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Virtual Restoration of Ancient Chinese Paintings
Using Color Contrast Enhancement and
Lacuna Texture Synthesis

Soo-Chang Pei, Fellow, IEEE, Yi-Chong Zeng, and Ching-Hua Chang

Abstract—This work presents a novel algorithm using color
contrast enhancement and lacuna texture synthesis is proposed for
the virtual restoration of ancient Chinese paintings. Color contrast
enhancement based on saturation and de-saturation is performed
in the u/v’Y color space, to change the saturation value in the
chromaticity diagram, and adaptive histogram equalization then
is adopted to adjust the luminance component. Additionally, this
work presents a new patching method using the Markov Random
Field (MRF) model of texture synthesis. Eliminating undesirable
aged painting patterns, such as stains, crevices, and artifacts,
and then filling the lacuna regions with the appropriate textures
is simple and efficient. The synthesization procedure integrates
three key approaches, weighted mask, annular scan and auxiliary,
with neighborhood searching. These approaches can maintain
a complete shape and prevent edge disconnection in the final
results. Moreover, the boundary between original and synthesized
paintings is seamless, and unable to distinguish in which the
undesirable pattern appears.

Index Terms—Color contrast enhancement, lacuna texture syn-
thesis, Markov random field, virtual restoration.

1. INTRODUCTION

HE uses of digital processing for image improvement
recently has received considerable interest and has broad
applications in medical imagery, remote sensing, digital multi-
media, image transmission, and so on. The digital processing
includes four types of image manipulation processes, namely:
image compression, image enhancement, image restoration
and geometrical image modification [1]. The main objective
of image enhancement techniques is to process an image, and
producing a new image that is more suitable than the original
for certain specific applications [2]. No general unifying theory
and image quality standard exists that can suggest design cri-
teria for image enhancement processing. Moreover, processing
image enhancement for restoration and reconstruction becomes
even more difficult when dealing with ancient paintings.
Numerous techniques exist for image enhancement. Some of
these techniques focus on emphasizing the local image inten-

Manuscript received February 21, 2003; revised October 6, 2003. This
work was supported by the National Science Council, R.O.C., under Contract
NSC91-2219-E-002-044 and by the Ministry of Education under Contract
89-E-FA06-2-4. The associate editor coordinating the review of this manuscript
and approving it for publication was Dr. Henri Maitre.

S.-C. Pei is with the Department of Electrical Engineering, National Taiwan
University, Taipei 10617, Taiwan, R.O.C. (e-mail: pei@cc.ee.ntu.edu.tw).

Y.-C. Zeng and C.-H. Chang are with the Graduate Institute of Communica-
tion Engineering, National Taiwan University, Taipei 10617, Taiwan, R. O. C.
(e-mail: d9942010@ee.ntu.edu.tw; 190942087 @ ms90.ntu.edu.tw).

Digital Object Identifier 10.1109/TIP.2003.821347

sity or color variations to enhance perceptual visibility. Accord-
ingly, most of these techniques work in some color spaces where
the intensity and chromaticity components can be separated and
adopted using the human visual perception model.

This study describes the hybrid method in the XYZ and
L u’v’ color spaces of the CIE primary color coordinate system
[3], which enables the combination of the enhancement oper-
ations. Owing to the nonuniform character of the commonly
used xy chromaticity diagram, we propose selecting the more
uniform u’v’ chromaticity diagram. For many short lines in
the xy chromaticity diagram joining a pair of points, which
represent two colors with perceptual color difference of the
same magnitude, these identical color differences should be
represented by lines of equal length. In fact, these lines are
much longer than the average length toward the green part of
the spectral locus, and much shorter toward the violet part.
Since, the ratio of the longest to the shortest line in the u’v’
chromaticity diagram is only around four to one, instead of
around twenty to one in the xy chromaticity diagram [3], color
mixing performance based on color distance is better in the
u’v’ chromaticity diagram. Lucchese and Mitra originally
proposed the nonlinear filtering and enhancement techniques
for color images in the xy chromaticity diagram [4], [5]. Fig. 1
adopts the saturation and de-saturation concept using the
center of gravity law for color mixture [3], [5] in the uniform
u’v’ chromaticity domain, and combines them with adaptive
histogram modification [6] to adjust the luminance component
Y to a suitable brightness level. The final image is enhanced
with more appealing color in the brighter region and more
brightness contrast in the darker region. Sharpness also is
increased, and visible details of the resultant image.

