


Colour balancing of satellite imagery based on a colour
reference library
Lei Yu, Yongjun Zhang, Mingwei Sun and Xinyu Zhu

School of Remote Sensing and Information Engineering, Wuhan University, Wuhan, Hubei, P.R. China

ABSTRACT
Generating mosaics of images obtained at different times is a
challenging task because of the radiometric differences between
the adjacent images introduced by the solar incident angle, atmo-
sphere, and illumination condition. For most of the existing col-
our-balancing methods, the standard for determining the
reference image is not unified, thus yielding different calibration
results. Besides, traditional methods may suffer from colour error
propagation and the two-body problems. A novel colour-balan-
cing method for satellite imagery based on a colour reference
library is proposed in this article, which aims to eliminate the
effect of colour difference between different images for visually
appealing and seamless image mosaicking. The proposed method
contains two parts: the establishment of a colour reference library
and the colour-balancing method based on it. Colour reference
library is a database storing colour and other related information
from the existing mosaic imagery. The colour information of the
existing mosaic imagery is visually appealing and consistent with
human visual perception. By automatically selecting appropriate
colour reference information from the colour reference library
according to the geographical scope and acquisition season infor-
mation of the target images, the proposed approach provides
effective solutions for choosing suitable reference image, colour
error propagation, and the two-body problem in traditional col-
our-balancing methods. Experimental results demonstrate that the
proposed approach performs well in the colour-balancing process.
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1. Introduction

In the application of remote sensing, satellite imagery covering extensive areas such as
regions, countries, or even whole continents (Cresson and Saint-Geours 2015) has
become increasingly important (Olthof et al. 2005; Chen et al. 2014). Generally, the
coverage of a single satellite image is limited due to the limitations of sensor design.
Therefore, image mosaicking is usually adopted using images obtained at different times
and even from different sensors to obtain images with large coverage. Influenced by
factors such as solar incident angle, atmosphere, and illumination condition, colour
differences exist between satellite images, which bring difficulty to image mosaicking
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(Chen, Vierling, and Deering 2005; Paolini et al. 2006; Liu et al. 2014). To eliminate the
colour differences between images and obtain the seamless mosaic data, colour balan-
cing (Xu and Mulligan 2010), also known as relative radiometric normalization (Chen,
Vierling, and Deering 2005), was proposed and discussed.

Cresson and Saint-Geours (2015) concluded the purpose of remote-sensing image
mosaicking into two aspects. The first purpose is quantitative, in which case further
analysis of the mosaic image is needed to compute the thematic indices, such as
vegetation or other quantitative products. Therefore, preservation of radiometric signal
characteristics in a mosaic imagery is important, which means that the main objective is
to ensure the radiometric fidelity of the mosaic. In this case, radiometric adjustment or
radiometric normalization techniques are used. However, the second use of satellite
image mosaics is qualitative, that is, to generate good-looking mosaics for illustrative
use only. Such image mosaics should be visually appealing, seamless, and should reduce
the technical issues related to satellite imagery acquisition. In this case, colour-balancing
techniques are employed. In this article, we focus on a new colour-balancing technique
to generate satellite image mosaics for illustrative use only.

There are numerous existing approaches of colour balancing, the majority of which
designate a reference image for the image to be processed (hereinafter referred to as
the target image) to adjust to (de Carvalho et al. 2013; Zhang, Wu, and Du 2014). These
methods can be divided into non-linear correction and linear correction according to
different adjustment approaches. The histogram matching method is the representation
of the non-linear correction methods (Helmer and Ruefenacht 2005; Tsai and Huang
2005). Linear correction assumes that a linear transformation relationship in radiation
information exists between the target image and the reference image (Moran et al. 1992;
Song et al. 2001; Du, Teillet, and Cihlar 2002; Chen, Vierling, and Deering 2005; Sadeghi,
Ebadi, and Ahmadi 2013), represented by statistics-based approaches such as Wallis
transform (Sun and Zhang 2008), and methods based on invariant features such as
iteratively reweighted Multivariate Alteration Detection (IR-MAD) (Canty and Nielsen
2008) and iterative slow feature analysis (I-SFA) (Zhang, Wu, and Du 2014).

