĂĐĞƐ ϵ-

13]. Some papers on facial contrast have focused on only one dimension of colour, considering 

lightness [14] or luminance contrast [15]. However, recent works have demonstrated the 



importance of considering colour contrast (i.e. 3 dimensions) between the features and the 

surrounding skin for sex classification and related face-perception tasks [16, 17], and the use 

of an adapted version of Michelson contrast for CIELAB L*, a*, b* coordinates has been 

proposed [9]. The present study proposes another approach to facial contrast, by analysing 

ƚŚĞ ŵĂŐŶŝƚƵĚĞ ŽĨ CIELAB ĐŽůŽƵƌ ĚŝĨĨĞƌĞŶĐĞƐ ďĞƚǁĞĞŶ ƐƉĞĐŝĨŝĐ ƌĞŐŝŽŶƐ ŽĨ ǁŽŵĞŶ͛Ɛ ĨĂĐĞƐ 
(forehead, cheek and lips), as well as the three components (lightness, chroma, and hue) of 

such colour differences [2], under traditional CIE illuminants and a representative set of 

modern white LEDs. In addition, colour-inconstancy indices [18] are also used to measure the 

magnitude of changes in skin-colour regions and lipsticks, when they are observed under 

different white LEDs, daylight, and fluorescent illuminants, assuming as reference the colours 

of these objects under the two main CIE illuminants, D65 and A, considered by CIE as the main 

representatives of outdoor and indoor lighting, respectively.  

OƵƌ ĂƉƉƌŽĂĐŚ ƚŽ ĨĂĐŝĂů ĐŽŶƚƌĂƐƚ ŝŶ ǁŽŵĞŶ͛Ɛ ĨĂĐĞƐ ŝƐ ďĂƐĞĚ ŽŶ ŽďũĞĐƚŝǀĞ ŝŶƐƚƌƵŵĞŶƚĂů ĐŽůŽƵƌ 
measurements, in such a way that other useful subjective measurements of facial contrast 

(e.g. measurements based on preferences), lie beyond the scope of the current paper. While 

some researchers have tried to identify critical spectral components for the preferable 

ĂƉƉĞĂƌĂŶĐĞ ŽĨ ƚŚĞ ƐŬŝŶ ŝŶ ǁŽŵĞŶ͛Ɛ ĨĂĐĞƐ ϭϵ͕ Žƌ ƉƌĞĨĞƌĂďůĞ LED ůĂŵƉƐ ĨŽƌ ƚŚĞ ĂƉƉĞĂƌĂŶĐĞ ŽĨ 
skin in daily lives [4, 20], the need persists for objective colour measurements assessing colour 

shifts in faces under different illuminants. In agreement with our current purposes, a recent 

work concluded that it would be valuable to investigate skin-colour shift for more than one 

illumination, the magnitude of colour change with illumination, and the differences in skin-

colour distribution due to illumination, using the most recent colour-appearance models [21].  

In summary, the main goal of the present work is to provide a simple approach to facial 

ĐŽŶƚƌĂƐƚ͕ ĂŶĂůǇƐŝŶŐ CIELAB ĐŽůŽƵƌ ĚŝĨĨĞƌĞŶĐĞƐ ŝŶ ǁŽŵĞŶ͛Ɛ ĨĂĐĞƐ ĨƌŽŵ ƚǁŽ ĚŝĨĨĞƌĞŶƚ ĞƚŚŶŝĐ 
groups, and comparing the results found when they are illuminated by modern white LEDs 

and the main traditional illuminants recommended by the CIE. The structure of this paper is 

as follows: Section Materials and methods describes the selected set of 10 white LEDs to be 

compared with 8 CIE traditional illuminants, as well as the spectral reflectance factor 

measurements performed for the facial skin in 87 women wearing 5 commercial lipsticks. In 

addition, this section provides basic information on CIELAB colour space and associated 

colour-ĚŝĨĨĞƌĞŶĐĞ ĨŽƌŵƵůĂ͕ ĂŶĚ ƚŚĞ ĐŽŶĐĞƉƚ ŽĨ ͞ĐŽůŽƵƌ-ŝŶĐŽŶƐƚĂŶĐǇ ŝŶĚĞǆ͟ ;CIIͿ͕ ǁŚŝĐŚ ĂƌĞ 
relevant to measure colour shifts generated by a change of illuminant or light source. Section 

Results is divided in four different subsections, analysing the effects of change of illuminant 

in: Colour differences between skin in two regions of the face (forehead and cheek), both for 

CĂƵĐĂƐŝĂŶ ĂŶĚ ĨŽƌ OƌŝĞŶƚĂů ǁŽŵĞŶ͛Ɛ ĨĂĐĞƐ͖ ĐŽůŽƵƌ ĚŝĨĨĞƌĞŶĐĞƐ ďĞƚǁĞĞŶ CĂƵĐĂƐŝĂŶ ĂŶĚ OƌŝĞŶƚĂů 
skin colour, considering only one region of the face (cheek or forehead); colour differences 

between cheeks and lipsticks for Caucasian and for Oriental wŽŵĞŶ͛Ɛ ĨĂĐĞƐ͖ ĂŶĚ CII ǀĂůƵĞƐ ĨŽƌ 
lipsticks, and for forehead and cheek in Caucasian and Oriental women, assuming as the 

reference one of the two main CIE standard illuminants (D65 and A). Finally, Section 

Conclusions and future work summarizes the main findings and recommends directions for 

future work.     

