
minerals

Article

The Effects of Munsell Neutral Grey Backgrounds on the
Colour of Chrysoprase and the Application of AP Clustering to
Chrysoprase Colour Grading

Yuansheng Jiang 1 , Ying Guo 1,* , Yufei Zhou 1, Xiang Li 2 and Simin Liu 3

����������
�������

Citation: Jiang, Y.; Guo, Y.; Zhou, Y.;

Li, X.; Liu, S. The Effects of Munsell

Neutral Grey Backgrounds on the

Colour of Chrysoprase and the

Application of AP Clustering to

Chrysoprase Colour Grading.

Minerals 2021, 11, 1092. https://

doi.org/10.3390/min11101092

Academic Editors: Lluís Casas and

Roberta Di Febo

Received: 4 August 2021

Accepted: 1 October 2021

Published: 4 October 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 School of Gemmology, China University of Geosciences, Beijing 100083, China;
2009190006@cugb.edu.cn (Y.J.); 2109190006@cugb.edu.cn (Y.Z.)

2 Department of Science and Technology, China University of Geosciences, Beijing 100083, China;
lixiang@cugb.edu.cn

3 School of Information Engineering, China University of Geosciences, Beijing 100083, China;
2004190034@cugb.edu.cn

* Correspondence: guoying@cugb.edu.cn

Abstract: Chrysoprase is a popular gemstone with consumers because of its charming apple green
colour but a scientific classification of its colour has not yet been achieved. In this research, we
determined the most effective background of the Munsell Chart for chrysoprase colour grading
under a 6504K fluorescent lamp and applied an affinity propagation (AP) clustering algorithm to
the colour grading of coloured gems for the first time. Forty gem-quality chrysoprase samples from
Australia were studied using a UV-VIS spectrophotometer and Munsell neutral grey backgrounds.
The results determined the effects of a Munsell neutral grey background on the observed colour. It
was found that the Munsell N9.5 background was the most effective for colour grading in this case.
The observed chrysoprase colours were classified into five groups: Fancy Light, Fancy, Fancy Intense,
Fancy Deep and Fancy Dark. The feasibility of the colour grading scheme was verified using the
colour difference formula DE2000.

Keywords: affinity propagation clustering; chrysoprase; colour grading; Munsell neutral
grey backgrounds

1. Introduction

Chrysoprase is an apple green fine crystalline variety of polycrystalline quartz. It
is found all over the world but the best quality gems come from Australia. The origin
of its particular colour has always been a controversial topic. Based on previous studies
on its mineralisation and colour properties, there are two main forms of chromogenic
substances in chrysoprase. One hypothesis associates the colour of chrysoprase with the
presence of fine dispersed nickel-bearing layered silicate minerals such as willemseite [1],
kerolite [2,3] and pimelite [4,5], which usually occur in the chrysoprase deposits. An
alternative hypothesis is that the colour is due to the presence of evenly distributed
bunsenite (NiO) [6,7]. The evidence for this phase comes from the weak reflection of
the X-ray pattern of Kazakhstan chrysoprase at 2.39 Å [7].

The physical source of the colour of chrysoprase is not the only topic open for investi-
gation. The colour itself can also be affected by the colour properties of the background on
which the sample rests, the observer, the illuminance and the colour temperature of the
light source. The greenness of chrysoprase can form a gradual series of graded colours
that are of great value in the study of colourimetry. This paper presents the effects of
Munsell neutral grey backgrounds on the colour of chrysoprase and determines the best
classification background. An affinity propagation (AP) clustering algorithm was used to
grade the colour of chrysoprase.
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In 1994, King et al. [8] proposed a colour classification method for coloured diamonds
and introduced the Munsell colour card. The Gem Trade Laboratory (GTL) colour ring
was created and the colour description method was defined. A 6504K fluorescent lamp
was used as the lighting source and the coloured diamonds were graded in a standard
illumination box. This diamond colour grading method was accepted and has been widely
used around the world since it was announced. In the following years, the Gemological
Institute of America (GIA) successively introduced colour classification methods for blue
diamonds [9], pink diamonds [10], yellow diamonds [11] and colourless diamonds [12].
Although the colour classification of diamonds has matured significantly, the classification
of other coloured gems and jade remains an open problem to be solved.