Although these methods can eliminate colour differences between images to some
extent, problems still exist. In cases of multi-temporal images covering the same area
with small colour differences, the histogram matching approach is able to yield good
results (Yang and Lo 2000). The Wallis transform method considers the image as a
whole; as a result, the local colour characteristics of the image are ignored. The
performance of the pseudo-invariant feature (PIF) method relies on the precision of
invariant feature extraction, and the process is time consuming. Moreover, most of the
available colour-balancing methods can only deal with a single pair of images at a time.
Meanwhile, the normalization coefficients of an image may be affected by those of other
images, which will easily result in the colour error propagation problem if there exists
error in one of the colour normalization steps. The above conditions are called the two-
body problem (Chen et al. 2014; Cresson and Saint-Geours 2015).

Besides the problems mentioned above, the selection of reference images is another
key factor influencing the performance of the existing approaches (Ibrahim et al. 2015).
However, the standard for determining the reference image is not unified. As illustrated
by Canty and Nielsen (2008) and Cihlar et al. (2003), the reference image was considered
the clearest target image, whereas the article by Chen et al. (2014) regarded it as the

5764 L. YU ET AL.



image in the middle with the minimum distance to the other ones. Therefore, for the
same group of target data, the reference images selected by different criteria may vary,
thus yielding different calibration results.

According to the analysis above, the performance of the existing approaches is
limited by the selection of the reference image besides principles. Therefore, it is an
important problem to select the suitable reference image. Essentially, the role of the
reference image is to provide reference colour information for colour-balancing meth-
ods. In the process of aerial triangulation, a library of control points is established to
calculate the geographic coordinates of the image points (Wang et al. 2012). Similarly, it
can be inferred that the principle above can be adopted to build a colour reference
library providing reference colour information for colour-balancing methods, which has
never been proposed before.

Under this condition, a novel colour-balancing method for image mosaicking based
on the establishment of a colour reference library is proposed in this article. A colour
reference library is a database where colour and other related information of the existing
images is organized and stored under certain rules. The images that are selected to be
stored in the colour reference library are the existing mosaic data sets or other images
with the colour information that is visually appealing and consistent with the human
visual perception. The advantages of the colour reference library are fully used in the
proposed method by first selecting the suitable colour information as a reference and
then building the pixel-to-pixel relationship between the reference and the target colour
information. The colour reference library effectively solves the problem of choosing
suitable reference images, colour error propagation, and the two-body problem in
traditional colour-balancing methods. In addition, the proposed method is able to
process images band by band, thus making it suitable to cope with multispectral images
with any number of bands. Experimental results show that the proposed approach is
feasible and performs better compared with the traditional ones.

2. Methods

The proposed method contains two parts: the establishment of a colour reference library
and the colour-balancing method based on it. Unlike traditional methods, the proposed
approach based on the colour reference library seems to be complicated, whereas in fact
it is simple and practicable.

2.1. Colour reference library

Remote-sensing imagery is a reflection of the spectral reflectance characteristics of
ground objects classified as natural features and man-made objects. The annual peri-
odicity of the natural features indicates that the spectral reflectance characteristic also
has a trait of cyclic variation, whereas the spectral reflectance characteristics of man-
made objects are stable when there is no change. Thus, it can be assumed that no
difference exists in the spectral reflectance characteristics between different images
acquired at the same place and the same season, that is, the images should have the
same colour. Then, the existing image data sets with the colour information that is
visually appealing and consistent with the human visual perception can be selected as
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the reference data to provide the colour reference information for images acquired at
the same place and the same season. The colour reference library is a tool to organize
and manage these data. It is worth noting that it is not the image data itself but the
colour and related information extracted from it that are saved in the library. The reason
will be explained in Section 2.1.2.

2.1.1. Data source
Big mosaic data set is becoming an increasingly significant data source for research and
applications in the remote-sensing society (Zhou 2015). A growing number of mosaic
products has been produced, whose quality is good with the characteristics of appropriate
contrast, rich information, and clear texture. Many of them are produced for illustrative use
only. Their colour information is visually appealing, seamless, and consistent with human
visual perception, which is obtained by the work of human interaction on colour from
experienced technical staff. Hence, the mosaic data, which are good-looking, seamless,
and consistent with the human visual perception, can be chosen as the reference image.

Besides the mosaic image, other images with the colour information consistent with
human visual perception can be selected as the reference data. Specifically, the ortho-
rectified imagery of Landsat-8, which is open access, has a large coverage area and a
short revisit period. Therefore, it is easy to use Landsat-8 data to obtain the colour
reference of a large area after the work of human interaction on colour, which enriches
the source of the reference data.

