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MyseiiHoe ocBeleHHe IIPEeIMETOB TPAAUIIMOHHONW KUTAMCKON SKMBONMCH, BEChMa YYBCTBUTEJIbHOM K BO3/Ieli-
CTBUIO CBETAa, IPUBOIUT K CePhe3HBIM HAPYIIEHNSIM UX I[BETOBOI raMMsbl. BeiiemcTene MeTaMmepuu 3peHNs U BO3-
MOSKHOCTH YyIIPABJIEHUSI NHTEHCUBHOCT MU U3JTyYE€HUA OTAEIbHBIX CIIEKTPAJTbHbIX KOMIIOHEHT CBETOAUOI0B 0€eJ10-
ro I[BeTa BO3MOJKHA MOICTPOITKA Pe3yIbTUPYIOIIEro CIIeKTPa UX CBeUeHH s o] pa3auuHbie TpedoBanusa. Heo6xo-
IMMO U3ydeHHe BO3TeHCTBUA PA3IUUYHBIX MOHOXPOMATHUYECKNX COCTABIAIOIINX U3JIydeHHs 0ebIX CBeTOINOd0B
M ompeesieHNe MPABUIbHBIX MPOMOPIUIl X NHTEHCUBHOCTEH, IPH KOTOPBIX BpPeHOE BO3eliCTBHE OCBEIeHM s
Ha 9KCMOHATHI MUHUMHU3UPYyeTcA. Pa3neapHO paccMaTpUBaIOCh BO3AEICTBIE H3JIYUYeHU YeThIPeX 1[BeTOB (Kpac-
HBIil, JKeJITHIil, 3eJIeHbII M CHHUI) HA THIIMYHbIE HeOpraHuuecKkue Kpacureau. zMepanuch KOOPAUHATHI I{BETa
B cucteme CIE XYZ u Takme xapakTepuCTUKN KaK JOMUHUPYIOUIAS JJINHA BOJHBI, GoTOMeTpHYECKAd IPKOCTH U
YCIOBHAS YMCTOTA I[BETA PA3JMYHBIX MATMEHTOB IPHU UX ocBelleHuu. [locTpoeHsbI KpUBbIe N3MEHEHU T YKa3aH-
HBIX MapaMeTpoB Mo 16 MUKJIaM MCHBITAHUI M BHISIBJI€HBI 3AKOHOMEPHOCTU MU3MEHEHHUS IBETHOCTH YKa3aHHBIX
KOMOMHAIUI OCBEIIeHUA U I[BeTOB nurMeHTOB. Ha ocHOBe 3TOT0 IMyTeM pacueTa u CpaBHEHU A U3MEeHeHU Il mapame-
TPOB I{BETHOCTH IOJIyUYeHbI KOJTUYECTBEeHHbIE JaHHbIE O BHIIBETAHUH 00'heKTOB JKMBOIIMCH II0]] BO3AEiICTBUEM yKa-
3aHHBIX YeThIPEX XPOMATUUYECKHUX KOMIIOHEHT. Pe3yIbTaThl MPeaoCcTaBIsgIOT 0a30BbIe JaHHBIE IJIS JaJbHeNInX
HMCCIeOBAHNI HU3MEHEeHU S ¥ BOCIIPUATHSA I{BETOB 00'h€KTOB KUTAMCKOI TPAaANI[HOHHOM JKUBOIMUCH IO AeiiCTBUEM
MY3€iTHOTO OCBelIeHUu:.

Knro4yeBbie cnoBa: TpagnLnoHHash KATaCKasi XXUBOMUCh, N3MEHEHME LiBETAa, Y3KOMOJIOCHbIE CNEKTPbLI, besiblie CBETOAMNO-
Abl, My3e/IHOe OCBeLYeHe.
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Spectral power distributions of white light-emitting-diodes can be adjusted according to various demands.
Thus, it is meaningful to explore the influence law of monochromatic lights mainly constructing white
light-emitting-diodes. Four kinds of typical red, yellow, green, and blue monochromatic lights were used to
illuminate typical inorganic pigments. CIE XYZ coordinates were examined periodically, and then the color
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parameters — dominant wavelength, luminance, and excited purity, of the pigments were calculated through
the data. The changing laws of colors of the five pigments under different monochromatic lights were obtained.
The relative influence values of the four monochromatic lights were also acquired through calculating and
comparing the changing degree of the color parameters. The achievements can provide data basis and reference
forresearch on traditional Chinese paintings pertaining to color damage and rendering effect of the illumination.