Texture synthesis involves synthesizing numerous textures
from original samples, and their structure characteristic is
similar to sample structure. Efros [7] and Wei [8] use the
Markov random field/Gibbs sampling, to model texture, and
perform synthesis with probability sampling. Additionally,
matching sample texture appearance using a pyramid-model,
Heeger and Bergen developed an algorithm that obtained
better-synthesized results of random textures [9]. Moreover, the
approach of DeBonet preserved the cross-scale dependencies
of the sample texture, and moreover works better on structured
textures [10].

The texture synthesis technique inspires us to repair ancient
paintings, eliminating undesirable patterns and filling it with
texture. The undesirable aged painting patterns displayed in
Fig. 2 generally include stains, crevices and artifacts (words
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Fig. 1. Procedures of hybrid color contrast enhancement and lacuna texture synthesis.

Fig. 2. Three types of undesirable patterns, (a) stains, (b) crevices, and (c)
words and signet artifacts.

or signets), and so on. This study proposes a new texture
synthesis algorithm using the weighted mask, annular scan
and auxiliary to fix damage on paintings of various ages. The
algorithm successfully restores the digital imageries of ancient
Chinese paintings, and the experimental results demonstrate its
superiority to previous techniques.

The remainder of this paper is organized as follows. First,
Section II presents the hybrid color contrast enhancement
method. Subsequently, Section III describes the proposed tex-
ture synthesis method. The experimental results and discussion
then are presented separately in Sections IV and V. Finally,
conclusions are given in Section VI.

II. HYBRID COLOR CONTRAST ENHANCEMENT

Hybrid color contrast enhancement includes color enhance-
ment in the chromatic domain and brightness enhancement in
the luminance component. These two enhancements are not in-
dependent, when the Y component is adjusted slightly to control
the illumination level [5]. The Y component also is modified
using adaptive histogram equalization following color enhance-
ment in the u’v’ component, because this method of order pro-
cessing achieves better image quality, and Fig. 1 illustrates the
experimental procedure.

Rather than working in the RGB color space, operations are
performed in the u’v’ chromaticity domain of CIE L u’v’ color
space. The linear transformations between the RGB and CIE
XYZ color spaces are given by

X 0.49000 0.31000 0.20000 R
Y | =1 0.17697 0.81240 0.01063 G (1)
A 0.00000 0.01000 0.99000 B
The chromaticity values u’ and v’ then are obtained as below,
;L 4X
YT X 15y + 37
, 9Y

__ 9 2
VT X +15Y +32 2)
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Fig. 3. The dotted triangle represents color gamut of standard screen, and the
blue curve represents the spectral locus.

Fig. 3 represents the u’v’ chromatic plane. The three vertices of
the color triangle are located at R (u’ = 0.4507, v/ = 0.5229),
G (v’ = 0.1250, v/ = 0.5625), B (v’ = 0.1754, v/ = 0.1579)
and D65 white point [3] is located at W (u’ = 0.1978, v/ =
0.4683). Since u’ and v’ represent chromatic components and
Y contains the brightness information, it is reasonable to adopt
(u’, v/, Y) as the working space. Thus this approach enhances
the chromatic and luminance parts, respectively.

