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Near-Infrared Coloring via a Contrast-Preserving
Mapping Model

Chang-Hwan Son and Xiao-Ping Zhang, Senior Member, IEEE

Abstract— Near-infrared gray images captured along with
corresponding visible color images have recently proven useful
for image restoration and classification. This paper introduces
a new coloring method to add colors to near-infrared gray
images based on a contrast-preserving mapping model. A naive
coloring method directly adds the colors from the visible color
image to the near-infrared gray image. However, this method
results in an unrealistic image because of the discrepancies in
the brightness and image structure between the captured near-
infrared gray image and the visible color image. To solve the
discrepancy problem, first, we present a new contrast-preserving
mapping model to create a new near-infrared gray image with
a similar appearance in the luminance plane to the visible color
image, while preserving the contrast and details of the captured
near-infrared gray image. Then, we develop a method to derive
realistic colors that can be added to the newly created near-
infrared gray image based on the proposed contrast-preserving
mapping model. Experimental results show that the proposed
new method not only preserves the local contrast and details of
the captured near-infrared gray image, but also transfers the
realistic colors from the visible color image to the newly created
near-infrared gray image. It is also shown that the proposed
near-infrared coloring can be used effectively for noise and haze
removal, as well as local contrast enhancement.

Index Terms— Coloring, color transfer, contrast enhancement,
denoising, dehazing, image fusion, near-infrared imaging.

I. INTRODUCTION

NEAR-INFRARED imaging was developed to consecu-
tively capture near-infrared gray images and visible color

images [1]. In general, a hot mirror is used to prevent the
near-infrared part of the electromagnetic spectrum, ranging
from 750 to 1400 nm, from reaching sensitive CMOS sensors
and contaminating the visible color images. However, if the
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Fig. 1. (a) captured near-infrared gray image, (b) captured visible color
image, and (c) colored near-infrared image.

hot mirror is replaced with a piece of clear glass and a
pair of lens-mounted filters to block or pass the near-infrared
region, a visible color image and its corresponding near-
infrared gray image can be captured. This pair of images
often has different pixel information for the same scene. The
resulting redundant information can be helpful in certain tasks,
including image denoising [2], deblurring [3], dehazing [4],
and classification [5].

A. Motivation
The objective of this paper is to provide a new way to color a

near-infrared gray image. This is ostensibly easy to accomplish
because visible color images are available. It is tempting
to use a naive coloring method that merely combines the
chrominance planes from the visible color image with the near-
infrared gray image in an opponent color space. However, dis-
crepancies can emerge between the near-infrared gray image
and the visible color image. In other words, the brightness and
image structure of near-infrared gray images can differ from
those of the visible color images. An example is provided
in Fig. 1. In Fig. 1(a), the near-infrared gray image shows
the leaves on the tree and the lines on the wall. However,
they are absent in the visible color image in Fig. 1(b). This
is caused by the low dynamic range of the camera that leads
to pixel saturation in the dark and bright regions. Therefore,
a naive coloring method to directly add colors from the visible
color image to the near-infrared gray image results in unnatural
colors, as shown in Fig. 1(c). In particular, the tree color
in the colored near-infrared image does not look natural,
in contrast to the natural tree color in the visible color image.
In this paper, we focus on developing a method to solve this
discrepancy so that the natural colors from the visible color
image can be transferred to a near-infrared gray image without
any loss of detail and contrast.

B. Contributions

• A new method for transferring the colors from a visible
color image to a near-infrared gray image is presented.
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We first model a contrast-preserving linear mapping
between the two images. This mapping model is used
to generate a new near-infrared gray image and correct
the chrominance distribution of the visible color image,
thereby transferring realistic colors to the newly created
near-infrared gray image. The proposed mapping model
can resolve the discrepancy between the near-infrared
gray image and visible color image.

• A detail layer transfer method based on the detail dif-
ference constraint is introduced to enhance the detail
layer of the newly created near-infrared gray image. The
detail difference constraint forces the gradients of the
detail layer of the newly created near-infrared gray image
to be closer to those of the captured near-infrared gray
image. By adopting this detail difference constraint, detail
description and the amount of visual information can be
improved.

• Conventional methods [1]–[4] focus on fusing images
to increase visual information or edge representation.
However, the proposed method is concerned with trans-
ferring the colors from the visible color image to the
near-infrared gray image without any loss of detail and
contrast. The differences between the conventional and
proposed methods are discussed in this paper. The exper-
imental results confirm that the proposed method is more
effective at expressing local color contrast and detail than
conventional methods.

• In dim lighting conditions, captured visible color images
may contain significant noise. In this case, the question
arises as to whether the proposed method is effective
on the captured image pair of a noisy visible color
image and the near-infrared gray image. The experimental
results show that the proposed approach used for the
near-infrared coloring can also be applied to image pairs
captured under dim lighting conditions. The differences
between the proposed near-infrared denoising and con-
ventional image-pair-based fusion [2], [3], [6]–[10] are
discussed. It is shown that the proposed near-infrared
coloring method can also be used for haze removal and
local contrast enhancement.

• Part of work in this paper was presented in our conference
paper [11]. Compared to [11], it is shown in this paper
how the proposed near-infrared coloring with a little
modification can be used for noise removal. Moreover,
in the experimental results, it is shown that the proposed
method can also be applied to other applications: haze
removal and local contrast enhancement. Furthermore,
quantitative evaluation is added and more conventional
methods are compared.

C. Notation

In this paper, bold lowercase is used to indicate column
vectors. For example, xv and xnir indicate the column vectors
that contain the pixel values of the captured visible color image
and near-infrared gray image, respectively. The superscripts
are used to differentiate between the two images. If the
captured images are not grayscale, round brackets are used

to indicate the luminance and chrominance planes such as
xv(l)and xv(c). In order to denote the pixel location, the
subscript i is used like xv

i . ‖·‖ indicates the l2-norm and |·|
denotes an absolute value. N is a total number of pixels.

II. RELATED WORKS

A. Regularization Approach

The discrepancy problem appears when a naive coloring
method combining the chrominance planes of the visible
color image with the near-infrared gray image is used. One
solution is to adopt a regularization approach [3], [6], [7] that
has been widely used for image-pair-based restoration. The
regularization term can be modeled as follows:

min
x

⎧
⎨

⎩
μg ·

∥
∥
∥x−xv(l)

∥
∥
∥

2+
2∑

j=1

N∑

i=1

∣
∣
∣(x ⊗ f j )i − (xnir ⊗ f j )i

∣
∣
∣
γ

⎫
⎬

⎭

(1)

where xv(l) and xnir represent the luminance plane for the
visible color image and the near-infrared gray image, respec-
tively, and f denotes the horizontal or vertical derivative filter.
In (1), the first term, i.e., the data-fidelity term, indicates that
the unknown luminance image to be estimated is similar to the
luminance plane for the visible color image. To improve the
edge representation, a regularization term is provided by
the second term in (1). This constraint forces the edges from
the unknown luminance plane to be close to those in the
near-infrared gray image. In (1), γ is a constant value that
controls the sparsity [8]. In general, the value of γ is less
than one. Given an estimated luminance plane, its colors can
be taken directly from the visible color image. In other words,
the estimated luminance plane can be combined with the
chrominance planes from the visible color image.