To ensure the accuracy of the grading of coloured gems, it is essential to determine
their grading environment. In gemology, most of the initial research on the effects of back-
grounds on the colour of gemstones has focused on subjective descriptions such as using
the naked eye and colour chips to compare colours. The colour of chrysoprase was first
quantified by Sachanbiński [3] based on the CIE1931 colour space system but the geometric
distance between two colours in this system is inconsistent with human visual perception.
In order to solve this problem, the CIE1976 L*a*b* uniform colour space was introduced
and applied to the study of gem colours, particularly colour-change garnet [13–16], tour-
maline [17,18], sapphire [19], alexandrite [20], peridot [21,22], cubic zirconia [23], blue
amber [24], jadeite-jade [25–29], citrine [30] and amethyst [31]. Tang et al. [21] analysed the
colour appearance of peridot applying nine Munsell neutral grey backgrounds based on
the CIE1976 L*a*b* uniform colour space system and found that the colours of peridot were
much easier to distinguish in the high lightness background. To eliminate the influence
of subjective factors and increase the universality of the experimental results, we used
the CIE1976 L*a*b* uniform colour space system to quantitatively analyse the colour of
chrysoprase on different backgrounds with all 37 Munsell neutral colour chips (glossy
edition) being used as test backgrounds.

The clustering algorithm is often used to ensure the objectivity and accuracy of gem
colour classification [5,18,21,25–29,31]. Clustering is a discovery process that groups a set
of data such that the intracluster similarity is maximised and the intercluster similarity is
minimised [32]. Generally, clustering has two aims: (a) to develop a primary understanding
of the raw data and (b) to reduce the size of a huge amount of raw data [33]. Most previous
works have used k-means clustering to classify the colours of gems [5,18,21,25–29,31] but
this method has limitations. The clustering number of the k-means clustering algorithm
needs to be artificially set and it is sensitive to the initial clustering centre. Jiang et al. [5]
once classified chrysoprase colours into three groups by k-means clustering. However, they
did not stipulate why the number of clusters was three; when different initial exemplars
were selected, the classification results changed accordingly. The problem is therefore to
understand how this technique can be applied to the actual colour grading of precious
stones. Affinity propagation (AP) is a relatively new clustering algorithm, introduced by
Frey and Dueck [34]. Unlike traditional iterative algorithms such as k-means, AP does not
require you to choose k initial exemplars. The core idea of AP is to regard all the data points
as potential exemplars. Only pairwise similarities of data points are needed. Messages
are exchanged between the data points until a high-quality set of exemplars emerges.
The number of exemplars is automatically generated [35]. Due to its effectiveness and
simplicity, AP has been applied in areas such as treatment portfolio design [36], region of
interest (ROI) detection [37], tissue clustering [38], image categorisation [39] and subspace
division [40].

In this article, we investigate chrysoprase colouring using a UV-VIS spectrophotome-
ter and applying the CIE1976 L*a*b* uniform colour space. The apparent colour of the
chrysoprase was studied with an X-Rite SP62 spectrophotometer and by using all 37 Mun-
sell neutral grey backgrounds to determine the most effective background for chrysoprase
colour classification. The colour of the chrysoprase was classified by the AP clustering
algorithm. The method given in this paper is also suitable for the evaluation of other gems.
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2. Materials and Methods
2.1. Samples

A total of 40 natural chrysoprase samples from Australia were selected for this study
with colours ranging progressively from pale to bright green. Each sample was cut into a
polished cabochon with a diameter of 7 mm. A few of the samples are shown in Figure 1.
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Figure 1. Photograph of a few of the samples used in the present study.

2.2. UV-VIS Spectroscopy

Absorption and transmission spectra in the ultraviolet to visible (UV-VIS) range were
recorded with a UV-3600 UV-VIS spectrophotometer (SHIMADZU, Kyoto, Japan). The
wavelength range for the test was 300–900 nm, the scanning speed was set to ‘high’, the
sampling interval was 1.0 s and the scanning mode was ‘single’.