A. Color Enhancement

1) Achromatic Triangle: All color pixels in the gamut tri-
angle except the achromatic region can be saturated and de-sat-
urated. Since the points around the white point are not very col-
orful, enhancing these color pixels is meaningless. Thus this re-
gion near the white point is treated as the achromatic region.
The achromatic region proposed in [5] is a circle around the
white point, but some discontinuous color pixels are resulted
due to over-saturation around the long lines, WR, WG, and
WB in Fig. 3. Instead of the achromatic circle, the small sim-
ilar triangle with half the three sides of the gamut triangle is
chosen as the achromatic triangle. Discontinuous color pixels
are avoided when choosing the proposed achromatic triangle.
No saturation and de-saturation operations work for the pixels
inside the achromatic region. However, two main processes are
involved for the pixels outside the achromatic region, namely
saturation and de-saturation.

2) Saturation: All color pixels of an image are discretely
distributed in a u’v’ diagram. As illustrated in Fig. 3, three
types of angular ranges, 1, 6> and 63, are composed by WR,
WG, and WB, respectively. Assume that a color image pixel
C and the white point W, are represented as (u’, v/, Y) and
(ul,, vl., Yy) respectively. Stretch the line between the white

W w

point, W, and point C outside the triangle. Specifying C in one
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Fig. 4. (a) All the color pixels except those inside the achromatic triangle are
moved to the gamut triangle boundaries during the saturation procedure. (b) All
of the color pixels, except those inside the achromatic triangle, are de-saturated
within the gamut triangle.

of three kinds of angular range can identify which line WC
intersects, namely GR, BG or RB. Fig. 4(a) shows that every
color pixel, except the points inside the achromatic triangle, is
removed from their original location to the boundaries of the
gamut triangle. However, the hue of each color pixel is fixed.
The removed color pixel can be represented as Cs (ul, v.,Y).
Since this pixel is maximally saturated, the values of the u.v/,
chromaticity components are maximized as displayed on the
monitor. However, the maximally saturated image appears un-
natural, meaning that it is better to proceed with de-saturation.
3) De-Saturation: Following saturation, all color pixels
outside the achromatic triangle are moved to the gamut triangle
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Fig. 5. Myo, Mo1, Myo and My, are transfer functions for histogram
modification mapping. The new value at (p, ¢) is evaluated by bilinear
interpolation.

boundaries. The color pixels of the natural image are nonuni-
formly distributed within the triangle. De-saturation must be
proceeded properly. De-saturation is implemented by using the
Center of Gravity Law of color mixing [3], [5]. This approach
assumes that the chromaticity coordinates of Cy, and Cq are
defined as (ul,, vi, Yy) and (ul, v, Y) respectively, then

Cas (U, vies Yas) results from two color mixtures, as follows,

1Y 7 Yy
, Ug o7 + Uy , Y+Yy
Ugs = Y + Y ’ Vds = Y + Yo (3)
vl Vi vl Vi

Y., is chosen as Yy, = kY where k is a positive factor for con-
trolling the luminance level and Y is the mean luminance of all
pixels. In the virtual restoration conducted here, k is assigned a
positive value, so that the picture will appear brighter. Experi-
mentally, the chosen value of k varies from 0 to 0.5, the larger
the factor k is chosen, the more the color pixels are de-satu-
rated. Fig. 4(b) shows that the color pixels on the boundaries
of the gamut triangle are de-saturated using the (3). Finally,
the luminance of the whole image is slightly increased by the
Yas = Y« + Y. This proposed color contrast enhancement
makes the pictures appear more colorful, and consequently can
increase image sharpness.

B. Brightness Enhancement

Since Y represents the luminance component, it is enhanced
by the well-known adaptive histogram equalization (AHE) [6].
Fig. 5 shows how a picture can be divided into several nonover-
lapping rectangular regions. AHE applies histogram modifica-
tion to each pixel based on the histogram of pixels within a
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moving window neighborhood. Histogram modification map-
pings, Moo (i), M10(2), Mo (%) and My, (4) are generated at four
neighboring grid points at (po, go), (P1, go)> (Po, q1) and (p1, q1).
The mapping applied at (p, ¢) is obtained using the following bi-
linear interpolation.