B. Multiresolution Approach

Another approach is to apply multiresolution tech-
niques [1], [9], [10] widely used for image fusion. The wavelet
transform is a well-known multiresolution representation. The
luminance plane for the visible color image can be combined
in the multiresolution subspace with the near-infrared gray
image as follows:

� (x) =
{

ω1�
(
xv(l)

)+(1 − ω1)�
(
xnir

)
for LL subband

MAX
(
�(xv(l)),�(xnir )

)
for other subbands

(2)

where �(xv(l)) and � (xnir ) represent the wavelet coefficients
of the luminance plane for the visible color image and the
near-infrared gray image, respectively, and M AX denotes the
function that returns the largest value of a set of values.
The above equation shows that the wavelet coefficients of
the luminance plane for the visible color image are linearly
mixed with those of the near-infrared gray image for the
lowest frequency subband. For other subbands, the larger
wavelet coefficient between �(xv(l)) and � (xnir ) is selected
to increase the details of the fused image. Given the created
luminance plane, according to (2), its colors can be taken
directly from the visible color image.
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Fig. 2. Block-diagram of proposed method.

C. Statistical Approach

In [12], mean and variance, the representative statistics of
natural images, are used to transfer the color appearance of a
reference image to that of a target image. This approach can
be adopted to solve the near-infrared coloring problem. The
local mean and variance of the luminance plane for the visible
color image can be changed according to the local mean and
variance of the near-infrared gray image as follows:

xo(l)
i = μnir

i + (xv(l)
i − μ

v(l)
i ) · σ nir

i

σ
v(l)
i

and xo(c)
i = xv(c)

i · σ nir
i

σ
v(l)
i
(3)

where μi and σi denote the mean and variance of the local
patch centered at the i th pixel location, respectively, and
xo(l)

i and xo(c)
i represent the i th pixel values of the luminance

and chrominance planes of the colorized image, respectively.
The above equation tells us that the luminance plane of
the visible color image xv(l)

i can be scaled according to the
variance ratio σ nir

i /σ
v(l)
i . In addition, the new chrominance

planes xo(c)
i can also be created by scaling the chrominance

planes xv(c)
i of the visible color image by the variance ratio.

III. PROPOSED NEAR-INFRARED COLORING

Figure 2 shows a block-diagram of the proposed method.
First, the visible color image xv is separated into the luminance
and chrominance planes xv(l) and xv(c) through a forward
opponent color space conversion [12]. Then the proposed
contrast-preserving mapping is applied to the image pair
consisting of the near-infrared gray image xnir and the lumi-
nance plane of the visible color image xv(l). The details and
visual information of the newly created luminance plane xd(l)

via the contrast-preserving mapping are further enhanced by
the detail layer transfer. The relation between xnir and xv(l)

established via the contrast-preserving mapping is used for
the color transfer, which changes the color distribution of the
chrominance plane xv(c). Next, the detail-enhanced version
xo(l)of the newly created luminance plane is combined with
the modified chrominance plane. Finally, the colored output
image xo is obtained via the backward opponent color space
conversion.

A. Proposed Approach

The central idea of the proposed near-infrared coloring
method is the contrast-preserving mapping model. As shown

in Fig. 1, the discrepancy problem results in unnatural colors.
To handle this issue, a contrast-preserving mapping model is
proposed. The first role of this model is to create a new near-
infrared gray image. As shown in Fig. 2, the newly created
near-infrared gray image xd(l) can preserve the detail and local
contrast of the near-infrared gray image xnir . The input visible
and near-infrared patches, as shown in Fig. 2, are extracted
from the tree region of Fig. 1. Note that the newly created
near-infrared gray image xd(l) is different from the captured
near-infrared gray image xnir .

The second role of the model is to determine the mapping
relation between the near-infrared gray image xnir and the
visible color image xv(l). A critical point of the proposed
coloring method is that it adds unknown colors to the newly
created near-infrared gray image xd(l), not the captured near-
infrared gray image xnir . To estimate the unknown colors of
the newly created near-infrared gray image, the mapping rela-
tion obtained using the contrast-preserving mapping is utilized.
That is, the mapping relation provides a new color transfer
model to predict the unknown colors from the chrominance
images xv(c) of the visible color image.

B. Contrast-Preserving Linear Mapping

To transfer the colors from the visible color image to
the near-infrared gray image without any loss of detail, a
contrast-preserving mapping is needed. The objective of the
proposed contrast-preserving mapping is to find the relation
between the luminance plane for the visible color image and
near-infrared gray image. Based on this mapping relation,
another near-infrared gray image is generated that preserves
the local contrast. Furthermore, the color corresponding to the
newly created near-infrared gray image can be estimated. The
proposed contrast-preserving mapping model is formulated as
follows:

min
α

∥
∥
∥W1/2

i (pi − Qiαi )
∥
∥
∥

2 + μc

∥
∥
∥αi − α0

i

∥
∥
∥

2
(4)

where pi and Qi contain the pixel values of the extracted
patches from the luminance plane of the visible color image
and the near-infrared image at the i th pixel location, respec-
tively. A decorrelated color space [12] is used to gener-
ate the luminance plane. Other opponent color spaces, e.g.,
CIELAB or YCbCr [1], could be considered. Assuming that
the extracted patch has an odd size m × m, pi and Qi can be
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defined as follows:

pi = Ri xv(l)

=
[
xv(l)

i−m/2, xv(l)
i−m/2+1,. . ., xv(l)

i ,. . ., xv(l)
i+m/2−1, xv(l)

i+m/2

]T
(5)

Qi = [Ri xnir 1]
=

[
[xnir

i−m/2, xnir
i−m/2+1,. . ., xnir

i ,. . ., xnir
i+m/2−1, xnir

i+m/2]T 1
]

(6)

where Ri is a matrix that extracts the patch at the i th pixel
location from an image [13] and T denotes the transpose
operator. In (6), 1 indicates the column vector filled with one.
If xv(l) and xnir are image vectors that are N × 1 in size,
the matrix Ri has dimensions m2 × N . In (4), W is a diagonal
matrix consisting of weights that are inversely proportional
to the distance between the center pixel location i and its
neighboring pixel location. Vector αT

i = [
αi,1 αi,2

]
contains

two elements indicating the slope and bias, respectively. There-

fore, the data fidelity term
∥
∥
∥W1/2

i (pi − Qiαi )
∥
∥
∥

2
from (4) can

be regarded as a linear mapping. The near-infrared luminance
patch Ri xnir is mapped to the visible luminance patch Ri xv(l)

without any constraints. Adding a local contrast-preserving
regularization term

∥
∥
∥αi − α0

i

∥
∥
∥ prevents this. Under regular-

ization, α0
i is given as follows:

α0
i =ω1

[
xnir

i /avg(Rixnir )0
]T +ω2

[
xv(l)

i /avg(Rixv(l))0
]T

(7)

where avg denotes the averaging function. The above equation
indicates that the center-pixel values from the extracted near-
infrared and visible-luminance patches are divided by their
respective average values, and then combined linearly with
weights set by the variance ratio between the two patches.
The ratio of the center-pixel’s brightness to the background
brightness, as shown in (7), can be used as the local contrast
measure [14], [15]. The slope of αi,1 corresponds to the
local contrast in an image. The slope αi for the estimated
linear mapping Qiαi preserves local contrast α0

i for both the
near-infrared and visible luminance patches. The closed-form
solution to (4) is given as follows:

αi =
(

QT
i Wi Qi + μcI

)−1 (
QT

i Wi pi + μcα
0
i

)
(8)

where I is the identity matrix. Given the estimated αi , the pixel
value of the newly created near-infrared luminance image at
the i th pixel location can be obtained as follows:

xd(l)
i = xnir

i αi,1 + αi,2 (9)

where xd(l)
i is the newly created near-infrared luminance image

with the contrast-preserving mapping. Here, αi is the linear-
mapping relation between the luminance images.

C. Validity of Linear Mapping Model

In (4), the relation between the near-infrared luminance
image and luminance plane of the visible color image is mod-
eled by a linear mapping function. To verify this assumption,
the linear mapping model was evaluated with respect to mean
square error (MSE). The image pairs of the visible color and

TABLE I

MSE EVALUATION

near-infrared gray images, as shown in Figs. 1, 5, and 6, are
tested. The MSE is defined as

∥
∥xv(l) − xd(l)

∥
∥2

/N . The pixel
range of the tested images is scaled to [0–1] and the value
of μc in (4) is set to zero. Table I shows that the calculated
MSE values are quite small, and thus we conclude that the
use of the linear mapping model is valid.

According to the image acquisition model [16], [17],
the camera response corresponds to the integral of the product
of the relative power spectral distribution of the reflected light
and the spectral sensitivity function over all the wavelengths.
Let us assume that the spectral sensitivity function used to
capture the luminance plane of the visible color image can be
approximated by scaling and translating the spectral sensitivity
function of the near-infrared luminance image as follows:

Sv (λ) = ω1 R(λ) + ω2G(λ) + ω3 B(λ) (10)
∫

λ

Sv (λ)L(λ)dλ ≈
∫

λ

(
αSnir (λ − λo) + β

)
L(λ)dλ

= α

⎧
⎨

⎩

∫

λ

Snir (λ − λo)L(λ)dλ

⎫
⎬

⎭

+ β

⎧
⎨

⎩

∫

λ

L(λ)dλ

⎫
⎬

⎭
(11)

where R(λ), G(λ), and B(λ) denote the spectral sensitivity
functions of a camera’s filters that respond to the long,
middle, and short visible wavelength regions, respectively.
In addition, L(λ) is the relative spectral power distribution
of the reflected light, and Sv (λ) and Snir (λ) correspond to
the spectral sensitivity functions to capture the luminance
plane of the visible color image and the near-infrared gray
image, respectively. As shown in (10), the linear combination
of R(λ), G(λ), and B(λ) with weight ω generates the spectral
sensitivity function Sv (λ) to capture the luminance plane of
the visible color image. If Sv (λ) can be modeled by αSnir (λ−
λ0) + β, as shown in (11), where λ0 is a translation amount,
the pixel value of the near-infrared gray image, described by∫

λ Snir (λ − λ0)L(λ)dλ, can be linearly mapped to the pixel
value of the luminance plane of the visible color image,
described by

∫

λ Sv (λ)L(λ)dλ.

D. Detail Layer Transfer

The proposed contrast-preserving linear mapping enables
the image appearance of the newly created near-infrared
luminance plane to be similar to that of the luminance plane
of the visible color image. Moreover, it can transfer the local
contrast of the captured near-infrared luminance plane to the
newly created near-infrared luminance plane. These results
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can be used to resolve the discrepancy mentioned in the
introduction. Furthermore, the pixel saturation of the visible
color image, as shown in Fig. 1(b), can be solved. However,
when mapping the details of the near-infrared luminance plane
to the luminance plane of the visible color image, some details
can be lost. To address this issue, the detail layer of the newly
created luminance plane is modified as follows:

	xd(l) = xd(l) − xb,d(l) and 	xnir = xnir − xb,nir (12)

min
	x

⎧
⎨

⎩
μd

∥
∥
∥	x − 	xd(l)

∥
∥
∥

2 +
2∑

j

N∑

i=1

∣
∣
∣(	x ⊗ f j )i

−(	xnir ⊗ f j )i

∣
∣
∣
∣
∣

}

(13)

xo(l) = xb,d(l) + 	x (14)

where xb,d(l) and xb,nir denote the base layers of the newly
created near-infrared luminance plane and the captured near-
infrared luminance plane, respectively, and 	xd(l) and 	xnir

indicate the corresponding detail layers. As shown in (14),
the newly estimated detail layer 	x is obtained via (13) and
then added to the base layer xb,d(l), thus producing the detail-
enhanced version xo(l). In (13), the second term brings the
gradient difference between the two detail layers closer. This
detail difference constraint further enhances the details of the
newly created near-infrared luminance plane. In (12), the two
base layers are generated. In this paper, a nonlocal means
filtering was used [18]. Other filtering, e.g., bilateral filtering
could be considered [19]. Equation (13) can be solved by the
alternating minimization technique [6]–[8].

E. Color Transfer

In this section, we introduce a method to create colors in the
detail-enhanced near-infrared luminance image xo(l). Since the
relation between the visible color and near-infrared luminance
planes has been established, the unknown colors for the detail-
enhanced near-infrared luminance image xo(l) can be derived
as follows:

xo(c1)
i = xv(c1)

i /αi,1 and xo(c2)
i = xv(c2)

i /αi,1 (15)

where xv(c1)
i and xv(c2)

i represent the two chrominance planes
of the visible color image defined in the decorrelated color
space [12]. The above equation indicates that the unknown
chrominance planes xo(c1)

i and xo(c2)
i for the detail-enhanced

near-infrared luminance image xo(l) can be obtained by divid-
ing the chrominance planes for the visible color image by
αi,1, the mapping relation. Equation (15) is derived from the
contrast-preserving linear mapping, that is, xnir

i αi,1 ≈ xv
i ,

which reveals that the unknown chrominance planes for the
detail- enhanced near-infrared luminance image can be defined
as the contrast-enhanced version of the chrominance planes
for the visible color image. By combining the luminance
plane xo(l) with the chrominance planes xo(c1) and xo(c2),
the proposed method not only preserves the local contrasts
and details of the near-infrared gray image, but also transfers
the colors from the visible color image to the newly created
near-infrared luminance image.