2.3. Backgrounds

Munsell neutral grey colour chips (glossy edition) were used as backgrounds for the
chrysoprase. These chips are composed of 37 neutral grey colours with different lightnesses
from N0.5 to N9.5. The measurement of the colour of chrysoprase on different neutral
backgrounds was conducted in a standard illumination box with a fluorescent lamp (CCT
6504K, PHILIPS MASTER TL-D90 DeLuxe18W/965, Amsterdam, The Netherlands).

2.4. Colourimetric Analysis

Using different neutral grey backgrounds, an X-Rite SP62 spectrophotometer (X-Rite,
Grand Rapids, MI, USA) was used to collect reflective signals from the chrysoprase surface
via the integrating sphere (Figure 2). The test conditions can be summarised as follows: CIE
standard illumination, D65; reflection, not including the specular reflection; observer view of
2◦; measurement range of 400–700 nm; measurement time of less than 2.5 s; voltage of 220 V
and a frequency of 50–60 Hz. The final colour data were averaged three times for testing.
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2.5. CIE1976 L*a*b* Colour System

The CIE1976 L*a*b* colour system is composed of the colourimetric coordinates a* and
b* and a lightness L*. Chroma C* and the hue angle h◦ can be calculated using a* and b* as:

C∗ =
√

a∗2 + b∗2. (1)

h = arctan
b∗

a∗
. (2)

To measure the difference in the colour of chrysoprase on different neutral grey
backgrounds, we chose the DE2000 colour difference formula, which is known to provide
better visual uniformity than CIELAB.

∆E00 =

√(
∆L′

KLSL

)2
+

(
∆C′

KcSc

)2
+

(
∆H′

KcSc

)2
+ RT

(
∆C′

KcSc

)2( ∆H′

KHSH

)
(3)

where ∆L’, ∆C’ and ∆H’ are the differences in lightness, chroma and hue angle, respectively.
RT is a function to reduce the interaction between chroma and hue in the blue area and
SL, SC and SH are functions to calibrate the absence of visual uniformity in the CIELAB
formula. KL, KC and KH are parameters to correct for the environment with two useful
combinations of (KL, KC, KH) known as CIE DE2000 (1:1:1) and CIE DE2000 (2:1:1). The
CIE DE2000 (1:1:1) parameter set was chosen to evaluate the colour differences because it
provides a better perceptibility performance.

2.6. Affinity Propagation (AP) Clustering Algorithm

The AP clustering algorithm is a subtly designed algorithm that takes as the input
the measures of similarity between pairs of data points. All data points are considered
simultaneously as potential exemplars. Messages are exchanged between the data points
until a high-quality set of exemplars and corresponding clusters gradually emerge.

The similarity s(i,k)indicates how well the data point k is suited to be the exemplar
for data point i, where k and i indicate the different data point index. The similarity is
calculated by Equation (4):

s(i, k) = −dij = −||xi − xj||2. (4)

s(k,k) is taken as the input for each data point k; it is set to a common value p named
the preference parameter. In the AP clustering algorithm, we consider points with higher
values of s(k,k) more likely to be chosen as exemplars. In most cases, this shared value
would be the median of the input similarities.

The messages sent between the points belong to one of two categories. The first is
the responsibility r(i,k), which is the accumulated evidence that sample k should be the
exemplar for sample i, as shown in Figure 3a. The second is the availability a(i,k), which
is the accumulated evidence that sample i should choose sample k to be its exemplar
and considers the values for all other samples that k should be an exemplar, as shown in
Figure 3b. The details of the two types of information are described as follows:

r(i, k) = s(i, k)− max
k 6= k′

(
a
(
i, k′
)
+ s

(
i, k′
))

. (5)

a(i, k) =
{

min(0, r(k, k) + ∑ max((0, r(i′, k))), i 6= k
∑ max(0, r(i′, k)), i = k

. (6)



Minerals 2021, 11, 1092 5 of 13

Minerals 2021, 11, x FOR PEER REVIEW 5 of 13 
 

 

considers the values for all other samples that k should be an exemplar, as shown in Figure 
3b. The details of the two types of information are described as follows: 𝑟(𝑖,𝑘) = s(𝑖,𝑘) − 𝑚𝑎𝑥𝑘 ≠ 𝑘ᇱ൫a(𝑖, 𝑘ᇱ) + s(𝑖, 𝑘ᇱ)൯. (5)

