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bstract. Color embedding and recovery are investigated using a
avelet transform that enables color information to be hidden in
ray images and then retrieved to recover color images. In a wave-

et transform, high-frequency subbands are replaced by chromi-
ance information from an image, yet the use of subbands can
ause some loss of details and saturation. Therefore, this article
roposes color embedding and recovery using a wavelet packet

ransform with a pseudorandom code to embed saturation informa-
ion. In the color-to-gray process, the RGB is first converted to
CbCr color space to perform a two-level wavelet packet transform

or a Y image. The CbCr color components are then embedded into
he two subbands with the minimum amount of energy in the Y
mage, thereby minimizing the loss of details when compared to
sing a wavelet transform. In addition, to compensate the color satu-
ation, the maximum and minimum values of the CbCr components
rom the original image are embedded into the diagonal-diagonal
ubband in a pseudorandom code form. In the recovery process, the
aturation of the recovered image is compensated by applying the
atio of the original CbCr values to the extracted CbCr values.
xperimental results show that the proposed method improves

he color saturation of the recovered image when comparing the
olor difference and peak signal-to-noise values. © 2011 Society for
maging Science and Technology.
DOI: 10.2352/J.ImagingSci.Technol.2011.55.3.030501�

NTRODUCTION
ray to color, known as colorization, is the process of add-

ng color to monochrome images, such as old black-and-
hite photos, classic movies, and scientific illustrations.
olorization algorithms generally involve color mapping ac-

ording to a colormap that has been determined by human
ssessment.1,2 Alternatively, reference images have recently
een used to recover the color of gray images.3–11

Thus, colorization algorithms can be divided into two
ategories. In the first category, arbitrary colors are added to
onochrome images according to determined areas, regard-

ess of the colors of the original images.1,2 For example,
seudocoloring colorizes an image based on its grayscale
alues mapped to a full RGB color range. Thus, pseudocolor
mages can help to reveal image qualities that would not be
eadily visible with a true color image.

Meanwhile, in the second category, the colors are recov-

IS&T Member.
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. Imaging Sci. Technol. 030501-
red using reference images with similar characteristics. For
xample, the original colors are restored based on the lumi-
ance distribution between a monochrome target image and
reference color image.3–5 Here, the target image is trans-

ormed into the luminance channel, while the reference im-
ge is transformed into the luminance and chromatic chan-
els. The luminance distribution between the monochrome

arget and reference color images is then compared, and the
hromatic information for the best matching region in the
eference image is transferred to the target region. Conse-
uently, the monochrome target image is colorized using the
olors from the reference image, allowing the recovered col-
rs of the target image to approximate the original image.
owever, since this type of method uses reference images,

he colors of the target image are not exactly recovered.
Therefore, to recover colors that are similar to those of

he original image, various algorithms using wavelet trans-
orm have been proposed.6–8 The main idea of this method
s that the process of embedding and extracting color infor-

ation is implemented using a wavelet transform. The color
nformation which is CbCr of YCbCr color space or in-phase
nd quadrature (IQ) of YIQ color space is embedded into
he vertical, horizontal, and diagonal subbands of the
avelet-transformed Y image, and a new gray image is ob-

ained using an inverse wavelet transform. The color image
s converted into a grayscale image, printed on a black-and-
hite printer. After the user scans the printed image, the
ecoder can then recover the colors using the wavelet trans-

orm. However, contour details are lost to some extent in the
ecovered color image, as the algorithm uses the high-pass
ertical, horizontal, and diagonal subbands to embed the
olor information. Also, the color saturation is somewhat
ecreased as the pixel values for the new gray image are
hanged by the printing and scanning process.