 



Materials and methods 

From measurements of SPDs of 1298 white LED sources [22], it is likely that CIE will propose 

in the forthcoming edition of its main publication on colorimetry [23] a set of 10 white LED 

illuminants, as representatives of current typical white LED technologies, close to those shown 

in Figs. 1 and 2: 5 phosphor-converted blue LEDS (BLEDs) with correlated colour temperatures 

(CCTs) from approximately 2700 K to 6500 K, 1 hybrid LED mixing a phosphor-converted blue 

LED and a red LED, 2 RGB LEDS mixing red, green, and blue LEDs, and 2 two phosphor-

converted violet LEDs (VLEDs) with very different CCTs. In addition to these 10 white LED 

illuminants, we will also consider 8 traditional illuminants already established by the CIE [2]: 

The CIE standard illuminants A and D65 (considered as main representatives of indoor and 

outdoor lighting, respectively), 3 daylight illuminants with different CCTs (D50, D55, and D75), 

and the 3 fluorescent illuminants (F2, F7, and F11), considered by CIE as priority when only a 

few typical fluorescent illuminants must be selected. Overall, we have used 18 illuminants (10 

white LEDs plus 8 traditional illuminants already established by CIE), with their SPDs 

normalized to consistently achieve Y=100 for an ideal sample with a spectral reflectance factor 

equal to 1.0 at all visible wavelengths (reference white). 

 

Figure 1. Representative SPDs of 5 phosphor-converted blue LEDS (BLEDs), with CCTs from 

approximately 2700 K to 6500 K [22]. 

 

Figure 2. Representative SPDs of 5 with LEDs using three different technologies (hybrid, RGB, 

and phosphor-converted violet) [22]. 

 

Spectrophotometric measurements of human skin have been carried at two different places 

of the face (forehead and cheek) for a set of 87 healthy young (20-35 years old) women from 

two different ethnic groups: 50 Caucasians and 37 Orientals [24]. Specifically, we employed a 

CM2700d (Konica Minolta) spectrophotometer with 8 mm aperture size and a plate to fit the 

aperture window with low pressure on ƐƵďũĞĐƚ͛Ɛ ĨĂĐĞ͘ Individual spectrophotometric 

measurements were made in the morning, at room temperature (20-25 °C), at least 10 min 

after the subject arrived to the laboratory. From these measurements, we calculated the 

average spectral reflectance factors (range 400-700 nm, at intervals of 10 nm) for forehead 

and cheek of Caucasian and Oriental women, as shown in Fig. 3. In addition, using a CM-2600d 

(Konica Minolta) spectrophotometer we also measured spectral reflectance factors of 5 

representative lipsticks, from the company Chanel, in this case not applied into any specific 

ǁŽŵĂŶ͛Ɛ ĨĂĐĞ, nor measured on the lipsticks, trying to avoid inconsistent measurements 

related to their glossy and curved surfaces. Each lipstick was melted at 90 °C (these lipsticks 

contain a wax with a fusion temperature of 85 °C, and we wanted to avoid any residual solid 

crystal), and then it was spread as a film of 500 ʅm thickness on a flat white card (Leneta 

6495), in order to perform 3 repeatable spectrophotometric measurements of the spectral 

reflectance factor of the material, which were finally averaged. In practical situations, women 

apply lipsticks at a temperature around 32 °C, and perhaps they use a lower thickness than 



500 ʅm. Anyway, the relevant point for the current research is that we have accurately 

specified colours of all lipsticks employed (see next Figure 4 and Table 1), and such colours 

can be considered as realistic or representative of true colours in lips of women faces. For 

spectrophotometric measurements of lipsticks we used the same wavelength range and 

interval than for the spectroradiometric measurements of human skin, and the results found 

ĂƌĞ ƐŚŽǁŶ ŝŶ FŝŐ͘ ϰ͘ TŚĞƐĞ ůŝƉƐƚŝĐŬƐ ŚĂǀĞ ƚŚĞ ĐŽŵŵĞƌĐŝĂů ŶĂŵĞƐ ŽĨ ͞LŽƵŝƐĞ͕͟ ͞CŽĐŽ͕͟ ͞OůŐĂ͕͟ 
͞GĂďƌŝĞůůĞ͟ ĂŶĚ ͞EƌŝŬ͕͟ ĂůƚŚŽƵŐŚ ŝŶ ƚŚĞ ĐƵƌƌĞŶƚ ĂƌƚŝĐůĞ ƚŚĞǇ ǁŝůů ďĞ ĚĞƐŝŐŶĂƚĞĚ ĂƐ ůŝƉƐƚŝĐŬƐ ηϭ ƚŽ 
#5, respectively. The INCI list corresponding to the lipsticks employed (Rouge Coco) is provided 

as ͞supporting ŝŶĨŽƌŵĂƚŝŽŶ͟ ƚŽ ƚŚŝƐ ĂƌƚŝĐůĞ. WŚŝůĞ ŵĞĂƐƵƌĞŵĞŶƚƐ ŝŶ ŽƚŚĞƌ ƌĞŐŝŽŶƐ ŽĨ ǁŽŵĞŶ͛Ɛ 
faces would be desirable, our current approach to facial contrast will be based only on average 

colours for forehead, cheek, and lipsticks. For example, measurements of iris colour [25], or 

the effect of make-up [19] may be relevant aspects to be examined in future works on facial 

contrast. 

 

Figure 3. Measured average spectral reflectance factors for the skin of forehead and cheek in 

a set of 50 Caucasian and 37 Oriental healthy young women [24].  

 

Figure 4. Measured spectral reflectance factors for five representative commercial lipsticks. 

