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Abstract

This paper presents a colorization method in YCbCr color space, which is based on
the maximum a posteriori estimation of a color image given a monochrome image
as is our previous method in RGB color space. The presented method in YCbCr
space is much simpler than that in RGB space and requires much less computation
time, while both methods in YCbCr and RGB space produce color images with
comparable PSNR values. The proposed colorization in YCbCr is applied to JPEG
compressed color images aiming at better recovery of downsampled chrominance
planes. Experimental results show that colorization in YCbCr is usually effective
for quality improvement of JPEG color images.
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1 Introduction

Colorization is usually a computer-aided process of adding color to monochrome
images or movies. Colorization is now generally carried out manually using
some drawing software tools. Obviously such manual work is very expensive
and time-consuming.

Several colorization methods [1-3] have already been proposed which do not re-
quire intensive manual effort. Welsh et al. proposed a semi-automatic method
to colorize a monochrome image by transferring color from a reference color
image [1]. This method requires an appropriate reference color image prepared
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by a user. Levin et al. have proposed an interactive method, where a user needs
to give some color scribbles and the colors are automatically propagated to
produce a fully colorized image [2]. Horiuchi [3] has proposed a method where
a user gives colors for some pixels and colors for all other pixels are determined
automatically by using the probabilistic relaxation [4].

We have also proposed a colorization method in red, green, blue (RGB) color
space [5], where unlike previously proposed methods, the colorization problem
is formulated as the maximum a posteriori (MAP) estimation of a color im-
age given a monochrome image. Markov random field (MRF) [6] is used for
modeling a color image which is utilized as a prior for the MAP estimation. In
this paper, we consider colorization in luminance and chrominance (YCbCr)
color space under the same formulation as in RGB space and derive a simpler
and more efficient algorithm than that in RGB space. This is in principle due
to the fact that in YCbCr space luminance component is already known from
a given monochrome image and only the other two components have to be
estimated.

Then we give a meaningful application of the proposed colorization in YCbCr
space, i.e., its application to JPEG [7] compressed color images. JPEG is
a commonly used standard to compress digital color images. In JPEG, Cb
and Cr planes are usually downsampled by a factor of two at its compression
stage, and afterward the downsampled chrominance planes are interpolated at
its decompression stage. Aiming at better recover of the downsampled chromi-
nance planes, the proposed colorization in YCbCr space is applied to JPEG
color images. The proposed colorization algorithm has a structure that chromi-
nance components are estimated considering luminance component which is
not downsampled, and therefore we can expect a better recovery of them.

The rest of this paper is organized as follows. After color image estimation
in RGB space is reviewed in Section 2, that in YCbCr space is described in
Section 3. In Section 4, experimental results are given to compare colorization
methods in RGB and YCbCr space. In Section 5, application of colorization in
YCbCr to JPEG images is described and conclusions are addressed in Section
6.

2 Color Image Estimation in RGB Space

In this section, we review our previous colorization method in RGB space [5].



2.1 FEstimation Algorithm

Let x;, = {x;;; (i,7) € L} and y;, = {yi;; (i,7) € L} ' denote a color image
and a monochrome image, respectively, defined on a two-dimensional lattice
L={(i,j);1 <i < Ny, 1 <5< Ny} In RGB color space, x;; = (7ij, gij, bij) 7,
i.e., a color vector at (i,j) pixel is composed of red r;;, green g;; and blue
b;; components. We assume that a monochrome image y;, = {y;;; (¢,7) € L}
is associated with a color image x; = {x;;; (¢,7) € L} under the following
relation:

0< Yij, Tijy Gij bij < 255. (1)

Given yr, X7, can be estimated by maximizing the a posteriori probability
p(xr | yr), i-e., by MAP estimation. The MAP estimate X, is written as

%, = argmaxp(xy, | yy). 2)
L

where the a posteriori probability p(xy, | yr.) is described as

~ plyr | x1)p(xr)
Pl ) = T xa)plocz) )

Considering (1), p(yz, | xz) is described as

p(yr | x1) =1({y;; = a"x;, (i,j) € L})
=[] 1yy=a"xy), (4)

(4,7)€eL

where

1 lf i = aTxi-
1(%;’ = aTXij> = Y ’ (5)
0 otherwise.