M(i) = (1 —a) [(1 = b) Moo (i) + bMi0(7)]
+a[(1 = b) Moy (i) + bM11(7)] 4)

. where a = (¢ — q0)/(q1 — q0), b = (p — po)/(p1 — Po)s
and ¢ denotes the gray value at (p, ¢). For the boundary pixels,
the pixels within the image can be reflected outside the borders.
Thus, the boundary pixels do not require any special handling.
For experiment of Fig. 10, the original image, rectangular grid
and rectangular window sizes are 1859 x 1315, 201 x 201 and
201 x 201, respectively. If the rectangular window size is too
small, the image will appear unnatural since too much local de-
tails on small regions are enhanced in too small an area. How-
ever, if the rectangular window size is large, then the effects on
the achromatic region will be less obvious. As a result, experi-
mental size choice depends on the image features.

Both of the luminance and chromaticity components already
have been adjusted. First, Xy components are obtained from (5),
as follows,
9u’ 4u’

e _wvie e -wviz O
The X, Y and Z are re-distributed using the following formulas,

z=1-x—-y,

?

Y
X+Y+2Z==
Yy

X:X(X—I—Y-l-Z)
Z=uX+Y +17) ©)

Thus, X, Y and Z can be converted to the R, G and B color space
using the inverse transformation of (1).

III. LACUNA TEXTURE SYNTHESIS

This section presents a novel four-phase texture synthesis al-
gorithm, including: neighborhood assignment, possible neigh-
borhood collection, auxiliary and synthesization. The algorithm
is designed to eliminate undesirable patterns in aged paintings
and fill the lacuna regions with appropriate textures. The proce-
dure of lacuna texture synthesis is illustrated in Fig. 1.

A. Neighborhood Assignment

Similar to the method of Efros, this study adopts a
square-window neighborhood with width L for patching the
damaged paintings. Two types of fields exist in the neighbor-
hood of WS(p) (the central pixel of which moves in the S
area in Fig. 6), those are normal field W S, (p) and synthesized
field W S,(p). The characteristics of both fields must satisfy
the following,

WSn(p) UWSs(p) = WS(p) )
WSn(p) "NWSs(p) =0 8)

ws, \ _ J 0, if kth pixel belongs to WSs(p)
A7) = { 1, otherwise ©)

where p denotes the position (z, y) of the central synthesized
pixel and the variable A}"°(p) represents the attribution of the
kth pixel in WS (p). We define the attribution of synthesized
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Fig. 6. Corrupt image (leftmost) with a 5 x 5 square neighborhood (middle) and weighted mask (rightmost).

pixel as A}V°(p) = 0; meanwhile, A} ®(p) = 1 indicates the
normal pixel.

Fig. 6 shows a square neighborhood extracted from the left-
most corrupt image. The dark gray area indicates the normal
filed, and the white area indicates the synthesized field. For a
size L x L square neighborhood, all pixels except for the central
synthesized pixel, that is I.? — 1 pixels, are required for neigh-
borhood searching.

B. Possible Neighborhood Collection

During this phase, the possible neighborhood is collected
from the sample. Notably, the strategy does not resemble that
employed in previous studies [8]-[12], in which neighborhoods
are collected from the pre-prepared sample. The substitute
sample here consists of pixels, are excluded from the corrupt
image. It is deemed as one of self-similarity characteristic.
In [11], Brooks et al. implemented texture editing based on
self-similarity, and acquires the sample from the synthesized
image itself just as with the method presented here.