It is obvious to find that the criterion of selecting reference images providing the
colour reference information is subjective. In fact, it is impractical to evaluate the quality
of image colour by quantitative indices only, and a good-looking image is generally
determined by human experience. Moreover, most of the state-of-the-art objective
image quality assessment methods have been developed to leverage known character-
istics of the human visual system (Wang et al. 2004), which means that subjective
assessment is the decisive and ultimate quality measurement (Gu et al. 2015). With
the help of subjective assessment, extra objective measurement is not needed in
selecting suitable reference images in this article. Hence, the subjective judgment of
human plays a key role in producing a visually appealing mosaic imagery. It can be
inferred that the existing good-looking mosaic product generated by the experienced
technical staff is the preferable reference data for the colour-balancing process. The
reuse of existing data can effectively avoid the repetitive work of human interaction on
colour for the images obtained in the same area and season, by which the processing
efficiency of the colour-balancing method can be improved.

2.1.2. The organization and storage of data
The data source is organized according to the factors of geographical coverage, acquisi-
tion time, and spatial resolution. Specifically, the geographical coverage is divided into
grids by latitude and longitude lines, each of which is numbered with a certain differ-
ence in latitude and longitude. When the geographical range of data source falls into
the ith grid, the data source is labelled by Gi. The images are then classified by
acquisition time, which is divided into four seasons (spring, summer, autumn, and
winter) with the label of Ti. Finally, the images are sorted by spatial resolution marked

5766 L. YU ET AL.



by Ri. After carrying out the classification mentioned above, each data source is labelled
by Gi � Ti � Ri.

In most cases, mosaic data set has a wide geographic coverage, which indicates that a
large memory space is needed for storage. Therefore, if the mosaic image itself is stored in
the colour reference library, the memory space occupied by the library will be extremely
large, which will restrict the scope of application of the library. Besides, the product of
mosaic images in many data-producing agencies is usually not free. If the image itself is
stored in the colour reference library, it is should be paid when the colour reference library
is needed to copy from one agency to another, which goes against the wide use of the
library. In order to solve this problem, it is not the image data itself but the colour and
related information extracted from it that are saved in the library. The colour information
includes mean and variance of the image, whereas the related information consists of
thumbnail, acquisition time, and geographic information of the image (see Figure 1).

Because of the uneven distribution of ground objects in the image, different colours
are distributed from area to area, which indicates that the mean and variance of the
whole image cannot reflect the colour feature of the local areas. Thus, the algorithm of
mean-shift colour segmentation (Comaniciu and Meer 2002) is applied in this article.
Compared with other algorithms such as expectation maximization (EM) (Tai, Jia, and
Tang 2005), mean-shift performs better in allowing unsupervised applications and
improving the processing efficiency (Oliveira, Sappa, and Santos 2015). The image is
segmented with the mean-shift colour segmentation algorithm, and a region fusion
algorithm (Christoudias 2002) is used to guide image segmentation with edge informa-
tion. A shape file is then created to record the edge information of the segmented
regions (see Figure 2(a,b)). Therefore, the mean and variance of the image are computed
region by region according to the segmentation information in the shape file. The mean
and variance values in the regions and their corresponding shape files are treated as
colour information to be stored in the colour reference library.

Since it is the colour information rather than the image itself that is stored in the
colour reference library, the storage of memory is greatly reduced and the library is
portable, that is, the colour reference library can be easily transferred among different
agencies without limitations, which will greatly improve the flexibility and application
range of the colour reference library. Moreover, the library can be updated with new
data. The wider the geographical coverage of the library is, the wider the applicability of
the library may become.

Figure 1. Organization chart of the colour reference library.
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2.2. Colour-balancing method based on a colour reference library

The proposed method, which can automatically select suitable reference colour informa-
tion for the target image and adaptively balance the colour, is specified in the following
sections.

2.2.1. Automatic selection of reference data
Similar to the organization of the reference images described in Section 2.1.2, the factors
of geographical coverage, acquisition time, and spatial resolution are also extracted from
the target images. According to the factors, the target data source is labelled by

G
0
i � T

0
i � R

0
i , by which the reference data with the same geographic coverage, the

same acquisition season, and the closest spatial resolution with the target images is
retrieved and selected in the colour reference library (see Figure 1). Note that the
resolution of the reference data and that of the target image need not necessarily be
the same.

It is worth noting that the target and reference data may come from different sensors
in the proposed method. The reasons are as follows. On the one hand, display devices
can only show the image with 8 bits. Generally, existing mosaic images selected to
provide the reference colour information in the colour reference library are the produc-
tion with 8 bits, and the target images are compressed to 8 bits in the preprocessing
step before colour-balancing in this article. On the other hand, the colour information of
an 8-bit image shown in the display device is the direct presentation of the digital
number (DN) values of the image, that is, the same colour information shown in the
display device corresponds to the same DN values of the images even from different
sensors. It can be inferred that images from different sensors of the same ground object
should have the same colour information after being compressed to 8 bits. Therefore,
the reference data from different sensors can be selected in the proposed method.

