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bstract. Colorization algorithms, which hide color information in
ray images and find them to recover color images, have recently
een developed. In these methods, it is important to minimize the

oss of original information while the color components are embed-
ed and extracted. In this article, we propose a colorization method
sing a wavelet packet transform in order to embed color compo-
ents with minimum loss of original information. In addition, the
ompensation processing of color saturation in the recovered color

mages is achieved. In the color-to-gray process, an input red-
reen-blue image is converted into Y, Cb, and Cr images, and a
avelet packet transform is applied to the Y image. After analyzing

he amounts of total energy for each subband, color components are
mbedded into two subbands including a minimum amount of en-
rgy on the Y image. This makes it possible not only to hide color
omponents in the Y image, but to recover the Y image with mini-
um loss of original information. In the gray-to-color process, the

olor saturation of the recovered color images is decreased by the
rinting and scanning process. To increase color saturation, the
haracteristic curve between printer and scanner, which can esti-
ate the change of pixel values before and after the printing and

canning process, is used to compensate the pixel values of printed
nd scanned gray images. In addition, the scaling method of the Cb
nd Cr components is applied to the gray-to-color process. Through

he experiments, it is shown that the proposed method improves
oth boundary details and color saturation in the recovered color

mages. © 2008 Society for Imaging Science and Technology.
DOI: 10.2352/J.ImagingSci.Technol.�2008�52:1�010501��

NTRODUCTION
espite the availability of color printers, black-and-white
rinters are still widely used in offices, schools, and homes.
owever, once colors are converted into grayscales, it is gen-

rally impossible to recover the color information because
he information of an original image is lost during the black-
nd-white printing process. To solve this problem, coloriza-
ion algorithms that can recover color from a gray image
ave been developed.1–10

Colorization algorithms can be divided into two types.
he first type involves adding arbitrary colors to mono-
hrome images for discrimination regardless of the colors of
he original images.4,5 The second type involves recovering
olors that are similar when compared with the original im-
ge. A general method of recovering original colors uses the

IS&T Member.

eceived Apr. 11, 2007; accepted for publication Oct. 10, 2007; published
nline Feb. 8, 2008.
s062-3701/2008/52�1�/010501/10/$20.00.
tatistics of luminance distribution between a monochrome
arget image and a reference color image.6–8 The red-green-
lue (RGB) values of a target image and a reference image
re both transformed into a luminance channel and two
hromatic channels, and the statistics of luminance distribu-
ion between monochrome target images and reference color
mages are compared. Then, the chromatic information of
he best matching region in the reference image is trans-
erred to the target region. Consequently, a monochrome
arget image can be colorized. In this method, the recovered
olors of a target image can be made approximate to the
riginal image. However, since this method uses reference

mages, it is impossible to recover the colors exactly as in the
riginal image.

To recover colors that are as similar as those of the
riginal image, Queiroz and Braun proposed a new coloriza-
ion method that uses a wavelet transform.1,2 The main idea
f this method is to embed color information from a gray

mage and to recover color image by extracting color infor-
ation. The process of embedding and extracting color in-

ormation is implemented using a wavelet transform. The
olor information of the Cb and Cr components is embed-
ed into the vertical, horizontal, and diagonal subbands of

he wavelet transformed Y image, and a new gray image is
btained using an inverse wavelet transform. After receiving
he printed and scanned gray image, the decoder can then
ecover the colors using the wavelet transform again. How-
ver, boundary details are more or less lost in the recovered
olor image because the algorithm uses high-pass vertical,
orizontal, and diagonal subbands in order to embed the
olor information. Also, color saturation is somewhat de-
reased because the pixel values of the new gray image are
hanged by the printing and scanning process.