F. Proposed Color Transfer vs. Chroma Mapping

The proposed color transfer, as given in (15), can be
regarded as a chroma mapping [20]. In the CIELAB color
space, the chroma value of the newly created colored image
at the i th pixel location can be defined as:

C∗
i =

√
(

xv(c1)
i /αi,1

)2 +
(

xv(c2)
i /αi,1

)2

= 1

αi,1

√
(

xv(c1)
i

)2+
(

xv(c2)
i

)2 = si

√
(

xv(c1)
i

)2+
(

xv(c2)
i

)2

(16)

where C∗
i is the chroma value. The above equation reveals

that the proposed color transfer model linearly changes the
chroma value of the captured visible color image xv

i according
to the inverse number of the local contrast αi,1. If 1/αi,1 is
generalized to a scaling factor si , (16) becomes the same as
space-variant chroma mapping. Therefore, it is expected that
the effectiveness of the proposed color transfer is similar to
that of the chroma mapping.

G. Parameter Setting

In this paper, two parameters μc and μd are deter-
mined empirically. In (4), if the value of μc is zero,
the near-infrared patch is almost the same as the visible
luminance patch. It means that any local contrasts of the near-
infrared patch are not transferred into the visible luminance
patch. On the other hand, if the value of μc approaches
to infinity, the estimated μc will become equal to the local
contrast α0. Therefore, the newly generated near-infrared gray
image looks like a contrast map. In this study, μc is determined
empirically. Our experiments show that μc = 7500 can
transfer the local contrasts of the near-infrared patches into
the visible luminance patches. Similarly, the value of μd is
set with 200 to transfer the detail layer of the captured near-
infrared image into the detail layer of the newly generated
near-infrared image. In the paper, μc and μd are fixed for all
test images.

IV. PROPOSED NEAR-INFRARED DENOISING

In dim lighting conditions, visible color images may contain
noise. Even in this case, the proposed approach for near-
infrared coloring can be directly applied to the captured
image pair of the noise-contained visible color image and
the near-infrared gray image; only an initial denoising is
required. That is, the proposed coloring method can be directly
applied to the image pair of the denoised visible color image
and the near-infrared gray image. The initial denoising can
remove fine details in the visible color image along with the
noise. However, the proposed contrast-preserving mapping can
transfer the details of the captured near-infrared gray image
to the newly created near-infrared gray image. Therefore,
the newly created near-infrared gray image can be both noise-
free and detail-preserved. Moreover, the discrepancy between
the noisy visible color image and near-infrared gray image can
be resolved via the proposed contrast-preserving mapping.
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Fig. 3. Proposed scheme for near-infrared denoising.

Fig. 3 shows how the proposed near-infrared coloring
method can deal with the noise and discrepancy issues. First,
to remove the noise in the visible color image, an initial
denoising is performed. It is recommended that the noise
be completely removed, as shown in the denoised gray
image xv(l). Second, to restore the image structure of the
denoised gray image xv(l), the proposed contrast-preserving
mapping is used. The proposed contrast-preserving mapping
can transfer details from the captured near-infrared gray
image xnir to the denoised gray image xv(l), as shown in
the newly created near-infrared gray image xd(l). Moreover,
the discrepancy between xv(l) and xnir that can be found in
the red lines near the brim can be resolved at the same time.
The unknown colors can then be added to the newly created
near-infrared gray image xd(l) according to the color transfer
model in (15). Thus, the proposed near-infrared denoising
method is similar to a coloring method. This is because details
and colors are transferred to the denoised gray image xv(l).
This is a main difference between the proposed near-infrared
denoising and conventional-image-pair-based fusions via gra-
dient regularization [3], [6], [7], weighted least squares [2],
and multiresolution [1], [9], [10] methods.

V. EXPERIMENTAL RESULTS

A. Visual Quality Comparison

To verify the visual effectiveness of the proposed coloring
method, test images that include high contrast and details are
chosen from the near-infrared image database [1], as shown
in Figs. 4, 5, 6, and 7. Also, to compare the performance of the
proposed method, the conventional image fusion techniques
such as the gradient regularization [3], [6], [7], multiresolu-
tion [1], [9], [10], and multiscale tone and detail manipula-
tion [4] are adopted because the near-infrared coloring can be
considered as an image fusion problem. Note that the proposed
coloring method is good at representing local detail, contrast,
and realistic colors. As shown in Fig. 4(a), the newly created
near-infrared luminance image, rendered using (4), preserves
detail in the tree regions. Furthermore, the tree regions that
are darkened in the visible color image because of the low
dynamic range of the camera, as depicted in Fig. 1(b), can be
recovered with higher contrast. However, details can be lost
when mapped from the near-infrared gray image into the lumi-
nance plane of the visible color image. For example, the lines

on the wall in the highlight regions are almost lost. However,
this drawback can be overcome via the detail layer transfer of
Eqs. (12)-(14). In Fig. 4(b), the lines on the wall are restored.
In addition, the details of the tree’s leaves and road surfaces
are also enhanced. For comparison, magnified versions of the
red rectangles marked in Figs. 4(a), 5(c), and 6(c) are shown
in Fig. 8. From these results, it can be concluded that the
detail layer transfer improves the amount of information and
detail description. The naive coloring method of combining the
chrominance planes of the visible color image with the newly
created near-infrared luminance image resulted in improved
colors, as shown in Fig. 4(c). The colors are more natural
than those of Fig. 1(c), indicating that the discrepancy problem
can be resolved by the proposed contrast-preserving mapping.
However, the color appears desaturated. The proposed color-
transfer method, as defined in (15), improved the color by
estimating the contrast-enhanced version of the chrominance
planes for the visible color image, as shown in Fig. 4(d).
In addition, the colors produced with the proposed coloring
method are better than those resulting from conventional
methods, as shown in Figs. 4(e)-(h). The difference between
Figs. 4(e) and 4(f) depends on the value of μg defined
in (1). A lower value enables the preservation of the edges
from the near-infrared gray image. Despite an increase in
the edges of the tree regions, the colors become distorted,
as shown in Fig. 4(f). The multiresolution approach, shown
in Fig. 4(g), preserves the details but results in unnatural col-
ors. The dehazing technique [4] cannot solve the discrepancy
problem. The brightness of the tree’s regions is still dark
and some lines on the wall are almost removed, as shown
in Fig. 4(h). The statistical approach [12] is not compared in
this paper, because its visual qualities are no better than those
of the gradient regularization, dehazing, and multiresolution
approaches. In particular, the colors it produced are unnatural
and oversaturated.