Assuming a Markov random field (MRF) for x;, and then using the mean field
approximation, p(xy) can be decomposed as

! In this paper, 24 and f(z4) denote the set {zg4,,...,2q } and the multivariable
function f(zq,,...,2q,) respectively, where A = {a1,...,a;}.



p<XL> = H p(Xij | <X>77ij>7 (6)

(4,7)€L

where 7;; denotes (i,j) pixel’s neighborhood and (x),,. denotes the mean
fields for x,, .. Substituting (4) and (6) into (3) and replacing > x, [T )er
by Il )er 2x,,» We obtain the following decomposition for p(xr | yr):

p(xe lye) =~ T pGa | yis (X)) ™)
(i,5)€L
where
P(%5 | vij, (X)n,,) L(yij = & xi5)p(Xij | (X);) .

- Yx,, Wyig = aTxij)p(xi; | (X))

In the following, x,,, is simply used for (x),,.. Then p(x;; | vij, Xy,,;) = p(xXy; |
Yij, (X)n;,;) is considered as local a posteriori probability (LAP). Using these
LAPs, the global optimization problem shown by Eq. (2) is approximately
decomposed into the local optimization problems

Xjj = arg %@Xp(xij | Yij, Xn,,)- )
ij

In order to solve (9) for all (i, ) pixels, their neighboring color vectors x,,,
should be given. Since such a problem as shown in (9) can be solved iteratively
as is popular in numerical analysis, we rewrite Eq. (9) as

1
7 = arg I?%Xp(xij [y %)), (10)

where p represents the pth iteration.

Regarding p(x;; | x,,) in (8), a Gaussian MRF is here used whose local
conditional probability density function (pdf) is given as

1 1 _ _ _
p(xij | %) = EEbEE exp{—5 (xij = %y, ) 27 (x;; = Xy,)}, (1)
1
COLES o (12)
N |N| T€EN

Here x,,, is the mean of neighboring pixels’ color vectors x,,, = {Xjj1,, T €
N}, where N denotes the neighborhood of (0,0) pixel. For example, N
{(0,1),(0,-1),(1,0),(—1,0)} for the first-order neighborhood, and if 7 =



(0,1), Xij4r = X4 41. X is the covariance matrix of x;; — X, .. Considering
(1), (8), (11) and (12), the local MAP estimation (10) is rewritten as the
following constrained quadratic programming problem:

minimize (x;; — X,,,)" 7 (x5 — Xy,)

L 1
with X, = ™ >oxP, (13)
TEN
subject to aTX,-j =vij, 0 <1y, 0i,bi; < 255. (14)

2.2  Initial Color Estimation

Since the color estimation shown by Eq. (10) is carried out iteratively, an
initial color image is needed to start the iterative procedure. Assuming that
color vectors for K pixels, s;,;,,k =1,..., K are given, we consider an initial
color estimation procedure which consists of two steps.

(1) Selection of a reference color vector

In order to estimate an initial color image X(LO) = {xg-)); (1,j) € L}, a refer-

ence color vector for each pixel is selected from given K references, s;,j,,k =

1,..., K. The used measure to select a reference for (7, j) pixel is
{(i — i) + ( — gr)*}'" lyi; — a’'s; |
Fi.(k)= 1 —w) 2Ltk 15
b = — N Ny)2 Tl-w) == (15)

where w is a weighting factor, and the first term measures a spatial distance
from a reference s;, ;, and the second term measures a difference between (i, j)
pixel’s brightness y;; and that of s; ;. The reference s;, ;, which minimizes
F;;(k) is selected for the (i,7) pixel. An appropriate value of w is determined
experimentally.

(2) Color estimation using a reference

Once a reference s;, ;, is selected for (i, j) pixel, an initial estimate XEJO-) can be
determined as the closest point to s;, j, within the plane a’x;; = y;;. Such a
point is usually the projection vector of s;, ;, onto the plane, which is derived

as

T
i — alsi,

Xz(g) = Sy + —y] aTa LY (16)

However the derived projection point XZ(;-]) = (rg»]), gi(jo ), bg-]))T is sometimes out

of the range of 0 < r;;, gij, bij < 255. Regarding how to determine the closest

point for such a case, see Ref [5].