In this article, a colorization method using a wavelet
acket transform is proposed. A wavelet packet transform is
pplied to Y image in order to divide it into 16 subbands,
nd the amounts of total energy for each subband are ana-
yzed. Then, Cb and Cr images are embedded into the two
ubbands, including minimum information on the Y image
n order to recover the Y image with minimum loss of
oundary details. In the gray-to-color process, to enhance
he color saturations of the recovered color image, the char-
cteristic curve that is obtained between the printer and

canner is used. This characteristic curve is able to compen-
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ate for the change of pixel values between the printing and
canning process. In addition, to enhance color saturation

ore, we perform a scaling of Cb and Cr components using
he maximum and minimum values of the Cb and Cr com-
onents of an original image.

OLORIZATION METHOD USING WAVELET PACKET
UBBANDS
nalysis of Wavelet Packet Subbands

n a wavelet transform, an image is decomposed into a set of
and limited components, called subbands, which can be
eassembled to reconstruct the original image without
rror.11 Meanwhile, in a wavelet packet transform, the signal
s passed through more filters than in a wavelet transform.12

or example, in a wavelet transform, each level is calculated
y passing the previous approximation subbands through
igh- and low-pass filters. However, in a wavelet packet
ransform, the approximation and detail (vertical, horizon-

igure 1. Diagrams of two-dimensional wavelet and wavelet packet
ransform: �a� filter bank and resulting decomposition of wavelet transform
nd �b� filter bank and resulting decomposition of wavelet packet

ransform.
al, and diagonal) subbands are both decomposed. Thus, for

10501-2
levels of decomposition, a wavelet packet transform pro-
uces different sets of subbands. Figure 1 shows diagrams of
two-dimensional wavelet and wavelet packet transform. In

he proposed colorization algorithm, we used a four-level
avelet packet transform applying the perfect reconstruction
lter family of quadrature mirror filters11 as follows:

X̂�z� =
1

2
�H0�z�G0�z� + H1�z�G1�z��X�z� +

1

2
�H0�− z�G0�z�

+ H1�− z�G1�z��X�− z� , �1�

here H0, H1, G0, and G1 are Z-transformed versions of h0,

1, g0, and g1, respectively. For error-free reconstruction of

he input, X̂�z�=X�z�,

H0�z� = H0
2�z� − H0

2�− z� = 2

H1�z� = H0�− z�

G0�z� = H1�− z�

igure 2. Test sample images to investigate the amount of information for
ach subband: �a� test, �b� lena, �c� balloon, �d� baboon, �e� fruit, and
e� temple.
G1�z� = − H0�− z� . �2�

J. Imaging Sci. Technol. 52�1�/Jan.-Feb. 2008
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Each subband has the information of an original image,
ut the amount of information in each subband is different.
n order to investigate the amount of information for each
ubband, test sample images are used, as shown in Figure 2.
he amount of information is represented by the ratio of the

ubband energy to the total energy as follows:

Table I. Amount of

Subbands Test Le

Vertical Approximation 0.72 1.

Vertical 1.16 1.

Horizontal 0.21 0.

Diagonal 0.50 1.

Horizontal Approximation 0.88 0.

Vertical 0.20 0.

Horizontal 0.96 0.

Diagonal 0.51 0.

Figure 3. Process

Figure 4. Process of recoverin
a

. Imaging Sci. Technol. 52�1�/Jan.-Feb. 2008
Ei =
subband energy

total energy
� 100, �3�

here Ei denotes the amount of energy for each subband.
able I shows the amount of information for each subband
f the Y channel. We can confirm that two subbands with
inimum information of an original image are the horizon-

al subband of a vertical subband and the vertical subband of

n for each subband.

Balloon Baboon Fruit Temple

1.51 1.76 1.06 1.54

1.76 2.23 1.35 2.11

1.10 1.69 0.82 1.19

1.20 2.04 1.07 1.56

1.21 2.44 1.95 2.44

1.00 2.13 1.12 1.61

1.46 2.63 3.55 3.28

1.10 2.27 1.57 1.92

-to-gray algorithm.

s from a textured gray image.
informatio

na

23

70

82

05

69

61

89

88
of color
g color
horizontal subband. Therefore, we used these two sub-
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ands in order to embed color information in the proposed
olorization method.