Similar effects can be found in Figs. 5 and 6. It can be
seen that the discrepancy problem occurs, especially in the
grass region of Figs. 5(a) and (b) and the cloud region of
Figs. 6(a) and (b). Unnatural colors are produced by the
naive coloring method, as shown in Figs. 5(g) and 6(g).
In Figs. 5(f) and 6(f), the proposed method produces better
colors than the naive gradient regularization, multiresolution,
and dehazing approaches. Note that the conventional methods
have their own merits. The gradient regularization approach is
good at the representing edges, as shown in the grass region
of Fig. 5(h) and the bush region of Fig. 6(h). In contrast, the
multiresolution approach is good at increasing the amount of
visual information, especially in the distant mountain region
of Fig. 5(i) and the cloud region of Fig. 6(i). The disadvantage
to use the gradient regularization approach is that it often
omits visual information. For example, the cloud in the sky
is removed, as shown in Fig. 6(h). The disadvantage of the
multiresolution approach is that the colors it produces are often
unrealistic, as shown in Fig. 5(i), and the strength of edges are
relatively weak when compared to the gradient regularization
and proposed method, as in the roof regions of Fig. 6(i). The
advantage and disadvantage of the dehazing approach [4] are
similar to those of the multiresolution approach, as checked
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Fig. 4. Experimental results: (a) newly created near-infrared gray image using the proposed contrast-preserving mapping, (b) the same image with details
enhanced using the proposed detail layer transfer method, (c) detail enhanced image colored by the naive method, (d) detail enhanced image colored by the
proposed color-transfer method, (e) near-infrared image colored by the gradient regularization approach (μg = 103), (f) near-infrared image colored by the
gradient regularization approach (μg = 1), (g) near-infrared image colored by the multiresolution approach, (h) near-infrared image colored by the dehazing
technique [4].

Fig. 5. Experimental results: (a) visible color image, (b) near-infrared gray image, (c) newly created near-infrared gray image using the proposed contrast-
preserving mapping, (d) newly created near-infrared gray image with details enhanced using the proposed detail layer transfer method, (e) detail enhanced
image colored by naive method, (f) detail enhanced image colored by the proposed color-transferring method, (g) near- infrared image colored by the naive
method, (h) near-infrared image colored by the gradient regularization approach (μg = 103), (i) near-infrared image colored by the multiresolution approach,
and (j) near-infrared image colored by the dehazing technique [4].

in Figs. 5(j) and 6(j). This is because the dehazing method is
based on the multiscale tone and detail manipulation. Thus,
both the proposed and conventional methods have their own
pros and cons. However, the proposed method is more effective

at expressing the color contrasts than conventional methods.
In addition, fine details and natural colors can be obtained
simultaneously. It is possible because the proposed coloring
method adopts three kinds of transfer: contrast, detail, and
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Fig. 6. Experimental results: (a) visible color image, (b) near-infrared gray image, (c) newly created near-infrared gray image with the proposed contrast-
preserving mapping, (d) newly created near-infrared gray image with details enhanced using the proposed detail layer transfer method, (e) detail enhanced
image colored by the naive method, (f) detail enhanced image with the proposed color-transferring method, (g) near-infrared image colored by the naive
method, (h) near-infrared image colored by the gradient regularization approach (μg = 103), (i) near-infrared image colored by the multiresolution approach,
and near-infrared image colored by the dehazing technique [4].

Fig. 7. Experimental results: visible color images (first column), near-infrared gray images (second column), and images colored by the proposed method (third
column), naive method (fourth column), gradient regularization approach (fifth column), multiresolution approach (sixth column), and dehazing technique [4]
(seventh column).

color, as shown in the block-diagram of Fig. 2. In addition,
the proposed method put more emphasis on near-infrared
coloring, whereas the conventional methods focus on fusing
the images for the improvement of edge representation and
information preservation. This is the main difference between
the proposed and conventional methods. For a more visual
comparison, additional image results are provided in Fig. 7.
Moreover, a few visible/near-infrared image sets including thin
lines and high texture content are tested, and then provided in
supplementary material. The performance results are similar
to Figs. 4-7.

B. Quantitative Evaluation

To evaluate the performance of the coloring meth-
ods, four types of measures: colorfulness (CF) [21], spa-
tial frequency (SF) [22], entropy (EN) [23], and con-
trast (CT) [14], [15] are employed. These measures are defined
in Table II. These four measures have been used for the
quantitative evaluation of other types of image pairs [23].
In this paper, the CF measure is used to perceptually quantify
the colorfulness in a colored image and the SF measure is
used to measure edge preservation. The EN and CT measures
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TABLE II

DEFINITIONS OF THE FOUR MEASURES

Fig. 8. Detail comparison: before detail layer transfer (upper row) and after
detail layer transfer (bottom row).

quantify the amount of information and local contrast in a
colored image, respectively. At least one of the contrast, edge,
color, or visual information can be lost after applying image
fusion including the near-infrared coloring. Therefore, we use
these four measures to evaluate the near-infrared coloring
because it is necessary to measure how well the contrast,
edge, color, and visual information are represented on the
fused or colored images. Image quality measures that require a
reference image [23] are not considered in this paper because
both visible color and near-infrared gray images can contain
image quality degradation, and thus neither can be used as the
reference image. For example, as shown in Figs. 1(a) and (b),
the visible color image includes contrast loss and the near-
infrared gray image has no color. Thus, reference image fusion
metrics, such as the root mean square error (RMSE) or peak
signal to noise ratio (PSNR), are not considered. Even though
there are some blind image quality evaluations where natural
statistics of edges, colors, or contrasts are modeled to predict
distortion levels [24], image enhancement algorithms such as
sharpening, haze removal, coloring, or etc., lead to inevitable
modification in the natural statistics. Thus, the blind image
quality evaluation is not appropriate for near-infrared coloring.

