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Abstract:

In this paper, we analyze the directional characteristics of contourlet coefficients in high frequency subbands of

remote sensing images. And then we find that each coefficient in these subbands has obvious directionality. Based on this direc-
tional characteristic, this paper proposes a novel image fusion algorithm for remote sensing images. First, we separately perform
contourlet transform on the intensity component of the multi-spectral remote sensing image obtained by IHS transform, and the
panchromatic remote sensing image. Second, we choose the low frequency coefficients of multi-spectral image’s intensity
component to form the low frequency subband of target image. Subsequently, we compare the directional matching degree of
the high frequency coefficients of the panchromatic image with those of the multi-spectral image’s intensity component to
determine the high frequency subbands of target image. Finally, the target image is obtained by inverse contourlet transform and
inverse IHS transform. Extensive experimental results show that the proposed method is superior to conventional methods in
terms of entropy, joint entropy, and average gradient. It can enhance the spatial resolution of target images. Meanwhile, it well

preserves the color information of multi-spectral images.
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1 INTRODUCTION

In recent years, as an important branch of remote sensing
image processing technology, remote sensing image fusion
technologies have been widely applied, especially in the field of
resource exploration, environmental monitoring, region analy-
sis, project plan, global macro study and so on(Li et al., 2004;
Lin et al., 2009; Li et al., 2008). Through combining the merit
of low-resolution multi-spectral images and high-resolution
panchromatic images, the technologies can make the target
images higher color resolution and higher spatial resolution at
the same time, so we can obtain timely and reliable remote
sensing information. Further, it can enhance the availability of
data (Zhang et al., 2005; Chen et al., 2005). The three most
popular fusion methods are based on IHS, wavelet and con-
tourlet transform. The first one replaces the Intensity compo-
nent (1) of multi-spectral image with panchromatic image (Tu et
al., 2004; Choi, 2006). It enhances the fused image’s spatial
information but distorts the color information. On the basis of
IHS transform, to some extent, the second one makes use of
multi-scale characteristics of the wavelet transform to obtain a
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more abundant high frequency information (Wu et al., 2006;
Liu et al., 2004). The wavelet transform has the best approxi-
mation in the point singularity of the signal, but its capability of
sparse representation is relatively limited for two-dimensional
images or higher dimensional data. As the supported interval of
the two-dimensional separable wavelet’s basis functions is a
square, it is isotropic and can denote only two-dimensional or
high-dimensional signal’s linear singularity in the directions of
vertical, horizontal and diagonal. Most of the objects’ edges are
smooth in remote sensing image, but this allows natural images’
singular points not independent but aggregated into some sin-
gular curve with a certain geometrical features. In this case,
along the singularity of the curve on the edge direction, the
wavelet transform can not use the data itself effectively to cap-
ture the unique geometrical features of the image because of its
isotropic basis functions, so it can not provide the representa-
tion of the image with the best and the sparse form. In the past
few years, as a result of their excellent anisotropic characteristic,
“multi-scale geometric analysis (MGA)” (Jiao & Tan, 2003),
which developed from the wavelet theory, became a better
method to process two or higher dimensional data. It has solved
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the problem that the wavelet can not effectively represent the
singularity of the edge and outline of high-dimensional data. As
one key member of the MGA, contourlet transform (Do & Vet-
terli, 2005) is considerably concerned in the field of remote
sensing image fusion (Zheng et al., 2006; Chen et al., 2006;
Zhang & Guo, 2008; Liu et al., 2008). It has dramatically im-
proved the inaccuracy conditions of fused edge and texture
information based on the wavelet transform. Therefore the
study for the field is still on the initial stage, a lot of problems
need to be studied further, and the fused image’s quality needs
to be improved, too.

After analyzing and collecting the directional characteristics
of contourlet coefficients in high frequency subbands of remote
sensing images, in this paper, we find that high frequency coef-
ficients of remote sensing images have strong correlativity of
directional region. So, on this basis, we propose a novel image
fusion method of remote sensing images based on contourlet
coefficients’ correlativity of directional region. Besides im-
proving fused image’s spatial resolution, our method can better
preserve original multi-spectral image’s color information. Ex-
periment results show that our method can make the target im-
age clearer, and objective evaluative criteria better in entropy,
clarity, bias index, etc.