Keywords: Traditional Chinese paintings, color change, narrowband spectra, white light-emitting-diodes, museum lighting.
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INTRODUCTION

Traditional Chinese paintings (TCPs), which chara-
cterize huge storage and high value, suffer severe
damage, like fading, color distortion, and color vani-
shing, due to radiation in museum illumination
[1-5]. Controlling the spectral power distributions
of light sources is the key to protect the paintings.
Thus, it is significant to find a suitable method for
evaluating the degree of color damage and choose
the lowest damage light sources for different kinds
of paintings.

For evaluating visible damage to paintings, color
differences are generally used by researchers over
the decades [3, 6—12]. Color differences can effec-
tively express color changes of the pigments in paint-
ings, and thus present damage extent of paintings
under illumination. However, the change of color has
three dimensions (hue, chroma, and value). An over-
all index of color difference fails to give details of
the color change. Thus, specific information of color
change, including hue (indicated by the main wave-
length), chroma (the excited purity) and value (il-
luminance), is needed to show how the color exactly
turns into, bluer or redder, more saturated or desatu-
rated, brighter or darker?

A long-term illumination was conducted on tra-
ditional specimens of TCPs painted with inorganic
pigments by typical light sources in museums-tung-
sten halogen, metal halide, and white light-emitting-
diodes (WLED) [6]. The dominant wavelength, lu-
minance, and excited purity were calculated by pe-
riodically tested color coordinates of pigments illu-
minated by various light sources. The influencing
law of different pigments was obtained under vari-
ous light sources and the influencing proportion of
the tungsten halogen, metal halide, and WLED was
respectively evaluated by different parameters: for
the dominant wavelength, the ratio is 9.98:9.04:9.91,
for the luminance, the ratio is 8.65:8.69:8.62, as
for the excited purity, that is 8.54:9.05:8.68%. The
WLED performed an overall low influence, however,
the advantage was tiny.

Fortunately, we realized that WLEDs possess easy
constructed spectrum which can be adjusted accord-
ing to demands [13—-16]. To date, the WLEDs satisfy-
ing low correlated color temperatures and high color
rendering [5], are mainly composed of red, yellow,

green, and blue wavebands [17-19], by adjusting
the proportion of which can achieve the require-
ments; and the corresponding WLED is the namely
red/yellow/green/blue (RYGB) four-primary WLED.
Moreover, the four-primary mixture is frequently
used to develop spectra of WLEDs achieving various
functions [20, 21], e.g., Ji Hye Oh et al. [22] developed
anew type WLED according to the needs of circadian,
color quality, and visual performance by the four-pri-
mary mixture. Accordingly, the quantitative damage
law of the four wavebands plays an important role in
manufacturing ideal light sources to illuminate TCPs.

Here, four typical monochromatic lights — blue
(peak wavelength of 450 nm), green (510 nm), yellow
(5683 nm), and red (650 nm), were separately used to
illuminate specimens of TCPs painted with classical
inorganic pigments with color in cyan, yellow, red,
white, and black. CIE XYZ coordinates of the pigments
were periodically tested and transformed into para-
meters of the dominant wavelength, luminance, and
excited purity to evaluate the specific color change.
Changing curves of the three parameters varied with
the exposure time and the quantified influential law
was displayed to demonstrate the detailed influence.
The technical roadmap is shown in Fig. 1.
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2. METHOD

2.1. Model of specimen

Four groups of specimens of the TCPs painted with
inorganic pigments (iop-TCPs) were crafted by the
traditional Chinese Painting Institute of the Tianjin
University using traditional techniques and materi-
als: firstly, the most typical inorganic pigments —
ancient graphite (black in color), clam shell powder
(white), azurite (cyan), cinnabar (red), and orpiment
(vellow), were dissolved into water with the propor-
tion of 1:1. Secondly, pigments were evenly sprayed
on separate rice paper, which was then manual-
ly framed with wheat starch paste using tradition-
al techniques to imitate the real iop-TCPs. Thirdly,
five rice paper separately painted with five inorga-
nic pigments were cut and then recombined to obtain
four specimens, each containing the five pigments
with the same size (4 cm by 4 cm). One of four speci-
mens is presented in Fig. 2.

