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Abstract. A concept of image quality metamerism as an expansion of
conventional metamerism defined in color science is introduced, and
it is applied to segment similar color areas in a cultural property. The
image quality metamerism can unify different image quality attributes
based on an index showing the degree of image quality metamerism
proposed. As a basic research step, the index is consisted of color
and texture information and examined to investigate a cultural prop-
erty. The property investigated is a pair of folding screen paintings that
depict the thriving city of Kyoto designated as a nationally important
cultural property in Japan. Gold-colored areas painted by using high
granularity colorants compared with other color areas are evaluated
based on the image quality metamerism index locally, then the index
is visualized as a map showing the possibility of the image quality
metamer to the reference pixel set in the same image. This visualiza-
tion means a segmentation of areas where color is similar but texture
is different. The experimental result showed that the proposed method
was effective to show areas of gold color areas in the property. © 2013
SPIE and IS&T [DOI: 10.1117/1.JE1.22.1.013029]

1 Introduction

Museums possess a wide variety of artworks, historical mate-
rials and cultural properties. For example, there are over
220,000 items in the National Museum of Japanese History,
and they are investigated to obtain historical and cultural
information. Though scientific or chemical analysis tech-
niques are used in the investigations, methods based on
color imaging science and technology are getting one of
important investigation techniques to preserve further degra-
dations of the materials during the investigations.' In this
paper, we introduce a concept of image quality metamerism
that is an expansion of the metamerism defined in color sci-
ence; two stimuli are observed as the same color under an
illuminant, even those spectra that are different each other.
Based on the concept of the image quality metamerism,
an index showing degree of the image quality metamerism
is defined to unify different attributes affecting the image
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quality, and it is applied to segment areas; similar color
but different texture.

Recently digital imaging technology has promised to
enhance activities in museums, and images with high quality
that could provide benefits to the activities such as exhibi-
tions, websites, databases, history research, education, and
so on. Therefore, evaluation of image quality is important
for improving images recording the cultural properties.
Not only the improvement of image quality, but also the fea-
ture extraction from the images is an important technique for
the activities because the images of the cultural properties
have a lot of information including invisible ones.

In this research, a pair of folding screen paintings is
focused on in the investigation based on the image quality
metamerism. One of the purposes in the investigation is
to find areas where more detailed investigation has to be
required compared with other areas for cultural properties
and historical materials. Our global research goal is to
develop a method to find such areas based on imaging tech-
niques for giving suggestions to researchers in the field of
cultural properties and historical materials. To achieve the
global goal, we have developed new image quality metam-
erism index and applied to the folding screen. Colors painted
on the screen paintings are faded and observed as the same
color, even those are painted by different colorants originally.
Some parts in the folding screens are painted by using high
granularity colorants such as gold color compared with other
colorants. This difference in the granularity could tell us
additional information to segment colored areas. Because
the gold-colored areas have specific meanings to a history
or culture from the property, the texture information is
focused on together with the color information based on
the concept of the image quality metamerism.

2 Related Work

It is well known that the total quality of images consists of
image quality attributes such as graininess, sharpness, tone
reproduction and color reproduction. Quantitative evaluation
of image quality is required to improve and compare images
acquired by different imaging systems. Although research
has been done on the evaluation of image quality, it is
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still a challenging task. Dainty and Shaw investigated quality
of images and discussed image quality assessment in the
point of view of the information theory.* Image quality is
determined by a variety of image quality attributes. Stultz
and Zweig showed the relationship between sharpness and
granularity for black and white samples.’ Bartleson also
showed the relationship between sharpness and graininess
by using color prints and derived that total image quality
is determined by a lower attribute.® Barten investigated per-
ceived image quality from the effect of picture size and
definition.” In the evaluation of image quality, structure
information is applied based on the degree of degradation
compared with reference image.®°