 

Using the standard procedure [1, 2], from spectral reflectance factors of the above-mentioned 

objects (Figs. 3 and 4), we computed CIELAB colour coordinates for each object, under each 

of the 18 illuminants considered, assuming the CIE 1964 standard colorimetric observer, 

recommended for visual fields subtending more than 4. This standard procedure implies that, 

in a first step, we must compute the CIE tristimulus values of the samples (X10,  Y10, Z10), and 

then we can compute the corresponding CIELAB colour coordinates of the sample (L*10, a*10, 

b*10), assuming as reference white the illuminant employed. While Cartesian CIELAB colour 

coordinates L*10, a*10, b*10 were computed first, we used the 3 polar CIELAB coordinates, 

lightness (L*10), chroma (C*
ab,10), and hue-angle (hab,10), because they are related to the 

perceptual colour attributes of lightness (relative amount of light), chroma (intensity of 

colour) and hue (attribute leading to names such as red, pink, yellow, etc.), respectively. 

CIELAB colour space can also be used to compute the total colour difference between two 

objects (e.g. forehead and cheek), assuming that both objects are under the same viewing 

conditions, using the so-called CIELAB colour-difference formula (E*
ab,10). We should 

emphasize that the use of colour-difference formulas like E*
ab,10 requires that the light source 

or illuminant for both objects be the same,  to have a single reference white for the 

computation of colour differences. CIELAB colour differences below around 1.0 CIELAB units 

can be considered close to just perceptible colour differences by the human eye [25, 26]. The 

total CIELAB colour difference can be split in its three intrinsic components Ͷi.e. lightness 

difference (L*
10), chroma difference (C*

ab,10), and hue difference (H*
ab,10)Ͷ [1, 2], which 

will be given here as percentages (%L*
10 , %C*

ab,10 , %C*
ab,10) of the total CIELAB colour 

difference (E*
ab,10), defined as follows:  

 



%L*
10 = 100 (L*

10 / E*
ab,10)2      

%C*
ab,10 = 100 (C*

ab,10  / E*
ab,10)2     

%H*
ab,10 = 100 (H*

ab,10 / E*
ab,10)2  . 

 

The addition of these three percentages is equal to 100:  

   

%L*
10 + %C*

ab,10  + %H*
ab,10  = 100    . 

 

From values of the lightness-difference, chroma-difference and hue-difference components, 

we can achieve a better understanding of the characteristics of total colour difference 

between two given objects (e.g. how much darker, more chromatic, and more yellowish one 

is compared to the other). As a way of providing a better correlation with visual differences 

perceived by observers with normal colour vision under most usual viewing conditions, the 

CIEDE2000 colour-difference formula has been recently recommended by ISO and CIE [27], 

because it significantly improved E*
ab,10. However, we cannot use CIEDE2000, because it was 

recommended for the illuminant D65, colour differences below 5.0 CIELAB units, and objects 

in contact (no gap), and these restrictions are not compatible with situations in current study.  

Table I offers a preliminary idea of the different colours of the objects under analysis (Figs. 3 

and 4), from their corresponding CIELAB colour coordinates under CIE illuminants D65 and A. 

The results in Table I show that for both illuminants the facial skin of Oriental women is darker 

(lower L*
10), more saturated (higher C*

ab,10), and more yellowish (higher hab,10) than that of 

CĂƵĐĂƐŝĂŶ ǁŽŵĞŶ͘  CŽŵƉĂƌŝŶŐ OƌŝĞŶƚĂů ĂŶĚ CĂƵĐĂƐŝĂŶ ǁŽŵĞŶ͛Ɛ ĨĂĐĞƐ͕ TĂďůĞ I shows that for 

both illuminants the aforementioned lightness decrease and chroma increase are smaller for 

cheek than for forehead, while the increase in hue-angle is higher for cheek than for forehead. 

Regarding the lipsticks, Table I also shows that they cover a wide colour gamut, considerably 

broader than for skin colour. The lipsticks selected have similar or lower lightness than facial 

skin, but they are much more saturated and reddish (except lipstick #5) than the skin. The 

analyses of colour differences between cheek and forehead, or cheek and lipsticks, 

considering each of the 18 tested illuminants will be described in the Results section.  

 

Table I. CIELAB polar coordinates, lightness (L*10), chroma (C*
ab,10), and hue-angle (hab,10), 

under the two main CIE illuminants (D65 and A) and CIE 1964 standard observer, for cheek 

and forehead in Caucasian and Oriental women, as well as for 5 commercial lipsticks. 

  

If we consider only one object successively illuminated by two different illuminants (e.g. 

lipstick #1, first under D65 illuminant and next under BLED6500 illuminant), in general the 

colour appearance of such object will change, because of the change in the SPDs of the 

illuminants, but, as mentioned above, we cannot directly use a colour-difference formula (e.g. 



E*
ab,10) to measure such change, because there is no common reference white. In this 

situation, colour-inconstancy indices (CIIs) must be employed as follows: first, a chromatic 

adaptation transform (CAT) allows the so-ĐĂůůĞĚ ͞ĐŽƌƌĞƐƉŽŶĚŝŶŐ ĐŽůŽƵƌƐ͟ ƚŽ ďĞ ĐŽŵƉƵƚĞĚ 
under a fixed reference illuminant [18]; and next we can use a colour-difference formula under 

such a reference illuminant. In our current study, corresponding colours were computed using 

the chromatic adaptation transform named CAT16 [28], with complete adaptation (D factor = 

1), using as reference illuminants both, D65 and A illuminants. From corresponding colours 

under the reference illuminant, the CII will be computed using E*
ab,10. The use of CAT16 is 

justified because it is an improvement of CAT02, embedded in current CIE colour-appearance 

model, CIECAM02 [29]. 

Our approach suggests as objective measurements of changes in facial contrasts: 1) the 

change in the magnitude and components of CIELAB colour differences for two points of a 

woman face (e.g. cheek and forehead) under different illuminants; 2) the change of CII for one 

point in a woman face (e.g. lipstick or cheek) when the illuminant changes. Hypothetical 

null/high values of mentioned changes in CIELAB colour differences or in CII values indicate 

no/high changes in women facial contrasts when illuminant changes.  