3 Color Image Estimation in YCbCr Space

Let x;; = (ym, ch.,¢r;)" denote a color vector at (,7) pixel in YCbCr space,
where yi; is a luminance component and cj and cj; are two chrominance
components. In the following, let c;; = (cf], CZ])T for notational convenience.
Considering that y;; in a color image is equal to y;; in its monochrome image
and using the same kind of Gaussian MRF in YCbCr space as shown in (11)
and (12), the local MAP estimation for c¢;; becomes the following minimization

problem:

minimize (x;; — imj)TE_l(Xij - )_(Uij) Y5i=Yij

Wlth Xﬁu |N| Z Xzy+7 (17)

TEN

Note that the local MAP estimation in YCbCr space becomes a simple un-
constrained optimization problem, whereas in RGB space it is a constrained
one.

The solution of (17) is explicitly described as follows. Let the covariance matrix

011 012 013 >
o c
in the Gaussian MRF in YCbCr space, ¥ = | g4y 099 093 | = RN
DI I
031 032 033
022 023 T .
where o, = 011, X, = ,and 3. = (012, 013) = 3., The Gaussian
032 033
MRF in YCbCr space p(xy; | X,,;) can be decomposed as
p(Xij | X)) = pyi; | wy,;)p(ci | yfpxnij), (18)
1
Clyt )= ——— — , 19
p(yi; | v, ) ¢ exp{—3 (yw 7 (19)
1 1 .
ij ‘c'a ii) T To NI~  [1/0 i c Y i ¢ ) 20
p(C J | yz] Xmg) (277-)|Ec\y|1/2 exp{ (C] m \y) c\y(c J —m Iy)}( )
where
me, = émj + Ecyag;l(yicj - gfm)a (21)
ey =2 — ey, ' Bye. (22)

Considering that y§; = y;; and the maximum of (18) is derived at c;; = m,,,

(p+1)

the reestimate of ¢;;, ¢;;" " is derived as



C§§+1) = émj + Ecyo-y_l(yij - gmj>7 (23)
where
c ij Cz T (24)
" |N| e
Uniy = Yijtr- (25)
i |N| TGZJV Jj+

In initial color estimation, chrominance components of a selected reference
for (i,7) pixel are used as those of X,(-?), ie., ,(] . Therefore no additional
computation is required in YCbCr space, While in RGB space, calculation of
(16) is necessary and furthermore complex exceptional processing described

in Ref [5] is required.

4 Experimental Results

In order to compare colorization performance in YCbCr space with that in
RGB space, experiments were carried out using four standard color images
(Lena, Milkdrop, Peppers, Mandrill). These images are 256 x 256 pixels in
size and 24 bit per pixel (bpp) full color images. Their monochrome images
were produced by the transform shown in (1) from the original color images
and used for colorization experiments. For initial color estimation, several
numbers of reference color vectors were given from each original image, whose
positions in the image were randomly selected. It is fair to select reference
positions randomly because colorization performance depends on positions of
given references. The weight value w in (15) was set as follows. After optimal
weight values, which depend on the number of references as well as image,
were determined experimentally, the average of optimal weight values for four
images was used; the used w was 0.3.

The local MAP estimation in RGB space, i.e., the constrained quadratic pro-
gramming problem in (13) and (14), was here directly solved using a quadratic
programming solver [8]. In YCbCr space, the solution of (17) is given in (23)
with (24) and (25). In the calculation of Xy, in (13) and in (17), the third-
order neighborhood? was used and xZ +T whose luminance value y;;4, is far

from y;; was excluded from the calculation. In the following experiments, if
|Yij+r — yijl > 0.5s, where s is the standard deviation of luminance values

2 For the third-order neighborhood, N = {(0,1), (0, —1), (1,0), (-1,0), (1,1), (=1, —1),
(1,-1),(=1,1),(0,2), (0, =2), (2,0), (=2,0)}



averaged over four images, xg'zﬁ was excluded from the calculation of x,, .

For the covariance matrix 3 in (13) and (17), the average of normalized co-
variance matrices (normalized by their maximum components) for four images
was used.

Colorization performance using 25 references measured by PSNR value and
CIELAB distance is shown in Table 1 and Table 2, respectively. Experiments
were carried out 20 times using randomly selected references and each result
is shown as mean value £ standard deviation of 20 experimental values in
the tables. For each image, the upper row shows performance of initial color
estimation and the lower row shows the final result after the iterative MAP
estimation. Iterations were stopped when the difference of estimated color
components averaged over all pixels at a current and the previous iteration
became less than 0.5. Mean of the number of iterations is also given in Table
1. It is seen that colorization performance in YCbCr measured by PSNR is
comparable to that in RGB and that in YCbCr measured by CIELAB distance
is a little bit better than that in RGB. Regarding computation time, coloriza-
tion in YCbCr took approximately only one fourth the computation time in
RGB, though even in RGB space it took only 6 seconds at most to colorize
one image. This time reduction is due to the aforementioned unconstrained
optimization in YCbCr space resulting in the simple computation shown in
(23). Note that in RGB space, a certain amount of numerical computation is
needed to solve the constrained quadratic programming problem.