To improve the above-mentioned deterioration, we pre-
iously proposed an embedding and recovery method based
n a wavelet packet transform (WPT).9 In this method, a
avelet packet transform is applied to divide the Y image

nto 16 subbands and the total energy analyzed for each
ubband. The CbCr images are then embedded into two
ubbands. In addition, the color saturation of the recovered
olor image is improved by using the characteristic curve
btained between the printer and the scanner, thereby com-

ensating for the change of pixel values between the printing

May-Jun. 20111
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nd scanning process. However, since the characteristic
urve is invariably automatically changed when changing the
rinter and scanner model, this saturation compensating
ethod is difficult to apply to most printer and scanner
odels.

Accordingly, this article proposes color embedding and
ecovery using a pseudorandomized saturation code based
n a wavelet packet transform to improve the color satura-
ion of the recovered color image and preserve as many de-
ails as possible from the original image. In the color-to-gray
rocess, the Y image is divided into 16 subbands using a

wo-level wavelet packet transform. To minimize the loss of
etail, the CbCr color components are then embedded into

he two subbands with the minimum amount of energy in
he Y image, where the selected combination of subbands is
etermined by investigating various combinations of eight
ubbands. Furthermore, to compensate the color saturation,
he CbCr components are scaled using the maximum and

inimum values of the CbCr components from the original
mage. These values are embedded into the diagonal-
iagonal (DD) subband and transformed into a pseudoran-
om code while considering the visibility in the resulting
ray image. In other words, the pseudorandom code in-
ludes the maximum and minimum values of the CbCr
omponents in the original image and is expressed using
umbers of white pixels. However, to reduce the degradation
f details when using the pseudorandom code in the wavelet
acket transform, the number of pixels is down sampled in

he diagonal-diagonal subband. Finally, the ratio of the
riginal CbCr values to the extracted CbCr values is applied
o enhance the saturation of the recovered color image.

OLOR EMBEDDING AND RECOVERY USING AN
MBEDDED PSEUDORANDOM CODE
his article proposes color embedding and recovery using a
seudorandomized saturation code in a WPT, thereby re-
ucing the degradation of saturation and preserving the de-

ails of the original image. Figure 1 shows a flowchart of the
roposed colorization method. A two-level wavelet packet
ransform is used to embed the color information in a gray
mage.9 To minimize the loss of detail, two subbands are
hen selected for embedding the CbCr components. Next, to
educe the degradation of saturation, the maximum and

Figure 1. Flowchart of the proposed colorization method.
inimum values of the CbCr components from the original

. Imaging Sci. Technol. 030501-
mage are embedded into the diagonal-diagonal subband us-
ng a pseudorandom code. After that, the method used to
ecover the colors from the new gray image with texture is
he reverse process of the above color-to-gray algorithm.9

ubband Selection for Embedding CbCr
o minimize the loss of detail, a two-level wavelet packet
ransform is used to embed color information in a gray im-
ge, and two subbands are selected for embedding the CbCr
omponents. Figure 2 shows the subband locations selected
or embedding the CbCr components. Here, eight candidate
ubbands were selected: the horizontal-horizontal (HH),
orizontal-vertical (HV), horizontal-diagonal (HD), vertical-
orizontal (VH), vertical-vertical (VV), vertical-diagonal
VD), diagonal-horizontal (DH), and diagonal-vertical (DV)
ubbands. The seven subbands in the dark region in Fig. 2
ere excluded, as they included relatively much more infor-
ation on the original image than the other subbands. The
D subband was also excluded, as it was used to embed the
seudorandom code to compensate for the color saturation.
hus, the eight candidate subbands yielded 28 possible com-
inations of two subbands for embedding the CbCr compo-
ents, and each combination was simulated. The results are
hown in Table I and Figures 3 and 4, while the amount of
nergy for each combination is shown in Figure 5. The sub-
ands used to embed the Cb and Cr components are se-

ected based on their color difference in CIELAB color space
nd peak signal-to-noise (PSNR) values. As uniform
hanges of the components in L�a�b� color space correspond
o uniform changes in the perceived color, the relative per-
eptual differences between any two colors in L�a�b� were
pproximated by treating each color as a point in three-
imensional space (with three components: L�, a�, and b�)
nd measuring the Euclidean distance between them. Thus,
he color differences in CIELAB color space and PSNR val-
es were calculated as follows:

�Eab
� = ��L�2 + � a�2 + � b�2�1/2 �1�

here

� � �

Figure 2. Subband locations for embedding the CbCr components.
�L = L2 − L1, � a = a2 − a1, � b = b2 − b1.