2.2. Experimental light sources

Four monochromatic lights with the peak wave-
lengths of 450, 510, 583, and 650 nm were produced
by museum tungsten halogen lamp (PHILIPS 6423F0)
cooperating with infrared cut-off filters and 20 nm
narrow band-pass filters which peak at 450, 510,
583, and 650 nm (Specialized from Institute of Op-
tics, Fine Mechanics and Physics, Chinese Acade-
my of Sciences). To ensure the precision of the ex-
periment, all of the spectra of monochromatic lights
were detected via a spectrophotometer (Photo Re-
search PR670) to determine their spectral irradiance
distributions on the surfaces of the specimens (Fig.
3): the irradiance of each light source was kept the
same and constant during the long-term experiment.
We examined the irradiances of the light sources
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Fig. 2. One of four specimens with pigments (a) ancient
graphite, (b) clam shell powder, (c) azurite, (d) cinnabar,
(e) orpiment.
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Fig. 3. Irradiance distributions of four monochromatic
lights on the surface of the specimens (a) 450, (b) 510, (c¢)
583, (d) 650 nm.

in every test cycles and changed the light source im-
mediately once light fade occurred.

In addition, color parameters in all cycles were test-
ed under the D65 light source (OSRAM, L30W/965,
6500 = 200 K) calibrated in National Institute of
Metrology of China to conduct the color measure-
ment.

2.3. Experimental scheme

The experiment was conducted in the Optical Labora-
tory of Tianjin University, the physical environment
of which was kept at the required degree for preserv-
ing TCPs in the museum [23]: the whole laboratory
maintained the temperature of 23 = 0.5° the humi-
dity of 50% and the exchange rate of 0.5 per day.

Four monochromatic lights were installed on
the upper part of the experimental bench, and four
identical specimens were simultaneously put under
the corresponding light sources. Irradiances on the
surfaces of the four specimens were kept the same at
1 W/m? by adjusting the output power of the light
sources. Four groups were kept independent by shade
to avoid mutual interference.

Periodical illuminations on specimens were car-
ried out, one illumination cycle contained six days
with twelve hours in each, the experiment lasted
sixteen cycles for 1152 illumination hours in total.
Exposure of specimens accumulated with the in-
creasing illumination hours. Experimental scheme
is illustrated in Fig. 4.

After each cycle of illumination, the specimens
were moved under the D65 standard light source; and
color parameters of the specimens were measured
by the standard test method of CIE (Commission
International de I’Eclairage) [24] (Fig. 5).
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Fig. 5. Diagrammatic sketch of the test environment to
measure the color parameters of the pigments by Lumi-
nance colorimeter (Topcon BM-5) under D65 standard
illuminant.

The CIE chromaticity coordinates (x, y) and met-
ric brightness values Y of four specimens were mea-
sured before and each cycle after the illumination,
at test points marked in Fig. 2, achieved by Lumi-
nance Colorimeter (Topcon BM-5, with an accuracy
of i30/0).

3. RESULTS

3.1. Changing curves

of the color parameters

The dominant wavelengths and excited purity values
of the pigments were calculated based on the (x, y),
Y values. Changing curves of the dominant wave-
lengths, luminance, and excited purities of the 16 ex-
perimental cycles were plotted.

3.1.1. The dominant wavelength

Black (the ancient graphite) and white (clam shell
powder) are achromatic colors without the domi-
nant wavelengths, so the changes of dominant wave-
lengths of cyan (azurite), red (cinnabar), and yel-
low (orpiment) under various light sources were con-
sidered. Because of the visual characteristics of the
human eyes and the nonuniformity of the CIE XYZ
chromaticity diagram, the changing of the dominant
wavelengths are nonuniform. For expressing the re-
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Fig. 6. Changing curves of the dominant wavelengths of
(a) cyan (azurite), (b) yellow (orpiment), (c) red (cinna-
bar) under the illumination of the four monochromatic
lights.

alistic changes of the dominant wavelengths in the
changing curves, the vertical coordinates were made
uneven as the CIE XYZ chromaticity diagram de-
picted. The changing curves of the dominant wave-
lengths of the azurite, cinnabar, and orpiment were
illustrated in Fig. 6.

3.1.2. The excited purity

The changing curves of the excited purities of the
azurite, cinnabar, and orpiment were demonstrated
in Fig. 7.
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Fig. 7. Changing curves of the excited purities of (a) cyan
(azurite), (b) yellow (orpiment), (c) red (cinnabar) under
the illumination of the four monochromatic lights.

3.1.3. The luminance

The changing curves of the luminance of the ancient
graphite, clam shell powder, azurite, cinnabar, and
orpiment were plotted in Fig. 8.