From Table 1, it is seen that improvement on PSNR value by MAP estimation
is not very significant. However, it is still effective to a certain extent and in
fact considerable improvement can be visually perceived (see Fig. 1). Fig. 1
shows colorization results in YCbCr space, where an average result among 20
experiments is shown for each image. PSNR values of initial and final results
are 25.3 and 26.4 dB for Lena, 23.2 and 24.2 dB for Milkdrop, 20.7 and 23.0
dB for Peppers, 17.2 and 19.5 dB for Mandrill.

5 Application to JPEG Color Images

We address a meaningful application of the proposed colorization in YCbCr
space, i.e., its application to JPEG [7] compressed color images. JPEG is a
commonly used standard to compress digital color images. In JPEG compres-
sion, R, G, B color components are converted to Y, Cb, Cr components and
each of the three color planes is processed independently. The chrominance
planes, Cb and Cr planes are usually downsampled by a factor of two. Each
plane is divided into 8 x 8 blocks and the discrete cosine transform (DCT)
is then applied to each block. Derived DCT coefficients are quantized and
quantized DCT coefficients are then entropy coded usually by Huffman cod-



ing. JPEG decompression is performed in a reverse way of compression except
for the following point. After the inverse DCT, the downsampled Cb and Cr
planes are interpolated by repetition followed by spatial smoothing with a
low-pass filter.

The proposed colorization in YCbCr space is applied to JPEG compressed
color images, where the interpolated and smoothed chrominance components
are used as initial values cg-])s for the iterative MAP estimation. The iterative
MAP estimation shown in (23) has a structure that chrominance components
are estimated considering luminance component which is not downsampled,
and therefore we can expect a better recovery of them. In the application
to JPEG color images, one or two iterations were enough for the MAP es-
timation and the following experimental results are those by one iteration.
The covariance matrix in (17) for each image was computed using each JPEG

compressed image.

Experimental results are shown in Fig. 2 and Fig. 3, where results by a restora-
tion method using curvature-preserving PDE [9] are also shown for perfor-
mance comparison. In these figures, PSNR values, CIELAB and S-CIELAB3
distances are plotted for four different quality factor (qf) images: qf=60, 70,
80, and 90, and the leftmost and the rightmost point of each line correspond to
qf=60 and qf=90, respectively. Larger quality factor image has higher quality,
larger PSNR value and smaller CIELAB distance with larger bit rate (larger
file size). Fig. 2 shows results for Lena of three different pixel sizes: 128 x 128,
256 x 256, and 512 x 512 pixels. From Fig. 2(a), it is seen that the proposed
colorization method makes improvement on PSNR value better than the PDE-
based restoration method and significant improvement is achieved particularly
in small size cases. From Fig. 2(b) on CIELAB distance, an obvious advantage
of the proposed method is observed. From Fig. 2(c) on S-CIELAB distance,
effectiveness of the proposed method is observed in smaller size cases. Fig. 3
shows colorization results applied to JPEG compressed four color images of
256 x 256 pixels in size. From Fig. 3(a), it is seen that colorization is effective
to improve PSNR value of JPEG compressed images except for Peppers with
qf=90 and Mandrill. From Fig. 3(b), it is seen that the colorization method
works better (usually much better) than the restoration method except for
Peppers with qf=90, and it works even for Mandrill to some extent. From Fig.
3(c), it is seen that the colorization method works better than the restoration
method for Lena and Peppers but worse for Milkdrop. Fig. 4 shows closeup
results for Lena and Milkdrop, where quality improvement can be visually
perceived by careful inspection. From these results, it could be addressed that
colorization in YCbCr space is usually effective for quality improvement of

3 S-CIELAB is a spatial extension of CIELAB proposed by Zhang and Wandel [10]
to account for how spatial pattern influences color appearance and color discrimi-
nation.



JPEG color images except for very complex and/or textured images such as
Mandrill.