 

Results 

 

Colour differences between forehead and cheek in Caucasians and Orientals  

Figure 5 shows CIELAB colour differences between forehead and cheek for Caucasian and 

Oriental faces under the 18 illuminants tested. The average colour differences for the 18 

illuminants in Fig. 5 are considerably lower for Caucasian than for Oriental faces (2.7 against 

4.9 CIELAB units), as should be expected from the similitude of spectral reflectance factors 

plotted in Fig. 3, with almost negligible standard deviations in both ethnic groups (0.2 and 0.1 

CIELAB units for Caucasian and Oriental faces, respectively). It should be remembered that 

colour differences below around 1.0 CIELAB units are hardly perceptible to the human eye [25, 

26]. The mean deviations with respect to average values of colour differences using the 18 

illuminants were 5.0% and 1.5% for Caucasian and Oriental faces, respectively. The highest 

deviations with respect to the average values from the 18 illuminants were found for the 

illuminants F11 (19.4% in Caucasians and 3.2% in Orientals) and for the illuminant white LED 

RGB1 (10.2% in Caucasians and 2.5% in Orientals). 

 

Figure 5. CIELAB colour differences between forehead and cheek for Caucasian and Oriental 

women under 18 illuminants. 

 

Figure 6 shows the percentages of the three components (lightness, chroma, and hue 

differences) in total CIELAB colour differences between forehead and cheek shown in Fig. 5, 

for each of the 18 illuminants tested. Fig. 6 indicates that colour differences between forehead 



and cheek are predominantly in hue for Caucasian faces, but not for Oriental faces, where 

lightness and chroma differences are present in similar proportions, and the percentages of 

hue differences are minimal. As in Fig. 5, the results shown in Fig. 6 are quite similar for the 

18 illuminants, the highest discrepancies being found for Caucasian faces under white LEDs 

RGB1 and RGB2 and under illuminant F2. 

 

Figure 6. Percentages of three components in total CIELAB colour differences between 

forehead and cheek for Caucasian (top) and Oriental (bottom) women under 18 illuminants. 

 

From Figs. 5 and 6, we conclude that the magnitude (i.e. total value) and characteristics (i.e. 

percentages of the 3 components) of CIELAB colour differences between forehead and cheek 

are very different in Caucasian and Oriental women, indicating that facial contrasts are 

different in these two ethnic groups. However, in general, there are only small discrepancies 

between the results found for the 18 illuminants in Figs. 5 and 6, indicating that illuminant 

changes induce minor changes in contrast between forehead and cheek.  

 

Colour differences between Caucasian and Oriental faces in forehead and cheek 

FŝŐƵƌĞ ϳ ƐŚŽǁƐ CIELAB ĐŽůŽƵƌ ĚŝĨĨĞƌĞŶĐĞƐ ďĞƚǁĞĞŶ CĂƵĐĂƐŝĂŶ ĂŶĚ OƌŝĞŶƚĂů ǁŽŵĞŶ͛Ɛ ĨĂĐĞƐ ĨŽƌ 
forehead and cheek under the 18 illuminants tested. For the 18 illuminants, the average 

CIELAB colour differences in Fig. 7 were 6.6 units for forehead (with a standard deviation of 

0.1 units), and 3.3 units for cheek (with a standard deviation of 0.2 units). Therefore, the 

colour differences between these two ethnic groups are higher for forehead than for cheek, 

and the results are similar for all 18 illuminants tested. More specifically, in Fig. 7 the mean 

deviations with respect to average values of colour differences for the 18 illuminants were 

quite small, 1.0% and 3.9% for forehead and cheek, respectively. The highest deviations with 

respect to average values from 18 illuminants, in the case of forehead, were found for the 

white LEDs BLED5000 (2.1%) and RGB1 (1.9%), and, in the case of cheek, for illuminants F11 

(13.2%) and white LED RGB2 (6.7%). 

 

Figure 7. CIELAB ĐŽůŽƵƌ ĚŝĨĨĞƌĞŶĐĞƐ ďĞƚǁĞĞŶ CĂƵĐĂƐŝĂŶ ĂŶĚ OƌŝĞŶƚĂů ǁŽŵĞŶ͛Ɛ ĨĂĐĞƐ͕ 
considering separately the results for forehead and cheek, under 18 illuminants. 

 

Figure 8 shows the percentages of the three components (lightness, chroma, and hue 

differences) of total CIELAB colour differences between Caucasians and Orientals for forehead 

and for cheek (Fig. 7) under the 18 illuminants tested. Fig. 8 indicates that colour differences 

between Caucasian and Oriental faces are predominantly in hue for cheek, but not for 

forehead, where lightness and chroma differences have similar proportions and hue 

differences represent only a tiny percentage. The results shown in Fig. 8 are markedly similar 



for the 18 illuminants, and small deviations with respect to average results are noticeable only 

for cheek, under illuminants F2 and white LEDs RGB1 and RGB2. 

 

Figure 8. Percentages of three components in total CIELAB colour differences between 

Caucasian and Oriental faces, for forehead (top) and cheek (bottom), under 18 illuminants. 

 

From Figs. 7 and 8 we conclude that the magnitude (i.e. total value) and the characteristics 

(i.e. percentages of the 3 components) of CIELAB colour differences between Caucasian and 

OƌŝĞŶƚĂů ǁŽŵĞŶ͛Ɛ ĨĂĐĞƐ ĚŝĨĨĞƌ ƐŚĂƌƉůǇ ĨŽƌ ĨŽƌĞŚĞĂĚ ĂŶĚ ĐŚĞĞŬ͘ HŽǁĞǀĞƌ͕ ŽŶůǇ ƐŵĂůů ĚŝĨĨĞƌĞŶĐĞƐ 
appear between the results for the 18 illuminants in Figs. 7 and 8, indicating that in general 

the change of illuminant induces minor changes in colour appearance of Caucasian against 

Oriental faces, in comparisons of the same part of the face (forehead or cheek). 