In our previous research, it was assumed that imaging sys-
tems consisted of three devices: acquisition, recording, and
display, and the imaging system was formulated as a linear
model for evaluating and improving the total image quality
with respect to the sharpness and graininess obtained by sub-
jective experiments.'!*!> On the basis of the linear model, the
subjective quality of degraded images was summarized into
image quality maps showing relations between the sharpness
and graininess. The image quality maps told us that the same
total image quality was obtained from different combinations
of the sharpness and graininess. Hasegawa et al. proposed a
method for surface reconstruction of artist paintings to repro-
duce the appearance of a painting including color, surface
texture, and glossiness.'? Vangorp et al. showed an explor-
atory psychophysical experiment to study various influences
on material discrimination in a realistic setting, and the
resulting data set was analyzed using a wide range of stat-
istical techniques.'* Seetzen et al. showed a high dynamic
range display systems. They described the design of both
systems as well as the software issues that arise, and also
discussed the advantages and disadvantages of the two de-
signs and potential applications for both systems.'> Matusik
et al. proposed a complete system that uses appropriate inks
and foils to print documents with a variety of material prop-
erties, and showed that the effectiveness of the proposed
method with printed samples of a number of measured spa-
tially varying bidirectional reflectance distribution functions
(BRDFs).'® Akao et al. characterized sheets of white paper
using three BRDF model parameters estimated from the
BRDF in the specular reflection plane.'’

The metamerism is a phenomenon in which colors are
matched under one illuminant but are different under
other illuminants.'® Research has been carried out relating
to the metamerism.'*~* Because color is also an important

attribute in the application of the image quality, the metamer-
ism defined in color science was applied to analyze historical
materials to detect areas that have possibly been repainted in
the past.**> Many studies have addressed the estimation of
spectral reflectance for a variety of materials.?**’ Historical
properties tend to be very fragile, and thus they need to be
preserved from further degradation for research purposes.
Because measurement methods of the spectral reflectance
need a long measurement time, an estimation technique is
introduced to obtain the spectral reflectance by using an esti-
mation matrix including higher order terms of RGB signals
determined by using the color chart.”** Bochko et al. also
proposed analysis methods used for developing imaging
systems estimating the spectral reflectance. The system incor-
porated the estimation technique for the spectral reflectance.*

3 Acquisition of Cultural Property

The cultural property focused on in this research is a pair of
folding screen paintings named “Scenes In and Around
Kyoto” (Rekihaku “A” version, National Museum of Japa-
nese History) designated as a nationally important cultural
property in Japan. It is the oldest extant version of a
genre of folding screen paintings that depict the thriving
city of Kyoto in the four seasons. Clues in the scenes indicate
that the painting was probably executed in 1525 based on the
historical research results in the point of view in the buildings
and people painted. In total, 1426 people and many residen-
ces, temples, and houses are painted, and it is an important
historical material telling us about city scenes and people’s
life in Kyoto at that time.’'

Due to the size that each screen measures (138 X 343 cm)
and to ensure uniform lighting without distortions in the
acquisition process, a large scaled flatbed type scanner
has been selected (Scamera Museum II, Newly Corporation,
Japan) that has RGB line sensor of 600 dpi resolution and
8 bits per pixel gray level. This scanner can change the
angle of the line sensor head from 0 to 20 deg to acquire
fine texture on the surface of scanning objects. The sensor
head angle for the folding screen was set to 15 deg based
on the test scans. Figure 1 shows the scanned images of
the pair of the folding screen paintings.*

4 Image Quality Metamerism

Definition of the metamerism in color science can be
expanded to provide a general form that is two responses
obtained through the human visual system are matched
but their objective stimuli are different. Furthermore, the

(a)

(b)

Fig. 1 The scanned images of the paired folding screen paintings named as “Scenes In and Around Kyoto” (Rekihaku “A” version, National
Museum of Japanese History) designated as national important cultural property of Japan. (a) Right panel and (b) left panel.
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Fig. 2 Examples of different types of metamerism with respect to attribute in the image quality. (a) Sharpness metamerism; (b) graininess

metamerism; (c) temporal metamerism; and (d) shape metamerism.

definition can be expanded to objective response space that
two objective responses are matched even though two signals
caused by the responses are not matched. In this general def-
inition of the image quality metamerism, the responses are
not limited to the visual response or the same image quality
attributes. In our previous research, the total image quality
was obtained from different combinations of the sharpness
and graininess. In that case, the sharpness and graininess
can be referred to as metamerism attributes.