6 Conclusions

This paper presented a colorization method in YCbCr space, which is in prin-
ciple based on the MAP estimation of a color image given a monochrome
image as is our previous method in RGB space. The presented method in
YCbCr space is much simpler than that in RGB space and requires much less
computation time: about one fourth the computation time in RGB space. As
for quality of estimated color image, both methods in YCbCr and RGB space
produce color images with comparable PSNR values.

The proposed colorization in YCbCr space was applied to JPEG compressed
color images aiming at better recovery of downsampled chrominance planes.
Experimental results show that colorization in YCbCr space is usually effective
for quality improvement of JPEG color images and works better than a PDE-
based restoration method.
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Captions

Table 1 Colorization performance (PSNR(dB)) using 25 references in YCbCr
and RGB space

Table 2 Colorization performance (CIELAB distance) using 25 references in
YCbCr and RGB space

Fig. 1. Colorization results in YCbCr space: (a) original color image, (b)
monochrome image with randomly selected 25 references, (c) initially esti-
mated color image, (d) finally estimated color image.

Fig. 2. Experimental results for JPEG compressed color image Lena of 128 x
128, 256 x 256, and 512 x 512 pixels in size. Performance is measured by (a)
PSNR, (b) CIELAB distance, and (c) S-CIELAB distance.

Fig. 3. Experimental results for JPEG compressed four color images of 256 x
256 pixels in size. Performance is measured by (a) PSNR, (b) CIELAB dis-
tance, and (¢) S-CIELAB distance.

Fig. 4. Colorization results applied to JPEG compressed color images: (a)

original color image, (b) JPEG compressed image with qf=60, (c) colorization
applied image to (b).
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Table 1
Colorization performance (PSNR(dB)) using 25 references in YCbCr and RGB
space

image YCbCr RGB
initial 251 £1.0 249 £ 0.9
Lena final (f iterations) 26.4 + 1.1 (4.1) 26.3 £ 1.0 (4.2)
initial 234 £ 1.1 23.6 £ 1.5
Milkdrop final (f iterations) 24.3 £ 1.1 (5.4) 24.2 + 1.5 (5.2)
initial 20.8 £0.5 20.7 £ 0.5
Peppers final (f iterations) 23.0 0.9 (7.9) 22.6 £ 0.8 (7.9)
initial 173 £ 0.7 171 £0.7
Mandrill ~ final (f iterations) 19.4 + 1.0 (9.1) 19.3 + 1.0 (9.5)

Table 2
Colorization performance (CIELAB distance) using 25 references in YCbCr and

RGB space

image YCbCr RGB
initial 85+ 0.8 11.3 £ 1.7
Lena final 7.3+08 87+1.8
initial 21.2 £ 2.1 224 4+ 3.2
Milkdrop  final 20.5 £ 1.7 21.2 £2.6
initial 31.8 £ 2.5 32.2 +£ 2.1
Peppers  final 24.0 £ 3.4 244+ 3.1
initial 22.7 £ 3.1 25.0 + 4.0
Mandrill ~ final 174 £2.9 19.2 + 34

13



Fig. 1. Colorization results in YCbCr space: (a) original color image, (b)
monochrome image with randomly selected 25 references, (c) initially estimated
color image, (d) finally estimated color image.
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Fig. 2. Experimental results for JPEG compressed color image Lena of 128 x 128,
256 x 256, and 512 x 512 pixels in size. Performance is measured by (a) PSNR, (b)

CIELAB distance, and (c¢) S-CIELAB distance.

15



36 ™
Lena
34
Colorization Applied
532 Restoration Applied —-—-—""
o
§ JPEG Image  ====---
n 30
o
28 Mandrill
26
1 2 3 4
bit per pixel
(a)
10 4
Peppers Colorization Applied Colorization Applied
X 4
%\ V\\\ Restoration Applied —-—-—-- Restoration Applied —-—-—=-
Milkdrop \ \ ® | Ng JPEGImage ~------
8 ilkdrop \\'z\ JPEG Image  ----==-- 8 JPEG Image
E & % 3r 7\ Peppers
3 5 \
2 2
< 3
m ©
o8 Q 2t
(2]
~I33
Milkdrop
4 N 1 N
1 3 4 1 3 4

2 2
bit per pixel bit per pixel

(b) (c)

Fig. 3. Experimental results for JPEG compressed four color images of 256 x 256
pixels in size. Performance is measured by (a) PSNR, (b) CIELAB distance, and
(c) S-CIELAB distance.
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