 

Colour differences between cheeks and lipsticks in Caucasians and Orientals  

Figure 9 shows CIELAB colour differences between each of the 5 lipsticks and cheeks of 

Caucasian and Oriental women, under the 18 illuminants tested. The reason for the 

preference of cheek in the current comparison is that the cheeks and lips are closer regions in 

the face in comparison with the forehead and lips. The colour differences in Fig. 9 are 

considerably higher than those previously reported in Fig. 5 (two regions of the face for each 

ethnic) or in Fig. 7 (the same region of the face in two different ethnics). Specifically, for the 

18 illuminants tested, the average CIELAB colour differences in Fig. 9 range from 10.0 (lipstick 

#1, Caucasian cheek) to 43.7 (lipstick #2, Oriental cheek). From Fig. 9, we also note that the 

results from cheeks in Caucasian and Oriental faces are very similar (average discrepancy 

below 0.2 CIELAB units), except for lipstick #3, where discrepancies are higher (average of 2.5 

CIELAB units). Therefore, as expected, the colour differences between lipsticks and cheek (Fig. 

9) are higher than those between forehead and cheek (Fig. 5). Another difference between 

the results in Figs. 5 and 9, is that in Fig. 9 some illuminants score CIELAB colour differences 

as considerably different from the average of the 18 illuminants. Specifically, in Fig. 9 the mean 

deviations with respect to the average values of the 18 illuminants are 12.3%, 8.1%, 11.0%, 

6.7%, and 1.5%, for lipsticks #1 to #5, respectively, considering as a reference the cheek in 

Caucasian faces (similar results are found using cheek as a reference in Oriental faces). 

Perhaps the most relevant finding in Fig. 9 is that for some illuminants the CIELAB colour 

differences are markedly different from the average of 18 illuminants. This is true of white LED 

RGB2 and all lipsticks (except for lipstick #5), where the deviations with respect to the average 

of 18 illuminants ranged from 25.6% (lipstick #4, Caucasian cheek) to 54.2% (lipstick #1, 

Oriental cheek). 

 

Figure 9. CIELAB colour differences between each of the 5 lipsticks and the cheek in Caucasian 

and Oriental women, under 18 illuminants. 



 

Figure 10 shows the percentages of the three components (lightness, chroma, and hue 

differences) in total CIELAB colour differences between each of the 5 lipsticks and the cheek 

in Caucasian or Oriental faces (Fig. 9), for the 18 illuminants tested. For lipsticks #1 and #2 the 

differences in chroma predominate, for lipstick #3 the differences are almost only in chroma 

and hue, for lipstick #4 the differences are mainly in lightness and chroma, and, finally, for 

lipstick #5 the differences are mainly in lightness and slightly in hue. These discrepancies 

between the 5 lipsticks in Fig. 10 are because they were selected to cover a wide (and 

commercially representative) colour gamut. Regarding differences among the results for the 

18 illuminants, Fig. 10 shows that they are relatively small for all 5 lipsticks, although some 

exceptions are evident (e.g. for the lipstick #4, the white LEDs RGB1 and RGB2 achieve 

percentages of chroma difference which are higher than those found for the remaining 

illuminants). 

 

Figure 10. Percentages of three components in total CIELAB colour differences between each 

of the 5 lipsticks and cheek in Caucasian and Oriental faces, under 18 illuminants. 

 

In summary, from Fig. 9 we conclude that colour differences (associated with contrasts in our 

approach) between lipsticks and cheeks have a higher magnitude and a wider range than 

colour differences between cheeks and foreheads (Fig. 5). Specifically, considering the average 

of the 18 illuminants, the lowest average colour difference between lipsticks and cheeks was 

10.0 CIELAB units (lipstick #1 and the Caucasian cheek), while the highest colour difference 

between foreheads and cheeks was 4.9 CIELAB units (Caucasian faces), indicating that the 

lowest ratio between these two kinds of colour differences was a factor of 2. The 

characteristics or components of the two colour differences may also be considerably 

different, as reflected by the comparison of Figs. 10 and 6. Meanwhile, Figs. 9 and 10 show 

that some white LEDs (e.g. RGB2, RGB1, and BLED2700) result in colour differences between 

lipsticks and cheek that substantially differ from the average of the 18 illuminants.       

 

Colour inconstancy for cheek, forehead, and lipsticks (reference illuminants D65 and A). 

Another method to evaluate the change in facial contrasts caused by the illuminant change is 

to consider the individual objects we have examined before (i.e. cheek and forehead of 

Caucasian and Oriental women, plus the 5 lipsticks) and compute colour-inconstancy indices 

(CIIs). Under the assumption of a given reference illuminant, a null value of CII for a given 

object and test illuminant means that the colour of that object is the same when illuminated 

by the reference and test illuminants. Alternatively, high CII values indicate a pronounced 

change in colour appearance when the object is illuminated by test and reference illuminants.  

We computed CIIs (CIELAB units), applying the chromatic adaptation transform CAT16 with 

complete adaptation (D factor = 1), to determine the corresponding colours [18, 29]. For an 



object under a test illuminant, we established its corresponding colour, with one of the two 

main CIE illuminants (D65 or A) as the reference illuminant, and then we computed the CII of 

this object between the test and reference illuminants. The results found are given in Tables 

II and III, for reference illuminants D65 and A, respectively. The last two columns in Tables II 

and III show the average CII for the 9 objects considered in this article (4 skin colours plus 5 

lipsticks), and the ranking of the illuminants according to this average. For example, in Table 

II, the low values of CII for illuminant D75 indicated that the objects considered have colours 

very similar to those exhibited under the reference illuminant D65, a result consistent with 

the fact that the SPDs of the D75 and D65 illuminants are relatively similar. On the other 

extreme, the high CII values shown in Table II for the white LED RGB2 indicate a substantial 

change in the colour of the objects when illuminated by this illuminant, in comparison with 

their colours under illuminant D65, which is also a reasonable result from the sharply different 

SPDs of LED RGB2 and illuminant D65. 