olor-to-Gray Algorithm
n input RGB image is converted into Y, Cb, and Cr images,
nd a wavelet packet transform is applied to the Y image to
ivide it into 16 subbands. The general method of convert-

ng RGB into YCbCr uses a 3�3 conversion matrix as fol-
ows:

� Y

Cb

Cr
� = � 0.30 0.59 0.11

− 0.17 − 0.33 0.50

0.50 − 0.42 − 0.08
��R

G

B
� . �4�

four-level wavelet packet transform is applied to the Y
mage, which is the luminance component of an input im-
ge. The Y image is then divided into four subbands, and
ach subband is divided into four subbands again. As a re-
ult, 16 subbands, including the information of the original

image, are created. As each subband has the information
f the original image, the Y image can be reconstructed by
pplying an inverse wavelet packet transform. However, the
mount of information in each subband is different and as
lready mentioned, the subbands with minimum informa-
ion are the horizontal subband of the vertical subband and
he vertical subband of the horizontal subband. Using the
revious property, the Cb and Cr images are resized and
mbedded respectively into these two subbands with mini-
um information on the Y image. Then the inverse wavelet

acket transform is carried out, and a new gray image with
exture is obtained. The new gray image with the Cb and Cr
nformation of the original color image has textures, where
he color information appears as various texture patterns
ccording to the Cb and Cr components. Figure 3 shows the
rocess of the color-to-gray algorithm using two subbands
ith the minimum information of the original Y image

mong the 16 subbands.

ray-to-Color Algorithm
he method of recovering colors from the new gray image
ith texture is performed using a reverse process of the pre-
ious color-to-gray algorithm. The printed textured gray im-
ge is scanned and divided into 16 subbands using a wavelet
acket transform. Then the Cb and Cr components are ex-
racted from the horizontal subband of the vertical subband
nd the vertical subband of the horizontal subband, and an
nverse wavelet packet transform is used to reconstruct the Y
mage. At this time, the subbands with the Cb and Cr infor-

ation are padded by zeros, because the original informa-
ion is lost in the color-to-gray process. Nonetheless, the
etails of the reconstructed Y image are almost the same
uality as those in the original Y image by using the sub-
ands with minimum information. The extracted Cb and Cr
omponents are interpolated to make the size the same as
he original image. The RGB image is then reconstructed by
ombining the Y image with the Cb and Cr images. Figure 4
hows the process of recovering colors from a textured gray

mage. p

10501-4
ompensation of Color Saturation
hen a textured gray image is printed and scanned, the

ixel values (8 bits: 0–255) of the textured gray image are
enerally changed by the inherent characteristics of the
rinter and scanner. This effect leads to a loss of color satu-
ation in the recovered color images because the values of
he embedded Cb and Cr components are also changed by
he printing and scanning process. In order to compensate
or the loss of color saturation in the recovered color image,
wo methods are applied. First, we use the gray patches that
re composed of 256 gray levels (0–255) to obtain the inher-
nt characteristic curve of the printer and scanner. These
ray patches are also printed and scanned with the textured
ray image. Then the pixel values of each patch can be ob-
ained. As a result, the inherent characteristic curve of the

igure 5. �a� Gray patches used to obtain the characteristic curve and
b� characteristic curve of the printer and scanner �HP LaserJet 2200DN
rinter and HP ScanJet 7400C scanner�.
rinter and scanner can be created by matching the values of

J. Imaging Sci. Technol. 52�1�/Jan.-Feb. 2008
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ach gray patch between the printing and scanning process.
igure 5(a) shows the gray patches that are needed to obtain
he characteristic curve, and Fig. 5(b) shows the characteris-
ic curve that was obtained by the aforementioned method
sing the HP LaserJet 2200DN printer and HP ScanJet
400C scanner. The fitted characteristic curve is given by
=0.6009x+16.647. Using this curve, the pixel values of the
canned textured gray image are compensated. Figure 6
hows the process of compensating the color saturation of
he recovered color image using the characteristic curve of
he printer and scanner.