As expected, the naive coloring method yields the lowest
average scores, as shown in the lowest partition of Table III.
However, the EN score is relatively high, especially for the
test images located in the second and third rows of Fig. 7.
The EN measure has the highest score when a discrete random
variable has a uniform probability distribution [25], i.e., when
the histogram of an image is uniform. Because these two test
images have a wide range of pixel intensities, they obtained
the highest EN scores. The gradient regularization approach
is good at representing edges, and thus it obtains higher SF
scores, especially for the test image of Fig. 7 (third row).
A small value of μg in (1) can increase the SF scores, however
color distortion can occur, as shown in Figs. 4(e) and (f).
In contrast, the proposed method obtains the highest average
scores for all evaluations, as shown in the lowest partition

of Table III. This is due to three types of transfer: contrast-
preserving mapping, detail layer transfer, and color transfer.
The contrast-preserving mapping preserves the local contrast
of the near-infrared gray image and the color transfer increases
the chrominance range of the visible color image. The detail
layer transfer increases the strength of details and edges.
The perceptual meaning of the CF score (the final column
of Table III) is introduced in [21]. For example, a score that
lies between 8 and 18 indicates that a tested image is slightly
colorful and a score between 32 and 43 indicates that a tested
image is quite colorful. Note that the proposed method obtains
higher CF scores for the colorful images of Figs. 5 and 7
(second row). In Table III, the quantitative evaluations of the
multiresolution and dehazing approaches are not satisfactory.
However, specific areas in the whole images, e.g., sky regions,
can be well rendered. This indicates that those two approaches
are more appropriate for dehazing [4], not the near-infrared
coloring [1].

C. Application of Proposed Coloring Method for Denoising,
Dehazing, and Local Contrast Enhancement

In this section, it is shown how effectively the proposed
near-infrared coloring method can be used for noise and haze
removal, as well as local contrast enhancement. First, as shown
in the block-diagram of Fig. 3, the proposed method can be
used with a little modification for noise removal. Fig. 9 shows
the experimental results for the captured near-infrared images
in dim lighting [2]. In Figs. 9(a) and (b), it is clear that the vis-
ible color image contains noise and discrepancy occurs, espe-
cially for the chart’s patches and red lines near the brim of the
bowl. Fig. 9(c) shows the initially denoised visible color image
via nonlocal means filtering [18]. In this figure, the details
have clearly been removed. However, this detail loss can be
restored by applying the proposed contrast-preserving map-
ping and detail layer transfer, as shown in Figs. 9(d) and (e).
In Fig. 9(d), it is clear that the newly created near-infrared gray
image preserves its details, thanks to the proposed contrast-
preserving mapping. Moreover, the discrepancy problem can
be resolved. For example, the red line on the bowl that
was removed in the near-infrared gray image of Fig. 9(b) is
restored. In Fig. 9(e), the use of the detail layer transfer leads
to an improvement in the detail description. Fig. 9(f) shows
the colored image with the proposed color transfer method and
Fig. 9(g) is the chroma-enhanced version of the Fig. 9(f). That
is, the chroma mapping, as shown in (16), is applied to the
Fig. 9(f). The scale factor, si , is set to 1.2. In the case of the
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TABLE III

QUANTITATIVE EVALUATION

noisy visible and near-infrared image pairs, the values of the
estimated linear mapping relation, αi , in (4), can be shrunk.
It is because the used denoised luminance image has already
lost its contrast and edge, as shown in Fig. 9(c), which can
lead to the decrease in chroma. Different from other resulting
images, as shown in Figs. 9(h)-(m), the colored image with the
proposed denoising method has little noise and color distor-
tions. Thus, the chroma mapping can improve the colorfulness
without noise amplification, as shown in Fig. 9(g). BM3D [26]
is a state-of-the-art denoising method. However, its visual
quality is poor, as shown in Fig. 9(h). It is possibly due to the
non-Gaussian noise in the captured visible color image. The
image-pair-based denoising methods based on the weighted
least squares [2] and gradient regularization [3], [6], [7] can

produce better-resulting images than those obtained from the
BM3D. It is because the clean near-infrared image is used as
a guidance image [2]. Figs. 9(l) and (m) show the denoised
images with the guided image filtering [27] and scale map
method [28], respectively. As shown in the red boxes of
Fig. 9(l), the lines cannot be restored. Also, the background
textures are almost removed. It shows that the guided image
filtering is not suitable for resolving the discrepancy problem.
Similarly, the scale map method cannot clearly restore the
lines, as shown in red boxes. The edges of the brim of the
bowl are broken. Also, the background colors are different
from those of the captured visible color image. Even though
the layer decomposition method [29] is strong at the texture
representation, the overall sharpness needs to be improved,
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Fig. 9. Experimental results for noise removal: (a) noisy visible color image, (b) near-infrared gray image, (c) image denoised via nonlocal means filtering [18],
(d) newly created near-infrared gray image via the proposed contrast-preserving mapping, (e) newly created near-infrared gray image with details enhanced
using the proposed detail layer transfer method, (f) image colored using the proposed color transfer method, (g) chroma-enhanced version of the
Fig. 9(f), (h) image denoised using BM3D [26], (i) image colored by the naive method, (j) image denoised using the gradient regularization approach,
(k) image denoised using the weighted least squares approach, (l) image denoised using guided image filtering [27], (m) image denoised using scale map
method [28], and (n) image denoised using layer decomposition [29].

compared to the proposed method. In addition, the layer
decomposition method is quite slow, due to the repetition of
the used sparse coding. Based on the comparison of resulting
images, the visual quality of the proposed method is better than
those of the conventional methods. It is because the proposed
denoising method is based on both detail and color transfers,
as discussed in Section IV. In other words, the proposed
denoising method adds details and colors to the denoised
luminance image of Fig. 9(c). This is a main difference
between the proposed denoising method and the conventional
image fusion methods [2], [3], [27], [28]. From these results,
it can be concluded that the proposed near-infrared coloring
method is effective to remove noise of the captured visible
color images in dim lighting conditions.

In Fig. 9, it is noted that the weighted least squares and
gradient regularization approaches utilize both the noisy vis-
ible color image and near-infrared gray image. The denoised
version of the noisy visible color image via the nonlocal means
denoising is used as a guidance image in the weighted least
squares approach [2]. The gradient regularization approach use
the denoised image to model the data-fidelity term, as shown
in (1). Therefore, the weighted least squares and gradient

regularization approaches can be considered as multi-frame
denoising methods as well.

Second, the proposed method can also be used effectively
for haze removal and local contrast enhancement. As shown
in Fig. 10, the conventional multiscale-based fusion [30]
cannot remove the haze. This is because the captured visible
color images have already lost detail and edge information
during image capturing, due to heavy haze. The near-infrared
dehazing method [31] uses the near-infrared gray images as
guidance images to enhance the edges of the initial dehazed
images, which are given by the dark prior method [32].
However, haze still remains on the dehazed images even
though the overall sharpness can be improved, as shown in
the fourth row. In addition, the visual quality is no better
than the proposed method. The proposed coloring method can
solve serious discrepancy in the image structure and brightness
between the captured haze images and the near-infrared gray
images, and thus the proposed method can remove heavy
haze and produce natural-looking colors, indicating that the
proposed near-infrared coloring is more effective in removing
haze and producing natural colors than conventional dehazing
methods.
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Fig. 10. Experimental results for haze removal; captured visible color images (first row), captured near-infrared images (second row), dehazed images by
using the conventional method based on multiscale fusion [30] (third row), dehazed images by using the near-infrared dehazing method [31] (fourth row),
and colored near-infrared images with the proposed method (fifth row).