 

Table II. Colour-inconstancy indices (CIELAB units), assuming D65 as the reference illuminant (outdoor 

lighting) ĨŽƌ ĐŚĞĞŬ ;CŚ͘Ϳ ĂŶĚ ĨŽƌĞŚĞĂĚ ;FŽƌ͘Ϳ ŝŶ CĂƵĐĂƐŝĂŶ ĂŶĚ OƌŝĞŶƚĂů ǁŽŵĞŶ͛Ɛ ĨĂĐĞƐ ĂŶĚ ϱ ůŝƉƐƚŝĐŬƐ. 

From the averaged results, the last column shows the ranking of the illuminants tested. 

 

The highest average CII values in Table II correspond to the white LEDs RGB2 and RGB1 (note 

that these values are considerably higher than those found for the other illuminants), followed 

by VLED warm, A, Hybrid LED, and F2, showing also rather high values. Regarding the five 

illuminant BLEDs in Table 2, the highest CII corresponds to BLED2700, with a CCT close to 2700 

K, which is far from the CCT of 6500 K of the D65 reference illuminant. In any case, the CII 

values in Table II are not well correlated with the differences of the CCTs of the illuminants 

with respect to 6500 K (the CCT of the reference illuminant D65): For example, BLED6500 and 

D65 have similar CCTs around 6500 K, but the colours of the 9 objects under BLED6500 and 

D65 are considerably different, with an average colour difference of 3.9 CIELAB units. This 

result is not surprising, because CCT is an indicator of the colour appearance of 

illuminants/sources (e.g. low CCT can be associated with a reddish appearance), but not an 

indicator of colours of real objects under such illuminants/sources. As mentioned in the 

Introduction, the colour of real objects is the result of the combination of the SPD of the 

illuminant, the spectral reflectance factor of the illuminated object, and the sensitivity of the 

photoreceptors of the human visual system. In general, the results in Table II indicate that 

ĐŽůŽƵƌƐ ŽĨ ǁŽŵĞŶ͛Ɛ ĨĂĐĞƐ ƵŶĚĞƌ ƚŚĞ Dϲϱ ŝůůƵŵŝŶĂŶƚ ;ŽƵƚĚŽŽƌ ůŝŐŚƚŝŶŐͿ ŵĂy be noticeably 

altered by certain white LEDs, mainly by white LEDs RGB2 and RGB1, as well as for illuminants 

with narrow peaks in their SPDS.  

 

Table III. Colour-inconstancy indices (CIELAB units) assuming A as the reference illuminant (indoor 

lighting) fŽƌ ĐŚĞĞŬ ;CŚ͘Ϳ ĂŶĚ ĨŽƌĞŚĞĂĚ ;FŽƌ͘Ϳ ŝŶ CĂƵĐĂƐŝĂŶ ĂŶĚ OƌŝĞŶƚĂů ǁŽŵĞŶ͛Ɛ ĨĂĐĞƐ ĂŶĚ ϱ ůŝƉƐƚŝĐŬƐ͘ 
From averaged results, the last column shows the ranking of the illuminants tested. 

 



The results in Table III have the illuminant A as reference, with a CCT of 2856 K (i.e. a reddish 

light, representative of indoor lighting), and therefore they are different from those in Table 

II. From the average values of CIIs in Table III, the greatest changes in colour appearance with 

respect to that under illuminant A are found for the white LED RGB2 (as in Table II), followed 

by illuminants F2, BLED6500, BLED 5000, and F7 (in that order). As in Table II, from Table III 

we also conclude that some white LEDs may lead to marked changes in the facial contrast of 

women.   

 

Conclusions and future work 

From experimental measurements of skin colour in cheek and forehead of Caucasian and 

Oriental women, plus a set of 5 lipsticks, we have reported on the magnitude and components 

ŽĨ CIELAB ĐŽůŽƵƌ ĚŝĨĨĞƌĞŶĐĞƐ ŝŶ ǁŽŵĞŶ͛Ɛ ĨĂĐĞƐ͕ ƵŶĚĞr 18 illuminants (10 of them 

representative of white LEDs technologies currently available in the market), with the 

following results:  

1) CIELAB colour differences between forehead and cheek were quantitatively and 

qualitatively different in Orientals and Caucasians, but the discrepancies with respect to 

average values for the 18 illuminants were small (5.0% for Caucasians and 1.5% for Orientals).  

2) CIELAB colour differences between Caucasians and Orientals were also quantitatively and 

qualitatively different in forehead and cheek, but the discrepancies with respect to average 

values for the 18 illuminants were again small (3.9% for cheek and 1.0% for forehead). 

3) CIELAB colour differences between lipsticks and cheek were higher than those between 

forehead and cheek by at least a factor of 2. With respect to CIELAB colour differences 

between lipsticks and cheek, the discrepancies with respect to average values of 18 

illuminants depended on the lipstick selected and were in the range 1.5% - 12.3%, although 

higher values of up to 54.2% were found for a RGB white LED.  