Next, in order to compensate for the loss of color satu-
ation, scaling Cb and Cr components are used in the gray-
o-color process. At this time, we assume that the maximum
nd minimum values of the Cb and Cr components for an
riginal color image are known. These values can be given in
n appendix. The absolute values of the extracted Cb and Cr
n the gray-to-color process are generally smaller than the
bsolute values of the Cb and Cr of an original image.
herefore, we can improve the loss of color saturation by

caling the values of the extracted Cb and Cr components, as
ollows:

�compensated Cb = � · Cb

compensated Cr = � · Cr
�

Figure 6. Process of compensating co
for positive values of Cb and Cr p

. Imaging Sci. Technol. 52�1�/Jan.-Feb. 2008
�compensated Cb = � · Cb

compensated Cr = � · Cr
�

for negative values of Cb and Cr, �5�

� = min�	Cbmax,o

Cbmax,e
	,	Crmax,o

Crmax,e
	�

� = min�	Cbmin,o

Cbmin,e
	,	Crmin,o

Crmin,e
	� , �6�

here � and � are the scaling factors for the positive and
egative values of Cb and Cr components, respectively.
bmax,o and Crmax,o denote the maximum Cb and Cr values
f an original image, and Cbmin,o and Crmin,o denote the
inimum Cb and Cr values of an original image. Cbmax,e

nd Crmax,e are the maximum Cb and Cr values extracted
rom a gray image, and Cbmin,e and Crmin,e are the minimum
b and Cr values extracted from a gray image.

Figure 7 shows the diagram of the scaling Cb and Cr
omponents for the printed and scanned gray image. Figure
shows the flowchart of the proposed colorization method.

XPERIMENTAL RESULTS AND DISCUSSION
igure 9 shows the test images used in the conventional and

rations using the characteristic curve.
lor satu
roposed methods. In the experiments, a modified conven-

010501-5
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ional method was used to allow the proposed method to be
ompared with the best conventional method. The modified
onventional method is more robust to decode opposite col-
rs caused by a small image shift, as the chrominance infor-
ation is divided into four planes, Cr+, Cr−, Cb+, and
b−, which are then embedded into the vertical, diagonal,
orizontal, and diagonal of the approximation subbands,
espectively.1,2

To obtain and compare the textured gray images includ-
ng color information, we used a wavelet transform and a
avelet packet transform. Figures 10(a) and 10(b) show the

extured gray images using the conventional and proposed
ethod, respectively. To better show texture details, enlarged

mages are also shown in Figs. 10(c) and 10(d). In the con-
entional method, four subbands (vertical, horizontal, diag-
nal, and diagonal of approximation) are used to embed the
b and Cr components. Therefore, the textures that are

hanged according to the Cb and Cr components appear as
isible patterns in the new gray image. On the other hand,
extures are less visible in the proposed method. This is be-
ause we used only two subbands (horizontal subband of the
ertical subband and vertical subband of the horizontal sub-

Figure 7. Diagram of scaling Cb and Cr components.

Figure 8. Flowchart of the proposed colorization method.
and) to embed the Cb and Cr components, and the area t

10501-6
hat is used for embedding color components is much
maller than that of the conventional method.

Figure 11 shows the recovered color images from the
extured gray images. In this experiment, we applied the
olorization algorithms by means of a computer simulation
ithout the real printing and scanning process. This means

Figure 9. Test images: �a� balloon and �b� fruit.

igure 10. Comparison of textured gray images: �a� textured gray im-
ge using the conventional method, �b� textured gray image using the
roposed method, �c� and �d� enlarged partial images of �a� and �b�
espectively, for closer inspection.
hat we can avoid image warping, rotation, and pixel regis-