A square-window possible neighborhood W N (p;), the cen-
tral pixel of which moves in the N area in Fig. 6, comes from
the corrupt image. Two types of field exist, namely normal field
W N,,(p;) and synthesized field W N;(p;), in the ith W N (p;)
at position p;. The attribution is formulated as,

wn, ~ _ J 0, if kth pixel belongs to W N,(p;)
A7 i) = {1, otherwise (10)

, where the variable AkWN (pi) represents the kth pixel’s attribu-
tion in W N (p;). This study defines the attribution of the syn-
thesized pixel as A}V ™ (p;) = 0; meanwhile, A}V (p;) = 1
indicates the normal pixel.

7

(a) (b)

Fig. 7. For the corrupt image (leftmost), it adds the auxiliary lines drawn
(rightmost).

C. Auxiliary

Unfortunately, various types of damage, e.g. stain, crevice, ar-
tifacts (words or signets), have different effects on ancient paint-
ings. Here, we propose a simple approach for overcoming the
effects by adding some auxiliaries to the corrupt paintings.

Fig. 7(a) represents an illustrative example representing
a shawl draped on the left arm. The boundary between the
arm and the background had vanished as well as one part of
the shawl was peeled off. The corrupt region covers many
different textures, including arms, sleeves, shawl, clothes
and background. A lack of auxiliary can easily cause failure
synthesization, and Fig. 17(b) shows an experimental result.
Therefore, drawing the distinct boundary between each of the
different textures being synthesized is essential, and Fig. 7(b)
shows the image with auxiliary lines drawn.

D. Synthesization

Two important synthesizing rules exist for identifying corrupt
regions and then determining the extent to which they should be
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Synthesized
Region

Fig. 8.

marked. Both rules are related to pattern recognition and image
segmentation. To simplify the procedure, this study manually
marks the region, then decides where the auxiliary should be
added.

Unlike pervious works [10], this study applies the annular
scan rather than the raster scan. The annular scan as implied
in the name treads along the outside boundary of the patched
region. It assigns one pixel width from outside the boundary,
and then gradually progresses toward the inside boundary. Fig. 8
illustrates the diagram of the annular scan, in which each square
denotes a synthesized pixel and it runs along the smaller number
pixels to larger number pixels in the same boundary squares. The
boundaries then shrink from dark to bright squares.

This study constructs a neighborhood W.S(p) whose center is
a synthesized pixel, and then searches a neighborhood W N (p;)
most similar to W S(p). Consequently, the central pixel value of
W S(p) is replaced by the corresponding one in W N (p;). The
perceptual distance d(S, N) measures the similarity between
neighborhoods S and N. Unlike the conventional square error
distance measurement, the algorithm uses a weighted distance
as follow,

d(WS(p), WN(p:)) = Zwk [W Sk(p) — W N (p)]®

(1)
, where WSy (p) and W Ny (p;) represent the kth pixel value
in WS(p) and WN(p;), respectively. Moreover, variable wy,
is a normalized weight to emphasize the edge connection. Two
types of pixels in particular are defined in the normal field to be
weighted mask, namely, the outbound pixel and the boundary
pixel. The former does not belong to any of eight-connectivity
of the synthesized pixels, Wi, Wy, W3, Wy, W5 and Wig in
Fig. 6. On the contrary, the later is one of the eight-connectivity
of the synthesized pixels, Wg, W7, Wg, Wo, W14, W15, Woo and
Wys in Fig. 6. The use of weighted mask can avoid the shape

1|23 ;
1|45
19|20 36
18(8 4|78
1716569
157 11|10
41312

Corrupt image and its annular scan.

incompleteness following synthesis. The formulas are defined
as follow,

LWE, if WSi(p) belongs to

wy, = boundary pizel (12)
WP, elsewise
A= > wl+ Y owp (13)

WewB Wwewo

, where W2 and W denote the weighted values of the
boundary and outbound pixels, respectively, and the normaliza-
tion factor A summarizes all of the weighted values.