In the conventional color metamerism, the response is
perceived color and the stimulus is spectral reflectance.
Because color is also affected by gloss property of object
surface that is a function of incident and reflection angles,
different objects can be observed as the same under a certain
angle condition but different under another. This can be
referred to as a glossiness metamerism. Figure 2 shows
examples of different types of metamerism corresponding
to each of image quality attributes. Figure 2(a) shows sharp-
ness metamerism; that is two letters, C and O, can be recog-
nized as different letters at near distance but those may be
observed as the same letter at far distance. In the same
way, graininess metamerism is also described as shown in
Fig. 2(b). Two textures having different granularity may
be observed as the same under different viewing conditions
such as viewing distance. Colors will fade as time goes by.
As aresult, originally different colors may be matched after a
certain time as shown in Fig. 2(c). This phenomenon can be
referred to as temporal metamerism. Shape of objects is also
depending on viewing conditions as shown in Fig. 2(d). This
dependency of shape recognition is described in term of the
metamerism. If each metamer caused by different image
quality attributes can be combined, the framework of unified
image quality could be established.

In the case of image quality, if two images have the same
image quality but the images are different objectively, the
images are the image quality metamer each other. Figure 3
shows a schematic diagram showing the image quality
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Fig. 3 Scematic diagram showing the image quality metamer.

metamerism. An image can be represented as a vector in
a signal space and it can be projected onto a response
space. This response space is not limited to the human visual
system. The projected vector is a fundamental attribute vec-
tor and the rest is a vector for image quality metameric black.
The image quality metamerism can be used not only to com-
pare different images but also to evaluate in one image
locally to extract local image quality metamer as a feature
extraction for classification. The benefit of the image quality
metamerism is that different attributes affecting the total
image quality could be unified to build an index for evalu-
ating the total quality of images obtained by the different
imaging systems and observed under different viewing con-
ditions. This is our global goal, and as a basic step to achieve
it only the color and texture information are unified in terms
of the image quality metamerism in this paper.

5 Index for Image Quality Metamerism

In addition to color information, texture of the material sur-
face is employed in the framework of the image quality
metamerism in this research because it is difficult to segment
adjoining similar color areas based on the color information

Jan-Mar 2013/Vol. 22(1)
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only for faded colors in authentic cultural property. The
texture information on the surface gives us additional and
effective information to segment gold-colored areas from
brownish-colored areas because the gold-colored areas are
painted by using higher granularity colorant compared with
brownish-colored areas. Therefore in this research, the index
to evaluate the image quality metamerism is calculated from
the spectra, color, and texture attributes. The color and

spectra are evaluated by using the color difference AE(x, y)
in CIELAB and the correlation coefficient C(x,y) in the
spectral domain. Both are calculated pixel by pixel between
the test and reference pixel from Egs. (1) and (2), respec-
tively. Although more advanced color difference formulas
are investigated nowadays,**** we have started the simplest
formula to confirm the concept of the image quality
metamerism.

AE(x.y) = /1L (5yy,) = L (e )P + [0 (5y0y,) -

Zjv 1 [f( Xrs Yrs j)

fr( rvyr)Hf(x y’j'j) ( )]

a*(x7y)]2+ [b*(xr’yr) _b*(xvy)]z’ (1)

)Cyi

2

In the equations, f(x,y,4) is estimated spectral reflec-
tance, N, is the number of the spectral dimension where
N, =401, (x,y) and (x,,y,) are pixel position to be tested
and reference pixel position, respectively. In this research,
the reference pixel is placed arbitrary in the image in
advance. The purpose of the metamer detection is to segment
gold-colored areas from brownish-colored area as an initial
investigation of cultural property, the reference pixel is,
therefore, placed in a brown-colored area for the folding
screens. L*(x,y), a*(x,y), and b*(x,y) correspond to CIE-
LAB coordinates for CIE D65 standard illuminant. From the
definition of the metamerism, if C(x, y) is 1.0, the test pixel
at the position (x, y) is referred to as the same and not a meta-
mer to the reference pixel at (x,,y,) in the same image.
G(x,y) shows the difference in the granularity between the
test and reference pixel calculated by Eq. (3). In Eq. (3),
f(x,y) shows 8 bits digital image, and f shows mean value
in the D x D pixels area. G(x,y) calculated by Eq. (3) is
averaged for R, G, and B color channel. It is assumed that
graininess observed though the human visual system in
brown and gold-colored areas would be matched if viewing
distance is long enough. In this research, fine texture infor-
mation on the surface of the folding screens that could not be
recognized by the human visual system is used in the seg-
mentation of the gold-colored area. To obtain such fine tex-
ture information, a granularity parameter is calculated from
a small local area. Because the degree of granularity is de-
pendent on size of the local area, changes of the local granu-
larity are used in the granularity parameter. Based on this
assumption, the difference of the local standard deviation
is calculated from D X D pixels area around the reference
and the test pixel, where D is 3, 5, 7, and 9 pixels as follows:

1 D D
_lZZ rtvyr] r]z

D=35.79 D J=1 i=1

IZ

j=11i

G(x,y) =

Mw

fy) = 1P 2. )
1

where AE(x,y), C(x,y), and G(x,y) are calculated as the
first parameters, which have their own ranges of value.
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The image quality metamerism index M(x,y) is calculated
from the second parameters pAE(x,y), pC(x,y), and
pG(x,y) having the same range of 0 to 1, and showing
how each attribute influence the image quality metamerism.
The second parameters are calculated from Eqgs. (4) to (6),
and finally the index M(x,y) is calculated from Eq. (7) as
a joint probability of the second parameters, which shows
where the area has high potential as the image quality
metamer. In Egs. (4) to (6), oag, 6¢, and o are control
parameters to determine sensitivity in the image quality
metamerism, and a methodology to determine the control
parameters is described in the next section.

AE 2
PAE(x,y) = exp {— 42();’ ) } “
OAE
C(x,y) —1]?
pC(x,y)=l—eXp{—[(ny4)2]}, (5)
oc
G(x,v)?
pG(x,y)l—exp[— (szy)} (6)
oG
M(x,y) = pAE(x,y)pC(x,y) pG(x,y). @)

6 Detection of Image Quality Metamer

The control parameters o,z and o in Egs. (4) and (5) are
determined by using metamerism test charts as shown in
Fig. 4. On the other hand, the control parameter o; in
Eq. (6) is determined adaptively from local standard
deviation calculated in D X D pixels around the reference
pixel, where D is 3, 5, 7, and 9 pixels. Figure 4 is an
image taken by a digital camera (DP2 Merrill, SIGMA Cor-
poration, Japan) under a tungsten illuminant, and the spectral
reflectance is estimated for each pixel in the image. In Fig. 4,
there are two sets of metamerism test patches that are namely
V1 and V2 for violet color set, and B1 to B4 for blue color
set. The Macbeth color checker in Fig. 4 is used to estimate
the spectral reflectance and to check a performance of the
proposed method. Figure 5 shows measured spectral reflec-
tance for all of metamerism test patches. In this research,
spectral reflectance is measured by using a spectroradiometer

Jan-Mar 2013/Vol. 22(1)
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Fig. 4 Metamerism test charts used to determine the control
parameters o, and oc.

(Specbos 1201, JETI Technische Instrumente GmbH, Ger-
many) in 1 nm steps from 380 to 780 nm. Table 1 shows
correlation coefficients between the spectral reflectance of
the metamerism test patches, which are used to determine
the control parameter o.

The parameter pAE(x, y) is used to pick metamer candi-
date pixels up in the folding screen image. Because the pur-
pose of the initial investigation is to find questionable areas,
it requires detailed investigation, so the control parameter

0.5
|
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reflectance

Table 1 Correlation coefficients between metamerism color patches
in Fig. 4.