𝑎(𝑖,𝑘) = ൜𝑚𝑖𝑛(0, 𝑟(𝑘, 𝑘) + ∑𝑚𝑎𝑥 ((0, 𝑟(𝑖′, 𝑘))), 𝑖 ≠ 𝑘∑max (0, 𝑟(𝑖′, 𝑘)) , 𝑖 = 𝑘 . (6)

In the message-passing procedure, the “responsibility” r(i,k) and the “availability” 
a(i,k) are updated by Equations (7) and (8). In case of numerical oscillations that arise in a 
few circumstances, the AP clustering algorithm introduces a damping factor (λ∈(0,1)) to 
update the information. 𝑟௧ାଵ(𝑖, 𝑘) = λ ∗ 𝑟௧(𝑖, 𝑘) + (1 − λ) ∗ 𝑟௧ାଵ(𝑖, 𝑘) (7)𝑎௧ାଵ(𝑖, 𝑘) = λ ∗ 𝑎௧(𝑖, 𝑘) + (1 − λ) ∗ 𝑎௧ାଵ(𝑖, 𝑘) (8)

where t indicates the iteration times. 
Decision matrix E represents whether point i chooses point k as its exemplar or not. 

It is calculated after each update. 𝐸(𝑘) = arg max௞ (a(𝑖, 𝑘) + 𝑟(𝑖, 𝑘)). (9)

The clustering method does not stop until the iteration times reach the maximum 
number or the clustering results are stable for several times. 

 
Figure 3. How affinity propagation works. (a) “Responsibilities” r(i,k) are sent from then data points 
to the candidate exemplars and indicate how strongly each data point favours the candidate exem-
plar over the other candidate exemplars. (b) “Availabilities” a(i,k) are sent from the candidate ex-
emplars to the data points and indicate to what degree each candidate exemplar is available as a 
cluster centre for the data point. 

3. Results 
3.1. UV-VIS Spectrum Analysis 

The UV-VIS spectra of the chrysoprase samples (Figure 4) were characterised in 
terms of their absorption bands at 390, 460, 650 and 750 nm (see Table 1 for the relevant 
assigned transitions). All the spectra were consistent with the presence of octahedrally 
coordinated Ni2+ ions and agreed with the spectra of other nickel-containing minerals in 
the literature [41–44], confirming that nickel is mainly responsible for the observed col-
ouration. The bands near 390 and 650 nm corresponded with spin-allowed d–d transitions 
and the shoulders near 460 and 750 nm corresponded with spin-forbidden d–d transitions 
[44,45]. 

Figure 3. How affinity propagation works. (a) “Responsibilities” r(i,k) are sent from then data points
to the candidate exemplars and indicate how strongly each data point favours the candidate exemplar
over the other candidate exemplars. (b) “Availabilities” a(i,k) are sent from the candidate exemplars
to the data points and indicate to what degree each candidate exemplar is available as a cluster centre
for the data point.

In the message-passing procedure, the “responsibility” r(i,k) and the “availability”
a(i,k) are updated by Equations (7) and (8). In case of numerical oscillations that arise in a
few circumstances, the AP clustering algorithm introduces a damping factor (λ ∈ (0,1)) to
update the information.

rt+1(i, k) = λ ∗ rt(i, k) + (1− λ) ∗ rt+1(i, k) (7)

at+1(i, k) = λ ∗ at(i, k) + (1− λ) ∗ at+1(i, k) (8)

where t indicates the iteration times.
Decision matrix E represents whether point i chooses point k as its exemplar or not. It

is calculated after each update.

E(k) = arg maxk(a(i, k) + r(i, k)). (9)

The clustering method does not stop until the iteration times reach the maximum
number or the clustering results are stable for several times.