2.2.2. Standard regression model and colour information statistics
It is known that colour-balancing methods can be divided into non-linear correction and
linear correction according to different adjustment approaches. Linear correction

(a () b () c)  

Figure 2. Example of segmentation of the reference data and the corresponding target image. (a)
Segmentation result of the reference data with the mean-shift algorithm; (b) shape file recording the
segmentation information of reference data; and (c) segmentation result of the target image with
the shape file.
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assumes that a linear transformation relationship exists between the target image and
the reference image. In order to measure the linear transformation relationship, a
number of linear regression models have been created. As mentioned above, it is the
colour information, which is composed of the mean and variance values, rather than the
image itself that is stored in the colour reference library. Under such situation, the
standard regression model using mean and variance value only is adopted in this article
to build the linear regression model between the reference information and the target
images. Although the standard regression model is traditional, it is one of the best
choices for the proposed method according to the circumstance mentioned above. In
the standard regression model, the linear function is obtained as follows:

Tres ¼ C1 � Ttar þ C2; (1)

C1 ¼ σ2ref
σ2tar

; (2)

C2 ¼ μref � C1 � μtar; (3)

where Ttar is the pixel value of the target image, Tres is the colour-balancing result of Ttar,
C1 and C2 are the linear coefficients, σ2ref is the variance of the reference data, σ2tar is the
variance of the target image, μref is the mean value of the reference data and μtar is the
mean value of the target image.

It can be inferred that for building the standard regression model, the mean, variance
value of reference data, and the corresponding value of the target image are needed.

As mentioned above, the reference data acquired from the colour reference library
consists of the colour information, which is composed of the mean, variance values, and
the shape file recording the segmentation information.

As described in Section 2.1.2, the mean and variance values stored in the colour reference
library were extracted from the reference image region by region according to the segmen-
tation information in the shape file. To derive the corresponding relationship between the
target images and the reference data, the mean and variance value in the target images
should also be calculated region by region according to the segmentation information in
the shape file. It is worth noting that the shape file records the segmentation information of
the reference data, and it may not be matching with the real situation of the target image.
However, the purpose of the colour-balancing method proposed in this article is to create
visually appealing satellite image mosaics for illustrative use only. Hence, the use of the
shape file of the reference data to segment the target images is acceptable.

With the help of the corresponding mean and variance value between the reference
data and target images, the linear coefficients can be calculated by Equations (2)–(3)
region by region. If there are N corresponding regions between the reference and target
data, N pairs of linear coefficients will be created. In order to obtain a smooth colour-
balancing result, each pair of linear coefficients is weighted by a colour influence mask
(Oliveira, Sappa, and Santos 2011; Ly et al. 2015).
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2.2.3. Colour influence mask and colour-balancing process
A colour influence mask (CIM) measures the similarity of each pixel of the image and the
mean value of each region (Oliveira, Sappa, and Santos 2011; Ly et al. 2015). The CIM of a
region k with the mean colour μk is generated as follows.

(1) The euclidean distance (ED) between every pixel of the target image and the
mean value of region k in the target image is calculated in the CIE L*a*b* (CIELAB)
colour space. Since the CIELAB colour space can only address images with three
bands, bands such as red, green, and blue are selected to calculate the ED in cases
when more bands exist in the image.

dk ¼ Ti � μk
�� ��; (4)

where Ti is the value of one pixel in the target image, μk is the mean value of the

region k, and dk is the ED between the pixel value and the region k.
(2) The distance p is introduced to normalize the maximum of d, which varies among

different regions. When the ED is very small, that is, the colour of the pixel is close
to the mean value of the region, the distance papproaches 1 and 0 vice versa.

pk ¼ 1� dk

maxðdkÞ ; (5)

where pk is the normalized value of dk .
(3) The CIM is calculated by Equation (6):

Mk ¼ eaðp
kÞb ; (6)

where Mk is the CIM of region k under the ED of dk ; and a and b are tuning
parameters. In this article, a ¼ 10 and b ¼ 2.

The example of CIM is shown in Figure 3. Then the result can be generated according to
Equation (7) by combining the linear coefficients of N regions weighted by N CIMs.