From (14), since the normal pixels in WN(p;) perfectly
match those in W.S(p), the measured distance is correct; how-
ever, if the normal field W N,,(p;) does not match W S,,(p),
then an infinite distance value is assigned

d(WS(p), WN(pi))
d(WS(p), WN(pi)), if in A (p) - AN (pi)

= =2 A7)

otherwise

(14)

oo,

IV. EXPERIMENT RESULTS
A. Color Contrast Enhancement

As mentioned previously, this study focuses on the restora-
tion of ancient Chinese paintings, with the chosen test images
being some representative artworks from the Tang Dynasty to
the Ming Dynasty [12]. Several pictures are sourced from the
database of articles and images contained in the periodicals of
the National Palace Museum, while the others, which are digi-
tized by scanner, come from paintings books published by the
National Place Museum.
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Fig. 9.

Three main experiments are performed. One experiment uses
color contrast enhancement only, another combines color con-
trast enhancement with brightness contrast enhancement, and
the last one uses the hybrid method without AHE. First, the test
image uses color contrast enhancement is shown in Fig. 9(a). It
displays a traditional Chinese painting of Tang Dynasty ladies
named “A Palace Concert.” In Fig. 9(b), it displays the two steps
involves in the color contrast enhancement, and shows how this

IEEE TRANSACTIONS ON IMAGE PROCESSING, VOL. 13, NO. 3, MARCH 2004

(b)

(a) Original image of “A Palace Concert” in the Tang Dynasty and (b) color contrast enhancement by saturation and de-saturation (k = 0.3).

process makes the ladies appear more vivid. Factor k can be dy-
namically altered depending on image appearance.

The saturation and de-saturation operations enhance the
image not only by changing gloomy regions, but also by in-
creasing image sharpness. Fig. 10(a) shows a classical painting
from the Sung Dynasty named “Wind in Pines among Myriad
Valleys.” Importantly, the Y component regarded as gray
level can be applied along with other brightness enhancement.
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(©)

Fig. 10.

(d)

() Original image of “Wind in Pines Among Myriad Valleys” with size 1859 x 1315; (b) enhancement by saturation, de-saturation (k = 0.1) and AHE

(rectangular window size is 201 x 201); (c) partial region of (a) includes the branches of the pine in the painting; and (d) details of the same region are enhanced
by AHE after color contrast enhancement (¢ = 0.1, rectangular window size is 201 x 201).

Numerous unseen details, such as the branches of the pines, are
revealed when the color contrast enhancement is combined with
the adaptive histogram modification. Fig. 10(b) is processed
by AHE following color contrast enhancement. Figs. 10(c) and
10(d) show the same enlarged regions as shown in Figs. 10(a)
and 10(b), respectively. The restored image reveals more

details, such as the texture of the rock, than the original image,
and moreover this is achieved without significant color loss.
Fig. 11(a) illustrates a painting from the Yuan Dynasty called
“Autumn Colors on the Ch’iao and Hua Mountains.” Moreover,
Fig. 11(b) shows the same image enhanced by saturation and
de-saturation operations in color contrast enhancement. Finally,
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Fig. 11.
and (c) restored image with words and signets removal from (b).

Fig. 11(c) illustrates the final restored image with the words
and signets removed.

B. Lacuna Texture Synthesis

To demonstrate the proposed algorithm, Figs. 11, 12 and 13
show the experimental results achieved by applying the patching
method to specific paintings. The paintings used for the test are
“Autumn Colors on the Ch’iao and Hua Mountains,” “Maid-
servant Holding a Duster,” and “Three Maidservants Carrying
Flower Basins.” Clearly these paintings are covered with nu-
merous stains and crevices. The patched regions are marked, and

(c)

(a) Original image of the “Autumn Colors on the Ch’iao and Hua Mountains,” (b) enhancement by saturation, and de-saturation (k = 0.5);

a size 5 x 5 neighborhood is applied. Additionally, to empha-
size the discontinuous edge in test images, this study employs
the weighted mask, in which the ratio of the boundary pixel to
the outbound pixel is 20:1.