3. Results
3.1. UV-VIS Spectrum Analysis

The UV-VIS spectra of the chrysoprase samples (Figure 4) were characterised in
terms of their absorption bands at 390, 460, 650 and 750 nm (see Table 1 for the relevant
assigned transitions). All the spectra were consistent with the presence of octahedrally
coordinated Ni2+ ions and agreed with the spectra of other nickel-containing minerals in the
literature [41–44], confirming that nickel is mainly responsible for the observed colouration.
The bands near 390 and 650 nm corresponded with spin-allowed d–d transitions and the
shoulders near 460 and 750 nm corresponded with spin-forbidden d–d transitions [44,45].

Table 1. Relevant visible absorptions and assignments for chrysoprase.

Wavelength (nm) Assignment

390 3A2g(F)→ 3T1g(P)
460 3A2g(F)→ 1T2g(D)
650 3A2g(F)→ 3T1g(F)
750 3A2g(F)→ 1Eg(D)
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3.2. Effects of Neutral Grey Backgrounds on the Colour of Chrysoprase

Due to the glossy lustre and a certain degree of transparency of chrysoprase, even
neutral backgrounds with different shades of grey can result in a significant difference
in the apparent colour. The apparent colours of gemstones are also influenced by light
sources [26,27]; therefore, we performed this study with a single fixed light source. Ac-
cording to the Chinese national standard GB/T 20146-2006 CIE Standard Illuminator for
Colourimetry, the standard light source D65 (6504K) represents the average sunlight in
the northern hemisphere and is used as the standard light source for international colour
evaluations [46]. We therefore used it as the sole light source in this study.

The colours of 40 pieces of chrysoprase were tested against 37 Munsell neutral back-
grounds under a 6504K fluorescent lamp. The resulting colour changes are shown in
Figure 5.
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Munsell neutral backgrounds are divided into 37 lightness levels from 0 to 100. With
n = 0.25 as an interval, the levels range from N0.5 to N9.5. The lightness of each level
corresponds with its luminance factor (Yb) in daylight. The relationship between the
lightness Lb* and luminance factor Yb of Munsell neutral backgrounds is given as:

Lb
∗= 116Yb

1/3. (10)

The lightness of the background has a great influence on the lightness of the gem.
The lightness of chrysoprase increased as the background brightness increased, as shown
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in Figure 6a. The test data of lightness L* on 37 Munsell neutral grey backgrounds are
shown in Table S1. By fitting the curves of the chrysoprase colour parameters against the
luminance factor Yb of the Munsell neutral backgrounds, a functional relationship was
obtained. The following fit for the relationship between L* and Yb was obtained:

L∗= 13.98Yb+52.08(R2= 0 .998). (11)
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Figure 6. Changes in the luminance factor Yb of the Munsell neutral backgrounds produces changes in the colour of the
chrysoprase. (a) Relationship between the lightness of the chrysoprase (or the background lightness) and the luminance
of the background and (b) correlation between the chrysoprase chroma C* or hue angle h◦ and the luminance of the
background.

Figure 6b shows how chroma C* and the hue angle h◦ of the chrysoprase changed
as the background lightness changed. The test data of chroma C* and hue angle h◦ on
37 Munsell neutral grey backgrounds are shown in Tables S2 and S3. With an increasing
background lightness, chroma increased whereas the hue angle decreased. Functions
relating to these parameters and Yb were obtained as follows:

C∗ = 12.89Yb + 23.34
(

R2 = 0.999
)

. (12)

h◦ = −15.15Y0.64
b + 1169.94

(
R2 = 0.999

)
. (13)

3.3. The Effect of Transparency on the Colour of Chrysoprase on Different Backgrounds

As the luminance of the Munsell neutral backgrounds increased, the lightness L* and
chroma C* of chrysoprase increased whereas the hue angle h◦ decreased. However, this
was only the overall trend of 40 samples and different samples were affected differently by
the various backgrounds. It was therefore necessary to consider the effect of transparency
on the colour of the chrysoprase.