(a) (b) (c)

Figure 3. Two examples of colour influence mask (CIM) in regions 1 and 2 of image (a), where (a) is
the segmentation result of the target image, (b) is the CIM in region 1, and (c) is the CIM in region 2.
If the value of a pixel is close to the mean value of the particular region, the CIM value of the pixel in
that region is high even though it is not within the region.
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Tres ¼
PN
k¼1

ðCk
1 � Ttar þ Ck

2Þ �Mk

PN
k¼1

Mk

; (7)

where Ck
1 and Ck

2 are the linear coefficients of the region k, and Mk is the CIM between
the pixel Ttar and the region k.

The flow chart of the colour-balancing method based on a colour reference library is
shown in Figure 4.

2.3. Validation of the results

To evaluate the performance of the results in an objective way, root mean square error
(RMSE), ED, and entropy are applied. Unlike traditional methods calculating the RMSE
and ED in the RGB colour space, CIELAB colour space was adopted to evaluate the
results quantitatively. CIELAB colour space, one of the most comprehensive colour
models describing colours in human vision, is an approximately uniform colour space
independent of display devices (Hill, Roger, and Vorhagen 1997).

2.3.1. Root mean square error
RMSE is a commonly applied evaluation index describing the difference between two
corresponding images. A small value indicates a close relationship between the images
(Helmer and Ruefenacht 2005).

R ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn

i¼1 ðTrefi � TcoriÞ2
n

s
; (8)

where R is the RMSE value, n is the pixel number, Trefi is the grey value of the ith pixel in
the reference image, and Tcori is the corresponding calibrated value.

Figure 4. Flow chart of the colour-balancing method based on a colour reference library.
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2.3.2. Euclidean distance
ED was also adopted to measure the difference between two corresponding images. A
small value indicates a close relationship in information between images.

E ¼
Pn

i¼1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðLrefi � LcoriÞ2 þ ðarefi � acoriÞ2 þ ðbrefi � bcoriÞ2

q
n

; (9)

where E is the value of ED, and ðLrefi ; arefi ; brefiÞ and ðLcori ; acori ; bcoriÞ are the ith pixel
value between the reference and corresponding images in the CIELAB space,
respectively.

2.3.3. Entropy
Entropy is an index of stating the richness of information of the image, which is
calculated in RGB colour space since it has little relationship with human vision. A
high value indicates that the image is rich in information.

H ¼ �
XL�1

i¼0

Pi � log2ðPiÞ; (10)

where H is the value of entropy, Pi is the probability of value i, and L represents the grey
level.

3. Results and analysis

3.1. Experiment data

Images from Zi-Yuan 3 (ZY-3) (Zhang et al. 2015a) and Gao-Fen 1(GF-1) (Zhang et al.
2015b) satellites of China were used as experimental data. Three data sets were selected
for experimentation and analysis. The first data set includes 17 fused images of ZY-3
covering Beijing of China with the spatial resolution of 2.1 m. The size of the images is
around 40000 × 30000 pixels. The acquisition time of the images was mainly distributed
from August to October 2013, and a small number of images was acquired in May 2013
and January 2014. The second data set consists of 27 fused images of ZY-3 and two
fused images of GF-1 in Jiangsu, China, with the size around 35000 × 30000 pixels. The
majority of the acquisition time was distributed from August to November 2013, and a
small number of images was acquired in April 2012, May 2013, and January 2014. The
spatial resolution here too was 2.1 m. The third data set includes six fused images of ZY-
3 in Shanxi, China, with the spatial resolution of 2.1 m. The size of the images is around
34000 × 26000 pixels. The acquisition time of the images was distributed in September
2012 and in May 2013. Although the proposed method can address images with any
number of bands, three bands of the image were selected for the experiment, as display
devices can only show three bands. The red, green, and blue bands were selected in the
first two data sets, and the near-infrared, red, and green bands were selected in the third
data set, since both of them are the common band combination in satellite imagery
application. All experimental data were stretched to 8 bits. Each experiment data set was
ortho-rectified to the same resolution with control points and the digital elevation
model, and the RMSE was less than 0.5 pixel. The World Geodetic System (WGS) 84
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data with the longitude and latitude coordinates were used in all images (Canty, Nielsen,
and Schmidt 2004; Hu et al. 2011; Schroeder et al. 2006).