J. Imaging Sci. Technol. 52�1�/Jan.-Feb. 2008
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ration problems, which originate from the real printing and
canning process.1,2 Therefore, we are able to recover color
mages that are almost the same as the original images. Fig-
re 11(a) shows the recovered color image using the conven-

ional method, while Fig. 11(b) shows the recovered color
mage using the proposed method. In the conventional

ethod, because the Cb and Cr components were just em-
edded into the vertical, horizontal, diagonal, and diagonal
f approximation subbands, a loss of boundary details oc-
urred. However, the recovered color images using the pro-
osed method are almost the same as those of the original

mage due to the use of subbands with minimum informa-
ion. This made it possible to recover the color image with a

inimum loss of original information.
Figure 12 shows the frequency domains of the Y chan-

els for the recovered color images. This confirms that the
roposed method can improve boundary details when com-
ared with the conventional method. We used a two-
imensional discrete Fourier transform (DFT), which was
pplied to the Y channels of the recovered color images. The
wo-dimensional DFT for an image is given by Eq. (7):

F�u,v� =
1

mn


x=0

m−1



y=0

n−1

f�x,y�e−j2��ux/m+vy/n� , �7�

here f�x ,y� denotes the Y channel of an image, and
�n denotes image size. Figure 12(a) is the frequency do-
ain of the original image, Fig. 12(b) is the frequency do-
ain of the recovered image using the conventional method,

nd Fig. 12(c) is the frequency domain of the recovered
mage using the proposed method. In the figures, high fre-

igure 11. Comparison of recovered color images from the textured gray
mages: �a� recovered color image using the conventional method and
b� recovered color image using the proposed method.
uency regions are lost in the conventional method because

. Imaging Sci. Technol. 52�1�/Jan.-Feb. 2008
he subbands, including boundary details, are used for em-
edding color components. However, the frequency domain
f the proposed method is almost the same as the original

requency domain because of the use of two subbands with
inimum information for embedding the color compo-

ents.
In a textured gray image, Cb and Cr information ap-

ears as various texture patterns by means of a wavelet
ransform or wavelet packet transform, and these patterns
xist as high frequency information. However, a joint pho-
ographic experts group (JPEG) operation destroys some
igh frequency information, thereby distorting the embed-
ed color information. A halftoning operation is also unable

o express the details of textured patterns in a textured gray
mage, making the quality of the recovered color image very
oarse. To confirm the effect of image processing operations,
uch as JPEG and halftoning, these operations were applied
o textured gray images obtained using the conventional and
roposed color-to-gray method, and the recovered color im-
ges are shown in Figures 13 and 14, respectively. Figures
3(a) and 14(b) show the color images recovered from the
extured gray images without any image processing opera-
ions, while Figs. 13(b) and 14(b) show the color images
ecovered from the textured gray images after applying a
PEG operation, and Figs. 13(c) and 14(c) show the color
mages recovered from the textured gray images after apply-
ng a halftoning operation. Table II then presents a compari-
on of the peak signal-to-noise ratio (PSNR) values to ana-
yze the effect of the JPEG and halftoning operations by Eq.
8):

PSNRk = 20 log10� 255 
 k = R,G,B, �8�

igure 12. Comparison of frequency domains �balloon�: �a� frequency
omain of the original image, �b� frequency domain of the recovered

mage using the conventional method, and �c� frequency domain of the
ecovered image using the proposed method.
�MSEk

010501-7
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MSEk =
1

mn


i=0

m−1



j=0

n−1

�Ok�i, j� − Rk�i, j��2,

here �i , j� are the coordinates of an m�n image, and k is

igure 13. Effect of image processing operations on conventional
ethod: �a� color image recovered from textured gray image, �b� color

mage recovered from textured gray image �JPEG image�, and �c� color
mage recovered from textured gray image �halftoned image�.

igure 14. Effect of image processing operations on proposed method:
a� color image recovered from textured gray image, �b� color image
ecovered from textured gray image �JPEG image�, and �c� color image
ecovered from textured gray image �halftoned image�.
he RGB color channels. O�i , j� and R�i , j� denote the pixel p