As the human eye is most sensitive to light at a wavelength of 550 nm, the trans-
mittance of the samples at this wavelength was used as the reference standard for the
quantification of the transparency [47,48]. To calculate the colour difference between the
chrysoprase on N0.5 and N9.5 neutral backgrounds, we chose the CIE DE2000 (1:1:1) for-
mula (Equation (3)). The relationship between the transmittance at a wavelength of 550 nm
and the colour difference of 40 chrysoprase samples is shown in Figure 7a. The test data of
the sample transmittance at 550 nm (%) and the colour difference are shown in Table S4.
We observed that the higher the transmittance at the wavelength of 550 nm, the greater the
colour difference, which demonstrated that the transmittance at a wavelength of 550 nm
could be used as a reference standard for quantifying the transparency of the sample.
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Figure 7. Effect of transparency on the colour of chrysoprase on different backgrounds. (a) The higher the transmittance at a
wavelength of 550 nm, the greater the colour difference between the chrysoprase on N0.5 and N9.5 neutral backgrounds.
The figure in the upper left corner is the ultraviolet-visible transmission spectrum of chrysoprase. (b) For samples with a
transmittance at 550 nm of less than 50%, the range of a* and b* does not expand with an increasing background lightness.
(c) For the group with a transmittance at 550 nm over 50%, the range of a* and b* becomes wider as the background lightness
increases, indicating that the colour is dispersed as the background becomes lighter.

The samples were divided into two groups, the first with a transmittance at 550 nm of
over 50% and the second with less than 50%. These colours were cast in the CIE1976 L*a*b*
uniform colour space system, as shown in Figure 7b,c. For the group with a transmittance
at 550 nm of over 50%, the ranges of a* and b* became wider as the background lightness
increased, indicating that the colour of chrysoprase dispersed as the background became
lighter. Therefore, it was easier to distinguish the colour of chrysoprase with a high
transparency on a lighter background. For samples with a transmittance at 550 nm of less
than 50%, the range of a* and b* did not expand with an increasing background lightness.
Therefore, it is recommended that a high brightness background is selected for the colour
grading of gems with a high transparency. The high brightness background magnifies the
small differences in the colour of the gems and thus improves the accuracy of the colour
grading.

3.4. Colour Grading of Chrysoprase on an N9.5 Background

The background has a significant influence on gemstone colour grading. To ensure
an accurate grading, the background should be a neutral colour without any hue. The
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Munsell neutral grey colour chips are therefore very suitable for this purpose. Although
the effect of the background on the colour of chrysoprase differs with the transparency, it is
still necessary to perform colour grading with a fixed background in practical scenarios.
The N9.5 background was chosen because it allowed for the best chromatic discrimination
of several chrysoprase samples and therefore improved the accuracy of the classification.
In this paper, python 3.9.5 software (https://www.python.org/ (accessed on 14 June 2021))
was used to classify the colour of chrysoprase by AP clustering. The parameters of AP
were set to the default value.

Based on the CIE1976 L*a*b* system, the colour of the chrysoprase samples was
quantitatively characterised with a Munsell N9.5 neutral grey colour chip as a background.
The lightnesses L* and colour coordinates a* and b* of the 40 chrysoprase samples were
used as independent variables in the AP clustering. The results are shown in Figure 8a
and Table S5 with the colours of the 40 chrysoprase samples divided into five groups. The
cluster centres are shown in Table 2. The significant value of the clustering results was less
than 0.05 (Table 3), which indicated that the classification scheme was effective. According
to these results, by imitating GIA’s colour diamond grading system [8], chrysoprase colours
can be divided into five grades: Fancy Light, Fancy, Fancy Intense, Fancy Deep and Fancy
Dark, as shown in Figure 8b.
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Figure 8. Colour grading of chrysoprase on an N9.5 background. (a) According to the result of affinity propagation (AP)
clustering, the colours of the 40 chrysoprase samples can be divided into five groups. (b) The five groups of chrysoprase
colour: Fancy Light, Fancy, Fancy Intense, Fancy Deep and Fancy Dark.

Table 2. The five clustering centres of AP clustering.

Cluster Centre L* a* b* Simulated Colour

1 71.9 −21.51 11.18
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Table 3. The ANOVA results of AP Clustering.