(a) Violet patches

Violet vi V2
VA 1.000 0.892
V2 — 1.000
(b) Blue patches
Blue B1 B2 B3 B4
B1 1.000 0.970 0.974 0.917
B2 — 1.000 0.995 0.958
B3 — — 1.000 0.957
B4 — — — 1.000

oar 1s adjusted to cover widely enough the metamerism
patches. The role of the parameter pC(x, y) is to reject pixels
from the metamer candidates that have the same or very
similar spectral reflectance to the reference pixel. The sim-
ilarity is adjusted by the control parameter o determined by
using the metamerism patches with consideration of the

...... Bl
""" B2

0.5

0.4

o o
LS} W

0.1F

530 580 630 680 730
wavelength (nm)

(b)

0 . .
380 430 480 780

Fig. 5 Measured spectral reflectance of the metamerism patches in Fig. 4. (a) Violet patches and (b) blue patches.
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Fig. 6 Relationships between the first and second parameters to be used for the index. (a) For color attribute; (b) for spectra attribute;
and (c) for granularity attribute. o5 is determined adaptively in the detection.
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Fig. 7 A reference pixel is placed arbitrary in the image. Test
pixel in the same image is scanned from top-left to bottom-right
direction.

(e)

correlation coefficients in Table 1. Figure 6 shows resultant
relationships between the first and second parameters, where
the control parameters are o,z = 8.0 in Fig. 6(a) and o6 =
0.01 in 6(b). Because the control parameter o is determined
adaptively in the metamer detection, Fig. 6(c) illustrates the
relationship for the granularity attribute where o5 = 1.0
as an example.

As a performance test of the proposed method, ability to
detect color metamer is confirmed by using the metamerism
test charts shown in Fig. 4. The reference pixel is placed
in each of metamerism patches as shown in Fig. 7. The
test pixel in the same image is scanned from top-left to
bottom-right direction in pixel by pixel process. Figure 8
shows results of the color metamer detection represented
as a grayscale map, where pG(x,y) = 1.0 in Eq. (7). All
of the grayscale maps in this paper are applied a gamma
transformation by y = 1/2.2 for improving visualization
result, and the target pixel is indicated as a red square
dot. In the grayscale maps, brighter area shows higher pos-
sibility of the metamerism to the reference pixel. In Fig. 8(a),
the reference pixel is placed in V1 patch, therefore V2 patch

(f)

Fig. 8 Result of performance test on color metamerism, where o, = 8.0, 6 = 0.01. The reference pixel is set in each of the metamerism patches.

(a) V1; (b) V2; (c) B1; (d) B2; (e) B3; and (f) B4.
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is indicated as higher possibility of the color metamer to V1
patch. In other patches, the results show appropriate perfor-
mance to detect the color metamerism areas. To illustrate
effect of control parameters, o is changed to - = 0.001
as shown in Fig. 9. The color metamers are detected more
strictly compared with o = 0.01.

Figure 10(a) shows color charts scanned with the folding
screens, which consisted of the Macbeth color checker used
to estimate the spectral reflectance of the folding screens
and hand-made colorants chart created by a researcher.
Figure 10(b) shows a result of the metamer detection.

The result of the detection for the folding screens is sum-
marized in Fig. 11. The gold color is mainly used for cloud
parts in the folding screen as shown in Fig. 11(a), and it is
faded to seem brownish in color. As a result, borders between
the gold and brownish colors are not clear. Figure 11(b)
shows resultant grayscale map for M(x,y) representing
the degree of the image quality metamer to the reference
pixel (x,,y,) marked by a red squared dot set in the brownish
color area. The cloud part of the folding screens is indicated
as higher metamerism possibility. Figure 11(c) shows
M (x, y) map without consideration of the granularity param-
eter that includes too many metamer pixels meaning false
detections. This result is corresponding to expected detection
based on the observation of the real folding screens.

(d)

However, it is also necessary to improve the definition for
each attribute and to include other image quality attributes
that are not used in this paper.

Figure 11(d)-11(f) shows grayscale maps for pAE(x, y),
pC(x,y), and pG(x,y) corresponding to the possibility of
metamer in the sense of the color difference, spectral reflec-
tance, and granularity to the reference pixel position. Those
figures show the difficulty in distinguishing the difference
between the gold and brownish colored parts by using only
each of the image quality attributes, which supports the
effectiveness for the feature extraction with respect to the
image quality metamerism. Figure 12 shows another exam-
ple of the metamer detection for the folding screen. As in
Fig. 11(b), the cloud part painted in gold color is indicated
as higher metamerism region in Fig. 12(b).