The three experimental results clearly reveal that the tech-
nique successfully patches the images to approximate their
original uncorrupt state. Fig. 11 shows how words and signets
on the paintings are erased. This technique is designed to re-
move damages caused by previous owners of the works; for
example the Ch’ing Dynasty Emperor Ch’ien Lung liked to
write poems and stamp signets on paintings in his collection,
destroying the style of the original painting. The proposed
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Fig. 12.

algorithm treats words and signets as stains and erases them.
Fig. 11(c) shows the restored image after the removal of
words and signets.

In Fig. 12, the patched regions involve the hair, cheek, duster,
skirt, shawl covered arm, and so on of the maidservant. Notably,
several crevices are placed at the boundary of the skirt. Conse-
quently, the incomplete skirt shape is ascribed to discontinuous
edges. The experimental result demonstrates that the crevices
are not only patched, but actually imitates a pseudo boundary to
achieve a complete shape. Fig. 13 displays the results of another
experiment, in which the stains are removed from the corrupt
image and the image is patched up.

(a) Original image of the “Maidservant Holding a Duster” and (b) patched image with stains removal and crevice filling.

V. DISCUSSIONS

Besides the proposed method, this study also experiments
with two conventional synthesizing algorithms, namely the Wei
and Efros’ methods. The performance of these three methods
is compared by focusing on two examinations, namely the
patching capability for edge connection, and the scanning order
for neighborhood searching. Subsequently, the influence of
auxiliary and sample source is discussed.

A. Patching Capability for Edge Connection

A difficult problem is whether or not the different synthe-
sizing methods can connect the breach. It is illustrated the
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(b)

Fig. 13. (a) Original Image of “Three Maidservants Carrying Flower Basins” and (b) patched image with stains removal.

breach of edge in an image, which is one part of a skirt from
the lower-right position of image in Fig. 12(a). This work uses
a width of nine pixels to construct two types of neighborhoods,
an L-shape neighborhood and square neighborhood. The
L-shape neighborhood, created with Wei’s method, consists of
40 pixels, while the square neighborhood, created using Efros
and the present method, consists 81 pixels. Additionally, this

study assigns the weighted mask with the ratio of boundary to
outbound pixels as 20:1.

Clearly, the Efros’ method cannot connect the edge in
Fig. 14(b); however, both the approach of Wei and that de-
veloped here can successfully patch the crevice and then link
the two ends of the broken edge, as illustrated in Figs. 14(c)
and 14(d), respectively. However, it reveals some clear flaws
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Fig. 14.  Anexample of the boundary connection. These are (a) corrupt image,
(b) Efros’, (b) Wei’s, and (c¢) our experimental results.

in Fig. 14(c); specifically, some patterns are duplicated on
the left side of the black-line edge. Fig. 14(d) illustrates that
the proposed approach achieves good results, simultaneously
patching the crevice and connecting the edge.

B. Scanning Order for Neighborhood Searching

The scanning order is discussed, and is divided into two types,
namely annular scan and raster scan, are applied to each of the
three methods. The approach of Efros and the neighborhood
searching strategy developed here employ annular scan, while
Wei uses the raster scan.

Fig. 15(a) reveals a flawed region in the image, specifically
a part of the shoulder on the upper-middle area of the image
in Fig. 12(a). Notably, this flawed region involves three types
of pattern, namely the brown colored shawl, skin, and back-
ground. The synthesis process aims not only to eliminate un-
desirable patterns, but also patches the shawl to create a closed
shape. Fig. 15(c) shows the result achieved using Wei method,
and demonstrates that the shawl on the shoulder is unable to
keep the complete shape, and produce the extra pattern simul-
taneously. In contrast, the approach of Efros and that developed
here efficiently synthesize the shawl and patch the flawed re-
gion, as shown in Figs. 15(b) and 15(d), respectively.