May-Jun. 20112
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PSNRk = 20 log10� 255

�MSEk
�, k = R,G,B �2�

where

MSEk =
1

mn
�
i=0

m−1

�
j=0

n−1

�Ok�i, j� − Rk�i, j��2.

ere L1, a1, and b1 are the CIELAB values of the original
mage, L2, a2, and b2 are the CIELAB values of the recovered
olor image, �i , j� are the coordinates of an m�n image, k is
he RGB color channels, and O�i , j� and R�i , j� denote the
ixel values of the original image and recovered color image,
espectively. If it is assumed that there is no loss of Y infor-

Table I. Performance comparison of the recovered color ima
CbCr components.

Color difference

Fruit Balloon

1 and 2 5.93 5.14

1 and 3 6.01 5.20

1 and 4 5.95 5.15

1 and 5 6.52 5.34

1 and 6 6.04 5.17

1 and 7 5.91 5.18

1 and 8 5.92 5.16

2 and 3 5.82 4.71

2 and 4 5.73 4.67

2 and 5 6.33 4.87

2 and 6 5.87 4.69

2 and 7 5.79 4.66

2 and 8 5.75 4.64

3 and 4 5.88 4.92

3 and 5 6.42 5.14

3 and 6 5.97 4.95

3 and 7 5.85 4.97

3 and 8 5.84 4.88

4 and 5 6.39 4.91

4 and 6 5.94 4.72

4 and 7 5.80 4.68

4 and 8 5.79 4.66

5 and 6 6.42 4.91

5 and 7 6.33 4.85

5 and 8 6.33 4.84

6 and 7 5.85 4.88

6 and 8 5.89 4.93

7 and 8 5.76 4.68
ation during the process of embedding and extracting the

. Imaging Sci. Technol. 030501-
bCr components, the ideal value of the color difference for
ach test image would be zero, and the experimental PSNR
alue for the fruit, balloon, and eagle images would be 29.80,
0.20, and 32.94, respectively.

Table I shows the HV-VH subbands resulted in the best
erformance for the fruit image, while the VH-DH subbands
roduced the best performance for the eagle image. How-
ver, for the balloon image, the HV-DV subbands delivered
he best results as regard to the color difference, while the
H-DV subbands produced in the best performance as re-

ard to the PSNR value. In other words, the combination of
wo subbands that resulted in the best performance as regard
o the color difference and PSNR value depended on the
mage. Nonetheless, when analyzing all the figures in Table I,
he best color difference and PSNR value were obtained

rding to the location of the two subbands used to embed the

PSNR
�dB�

Fruit Balloon Eagle

27.42 27.17 30.39

27.24 27.08 30.22

27.32 27.20 30.41

25.47 26.74 29.41

27.07 27.14 30.16

27.43 27.18 30.44

27.45 27.18 30.36

27.65 27.71 30.87

27.90 27.86 31.12

25.76 27.35 29.95

27.47 27.80 30.82

27.75 27.87 31.14

27.82 27.88 31.05

27.58 27.72 30.92

25.65 27.20 29.81

27.29 27.65 30.64

27.68 27.64 30.95

27.69 27.73 30.87

25.66 27.33 29.98

27.30 27.77 30.83

27.75 27.89 31.17

27.77 27.89 31.08

25.51 27.28 29.75

25.77 27.38 30.00

25.77 27.37 29.93

27.51 27.77 30.87

27.46 27.70 30.79

27.90 27.89 31.11
ges acco

Eagle

4.06

4.09

4.05

4.28

4.11

4.03

4.06

3.98

3.93

4.17

3.99

3.92

3.94

3.97

4.20

4.03

3.96

3.98

4.16

3.97

3.91

3.93

4.20

4.14

4.17

3.97

3.99

3.92
May-Jun. 20113
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hen using combinations among the HV, VH, DH, and DV
ubbands possibly because they included the minimum in-
ormation on the original image, as mentioned in the previ-
us section. The averaged color difference value when using
ombinations among the HV, VH, DH, and DV subbands
as 4.79, whereas the averaged color difference value with