3.2. Influence degrees of the monochromatic lights

The differences of the luminance, the dominant wave-
lengths, and the excited purities of the five inorganic
pigments under the illumination of the four monochro-
matic lights were calculated after each cycle to com-
pare with the initial values. And the average influenc-
ing values of the monochromatic lights in the three as-
pects were calculated to evaluate the comprehensive
influencing degrees of the monochromatic lights on

the colors of TCPs which can be basically represented
by the colors of the five pigments. Calculating method
is expressed by Eq. (1). The average results of the dom-
inant wavelengths of the 16 cycles are shown in Table
1, the results of the excited purities are demonstrated
in Table 2, for the luminance, in Table 3.

- 1
7\.=E(|}\.1—7\.0|+|7\42 —7b0|+"'+|7\.16—7\.0

),
)
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1
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Table 1. Average influences of the monochromatic lights on the dominant wavelengths of pigments

Wavelength, nm

Pigments

Cyan (azurite) Yellow (orpiment) Red (cinnabar) Average
450 1.4324 0.4463 3.2627 1.7138
510 1.5850 0.4312 2.8117 1.6093
583 1.5418 0.4345 2.8366 1.6043
650 1.5218 0.3911 2.8136 1.5755
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Fig. 8. Changing curves of the luminances of (a) cyan
(azurite), (b) yellow (orpiment), (¢) red (cinnabar), (d)
white (clam shell powder), (e) black (ancient graphite)
under the illumination of the four monochromatic lights.

Table 2. Average influences of the monochromatic lights on the excited purities

Wavelength, nm

Pigments

Cyan, % Yellow, % Red, % Average, %
450 1.75 9.06 14.25 8.35
510 1.58 9.86 12.65 8.03
583 1.55 10.16 12.20 7.97
650 1.47 9.21 10.48 7.05
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Table 3. Average influences of the monochromatic lights on the luminances

67

Pigments
Wavelength, nm

Cyan Yellow Red White Black Average
450 5.8703 24.0637 7.0682 52.2831 5.6582 18.9887
510 5.2256 24.8703 5.2539 51.7373 5.8268 18.5828
583 5.4545 24.3708 5.8810 48.2200 6.3622 18.0577
650 6.4467 24.8312 4.6353 45.9954 6.3315 17.6480

4. DISCUSSION and tends to be stable after 216 hours. Figure 8c

4.1. Changing characteristics of the colors

(1) Cyan (azurite): we can see from Fig. 6a that the
dominant wavelength of the azurite performs an
overall stability with slight fluctuation, that indi-
cates a minor change of the hue. As Fig. 7Ta shows, the
excited purity changes a little, only increases slight-
ly in the thirteenth period, that indicates a small in-
crease of the saturation of cyan. In Fig. 8a, the lumi-
nance shows a linear increasing trend, that means,
cyan has an apparent fading. The chemical composi-
tion of azurite is 2CuCO3'Cu(OH),, which will decom-
pose into CuO, H,0, CO, in the air after suffering
the illumination, and then occurs fading and disco-
loration due to the oxidation reaction.

(2) Yellow (orpiment): in Fig. 6b, the hue of the
orpiment almost performs no change as the curves
of the dominant wavelength of yellow are nearly
straight during the whole experiment. The excited
purity begins to raise from the first cycle and turn
relatively smooth when the third cycle occurs, which
tells us that the saturation of yellow increases after
72 hours of illumination, and the trend tends to be
stable after being illuminated for 216 hours, as the
Fig. 7b depicted. We can see from the Fig. 8b, that
the luminance keeps decreasing dramatically after
being illuminated, shows that the orpiment occurs
an apparent deepening. The orpiment performs an
overall higher discoloration than the azurite for
the main component of the orpiment is As,Ss, con-
taining chemically unstable Fe,S;, which turns into
yellow-green easily in normal temperature, and the
illumination greatly enhances the reaction to change
the saturation and luminance of the pigment.

(3) Red (cinnabar): the dominant wavelength be-
gins to dramatically decrease from the second cycle
to the fourth cycle. In the following cycles, the ver-
tical values of the starting points and the ending
points of the curves in Fig. 6¢ do not change a lot.
But there are fluctuations in the curves, indicating
that the hue changes from red to orange after the il-
lumination of 144 hours. In Fig. 7c, the excited pu-
rity increases a lot from the second to the third cy-
cle, turns into stabilization after that, which means
the saturation of the red increases after 144 hours

shows, that luminance keeps increasing during the
whole experiment, representing the fading of red.
The degree of discoloration of the cinnabar is higher
than that of the azurite and lower than that of the
orpiment, because the main component of the cin-
nabar is a-HgS, the chemical stability of which is
between 2CuCO4-Cu(OH), and Fe,S;, and o-HgS eas-
ly changes into B-HgS under the influence of pho-
tochemical reaction to result in discoloration and
fading.