2 THE ANALYSIS OF DIRECTIONAL CHARAC-
TERISTIC OF CONTOURLET COEFFICIENTS IN
HIGH FREQUENCY SUBBANDS

Do and \etterli (2005) proposed a Pyramidal Directional
Filter Band (PDFB), namely contourlet transform. Firstly, the
Laplacian pyramid (LP) transform is used to do multi-scale
decomposition, namely the images are decomposed into differ-
ent resolution levels with different sizes, which can capture
two-dimensional images’ singular points. Through the LP
transform, the original signal is decomposed into a low fre-
quency signal and D-value’s bandpass signal between the
original signal and prediction signal; Secondly, the Directional
Filter Bank (DFB) is used to filter the bandpass signal from
each LP channel, which synthesizes the same directional singu-
lar points into a coefficient. As having a variational “long strip”
structure in length-width ratio, it can effectively capture im-
ages’ line singularity and surface singularity. Consequently,
contourlet transform gets not only better non-linear approxima-
tion, but also better multi-resolution, local orientation,
multi-directional, neighbor sampling and anisotropic. It can
represent the image more sparsely compared with the wavelet
transform (Asmare et al., 2009; Xiaobo et al., 2007). The proc-
essing diagram of image’s PDFB decomposition is shown in
Fig.1. The contourlet decomposition of the remote sensing im-
age is shown in Fig. 2.

The traditional image fusion methods mostly take the corre-
lativity of the eight neighborhood coefficients as the judgment
evidence for image fusion (Di et al., 2006). However, we find
that the distribution of contourlet high frequency coefficients
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Fig. 1 Processing diagram of image’s PDFB decomposition

Fig. 2 Contourlet decomposition of the remote sensing image

has a certain directional characteristic. Here, panchromatic
image pan and multi-spectral image ms are used to be source
images, which are in 256x256 size. We use the template of
directional region as shown in Fig. 3 to collect the high fre-
quency coefficients, and take the variance as the judgment cri-
teria. If the variance of directional region is less than variance
of eight neighborhood, it indicates that the directional charac-
teristic is stronger. If the variance of directional region is more
than the variance of eight-neighborhood, it indicates that the
correlativity of eight-neighborhood is stronger. The four tem-
plates and eight templates in Fig. 3(a), Fig. 3(b) respectively
correspond to 4 subbands of the 2nd level and 8 subbands of the
3rd level in different directions of contourlet transform.
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Fig. 3 Template of directional region in the high frequency subbands’
coefficents of remote sensing image

(a) Four templates corresponding to 4 subbands of the 2nd level,
(b) Eight templates corresponding to 8 subbands of the 3rd level
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The high frequency coefficients’ correlativity of directional
region is shown in Table 1. The subbands of NO.1—NO.4 and
NO.5—NO.12, respectively represent the correlativity’s statis-
tics of directional region of four subbands of 2nd level and 8
subbands of the 3rd level, namely, by comparing the variance of

directional region and eight-neighborhood coefficients, they are
the proportions of satisfying correlativity’s coefficients of di-

rectional region accounted for the sum of subbands’ coefficients.

The Table 1 shows that the coefficients’ proportions satisfying
the correlativity of directional region are all over 50%. It indi-
cates the directional characteristic of contourlet coefficients in
high frequency subbands is stronger than the correlativity of
eight-neighborhood.