Fig. 11 shows the experimental results for local contrast
enhancement. As shown in the first column, adaptive his-
togram equalization method [33] can improve local contrast.
However, this method cannot restore the lines on the building.
Also, the produced colors are poor. The retinex-based contrast

enhancement [34] can improve visual quality compared to
the adaptive histogram equalization method, as shown in
the second column, but it cannot restore the lines. In contrast,
the proposed coloring method can restore the lines on the
building and provide more visual information, as shown in
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Fig. 11. Experimental results for local contrast enhancement; contrast-enhanced images with the adaptive histogram equalization [33] (first column),
contrast-enhanced image via a retinex model [34] (second column), contrast-enhanced image with proposed coloring method (last column).

red boxes. Even though the retinex-based contrast enhance-
ment [34] is good at describing local contrasts, there is some
room in improvement in terms of the produced colors and
shading. These results show that the proposed coloring method
is effective in improving local contrasts and colors.

VI. CONCLUSION

In this paper, a new method is presented to transfer
colors from a visible color image to a near-infrared gray
image without losing details and contrast. Specifically, based
on a new contrast-preserving mapping model, the proposed
contrast-preserving mapping method can solve the discrep-
ancy problem in brightness and image structures between
the visible and near-infrared images. Visual information loss
during the contrast-preserving mapping can be compensated
by the transfer of image details, thereby restoring thin lines
and improving fine details. In addition, dehazing effects can
be simultaneously obtained through the proposed contrast-
preserving mapping model and the detail transfer procedure.
The proposed color-transfer technique generates realistic col-
ors that can be added to the newly created near-infrared gray
image by applying the space-variant chroma mapping to the
chrominance planes of the captured visible color image. The
proposed approach for the near-infrared coloring can also
be used to remove noise in visible color image captured in
dim lighting condition, as well as haze removal and contrast
enhancement. Experimental results show the effectiveness and

superiority of the new method in comparison with other
commonly used methods.

REFERENCES

[1] C. Fredembach and S. Susstrunk, “Colouring the near infrared,” in Proc.
IS&T Color Imaging Conf., Los Angeles, CA, USA, 2008, pp. 176–182.

[2] S. Zhuo, X. Zhang, X. Miao, and T. Sim, “Enhancing low light images
using near infrared flash image,” in Proc. IEEE Int. Conf. Image
Process., Hong Kong, Feb. 2010, pp. 2537–2540.

[3] W. Lia, J. Zhanga, and Q.-H. Daib, “Robust blind motion deblurring
using near-infrared flash image,” J. Vis. Commun. Image Represent.,
vol. 24, no. 8, pp. 1394–1413, Nov. 2013.

[4] L. Schaul, C. Fredembach, and S. Susstrunk, “Color image dehazing
using the near-infrared,” in Proc. IEEE Int. Conf. Image Process., Cairo,
Egypt, Jun. 2009, pp. 1629–1632.

[5] S. Farokhi, S. M. Shamsuddin, U. U. Sheikh, J. Flusser, M. Khansari,
and K. Jafari-Khouzani, “Near infrared face recognition by combining
Zernike moments and undecimated discrete wavelet transform,” Digit.
Signal Process., vol. 31, pp. 13–27, Aug. 2014.

[6] S.-H. Lee, H.-M. Park, and S.-Y. Hwang, “Motion deblurring using edge
map with blurred/noisy image pairs,” Opt. Commun., vol. 285, no. 7,
pp. 1777–1786, Apr. 2012.

[7] S. Zhuo, D. Guo, and T. Sim, “Robust flash deblurring,” in Proc. IEEE
Int. Conf. Comput. Vis. Pattern Recognit., San Francisco, CA, USA,
Mar. 2010, pp. 2440–2447.

[8] C.-H. Son, H. Choo, and H.-M. Park, “Image-pair-based deblurring with
spatially varying norms and noisy image updating,” J. Vis. Commun.
Image Represent., vol. 24, no. 8, pp. 1303–1315, Nov. 2013.

[9] M. Tico and K. Pulli, “Image enhancement method via blur and noisy
image fusion,” in Proc. IEEE Int. Conf. Image Process., Cairo, Egypt,
Nov. 2009, pp. 1521–1524.

[10] V. S. Petrovic and C. S. Xydeas, “Gradient-based multiresolution image
fusion,” IEEE Trans. Image Process., vol. 13, no. 2, pp. 228–237,
Feb. 2004.



5394 IEEE TRANSACTIONS ON IMAGE PROCESSING, VOL. 26, NO. 11, NOVEMBER 2017

[11] C.-H. Son and X.-P. Zhang, “Near-infrared coloring via a contrast
preserving mapping model,” in Proc. IEEE Global Conf. Signal Inf.
Process., Orlando, FL, USA, Dec. 2015, pp. 677–681.

[12] E. Reinhard, M. Adhikhmin, B. Gooch, and P. Shirley, “Color transfer
between images,” IEEE Comput. Graph. Appl., vol. 21, no. 5, pp. 34–41,
Sep./Oct. 2001.

[13] C.-H. Son and H. Choo, “Local learned dictionaries optimized to edge
orientation for inverse halftoning,” IEEE Trans. Image Process., vol. 23,
no. 6, pp. 2542–2556, Jun. 2014.

[14] Z.-U. Rahman, D. J. Jobson, and G. A. Woodell, “Retinex processing
for automatic image enhancement,” J. Electron. Imag., vol. 13, no. 1,
pp. 100–110, 2004.

[15] G. Simone, M. Pedersen, and J. Y. Hardeberg, “Measuring perceptual
contrast in digital images,” J. Vis. Commun. Image Represent., vol. 23,
no. 3, pp. 491–506, Apr. 2012.

[16] K. Barnard and B. Funt, “Camera characterization for color research,”
Color Res. Appl., vol. 27, no. 3, pp. 152–163, Jun. 2002.

[17] C.-H. Son and Y.-H. Ha, “Color correction of images projected on a
colored screen for mobile beam projector,” J. Imag. Sci. Technol., vol. 52,
no. 3, pp. 030505-1–030505-11, May/Jun. 2008.

[18] A. Buades, B. Coll, and J.-M. Morel, “A non-local algorithm for image
denoising,” in Proc. IEEE Int. Conf. Comput. Vis. Pattern Recognit.,
San Diego, CA, USA, Jun. 2010, pp. 2537–2540.

[19] C. Tomasi and R. Manduchi, “Bilateral filtering for gray and color
images,” in Proc. IEEE Int. Conf. Comput. Vis., Bombay, India,
Jan. 1998, pp. 839–846.