4) RGB LEDs provided the highest colour-inconstancy indices, considering the average values 

of 9 objects (cheek and forehead in Caucasian and Oriental women, plus 5 lipsticks): 17.1 and 

11.5 CIELAB units under reference illuminants D65 and A, respectively. 

Some white LEDs, particularly the so-called RGB LEDs, generated higher colour differences 

ďĞƚǁĞĞŶ ƉŽŝŶƚƐ ŽĨ ǁŽŵĞŶ͛Ɛ ĨĂĐĞƐ ƚŚĂŶ ƚƌĂĚŝƚŝŽŶĂů ůŝŐŚƚ ƐŽƵƌĐĞƐ ;Ğ͘Ő͘ ŝůůƵŵŝŶĂŶƚƐ Dϲϱ ĂŶĚ AͿ͘ 
This may ŝŶĚƵĐĞ ǀĂƌŝĂƚŝŽŶƐ ŝŶ ƉĞƌĐĞŝǀĞĚ ĐŽŶƚƌĂƐƚƐ ŝŶ ǁŽŵĞŶ͛Ɛ ĨĂĐĞƐ ƵƐŝŶŐ ƐŽŵĞ ǁŚŝƚĞ LEDƐ͘ 
While we understand and share the interest about determining whether white LEDs are or not 

advisable for colour applications in cosmetics, unfortunately, our current results do not allow 

to make a general recommendation to manufacturers or users. Our results only indicate that 

ĐŽůŽƵƌ ĐŽŶƚƌĂƐƚƐ ŝŶ ǁŽŵĞŶ͛Ɛ ĨĂĐĞƐ ƵŶĚĞƌ CIE ƐƚĂŶĚĂƌĚ ŝůůƵŵŝŶĂŶƚƐ ĨŽƌ ŽƵƚĚŽŽƌ ĂŶĚ ŝŶĚŽŽƌ 
conditions, may be strongly altered by using some white LEDs, not all LEDs. This alteration may 

be a factor in favour or against the use of some white LEDs, depending, for example, on 

aesthetical effects we may want to achieve.   

The relevant colour differences found between forehead and cheek (as well as between 

Orientals and Caucasians) require further investigation: While in the present paper we used 

only average skin colours, variability and non-uniformity of human skin must also be 



accounted for in future works. Research on human skin as complex images, and objective tools 

based on spectral metrics [31] should be tested͘ FĂĐŝĂů ĐŽŶƚƌĂƐƚƐ ŝŶ ǁŽŵĞŶ͛Ɛ ĨĂĐĞƐ͕ ;Ğ͘Ő͘ 
highest contrasts between lipsticks and skin) under different light sources should also be 

investigated in future works from the standpoint of colour harmony [32], or using new colour 

rendering indices, like those currently studied by CIE TC 1-91 [7]. It should be desirable, future 

research provides new approaches and indices ƌĞůĂƚĞĚ ƚŽ ƵƐĞƌƐ͛ ƉƌĞĨĞƌƌĞĚ ĐŽŶƚƌĂƐƚs in women 

faces. As a general rule for cosmetic applications, the use of light sources with high colour 

rendering indices (e.g. the so-called ͚ĐŽůŽur fidelity index͛ ϯϯͿ ŝƐ ƌĞĐŽŵŵĞŶĚĞĚ͘ This 

recommendation is in agreement with poor results achieved in our current paper for two RGB 

LEDs and the F2 illuminant, which have low values of CIE colour rendering index, Ra (below 

65).  Anyway, beside advances in lighting research, nowadays the study of preferences and 

specific visual effects produced by light sources is an open problem [34, 35].  
 

References 

1. R. S. Berns, BŝůůŵĞǇĞƌ ĂŶĚ SĂůƚǌŵĂŶ͛Ɛ PƌŝŶĐŝƉůĞƐ ŽĨ CŽůŽƌ TĞĐŚŶŽůŽŐǇ (3rd Ed), Chapters 1 and 

2. Wiley, 2000. 

2. CIE Publication 15:2004. Colorimetry (3rd Edition), Clauses 7.1 and 8.2.1. CIE Central Bureau, 

Vienna, 2004. 

3. Melgosa, M., Rivas, M. J. Hita, E., Viénot, F. Are we able to distinguish color attributes? Color 

Res. Appl. 25, 356-367 (2000). 

4. Jost-Boissard, S., Avouac, P., Fontoynont, M. Preferred color rendition of skin under LED 

sources. Leukos 12, 79-93 (2016). 

5. Rea, M. S., Robertson, A., Petrusic, W. Colour rendering of skin under fluorescent lamp 

illumination. Color Res Appl. 15, 80ʹ92 (1990).  

6. Xiao, K., Yates, J. M., Zardawi, F., Sueeprasan, S., Liao, N., Gill, L., Li, C., Wuerger, S. 

Characterising the variations in ethnic skin colours: a new calibrated data base for human skin. 

Skin Res. Technol. 23, 21-29 (2017). 

7. International Commision on Illumination. http://www.cie.co.at/technical-work/jtcs. 

8. Stephen, I. D., McKeegan, A. M. Lip colour affects perceived sex typicality and attractiveness 

of human faces. Perception 39, 1104ʹ1110 (2010).  

9. Porcheron, A., Mauger, E., Russell, R. Aspects of facial contrast decrease with age and are 

cues for age perception. PLoS ONE 8(3), e57985. doi:10.1371/journal.pone.0057985 (2013). 

10. Fink, B., Grammer, K., Matts, P. J. Visible skin color distribution plays a role in the 

perception of age, attractiveness, and health in female faces. Evol. Hum. Behav. 27, 433ʹ442 

(2006). ͒  

11. Matts, P. J., Fink, B., Grammer, K., Burquest, M. Color homogeneity and visual perception 

of age, health, and attractiveness of fĞŵĂůĞ ĨĂĐŝĂů ƐŬŝŶ͘͟ J. Am. Acad. Dermatol. 57, 977ʹ984 

(2007). 