ombinations among the other subbands was 5.04. Similarly,
he averaged PSNR value when using combinations among
he HV, VH, DH, or DV subbands was 28.94, whereas the
veraged PSNR value with combinations among the other
ubbands was 28.22.

Therefore, combinations of two subbands among the
V, VH, DH, and DV subbands produced the best recovered

olor image, except in the case of an extreme image, such as
checkered pattern. Consequently, in this study, the CbCr

omponents were always embedded into the HV and VH
ubbands.

Notwithstanding, all eight subbands can conceivably be
tilized to embed the CbCr components. In other words, to
educe the interpolation errors in the gray-to-color process,
ne-quarter of the CbCr images can be used instead of one-
ixteenth of the individual CbCr images. A method of em-

Figure 3. Color difference comparison of the reco
subbands used to embed the CbCr components.

Figure 4. PSNR comparison of the recovered colo
used to embed the CbCr components.
vered color images according to the location of the two
r images according to the location of the two subbands
edding one-quarter of the size CbCr components using all

. Imaging Sci. Technol. 030501-
 May-Jun. 20114
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ight subbands is shown in Figure 6, where the quarter-sized
bCr images are divided into four regions of the same size

nstead of down sampling to one-sixteenth of the size CbCr
mages. Each separate region of the Cb image is then em-
edded into the DH, HH, HV, and HD subbands. Mean-
hile, each separate region of the Cr image is embedded into

he DV, VH, VV, and VD subbands, respectively. Next, an
nverse wavelet transform is applied to obtain a textured gray
mage.

Figure 7 shows the textured gray images when using all
ight subbands to embed the CbCr components. Here, since

igure 6. Method of embedding one-quarter sized CbCr components
sing eight subbands.

igure 7. Textured gray images using eight subbands for embedding
bCr components: �a� fruit image; �b� balloon image; and �c� eagle

mage.
ach separate CbCr image forms independent patterns, this p

. Imaging Sci. Technol. 030501-
enerates many visible artifacts via the inverse wavelet packet
ransform. These patterns also affect the recovered color im-
ges, as shown in Figure 8 and the partially enlarged images
n Figure 9, where artifacts appear around the apple and
epper in the fruit image, around the violet region in the
alloon image, and around the head region in the eagle

mage.
Table II compares the color difference and PSNR value

hen using eight subbands and two subbands to embed the
bCr components, confirming a better performance when
sing only two subbands.

mbedding a Pseudorandom Code for Compensation of
aturation
hen a textured gray image is printed and scanned, the

igure 8. Recovered color images using the textured gray images in
ig. 7: �a� fruit image; �b� balloon image; and �c� eagle image.

igure 9. Partially enlarged images in Fig. 8: �a� fruit image; �b� balloon
mage; and �c� eagle image.
ixel values (eight bits: 0–255) of the textured gray image are

May-Jun. 20115
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nvariably changed by the inherent characteristics of the
rinter and scanner. This effect leads to a loss of color satu-
ation in the recovered color image as the values of the em-
edded CbCr components are also changed in the printing
nd scanning process. Thus, to enhance the color saturation
f the recovered color image, the CbCr components were
caled using the maximum and minimum values of the
bCr components of the original image. The processes of

he proposed color-to-gray and gray-to-color algorithms are
hown in Figures 10 and 11, respectively. When using the
atio of the original CbCr values to the extracted CbCr val-
es, the color saturation of the recovered color image can be
nhanced. Therefore, this information is transformed into a
seudorandom code, considering the visibility of the tex-

ured patterns on the new gray image, and then embedded

Table II. Comparison of the color difference and the PSNR va
the CbCr components.