The detection results have been evaluated as reasonable
and proper by an expert of the folding screen. The result
shown in Fig. 11(b) could be obtained by visual observa-
tions; however, it is hard for the result shown in Fig. 12(b).
Therefore, the method proposed in this paper can be helpful
to investigate areas painted by the same or not same colorants
in the folding screen. The expert also emphasized that this
method can indicate the difference of colorants used but it
does not indicate that the colorant is gold. To conclude it,
chemical or scientific investigation is required.

()

Fig. 9 Result of performance test on color metamerism, where 6,z = 8.0 and o = 0.001. The reference pixel is set in each of the metamerism

patches. (a) V1; (b) V2; (c) B1; (d) B2; (e) B3; and (f) B4.
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(b)

Fig. 10 Color charts scanned with the folding screens, and its M(x, y) map. (a) Scanned chart image, (b) M(x, y) map.

(e)

Fig. 11 The scanned image, grayscale maps for M(x,y), pAE(x,y), pC(x,y), and pG(x, y) to the reference pixel in the folding screens.
(a) scanned image; (b) M(x, y) map; (c) M(x, y) map without granularity; (d) pAE(x,y) map; (e) pC(x,y) map; and (f) pG(x, y) map.
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7 Conclusion

One of the difficulties in the evaluation of image quality is
how to determine an index that can evaluate the total image
quality. In this research, an index is proposed based on the
expanded definition of the metamerism to unify different
attributes affecting the total image quality, and it is applied
to segment similar colored areas in a cultural property. The
metamerism is originally a phenomenon defined in color sci-
ence, however, the definition can be expanded not only for
the color but also image quality. There is a word, “paramers,”
meaning different stimuli that produce approximately the
same colors under specified viewing conditions.*>*® Our
target in the detection is metamers that are perfectly matched
under distinct viewing conditions. However, in the investi-
gation of cultural properties, it is more effective to show
the degree of metamerism than to separate whether it is a
metamer or not. Therefore, our work can be addressed as
one of the proposals of the degree of metamerism. If the
index to evaluate the image quality metamerism can be cal-
culated locally in the image as shown in this paper, local
image quality metamers can be detected, and it could be
applied to develop an image quality-based image segmenta-
tion method. The measures used in this paper to evaluate
color and spectral attributes are commonly used in the
field of color science, however, the original measure to
evaluate local granularity is defined and applied to investi-
gate the cultural property. Only the granularity is included
to the color metamerism in this paper, however, the concept
can be expanded to other image quality attributes such as
glossiness, sharpness, and viewing conditions. In the inves-
tigation of cultural properties and historical materials, gen-
erally speaking, color information is the most important.
Therefore, color and spectrum have a priority than the texture
in this paper. This priority can be switched corresponding to
other research purposes in the investigations. For example, if
a researcher knows the texture distribution of similar colors,
metamer candidates can be detected based on the texture at
first, then color and spectrum are evaluated to detect image
quality metamers more accurately.

The proposed method is effective for an initial stage of
investigations for the cultural properties as a nondestructive
investigation technique. The experimental results showed
that the accuracy of the detection of the image quality

Journal of Electronic Imaging

013029-9

(b)

Fig. 12 Another example of the metamer detection for the folding screen. (a) Scanned image of the folding screen and (b) M(x, y) map.

metamer was required to improve more for actual use in
the investigations, but it could offer more convenience as
the first investigation in the investigation workflow for the
cultural properties. After the initial investigation by the pro-
posed method, more detailed investigation or measurement
methods could be applied in questionable areas intensively. It
is hard to conclude whether the detection by the proposed
technique is correct or not because techniques with scientific
analyses are necessary to conclude the correctness of the
detection results. Therefore, further experiments are required
and examined as a future work.

It is necessary to evaluate the image quality based on the
subjective evaluation experiment, however, it is hard to use
the authentic cultural property in the subjective experiment
for preservation reasons. In this paper, the assumption is
employed that graininess would be matched in far distances
but would be different objectively on the surface of the
object. This difference could not be observed by the human
visual system but could be detected by the objective measure
such as that proposed in this paper.
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