Table 1 PAN and MS correlativity’s statistics of
directional region

Subband PAN/% MS-RI%  MS-G/%  MS-B/%
1 82.23 91.02 89.85 90.45
2 62.59 59.60 60.04 59.68
3 75.91 72.71 72.87 73.83
4 81.63 90.63 90.45 90.11
5 59.86 58.15 58.61 58.60
6 58.46 60.59 60.33 60.59
7 55.54 54.26 53.60 54.34
8 55.93 55.94 55.34 55.90
9 5757 58.35 58.36 58.53
10 56.89 60.23 60.91 61.19
11 58.56 59.87 60.36 60.20
12 56.93 56.69 57.23 57.28

3 REMOTE SENSING IMAGE FUSION METHOD
BASED ON THE CONTOURLET COEFFICIENTS’
CORRELATIVITY OF DIRECTIONAL REGION

3.1 Basic process of our method

From the analytical and statistical results in part 2, we can
know that there is a certain directional characteristic of con-
tourlet coefficients in high frequency subbands, which allows
the current fused coefficients and its eight-neighborhood coef-
ficients of the high-frequency subbands to exist differences in
“close” level. So, by using the coefficients closely concerned
with the fused coefficients, you will improve the quality of the
target image.

Different from the coefficients displacement method of tra-
ditional contourlet transform, in this paper, according to the
high frequency subbands’ correlativity of directional region, we
determine the fused image’s Intensity component (1) in high
frequency coefficients by comparing with to be fused coeffi-
cients’ matching degree of directional region. Fig.4 is the
framework of the proposed method.

The fused rule of our method is as follows:

Stepl Perform IHS transform on the multi-spectral image;

Step2 The IHS transformed multi-spectral image’s Inten-
sity component (1) and the panchromatic image are respectively

Multi-spectral

Panchromatic

High resolution band

¥ L
H I
component component component
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| Contourlet tra.nsform‘ | Contourlet transform

Inverse THS

Fig. 4 Schematic diagram for image fusion using this method

contourlet transformed;

Step3 The low frequency information of fused image’s In-
tensity component (1) is the low frequency information of
multi-spectral image’s Intensity component (1);

Step4 Calculate and compare with the matching degree of
directional region between the high frequency coefficients of
panchromatic image and multi-spectral image’s Intensity com-
ponent (1), we can gain the high frequency coefficients of fused
image’s Intensity component (1);

Step5 The fused image’s IHS transformed result is the re-
sultant image by inverse contourlet transform;

Step6 The target image can be obtained by inverse IHS
transform.

3.2 Selection of fused operator

The multi-spectral image is strong-spectral and provides
significant background information. By using contourlet coeffi-
cients of multi-spectral image’s Intensity component (1) of IHS
transform and panchromatic image, the low frequency informa-
tion of fused image’s Intensity component (1) is the low fre-
quency information of multi-spectral image’s Intensity compo-
nent (1) and further guarantee fused image’s multi-spectral
characteristic; For the fused process of high frequency coeffi-
cients, we propose the fused operator of contourlet coefficients’
correlativity of directional region by adopting the template of
directional region in the 2nd chapter, specific steps are as fol-
lows:

Stepl Calculate high frequency coefficients’ energy of di-
rectional region of the corresponding position using Eq. (1),
where « indicates the directional template which aims at dif-
ferent subbands (see Fig. 3), fi(i, j) and E(i, j), k=1,2, are the
fusion coefficient of directional region and the region energy of
the corresponding coefficient of directional template, respec-

tively, of the first K images.
EcG.j)= >

fi(i,))ea

(i, i))? )

Step2 Calculate the matching degree of directional region
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through Eq. (2), where M(x, y) is the matching degree of direc-
tional region of corresponding high frequency coefficients.

2 3 () f2.0)

S (i )ea
R X EA ) @

Step3 Compare the matching degree of directional region
with the threshold value g (5 can be obtained through the test
statistics and is selected as 0.9 in the following test), and further
determine the high frequency coefficients of fused image, spe-
cific operations are as follows:

If M(x,y)<pg
f(xly)z{fl(x,y) it E>E,
fo(x,y)  others
If M(x,y)=#,then
f(x,y)= Winax f1 (X, Y)+ Wiin f2(x,y) if B >Ep
Y Wmin fl(X! y)+ Wmax fz (X, y) others

where  Wpin _1My)
2A-p)

weighting coefficients of to be fused coefficients, f (X,y) is

and Wpax=1-Wnin are respectively

the final fused coefficients.