[20] E. D. Montag and M. D. Fairchild, “Psychophysical evaluation of gamut
mapping techniques using simple rendered images and artificial gamut
boundaries,” IEEE Trans. Image Process., vol. 6, no. 7, pp. 977–988,
Jul. 1997.

[21] D. Hasler and S. Susstrunk, “Measuring colorfulness in natural images,”
Proc. SPIE, vol. 5007, pp. 87–95, Jun. 2003.

[22] S. Li and B. Yang, “Multifocus image fusion by combining curvelet
and wavelet transform,” Pattern Recognit. Lett., vol. 29, no. 9,
pp. 1295–1301, Jul. 2008.

[23] M. Bagher, A. Haghighat, A. Aghagolzadeh, and H. Seyedarabi,
“A non-reference image fusion metric based on mutual information of
image features,” Comput. Electr. Eng., vol. 37, no. 5, pp. 744–759,
Sep. 2011.

[24] L. Zhang, L. Zhang, and A. C. Bovik, “A feature-enriched completely
blind image quality evaluator,” IEEE Trans. Image Process., vol. 24,
no. 8, pp. 2579–2591, Aug. 2015.

[25] C. M. Bishop, Pattern Recognition and Machine Learning. New York,
NY, USA: Springer, 2006.

[26] K. Dabov, A. Foi, V. Katkovnik, and K. Egiazarian, “Image denoising by
sparse 3D transform-domain collaborative filtering,” IEEE Trans. Image
Process., vol. 16, no. 8, pp. 2080–2095, Aug. 2007.

[27] K. He, J. Sun, and X. Tang, “Guided image filtering,” in Proc. Eur.
Conf. Comput. Vis., 2010, pp. 1–14.

[28] Q. Yan et al., “Cross-field joint image restoration via scale map,” in
Proc. IEEE Int. Conf. Comput. Vis., 2013, pp. 1537–1544.

[29] C.-H. Son and X.-P. Zhang, “Layer-based approach for image pair
fusion,” IEEE Trans. Image Process., vol. 25, no. 6, pp. 2866–2881,
Jun. 2016.

[30] C. O. Ancuti and C. Ancuti, “Single image dehazing by multi-scale
fusion,” IEEE Trans. Image Process., vol. 22, no. 8, pp. 3271–3282,
Aug. 2013.

[31] C. Feng, S. Zhuo, X. Zhang, L. Shen, and S. Susstrunk, “Near-infrared
guided color image dehazing,” in Proc. IEEE Int. Conf. Image Process.,
Melbourne, VIC, Australia, Sep. 2013, pp. 2363–2367.

[32] K. He, J. Sun, and X. Tang, “Single image haze removal using dark
channel prior,” in Proc. IEEE Int. Conf. Comput. Vis. Pattern Recognit.,
Miami, FL, USA, Jun. 2009, pp. 1956–1963.

[33] K. Zuiderveld, “Contrast limited adaptive histogram equalization,”
in Graphic Gems IV. San Diego, CA, USA: Academic, 1994,
pp. 474–485.

[34] C.-T. Shen and W.-L. Hwang, “Color image enhancement using retinex
with robust envelope,” in Proc. IEEE Int. Conf. Image Process., Cairo,
Egypt, Nov. 2009, pp. 3141–3144.

Chang-Hwan Son received the B.S., M.S., and
Ph.D. degrees from Kyungpook National University,
Daegu, South Korea, in 2002, 2004, and 2008,
respectively, all in electronic engineering. He was a
National Scholarship Student in 2006. From 2008 to
2009, he was with the Digital Printing Division,
Advanced Research and Development Group 2,
Samsung Electronics Company, Ltd., Suwon, South
Korea. As a Senior Research Engineer, he was
involved in the development of color reproduction
algorithms in digital printers and copiers. From

2015 to 2017, he was a Post-Doctoral Researcher with the Department
of Electrical and Computer Engineering, Ryerson University, Canada. He
is currently an Assistant Professor with the Department of the Software
Convergence Engineering, Kunsan National University, South Korea. His
main research interests include color imaging, computational photography,
learning representation, image processing, sparse representation, printing, and
hardcopy watermarking. He was a Reviewer of the IEEE TRANSACTIONS ON

IMAGE PROCESSING, the IEEE TRANSACTIONS ON MULTIMEDIA, the IEEE
TRANSACTIONS ON CIRCUITS AND SYSTEMS FOR VIDEO TECHNOLOGY,
the SIAM Journal on Imaging Sciences, and the IEEE SIGNAL PROCESSING
LETTERS.

Xiao-Ping Zhang (M’97–SM’02) received the B.S.
and Ph.D. degrees in electronic engineering from
Tsinghua University in 1992 and 1996, respectively,
and the M.B.A. degree (Hons.) in finance, eco-
nomics and entrepreneurship from the University
of Chicago Booth School of Business, Chicago,
IL. He was a Visiting Scientist with the Research
Laboratory of Electronics, Massachusetts Institute of
Technology, in 2015 and 2017. He has served as the
Program Director of Graduate Studies. Since 2000,
he has been with the Department of Electrical and

Computer Engineering, Ryerson University, where he is currently a Professor
and the Director of the Communication and Signal Processing Applications
Laboratory. He is cross appointed to the Finance Department, Ted Rogers
School of Management, Ryerson University. He is a frequent Consultant
for biotech companies and investment firms. He is also a Co-Founder and
the CEO of EidoSearch, an Ontario-based company offering a content-based
search and analysis engine for financial big data. His research interests include
image and multimedia content analysis, statistical signal processing, sensor
networks and electronic systems, machine learning, and applications in big
data, finance, and marketing.

Dr. Zhang is a registered Professional Engineer in ON, Canada, and
a member of the Beta Gamma Sigma Honor Society. He is an elected
member of the ICME Steering Committee. He is the General Co-Chair of
ICASSP2021 and the 2017 GlobalSIP Symposium on Signal and Information
Processing for Finance and Business. He is the General Chair of MMSP’15.
He is the Publicity Chair of ICME’06 and the Program Chair of ICIC’05 and
ICIC’10. He is a Tutorial Speaker in ACMMM2011, ISCAS2013, ICIP2013,
ICASSP2014, and IJCNN2017. He served as a Guest Editor of Multimedia
Tools and Applications and the International Journal of Semantic Computing.
He is a Senior Area Editor of the IEEE TRANSACTIONS ON SIGNAL
PROCESSING. He is/was an Associate Editor of the IEEE TRANSACTIONS ON

IMAGE PROCESSING, the IEEE TRANSACTIONS ON MULTIMEDIA, the IEEE
TRANSACTIONS ON CIRCUITS AND SYSTEMS FOR VIDEO TECHNOLOGY,
the IEEE TRANSACTIONS ON SIGNAL PROCESSING, the IEEE SIGNAL

PROCESSING LETTERS, and the Journal of Multimedia.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