3.2. Results

The mosaic product of the experimental data was generated in the previous process,
which can be selected as the reference data. The first two mosaic data are composed of
ZY-3 and GF-1 satellite imageries; the third mosaic data include Landsat 8 OLI images. In
the proposed method, the colour reference library was first updated with the mosaic
data, which were then chosen as the reference for subsequent processing. Moreover, to
further evaluate the proposed method, contrast experiments were conducted in this
article. To exclude the influences of different reference data for different colour-balan-
cing methods, the same reference data are used in all of the experiments. Under this
condition, the methods that can take the existing image as the reference data are
selected in this article. Hence, the multiple auto-adapting colour-balancing method
(MACB) (Zhou 2015), the histogram match method (HISMAT) (Helmer and Ruefenacht
2005), the Wallis transform method (Wallis) (Sun and Zhang 2008), the I-SFA method
(Zhang, Wu, and Du 2014), and the IR-MAD method (Canty and Nielsen 2008) were
selected to compare with the proposed method, which is named the colour-balancing
method based on a colour reference library (CBCRL). The same mosaic data providing
the reference colour information for the proposed method were adopted as the refer-
ence data for the comparison methods. The correction results of each method were
inlaid with the same mosaic method, as is shown in Figures 5–10, from which ‘Tar’ is
short for the target image, ‘Ref’ is short for the reference data, ‘CBCRL’ represents the
mosaic result of the proposed method, ‘MACB’, ‘HISMAT’, ‘I-SFA’, and ‘IR-MAD’ stand for
the mosaic results of different methods, respectively.

3.2.1. Visual assessments
Figures 5, 7, and 9 are the overall thumbnails of the experiment data sets, Figures 6 and
8 are the details of the areas marked by a red box in Figures 5 and 7, and Figure 10 is the
detail of the areas marked by a green box in Figure 9. As is shown in the representative
areas marked by the yellow circle in (a) and (b) of Figures 5–10, a big colour difference
exists not only between the images in each experiment data set but also between the
target image and the reference image. From Figures 5, 7, and 9, it can be inferred that
the colour differences in the original experiment data sets are reduced in the results of
different methods to varying degrees. Taking Figure 7 as an example, it is obvious that
there exist colour differences in the areas marked by the yellow circle in (e)–(h). For the
results in (c) and (d), colour differences are eliminated, between which the colour
information of the former is closer to the reference. Similar conclusions can be gained
from Figures 5 and 9, although it is less obvious owing to the size of the picture shown
in the article. To observe the differences among the results of different methods more
clearly, three details were selected from the data sets, respectively, in Figures 6, 8, and
10, from which it is obvious to find that colour differences still exist in (d)–(h), whereas
the result of the proposed method in (c) is seamless with the colour close to the
reference. In general, it is obvious that CBCRL, whose results are seamless with the
colour close to the reference, outperforms the other methods, and colour differences
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 5. Thumbnail results of the first data set under different methods: (a) Tar; (b) Ref; (c) CBCRL;
(d) MACB; (e) HISMAT; (f) Wallis; (g) I-SFA; and (h) IR-MAD.
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(a) (b)

(c) (d) 

(e) (f)

(g) (h)

Figure 6. Detailed results of the first data set under different methods: (a) Tar; (b) Ref; (c) CBCRL; (d)
MACB; (e) HISMAT; (f) Wallis; (g) I-SFA; and (h) IR-MAD.
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(a) (b) 

(c) (d) 

(e) (f) 

(g) (h) 

Figure 7. Thumbnail results of the second data set under different methods: (a) Tar; (b) Ref; (c)
CBCRL; (d) MACB; (e) HISMAT; (f) Wallis; (g) I-SFA; and (h) IR-MAD.
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(a) (b)

(c) (d) 

(e) (f) 

(g) (h) 

Figure 8. Detailed results of the second data set under different methods: (a) Tar; (b) Ref; (c) CBCRL;
(d) MACB; (e) HISMAT; (f) Wallis; (g) I-SFA; and (h) IR-MAD.

INTERNATIONAL JOURNAL OF REMOTE SENSING 5777



(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 9. Thumbnail results of the third data set under different methods: (a) Tar; (b) Ref; (c)CBCRL;
(d) MACB; (e) HISMAT; (f) Wallis; (g) I-SFA; and (h) IR-MAD.
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(a) (b) 

(c) (d)

(e) (f)

(g) (h)

Figure 10. Detailed results of the third data set under different methods: (a) Tar; (b) Ref; (c) CBCRL;
(d) MACB; (e) HISMAT; (f) Wallis; (g) I-SFA; and (h) IR-MAD.
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still exist in the results of the other methods. The above results demonstrate that the
proposed method performs the best compared with the other methods in this article,
and it can eliminate the difference in target images and remove the difference between
the reference data and the target images. Since the reference data are selected from the
existing mosaic data, which are visually appealing, seamless, and consistent with the
human visual perception, the colour-balancing results are also good-looking without
requiring the further repetitive work of human interaction on colour, which speeds up
the process of the colour-balancing method.