Fruit

Color differenc

Using eight subbands for embedding CbCr 7.41

Using two subbands for embedding CbCr 5.73

Figure 10. Process of the color-to-gray algorithm.

Figure 11. Process of the gray-to-color algorithm.
nto the DD subband. Consequently, these values can be b

. Imaging Sci. Technol. 030501-
xtracted in the gray-to-color process and used to compen-
ate for the color saturation in the recovered color image.

eneration of Pseudorandom Code
he pseudorandom code is expressed by the number of
hite pixels according to a given code book, and the location
f each pixel is chosen pseudorandomly. The procedure used
o generate the pseudorandom code is shown in Figure 12.
irst, an image is generated that is the same size as each
avelet packet subband. This image is then divided into 16

egions with 4�4 blocks of the same size, and the subband
ixel values are set to zero, as shown in Figure 13. Next, the
seudorandom code is generated using the maximum and
inimum values of the CbCr components, as shown in Fig-

re 14. Although the range of CbCr values is generally
128–+127, the range may be changed to −64–+63 to al-

ow more effective representation of the CbCr information

eight subbands and two subbands were used for embedding

Balloon Eagle

R Color difference PSNR Color difference PSNR

5 6.53 25.61 3.98 29.75

0 4.67 27.86 3.93 31.12

Figure 12. Flowchart for generating a pseudorandom code.

Figure 13. Image generation for embedding a pseudorandom code.
lue when

e PSN

24.2

27.9
y the pseudorandom code. Next, the tens digit is separated

May-Jun. 20116
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nto two parts, while the units digit is divided by a factor of
. As a result, the first row of the pseudorandom code rep-
esents the sign information, the second and third rows rep-
esent the tens digit information, and the last row represents
he units digit information. Meanwhile, the first and second
olumns of the pseudorandom code are the maximum and
inimum Cb values, respectively, while the third and last

olumns are the maximum and minimum Cr values, respec-
ively. For example, the maximum Cr value �+124� is repre-
ented by the pseudorandom code in Fig. 14. First, +124 is
educed to +62. Next, the tens digit (6) is separated into two
arts: 3 and 3; i.e., the tens digit (6) is represented by the
um of 3 and 3. Finally, the units digit (2) is reduced by half.
he maximum and minimum values for the CbCr compo-
ents of the original image are then embedded into the gen-
rated image using numbers of white pixels based on a code
ook. Figure 15 shows the code book and pseudorandom
ode generated using Fig. 14.

mbedding and Extracting Method of Pseudorandom Code
he maximum and minimum values of the CbCr compo-
ents of the original image are embedded into the DD sub-
and and transformed into a pseudorandom code while
onsidering the visibility in the new gray image. The embed-
ing method is as follows.

When the pixel value of the location �i , j� is zero in the
seudorandom code, the pixel value is not changed if the

igure 14. Example of embedding the maximum and minimum values of
he CbCr components of an original image.

igure 15. Code book for pseudorandom code and generated pseudo-
andom code using Figure 14.
ifference between the pixel value of the location �i , j� and t

. Imaging Sci. Technol. 030501-
he average value of the adjacent pixels in the DD subband is
ess than a given threshold T. However, the pixel value is
hanged to the average value if the difference between the
ixel value of the location �i , j� and the average value of the
djacent pixels in the DD subband is more than the given
hreshold T.