10501-8
alues of an original image and a recovered color image,
espectively. The decreases in PSNR values were 0.78 dB and
0.16 dB with the conventional method, and 2.01 dB and
3.44 dB with the proposed method, indicating that the
onventional colorization method was more robust to this
ype of attack than the proposed colorization method, as the
extured patterns of the proposed method were more com-
licated than those of the conventional method. In other
ords, the textured gray image with the proposed method
ad much more high frequency information than that with

he conventional method.
Figure 15 shows the color images recovered from

rinted and scanned textured gray images. In this experi-
ent, the color saturation of the recovered color images is

ecreased due to the change in pixel values between the
rinting and scanning process. Therefore, the quality of the
ecovered color images is worse than that without the print-
ng and scanning process. However, in order to improve the
olor saturation of the recovered color images, we used the
haracteristic curve of the printer and scanner (HP LaserJet
200DN printer and HP ScanJet 7400C scanner) to compen-
ate for pixel values. Next, the scaling method of the Cb and
r components are used. Figure 15(a) shows the color image

ecovered using the conventional method, Fig. 15(b) shows
he color image recovered using the proposed method with-
ut the compensation algorithm, Fig. 15(c) shows the color

mage recovered using the proposed method with the com-

able II. Comparison of PSNR values to analyze the effect of the JPEG and halftoning
perations.

Processing operations
PSNR �dB�

�RGB�
PSNR �dB�
�Average�

onventional
ethod

None R: 27.48 27.46

G: 27.79

B: 27.14

JPEG R: 26.54 26.68

G: 27.33

B: 26.25

Halftoning R: 17.18 17.30

G: 20.34

B: 15.61

roposed
ethod

None R: 29.26 28.93

G: 33.50

B: 26.56

JPEG R: 26.73 26.92

G: 30.59

B: 25.09

Halftoning R: 16.03 15.49

G: 19.66

B: 13.10
ensation algorithm when applying the characteristic curve,

J. Imaging Sci. Technol. 52�1�/Jan.-Feb. 2008
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ig. 15(d) shows the color image recovered using the pro-
osed method with the compensation algorithm when scal-

ng the Cb and Cr components, and Fig. 15(e) shows the
olor image recovered using the proposed method with both
ompensation algorithms. To verify the performance of the
roposed algorithm, we calculated the PSNR values for each

mage. Table III shows a comparison of PSNR values be-
ween the conventional and proposed methods. The PSNR
alue of the conventional method is 15.20 dB. For the re-
overed color image using the proposed method without the
ompensation algorithm, the PSNR value is 14.99 dB. The
ethods of scaling the Cb and Cr components and the use

f the characteristic curve are 16.43 dB and 19.35 dB, re-
pectively. On the other hand, the recovered color image via
he application of both compensation methods is 21.93 dB.
onsequently, our experimental results confirm that the pro-
osed method with the compensation algorithms can im-

igure 15. Color images recovered from printed and scanned gray im-
ges: �a� color image recovered using conventional method, �b� color

mage recovered using proposed method without compensation algo-
ithm, �c� color image recovered using proposed method with compensa-
ion algorithm when applying characteristic curve, �d� color image recov-
red using proposed method with compensation algorithm when scaling
b and Cr components, and �e� color image recovered using proposed
ethod with both compensation algorithm.
rove the color saturation in recovered color images.

. Imaging Sci. Technol. 52�1�/Jan.-Feb. 2008
ONCLUSION
his article proposed a colorization method that used wave-

et packet subbands including minimum information in or-
er to embed color components. In the color-to-gray pro-
ess, a wavelet packet transform was applied to the Y image
n order to divide it into 16 subbands, and the Cb and Cr
mages were then embedded into two subbands that include

inimum information on the Y image. In the gray-to-color
rocess, the printed textured gray image was scanned and
ivided into 16 subbands using a wavelet packet transform

n order to extract the Cb and Cr components, and an in-
erse wavelet packet transform was used to reconstruct the Y
mage. The details of the reconstructed Y image are almost
he same as those of the original Y image because subbands
ith minimum information were used to embed the Cb and
r components. To improve the loss of color saturation dur-

ng the gray-to-color process, the characteristic curve be-
ween printer and scanner and scaling the Cb and Cr com-
onents were used. Consequently, the proposed method can

mprove boundary details and color saturation in recovered
olor images.
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