(4) White (clam shell powder): as Fig. 8d shows,
the luminance of the clam shell powder decreases
dramatically during all the cycles, the extent of
which is the largest in the five pigments, the clam
shell powder has an extraordinary darken pheno-
menon. In theory, white can reflect lights with all
the wavelengths, may absorb the least energy when
the incident light is the same and suffers the least
influence. However, the experiment gives an inverse
result. The reason for the phenomenon is that the
chemical property of the clam shell powder is rather
unstable. CaCO5 and Cag(PO,), mainly construct the
clam shell powder. In them, CaCO4 can easily decom-
pose into CaO and CO, after suffering heat and react-
ing with the acid to generate saline content and CO,,
when deposited in the air for a long term. And the
light and heat can aggregate the chemical reaction.
In addition, Cag(PO,), reacts with the acid in the air
producing phosphate to cause the deepening.

(5) Black (ancient graphite): in Fig. 8e, the lumi-
nance of the ancient graphite gradually increases,
indicating the experience of fading and whiten-
ing, the degree of which is the most minimum in
the five pigments. Theoretically, the black absorbs
the photon energy of all the monochromatic lights.
Compared to other colors, black should be the hug-
est influenced. But that is not so. The main reason
for the minus change of the luminance is the organic
hydrocarbon compound carbon, which is the basis
of the ancient graphite, forming polyhedral carbon
particles after suffering pyrolysis. The physical and
chemical properties of polyhedral carbon particles
are extremely stable, they can resist light, heat and
acid-base. Thus, light damages the ancient graphite
with the minimum extent.
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4.2. Influencing degrees

of the monochromatic lights

As Tables 1-3 demonstrate, the radiations of the
monochromatic lights affect the most on the lumi-
nance, and the least on the dominant wavelength,
which manifests that luminance change is the main
reason for the color change of the iop-TCPs. Among
the pigments, the luminances of black, cyan, and
red, which are dark colors, increase indicating the
fading, while white and yellow, which are light co-
lors, decrease indicating the deepening due to the
oxidation reaction.

We can see from the Tables 1-3, the average
relative influencing values of the monochromatic
lights (450, 510, 583, 650 nm) on the dominant wave-
lengths of the pigments are 1.7138, 1.6093, 1.6043,
1.5755 respectively; on the luminances the values
are 18.9887, 18.5828, 18.0577, 17.6480; and for the
excited purities, the values are 8.35, 8.03, 7.97, and
7.05%. Accordingly, the monochromatic lights with
short wavelengths influence more on the dominant
wavelengths, luminances, and excited purities of the
pigments. According to the Plank formula E = hv, in
which E represents the photon energy, £ is Planck’s
constant, v is the frequency of the photon, short
wavelengths possess high frequency, and there is an
inverse ratio between the wavelength and energy.
Thus, the monochromatic lights with short wave-
lengths have larger energy and hence influence more
on the pigments. The theory analysis corresponds to
the experimental results.

5. CONCLUSION

The exposure, the photochemistry properties of the
pigments, and the spectra of the light sources are the
main components of illumination causing the color
decay. In the experiment of illuminating inorganic
pigments in traditional Chinese paintings by mono-
chromatic lights, the exposure of the specimens was
maintained the same, thus the factors that cause the
color changes are the photochemistry properties of
the pigments and the spectra of the light sources.
According to the analysis of the experiment data,
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meticulous heavy color painting is colorfully painted
with all typical inorganic pigments — ancient graphi-
te (black), clam shell powder (white), azurite (cyan),
cinnabar (red), and orpiment (yellow). When develop-
ing the WLED for this kind of painting, the compre-
hensive influence of the illumination on the five inor-
ganic pigments should be considered. The result turns
out to be that the average relative influence values
of the 450, 510, 583, 650 nm monochromatic lights
on the dominant wavelength of the meticulous heavy
color painting are 1.7138, 1.6093, 1.6043, 1.5755 re-
spectively; on the luminance, the values are 18.9887,
18.5828, 18.0577, 17.6480; and for the excited purity,
the values are 8.35, 8.03, 7.97, and 7.05%.
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