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Abstract 
Spectral datasets, and subsequent colorimetric and image 

data, have a variety of uses in cultural heritage imaging including 
sensor design, lighting design, synthetic target generation, spectral 
accuracy assessment of multispectral and hyperspectral cameras, 
color accuracy assessment of digital cameras, and encoding errors. 
Spectral data for 58 Golden Artist Colors Heavy Body Acrylics were 
used to calculate the spectra of 831 varnished tints, tones, and 
masstones, based on the two-constant opaque form of Kubelka Munk 
turbid-media theory. The data were used to calculate a synthetic 
target that was used to quantify encoding errors using AdobeRGB 
(1998), commonly used in cultural heritage imaging, and sRGB, 
commonly used in documents and consumer imaging. 22% and 31% 
of the target colors were out of gamut, respectively. Principal 
component analysis was performed and the first three eigenvectors 
used to extract spectra similar to cyan, magenta, and yellow. These 
PCA-based primaries poorly approximated the 58 pigments. 

Introduction 
Spectral datasets, and subsequent colorimetric and image data, 

have a variety of uses in cultural heritage imaging including sensor 
design, lighting design, synthetic target generation, spectral 
accuracy assessment of multispectral and hyperspectral cameras, 
and color accuracy assessment of digital cameras. 

The author created such a database in 2016 using 19 acrylic 
paints. An Excel file was made available by request. Only highly 
chromatic pigments and carbon black were used. In the present 
work, there was a desire to include as many pigments as possible. 
Furthermore, a synthetic image was created to evaluate encoding 
errors. 

Input Data 
The author has a long-standing relationship with Golden Artist 

Colors, Inc. A request was made for spectral measurement data of 
drawdowns used to evaluate colorant strength, opacity, evaluate 
pigment batch to batch consistency, etc. Golden kindly sent spectral 
data for 68 Heavy Body acrylic paints from measurements of 
drawdowns of masstones (out of the tube) and a 10% mixture with 
titanium white. Paints made using pigment mixtures, fluorescent 
colorants, and carbon and mars black were excluded resulting in 58 
pigments, listed in Table I. Their color index numbers can be found 
on the Golden website: 
https://goldenpaints.com/products/colors/heavy-body. Bone black 
was used because it has the flattest spectrum of the three blacks. 

Artist acrylic paints were developed during the middle of the 
20th century. The pigments listed in Table I are inorganic and 
organic. Their introduction as artist paints varies considerably, from 
cave—oxides— to contemporary—naphthol, phthalocyanine, 
quinacridone, and pyrrole.  

Table I. Database pigments and their tints and masstones. 

 



 

 

An Xrite MS7000 spectrophotometer was used to measure the 
samples. The geometry was integrating sphere, specular component 
included. 360 – 750 nm data were truncated to 380 – 730 nm. (The 
dataset includes the original data for all 68 paints.) For example, the  
measurement data for cadmium yellow medium are plotted in Figure 
1. Titanium white has strong absorption at short wavelengths. 
Yellow pigments have strong absorption in the blue region of the 
visible spectrum [1]. The slight undulation of these samples at long 
wavelengths was unexpected, its cause, unknown. This occurred for 
all the data provided by Golden. This was remedied by smoothing 
the reflectance data. 

 
Figure 1. Spectral reflectance factor of cadmium yellow medium masstone, 
10% tint, and titanium white. All graphics and images were encoded in 
ProPhotoRGB, converted to sRGB using relative colorimetric intent with black 
point compensation, saved as JPEG, and dropped into this document. 

Colorant Characterization 
The two-constant opaque form of Kubelka-Munk turbid-media 

theory [2] was used to predict tints (mixtures with titanium white) 
and tones (mixtures with bone black) for each pigment. The 
Saunderson correction [3] was used to convert measured to internal 
reflectance: K1 was set to 0.035 based on the minimum reflectance 
of the masstone samples; K2 was set to the theoretical value of 0.6 
for a medium with refractive index of 1.5 and illumination along the 
normal [4]; Kinstrument was set to 1.0 corresponding to integrating 
sphere with specular component included. The masstone-tint 
method [5, 6] was used to calculate unit absorption and scattering 
coefficients for each paint relative to the scattering of white defined 
as unity. One limitation of this method is that accuracy cannot be 
evaluated since the calculations are determinate: two samples and 
two unknowns, resulting in perfect spectral fits for the 10% tint and 
masstone. In the author’s experience, this method gives reasonable 
results. (Ideally, there should be multiple tints and for yellows, 
additional mixtures with black. The Saunderson coefficients and the 
optical coefficients of the entire dataset are optimized 
simultaneously to minimize RMS spectral reflectance error [7].) 
Because the reflectances at long wavelengths for yellow tints and 
white were nearly identical, as seen in Figure 1, the internal 
reflectance of white was scaled by 1.005, enabling estimates for 
these pigments. (Changes in the Saunderson coefficients were 

ineffective.) The strong absorption of titanium white resulted in 
negative optical values for cobalt and cerulean pigments. These 
values were corrected manually such that the masstones were well 
predicted. 

Applying a glossy picture varnish increases color gamut, when 
viewed away from the specular angle [1]. This was approximated 
computationally by setting Kinstrument = 0 when transforming from 
internal to external reflectance factor. This approach was verified 
experimentally using Pyrrole Orange and Golden MSA glossy 
varnish.  