3.2.2. Statistical analysis
The statistical results between the reference data and the resulting image are shown in
Tables 1–3. The columns corresponding to the different methods in the table represent
the evaluation results of the images processed by the method; in addition, the
numbers marked as underlined in each row are the best values among the different
methods.

It can be inferred from Tables 1–3 that for RMSE and ED, the statistical results of the
colour-balanced images are smaller than that of the target image, that is, the colour
differences between the reference data and the target images are reduced with the
help of colour-balancing methods. It is obvious to find that CBCRL yields the best
result in RMSE and ED in the three data sets, whereas MACB is less effective in the first
two data sets and HISMAT is less effective in the third one. In other words, the result
of CBCRL has the closest colour to the reference data; however, colour distortions in

Table 1. The evaluation comparison table of the results of the first experiment data set under
different methods (the underlined numbers in each row are the best value among the different
methods).

Method

Band Tar CBCRL MACB HISMAT Wallis I-SFA IR-MAD

RMSE 1 0.8552 0.5343 0.8347 0.6973 0.6856 0.7039 0.7201
2 0.8548 0.3754 0.6866 0.4632 0.4650 0.4965 0.5027
3 2.8241 1.2781 2.1727 1.4761 1.4907 1.5216 1.5548

ED 1.6169 0.6298 1.1322 0.7811 0.7836 0.7881 0.8018

Entropy 1 6.9587 7.0838 7.4505 6.7376 6.8265 6.7783 6.7810
2 6.8309 6.9676 7.4446 6.5911 6.5792 6.5766 6.5866
3 6.6021 6.7077 7.2661 6.3316 6.2693 6.2966 6.3052

Table 2. The evaluation comparison table of the results of the second experiment data set under
different methods (the underlined numbers in each row are the best value among the different
methods).

Method

Band Tar CBCRL MACB HISMAT Wallis I-SFA IR-MAD

RMSE 1 1.1569 0.5232 0.9987 0.6996 0.7078 0.6713 0.6694
2 1.0838 0.2534 0.7984 0.3977 0.4008 0.3681 0.3715
3 2.1140 0.7808 1.9933 0.9942 1.0031 0.9468 0.9624

ED 1.4501 0.3737 1.0648 0.5585 0.5660 0.5290 0.5326

Entropy 1 6.9124 7.0992 7.2164 6.4799 6.4841 6.3637 6.3812
2 6.7269 6.7671 7.2576 6.1662 6.1673 5.9458 5.9663
3 6.5631 6.4743 7.0384 5.8146 5.8169 5.5553 5.5801
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different degrees exist in the other results, which are consistent with the above-
mentioned judgments. It can be found that the values of RMSE and ED in the third
experiment are bigger than those in the first two data sets. The reason for this
situation is that the big difference of spatial resolution between the reference and
target data sets goes against the precision extraction of the corresponding points to
calculate the values of RMSE and ED, which leads to the bigger value in the third
experiment. The result of MACB has the biggest value in entropy, which is greater than
that of the origin target image, which means that the information of the result of
MACB is enhanced. As a result of the enhancement, big colour distortions still exist in
the result of MACB compared with the other methods. However, the entropy value of
the result of CBCRL is close to the target image and is better than the other results,
indicating that the proposed CBCRL method performs better in information retaining.
In general, the proposed method outperforms the other methods in both colour
difference reducing and information retaining.

4. Discussion

A colour-balancing method has been proposed in this article to eliminate the effect of
colour difference between different images for seamless image mosaic based on the
colour reference library. Unlike the uncertainty standard of choosing the reference
image in traditional methods, the suitable reference data can be extracted from the
colour reference library storing colour information of the existing mosaic imagery, which
is visually appealing and consistent with human visual perception in the proposed
method. The colour information with the same geographic coverage, acquisition season,
and the closest spatial resolution as the target images can be provided as the reference
for the proposed approach, by which the problem of choosing the reference images in
traditional methods can be solved.

Besides, with the help of the colour reference library, the proposed method can
effectively avoid the two-body problem, which is a big obstacle to traditional meth-
ods. For most of the existing methods, only a single pair of the target images can be
processed at a time. Therefore, in most cases, the target images will be proceeded
sequentially, which will slow down the process and thereby introduce the risk of
colour error propagation. However, for the proposed method, the selected reference

Table 3. The evaluation comparison table of the results of the third experiment data set under
different methods (the underlined numbers in each row are the best value among the different
methods).