Colour Parameter
Clustering Error

F Sig
Mean Square Df Mean Square Df

L* 370.683 4 6.961 35 53.249 0.000
a* 327.212 4 8.558 35 38.234 0.000
b* 42.431 4 7.626 35 5.564 0.001

4. Discussion
4.1. Reasons for the Effects of a Neutral Grey Background on the Colour of Chrysoprase

According to the above experimental results, as the luminance of the Munsell neutral
background increased, the lightness L* and chroma C* increased whereas the hue angle h◦

decreased. The change in the lightness of the chrysoprase for different grey backgrounds
was due to the transparency of the stone as it was crossed by the light reflected from the
background. Therefore, an increase in the background lightness led to an increase in that
of the chrysoprase. The variation of chroma C* and the hue angle h◦ of the chrysoprase
can be explained by the variation of the colour coordinates a* and b*. The test data of
a* and b* on 37 Munsell neutral grey backgrounds are shown in Tables S6 and S7. As
shown in Figure 9a, with an increase in the background luminance, a* decreased and b*
increased and the absolute values of a* and b* both increased. According to Equation (1),
chroma C* is determined from a* and b*, so chroma of chrysoprase will also then increase.
A coordinate system can be established with a* as the X-axis and b* as the Y-axis and the
average a* and b* values of the 40 chrysoprase samples on each Munsell background can
be used as casting points. The results of this are shown in Figure 9b. When the background
gradually changed from low lightness to high lightness levels, the points gradually moved
away from the origin O and the angle between the line from the point to the origin and the
positive a*-axis, which determined the hue angle h◦, gradually decreased. Therefore, when
the background brightness increased, the hue angle h◦ of the chrysoprase decreased.
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Figure 9. Changes in the colour coordinates a* and b* with different grey backgrounds. (a) With an increasing background
luminance, a* decreases and b* increases. (b) A cast-point diagram of a* and b* mean values for 40 chrysoprase samples
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4.2. Feasibility of the Colour Classification Scheme

To verify the feasibility of the classification scheme, the colour difference between each
sample and the five clustering centres was calculated using the colour difference formula
CIE DE2000 (Equation (3)) and the clustering centre with the smallest colour difference
within the sample determined the category to which that sample was assigned. Comparing
the results with the classification given by AP, 3 of the 40 sets of data were inconsistent and
the coincidence rate was 92.5%, which proved the feasibility of the colour classification
system. The three inconsistent samples were 19, 23 and 32. As shown in Table 4, there was
little difference between the colour difference between the sample and the cluster centre to
which the classification result given by AP belonged and the minimum colour difference
between the sample and the five cluster centres. To improve the accuracy of the colour
grading system, more specimens of chrysoprase will be added in the future.

Table 4. Colour difference between the samples and cluster centres.

Samples/∆E00

Cluster Centre

1 2 3 4 5
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5. Conclusions

The Munsell background has a significant effect on the colour of chrysoprase when
using a fluorescent lamp (correlated colour temperature 6504K). As the luminance of the
Munsell neutral background increased, the lightness L*, chroma C* and colour coordinate
b* of chrysoprase increased whereas its hue angle h◦ and colour coordinate a* decreased.
The variation of chroma C* and the hue angle h◦ of chrysoprase can be explained by the
variation in the colour coordinates a* and b*.

For chrysoprase with a high transparency, a high brightness background will magnify
small differences in the colour of the gems and improve the accuracy of the colour grading;
therefore, the Munsell N9.5 background was chosen as the best option for chrysoprase
colour grading.

The evaluation of the colour of the samples with the Munsell N9.5 background and
the processing of the obtained data with the affinity propagation (AP) clustering algorithm
allowed us to classify the chrysoprase colours into five groups: Fancy Light, Fancy, Fancy
Intense, Fancy Deep and Fancy Dark. The feasibility of this colour grading scheme was
verified by calculating the colour difference between the samples and the AP cluster centres.

Although chrysoprase is not a precious gemstone, it has a unique apple green colour,
which is different from emerald, jadeite-jade, tourmaline and other green gemstones.
Studying the colour of chrysoprase can fill the gap of gemstone colourimetry in this unique
green colour. The colour grading method in this paper can also provide a reference for
other gemstone varieties. As the samples used in the study were polished cabochon and the
influence of cutting on the colour of gemstones was not considered, the method introduced
in this paper may not be suitable for faceted gemstones. The number of samples was also
limited. In the future, we will add more chrysoprase samples with different colours to
enhance the universality of the research.
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