To analyze the raster scanning order in Wei’s method, it starts
from left to right and then top to bottom. The antecedent pixels
around the central synthesized pixel are applied to measure
the distance between two neighborhoods. In Fig. 15(a), the
antecedent patterns of the shawl are skin and background,
explaining why one part of the flawed region on the shawl is
removed and substituted by the color pattern of the skin and
background.

Fig. 15.
corrupt image, (b) Efros’, (c) Wei’s, and (d) our experimental results.

An example of the influence on various scan method. These are (a)

For annular scanning order, it synthesizes the outside pixels of
the patched region first and then gradually progresses inwards.
The experimental result obtained using the Efros method con-
tains an extra line compared to the technique developed here,
and the edge closeness of the shawl also is worse. The differ-
ence between the two methods is that we additionally use the
weighted mask, which assigns a larger weighted ratio to the
boundary pixel in the neighborhood, to increases the capacity
to distinguish pixel characteristic.

C. The Influence of Auxiliary and Sample Source

Fig. 16(a) shows a badly damaged example. In the synthe-
sizing experiment, a width of 5 pixels is used to construct the
square neighborhood, which contains 25 pixels. Furthermore,
the weighted ratio of boundary to outbound pixels is 20:1.
Fig. 16(b) and (c) illustrate the patched region and result,
respectively.

Fig. 16(c) is a faulty result, and the corrupt region is
sufficiently large to cover various textures, such as arms,
sleeves, shawl, clothes, background, and so on. This study first
applies the auxiliaries to increase the probability of successful
synthesis. The auxiliaries draw some one-pixel width lines
separating the arm and background, shawl and arm, shawl
and sleeve, and sleeve and clothes, respectively, as shown
in Fig. 17(a). Subsequently, the flawed region is analyzed
and divided into several sub-regions, and then the sample is
allocated to each sub-region manually.

In the experiment, three different samples are assigned to
clothes, arm (or sleeve), and shawl, as shown in Fig. 17(c),
Fig. 17(d) illustrates each of the samples corresponding to the
selected region. The original larger sample has size 200 x 200,
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Fig. 16. Faulty experiment for texture patching. (a) The corrupt image is from Fig. 12(a), (b) patched region, and (c) faulty patched result.

(d)

Fig. 17. Experiment is combined with auxiliary and several smaller sub-region samples. (a) The image is from Fig. 12(a), (b) synthesized result, and (c) three

smaller texture samples are to be synthesized in each patched sub-regions in (d).

while the three smaller ones (clothes, arm, and shawl) have size
31 x 48,39 x 23, and 51 x 46. Therefore, the smaller samples
total 12% of the larger one, effectively accelerate the neighbor-
hood searching by reducing the search area. Following the above
procedure, Fig. 17(b) illustrates the synthesized result, which is
better than that illustrated in Fig. 16(c).

VI. CONCLUSIONS

This study first presents a hybrid method, including bright-
ness and color contrast enhancements. Specifically, the method

adopts the u’v’ chromaticity domain of the L u’v’ color space,
and the Y component of the XYZ color space. The chromatic
enhancement includes saturation and de-saturation operations
in the u’v’ chromaticity diagram. Moreover, adaptive histogram
equalization is used to enhance brightness in the Y component.

Additionally, three approaches, weighted mask, annular scan,
and auxiliary, are integrated with synthesization procedure to
restore the various aged damages. These methods can elimi-
nate undesirable patterns successfully, and create a seamless
boundary between original and synthesized textures.
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From the above experiments and discussions, those demon-
strate that the proposed algorithm performs the fine restoring
results simply and efficiently, and is superior to previous
works. However, an inherent high computation problem exists
in the MRF-based neighborhood searching. For example, a 612
x 1396 sized image, shown in Fig. 12(b), approximately 40
minutes is required to synthesize 50 flawed sub-images on a
PC with Intel Pentium-IIT 750 MHz CPU. Further research is
needed to reduce these high computation costs.
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