Method

Band Tar CBCRL MACB HISMAT Wallis I-SFA IR-MAD

RMSE 1 5.7941 1.9357 3.8764 4.3269 3.4827 3.4441 3.4687
2 3.5206 1.3658 2.6154 2.5936 2.2894 2.2246 2.2606
3 2.1100 1.2886 2.5609 2.9138 1.7779 1.6772 1.6822

ED 3.5912 1.5610 2.3909 2. 8836 2.1134 2.0436 2.0656

Entropy 1 6.7001 6.9870 7.3986 6.0469 6.5604 6.3450 6.4379
2 7.1678 7.1744 7.1885 6.7437 6.9084 6.8744 6.8750
3 6.8818 6.9576 7.1327 6.3140 6.8357 6.6140 6.6833
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data have the same geographic coverage as the target images, that is, each target
image has its own geography-related reference data. Hence, the target images can be
corrected independently and no sequential relationship exists among the processing
procedures, thus avoiding the two-body problem effectively and contributing to
parallel processing.

Moreover, the processes of sensor calibration and atmospheric correction are not
needed in the proposed method for the following reasons. First, the reference data used
in this article are the existing mosaic image data sets, whose colour information is
visually appealing, seamless, and consistent with human visual perception. Therefore,
the processes of sensor calibration and atmospheric correction are not necessary for the
existing mosaic images, their production processes are not taken into consideration in
the proposed method. Moreover, the process steps of sensor calibration and atmo-
spheric correction are not essential for the target images. The purpose of the proposed
method is to adjust the colour information of the target images to be the same with the
reference colour information for visually appealing and seamless image mosaicking. If
the target images were first processed by sensor calibration and atmospheric correction,
the intermediate result also needs to be adjusted to be the same with the reference
colour information, indicating that sensor calibration and atmospheric correction are not
necessary. Hence, sensor calibration and atmospheric correction are not needed in the
proposed method.

In addition, images are generally considered as a whole in the calculation process of
colour correction in traditional approaches. In other words, only one transformation
model exists in an image, which may result in neglecting the locality and inhomogeneity
of the ground objects’ distribution. The strategy of colour segmentation is applied in the
proposed method, which can reflect the colour distribution of the images and perform
better than the colour information extracted from the image as a whole. Figures 5–10
demonstrate that the proposed method has a better performance than the others
discussed in this article, which can eliminate the difference in target images and remove
the difference between the reference data and the target images. Tables 1–3 also
demonstrate that the proposed method outperforms the other methods in both colour
difference reducing and information retaining.

As mentioned above, the colour reference library in this article, developed from
the existing mosaic data, is of great significance in the proposed colour-balancing
method. The repetitive work of human interaction on colour for the images obtained
in the same area and acquisition season as the existing data can be avoided by
reusing the existing data. In this way, the process speed of the colour-balancing
method can be improved. The storage of memory is greatly reduced and the library
is portable since the colour information rather than the image itself is stored in the
colour reference library. Moreover, the library can be updated with new data. The
wider the geographical coverage of the library is, the wider the applicability of the
library may become.

For further study, more suitable existing images are needed to extend the geogra-
phical coverage of the colour reference library to improve its applicability. Besides, in the
present work, the values of mean and variance are stored as the reference colour
information in the colour reference library, and some other more suitable indices may
be extracted in a future work.
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5. Conclusions

In order to eliminate the effect of colour difference between different images for visually
appealing and seamless image mosaic, a novel colour-balancing method for satellite
imagery based on the colour reference library is proposed in this article. The colour
reference library, with the ability to collect the existing image, is introduced to improve
data storage and utilization, through which the problem of selecting the reference can
be solved, and colour error propagation and the two-body problem in traditional colour-
balancing methods can be avoided. The storage of memory is greatly reduced and the
library is portable due to the storage of colour information rather than the image itself.
The advantages of the colour reference library are fully used in the proposed method by
first selecting the suitable colour information as the reference and then developing the
pixel-to-pixel relationship between the colour information of the reference data and that
of the target image. The proposed colour-balancing method, making full use of the
advantages of the colour reference library, can select reference colour data automatically
and process the target image adaptively. Through band-by-band processing, the pro-
posed method can be used for processing multispectral images with any number of
bands if the corresponding reference bands’ information is stored in the library. Since
the colour of the images corrected by the proposed method is very close to that of the
reference data, which are consistent with human vision habit, the extra work of human
interaction on colour is not required, which is time-saving. The experimental results
demonstrate that the proposed method is feasible and efficient.
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