Meanwhile, if the pixel value of the location �i , j� is not
ero in the pseudorandom code, the pixel value is not
hanged providing the difference between the pixel value of
he location �i , j� and the average value of the adjacent pixels
n the DD subband is more than a given threshold T. How-
ver, the pixel value is changed to the sum of the average
alue and the threshold value T if the difference between the
ixel value of the location �i , j� and the average value of the
djacent pixels in the DD subband is less than the given
hreshold T. This procedure prevents the appearance of vis-
ble patterns in the new gray image.

ompensation of CbCr Values in the Recovered Color
mage
o compensate for the loss of color saturation, scaled CbCr
omponents are used in the gray-to-color process. That is,
he color saturation of the recovered color image is enhanced
sing the ratio of the original CbCr values to the extracted
bCr values. Since the absolute values of the CbCr extracted

n the gray-to-color process are generally smaller than the
bsolute values of the CbCr from the original image,3 the
oss of color saturation can be lessened by scaling the values
f the extracted CbCr components as follows:

�Cbcomp = �1 � Cb

Crcomp = �1 � Cr
for positive values of Cb and Cr,

�3�

�Cbcomp = �2 � Cb

Crcomp = �2 � Cr
for negative values of Cb and Cr,

�4�

�1 = 	Cbmax,o

Cbmax,e
	, �1 = 	Crmax,o

Crmax,e
	 , �5�

�2 = 	Cbmin,o

Cbmin,e
	, �2 = 	Crmin,o

Crmin,e
	 , �6�

here Cbcomp and Crcomp denote the compensated CbCr val-
es, � and � are the scaling factors for the positive and
egative values of the CbCr components, respectively,
bmax,o and Crmax,o denote the maximum CbCr values from

he original image, Cbmin,o and Crmin,o denote the minimum
bCr values from the original image, Cbmax,e and Crmax,e are

he maximum CbCr values extracted from the gray image,
nd Cbmin,e and Crmin,e are the minimum CbCr values ex-

racted from the gray image.

May-Jun. 20117
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XPERIMENTAL RESULTS AND DISCUSSION
n the experiments, the method of Braun and de Queiroz
as used to allow the proposed method to be compared with

he best conventional method. The conventional method
as more robust as regard to decoding opposite colors

aused by a small image shift as the chrominance informa-
ion is divided into four planes, Cr+, Cr�, Cb+, and Cb�,
hich are then embedded into the vertical, diagonal, hori-

ontal, and diagonal of the approximated subbands,
espectively.6,7 The test images used to analyze the perfor-

ance of the proposed method are shown in Figure 16. The
P LaserJet 2200DN printer and the Epson Perfection V700

canner were also used to compare the performance of the
onventional method and the proposed method.

Figures 17 and 18 show the textured gray images and
he printed and scanned images. Figs. 17(a) and 18(a) show
he textured gray images using the conventional method and

Figure 16. Test images: �a� fruit and �b� eagle.

igure 17. Comparison of the printed and scanned Y� image �fruit�: �a�
� image using the conventional method; �b� scanned image of �a�; �c�
� image using the proposed method; and �d� scanned image of �c�.
igs. 17(b) and 18(b) show the printed and scanned images c

. Imaging Sci. Technol. 030501-
n Fig. 17(a) and 18(a), respectively. Similarly, Figs. 17(c)
nd 18(c) show the textured gray images using the proposed
ethod with the two-level wavelet packet transform and

igs. 17(d) and 18(d) show the printed and scanned images

igure 18. Comparison of the printed and scanned Y� image �eagle�:
a� Y� image using the conventional method; �b� scanned image of �a�;
c� Y� image using the proposed method; and �d� scanned image of �c�.

igure 19. Comparison of original pseudorandom code and recovered
seudorandom code: �a� original pseudorandom code of fruit; �b� recov-
red pseudorandom code of fruit; �c� original pseudorandom code of
agle; and �d� recovered pseudorandom code of eagle.
orresponding to Figs. 17(c) and 18(c), respectively. In the
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onventional method, four subbands (vertical, horizontal, di-
gonal, and diagonal of approximation) are used to embed
he Cb 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-
and) to embed the Cb and Cr components, and the area
hat is used for embedding color components is much
maller than that of the conventional method.