12. FŝŶŬ͕ B͕͘ BƵŶƐĞ͕ L͕͘ MĂƚƚƐ͕ P͘ J͕͘ D͛EŵŝůŝĂŶŽ͕ D͘ VŝƐŝďůĞ ƐŬŝŶ ĐŽůŽƵƌĂƚŝŽŶ ƉƌĞĚŝĐƚƐ ƉĞƌĐĞƉƚŝŽŶ 
of male facial age, health and attractiveness. Int. J. Cosmetic Sci. 34, 307ʹ310 (2012). 

doi:10.1111/j.1468-2494.2012.00724.x. 

13. Samson, N., Fink, B. Matts, P. J. Visible skin condition and perception of human facial 

appearance. Int. J. Cosmetic Sci. 32, 167ʹ184 (2010). doi:10.1111/j.1468-2494.2009.00535.x 

14. Zedayko, T., Azriel, M., Kollias, N. Caucasian facial L* shifts may communicate anti-ageing 

efficacy. Int. J. Cosmetic Sci. 33, 450ʹ454 (2011). doi:10.1111/j.1468-2494.2011.00653.x 

15. Russell, R. Sex, beauty, and the relative luminance of facial features. Perception 32, 1093ʹ
1107 (2003). 

16. Dupuis-Roy, N., Fortin, I., Fiset, D., Gosselin, F. Uncovering gender discrimination cues in a 

realistic setting. J. Vis. 9, 10 (2009). doi: 10.1167/9.2.10. 

17. Nestor, A., Tarr, M. J. Gender recognition of human faces using color. Psychol. Sci. 19, 

1242ʹ1246 (2008). 

18. Hunt, R. G. H., Li, C., Luo, M. R. Chromatic adaptation transforms. Color Res. Appl. 30, 69-

71 (2005). 

19. Okuda, S., Okajima, K. Effects of spectral component of light on appearance of skin of 

woman͛s face with make-up. J. Light Vis. Environ. 40, 20-27 (2016). 

20. Yamaguchi, S., Okuda, S., Saito, T. Preferable LED lamps for appearance of skin color of 

human face. Proc. AIC2012, pp. 446ʹ449 (2012). http://www.aic-color.org/congr.htm. 

21. Kikuchi, K., Katagiri, C., Yoshikawa, H., Mizokami, Y., Yaguchi, H. Long term changes in 

JĂƉĂŶĞƐĞ ǁŽŵĞŶ͛Ɛ ĨĂĐŝĂů ƐŬŝŶ ĐŽůŽƌ͘ Color Res. Appl. 43, 119-129 (2018). 

https://doi.org/10.1002/ col.22153. 

 22. Jost, S., Ngo, M., Ferrero, A., Poikonen, T., Pulli, T., Thorseth, A., Blattner, P. Determination 

of illuminants representing typical white light emitting diodes sources. CIEx044:2017, pp. 427, 

432. DOI: 10.25039/x44.2017.WP01  

23. CIE Publication 15, Colorimetry, 4th Edition. CIE TC 1-85 (1st Committee Draft; 19th July, 

2017). Private communication. 

24. Wang, M., Xiao, K., Wuerger, S., Cheung, V., Luo, M. R. Measuring human skin color. 

Society for Imaging Science and Technology, Proc. 23rd Color and Imaging Conference 2015 

CIC23 (ISBN: 978-1-5108-1435-6), pp. 230-234. 

25. Vilaseca, M., Mercadal, R., Pujol, J., Arjona, M., de Lasarte, M., Huertas, R., Melgosa, M., 

Imai, F. H. Characterization of the human iris spectral reflectance with a multispectral imaging 

system. Appl. Optics 47, 5622-5630 (2008). 

26. Melgosa, M., Hita, E., Romero, J., Jiménez del Barco, L. Some classical color differences 

calculated with new formulas. J. Opt. Soc. Am. A 9, 1247-1253 (1992). 

https://doi.org/10.1167/9.2.10


27. Huang, M., Liu, H., Cui, G., Luo, M. R., Melgosa, M. Evaluation of threshold color differences 

using printed samples. J. Opt. Soc. Am. A 29, 883-891 (2012). 

28. CIE Publication 142:2001. Improvement to industrial colour difference evaluation. CIE 

Central Bureau, Vienna 2001. 

29. Li, C. Li, Z., Wang, Z., Xu, Y., Luo, M. R., Cui, G., Melgosa, M., Brill, M. H. Pointer, M. 

Comprehensive color solutions: CAM16, CAT16 and CAM16-UCS. Color Res. Appl. 42, 703-718 

(2017). https://doi.org/10.1002/col.22131  

30. CIE Publication 159:2004. A colour appearance model for colour management systems: 

CIECAM02. CIE Central Bureau, Vienna 2004. 

31. Richard, N., Helbert, D., Olivier, C., Tamisier, M. Pseudo-divergence and bidimensional 

histogram of spectral differences for hyperspectral image processing. J. Imaging Sci. Techn. 60 

(5), 50402 (2016). 

32. Huang, M., Cui, G. Melgosa, M., García, P. A., Liu, H., Liu, Y., Luo, M. R. Color harmony in 

two-piece garments. Color Res. Appl. 42, 498-511 (2017). 

33. CIE 224:2017. CIE 2017 colour fidelity index for accurate scientific use. CIE Central Bureau, 

Vienna, 2017. 

34. Melgosa, M., Gómez-Robledo, L., Suero, M. I., Fairchild, M. D. What can we learn from a 

dress with ambiguous colors? Color Res. Appl. 40, 525-529 (2015). 

35. Toscani, M., Gegenfurtner K. R., Doerschner, K. Differences in illumination estimation in 

#thedress. J. Vis. 11, 22 (2017). doi: 10.1167/17.1.22. 

    

 