The calculated reflectance spectra for eight tints, eight tones, 
and a masstone, all followed by varnishing, for cadmium yellow 
medium are shown in Figure 2. Increasing the concentration of the 
pigment tints reduces reflectance at short wavelength while 
increasing concentration of black reduces reflectance at long 
wavelengths. The transition from short to long wavelengths 
increases with increases in tint pigment concentration, resulting in a 
shift in hue towards red. Because bone black is slightly bluish, the 
tones become greenish with increases in black concentration. Notice 
that varnishing reduces reflectance, seen when comparing Figures 1 
and 2. 

Chartreuse pigments are not manufactured. Instead, mixing the 
optical data of hansa yellow and phthalocyanine green (yellow 
shade) in different proportions resulted in four additional 
“pigments,” increasing the total number to 62.  

For summaries of the use of Kubelka-Munk theory in color 
technology, see references 6 – 9. 

 
Figure 2. Spectral reflectance factor of cadmium yellow medium tints, tones, 
and masstone, all with a glossy varnish applied. 

Spectral and Colorimetric Database 
Eight tints, eight tones, and a masstone were calculated for the 

62 pigments resulted in 1054 spectra. Some of the masstones are 
nearly black, seen in Table I. Adding black to these pigments results 
in nearly identical spectra. Accordingly, spectra with L* less than 
20 were excluded. Pigments with masstones less than 20L* were 
added back into the data base, resulting in 831 spectra. Their 
CIELAB data for D50 and the 1931 standard observer are plotted in 
Figure 3. Many of these pigment tints have appreciable hue changes 
with changes in concentration. Maximum chroma is pigment 



 

 

dependent. The colors with very low lightness and appreciable 
chroma are the nearly-black masstones. (Many of the impressionists 
and neo-impressionists did not use black pigments, instead using. 
Ultramarine and Prussian blues.)  

 

 
Figure 3. CIELAB coordinates of the entire dataset. (Note that the hue ring is 
a guide to relate hue and a*b* coordinates. It does not represent a color gamut 
limit.)  

Synthetic Target 
Nine spectrally flat neutrals were added to the database 

resulting in 840 spectra. The spectra were ordered by CIELAB hue 
angle. These were used to produce a synthetic color target, shown in 
Figure 4. The encoding was ProPhotoRGB. 

AdobeRGB(1998) was evaluated for encoding accuracy 
because of its widespread use in cultural heritage imaging, shown in 
Figure 5 where out of gamut colors were rendered as complementary 
colors. There were 183 colors out of gamut: 22%. This was why the 
image was encoded in ProPhotoRGB and why the author does not 
use AdobeRGB(1998).  

sRGB IEC61966-2.1 was also evaluated. sRGB remains in 
wide use for documents and consumer imaging There were 260 
colors out of gamut: 31%.  
 

 
Figure 4. Synthetic target. 

 
Figure 5. Out-of-gamut colors, shown as complements, for AdobeRGB (1998) 
encoding.  

 
Figure 6. Out-of-gamut colors, shown as complements, for sRGB IEC61966-
2.1 encoding.  



 

 

Principal Component Analysis 
A common question when analyzing a spectral database made from 
a large number of pigments concerns spectral redundancy. That is, 
is every pigment unique spectrally or can some pigments be matched 
with a combination of other pigments? One way to answer this 
question is to perform principal component analysis (PCA) where 
“statistical pigments” are calculated, known as eigenvectors. (PCA 
for color science applications is described in references 7 and 10.) 
One feature of PCA is each eigenvector accounts for the maximum 
variability possible. For example, three eigenvectors accounted for 
97.97% of the total spectral variance. Six eigenvectors accounted 
for 99.72%. The required number of eigenvectors depend on the 
application and how spectral accuracy is quantified [10]. 

There are many applications where three eigenvectors are 
useful as an approximation of the complete spectral dataset. For 
example, an RGB camera can be used for spectral imaging by 
estimating the amounts of each of the three eigenvectors, similar in 
concept to transforming densitometric film scanners into spectral 
scanners [11]. The first three eigenvectors are plotted in Figure 7. 
Negative reflectances are expected since PCA first subtracts the 
mean reflectance from all the spectra. It is possible to rotate these 
eigenvectors to approximate real spectra, shown in Figure 8. These 
are similar to phthalocyanine blue (green shade), quinacridone 
magenta, and cadmium yellow light (used as aim spectra for 
rotation).  

Spectra resulting from mixing these statistical colorants (either 
the eigenvectors or CMY) were calculated for each color directly. 
By definition, color differences for D50 are 0. One method to 
evaluate spectral fit is to calculate an index of metamerism using a 
dissimilar illuminant [10]. A 2200K blackbody radiator was chosen 
resulting in an average CIEDE2000 of 1.8 and a range of 0.03 – 
9.88. Poor and excellent fits are shown in Figure 9. For this dataset, 
three primaries are insufficient to approximate the 58 pigments. 

 
Figure 7. First three eigenvectors resulting from principal component analysis. 

 
Figure 8. Rotation of first three eigenvectors resulting in spectra similar to 
cyan, magenta, and yellow pigments.  

 

 
Figure 9. Example spectral fits using PCA-based CMY primaries. The 
estimated spectra are shown in red. 



 

 

Final Dataset  
An Excel spreadsheet was created containing the spectral 

reflectances of the data supplied by Golden, the Kubelka-Munk 
optical coefficients, the spectral and colorimetric data of the 
mixtures, the spectra used to create the synthetic image, the results 
of principal component analysis, and Kubelka-Munk and 
Saunderson details. The image is 50.7 MB with 16-bit 
ProPhotoRGB encoding. These are available for downloading at 
grayskyimaging.com. 
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