Figure 19 shows a comparison of the original pseudo-
andom codes and recovered pseudorandom codes. Figs.
9(a) and 19(c) show the original pseudorandom codes for
he fruit and eagle images, respectively, while Figs. 19(b) and
9(d) show the recovered pseudorandom codes after the
rinting and scanning process. The given threshold values,
, were 35 and 32.

Table III. CbCr errors of recovered pseudorandom codes.

Fruit Eagle

Original Recovered Original Recovered

Cbmax +84 +92 +48 +46

Cbmin −96 −88 −88 −84

Crmax +124 +120 +96 +92

Crmin −72 −64 −116 −108

igure 20. Comparison of the recovered color image �fruit�: �a� the origi-
al image; �b� the conventional method; �c� the proposed method without
compensation algorithm; and �d� the proposed method with a compen-

ation algorithm.
Table III compares the difference in the maximum and a

. Imaging Sci. Technol. 030501-
inimum values of the CbCr information between the
riginal and recovered pseudorandom codes, where the er-
ors between original and recovered CbCr values were less
han 8, demonstrating that the proposed pseudorandom
ode method for compensating the CbCr values was effective
or improving the color saturation of the printed and
canned gray image.

Figures 20 and 21 show a comparison of the recovered
olor images for fruit and eagle, respectively. Figs. 20(a) and
1(a) show original images and Figs. 20(b) and 21(b) show
he recovered color images using the conventional coloriza-
ion method based on the wavelet transform. Figs. 20(c) and
1(c) show the recovered color images using the proposed
ethod without the CbCr compensating algorithm, while

igs. 20(d) and 21(d) show the recovered color images using
he proposed colorization method with the CbCr compen-
ating algorithm based on the pseudorandom code method.

Finally, Table IV shows the performance of the pro-
osed colorization method according to the color difference

Table IV. Comparison of color difference and PSNR for recovered color images.

Fruit Eagle

�Eab
� PSNR �Eab

� PSNR

Conventional method 20.61 18.41 18.03 18.31

Without compensation 20.28 18.73 16.79 18.79

With compensation �proposed method� 14.93 20.89 13.57 20.18

igure 21. Comparison of the recovered color image �eagle�: �a� the
riginal image; �b� the conventional method; �c� the proposed method
ithout a compensation algorithm; and �d� the proposed method with a
ompensation algorithm.
nd PSNR values, where the color differences were enhanced

May-Jun. 20119
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y 5.68 and 4.46, respectively, and the PSNR values were
nhanced by 2.48 and 1.87 dB, respectively.

Consequently, the proposed colorization method was
hown to improve the color saturation of the recovered color
mages.

ONCLUSIONS
his article has proposed a color-to-gray and recovery
ethod based on embedding a pseudorandom code in a
avelet packet transform, thereby reducing the degradation
f saturation and preserving the details from the original

mage. First, to reduce the loss of details in the recovered
olor image, the CbCr color components are embedded into
he two subbands with the minimum amount of energy in
he Y image. Next, to compensate the color saturation in
ecovered color image, the CbCr components are scaled us-
ng the maximum and minimum values of the CbCr com-
onents from the original image. This information is then
mbedded into the DD subband using a pseudorandom
ode while considering the visibility in the new gray image.
n other words, the pseudorandom code includes the maxi-

um and minimum values of the CbCr components from
he original image and is expressed using numbers of white
ixels. However, the number of pixels is down sampled to
reserve the original information in the diagonal-diagonal
ubband. In the reverse process, saturation of the recovered
mage is compensated by applying the ratio of the original
bCr values to the extracted CbCr values. In experiments,

he performance of the proposed pseudorandom code
ethod was analyzed using color difference and PSNR val-

es, and the results confirmed that the proposed pseudoran-
. Imaging Sci. Technol. 030501-1
om code method improved the color saturation in the re-
overed color images.
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