Step4 In terms of the above mentioned steps, traverse all
the high frequency coefficient points in different directions, and
ultimately, gain the high frequency coefficients of fused im-
age’s I.

4 EXPERIMENTS AND ANALYSIS

We use three sets of standard remote sensing images to test
this method: The first group images are the 80-meter resolution
multi-spectral image ms and the 32 meters resolution panchro-
matic image pan. The second group images are tms image and
spots image taken from ERDAS examples library. The third
group images are multi-spectral image tm taken from the
United States landsat5 and panchromatic image spot taken from
the French satellite. We compare our scheme with the remote
sensing fusion method based on the traditional IHS, wavelet
and contourlet transform. Fig.5—7 are the corresponding ones

to three sets of images’ fused results respectively.
Fig.5—Fig.7 show that the obtained fused images by our

method include more of texture and color information than its
counterparts. In this way we can preserve spectral characteristic
better.

In addition, we use four objective indicators to compare the
experimental results of image fusion. These four objective in-
dicators are entropy, joint entropy, average gradient and bias
index. Objective evaluation for fusing remote sensing image is
shown in Table 2.

In Table 2, we can see that the fused image which is used
our method is the best in entropy, joint entropy, average gradi-
ent and bias index. The details: (1) Besides improving fused
image’s spatial resolution of the ms image and pan image, our
method can better retain the original multi-spectral image’s
color information. (2) Fusing the tms image and spots image,

the entropy, the joint entropy and average gradient are the big-
gest, the bias index is the smallest, so our method has better
preserved images’ spatial resolution and color resolution. (3)
Fusing tm image and spot image, our entropy and joint entropy
are smaller than the IHS transform, but the average gradient
value is the biggest and the bias index is the smallest. This
shows that the IHS transform is at the expense of spectral in-
formation for the spatial information, and the image is slightly
clearer, but the color distortion is more serious. However, be-
sides improving fused image’s spatial resolution, our method
can better retain the original multi-spectral image’s color in-
formation.

Though the contourlet transform is evident in anisotropy
relative to the wavelet transform and is a greater advantage in
the edge contour extraction, due to two low-pass filters of LP
transform in contourlet, which does not meet the Nyquist sampling
law, results in stop-band cutoff frequency greater than =n/2 ,
leads to contourlet transform spectrum aliasing (Feng et al.,
2008), generates Pseudo-Gibbs phenomenon and further im-
pacts the results of the image fusion. In recent years, there have
been some anti-aliasing contourlet transform, as the typical
example is the nonsubsampled contourlet transform (Cunha et
al., 2006), which is shift-invariant and has overcome the frequency

Fig. 5 The “MS” and “PAN” source images and fusion results
(a) Source image MS; (b) Source image PAN; (c) IHS method; (d) Wavelet+
IHS method; (e) Contourlet replacement method; (f) This method
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is weakened, but space and time complexity are increased. It has
affect real-time processing of the image fusion. After weighing
the fused efficiency and fused effect, we use the stronger coef-
ficients’ correlativity of directional region in high-frequency
subband and further ascertain the corresponding fused operator,
which highlights and emphasizes directional characteristic of
each subband coefficients. From the experiment results, we can
see our method can improve frequency aliasing effect compar-
ing with the traditional contourlet replacement method.

(e) 0

Fig. 6 The “Tm” and “SPOT” source images and fusion results
(a) Source image Tm; (b) Source image SPOT; (c) IHS method; (d) Wave- (e)
let+IHS method; (e) Contourlet replacement method; (f) This method

Fig. 7 The “TM” and “SPOT” source images and fusion results
aliasing effect. Through extensive experiments, we find that (a) Source image TM; (b) Source image SPOT; (c) IHS method; (d) Wave-
orientation characteristic of the transformed subbands coefficients let+IHS method; (e) Contourlet replacement method; (f) This method

Table 2 Objective performance corresponding to the four methods

Method
IHS Wavelet+IHS Contourlet replacement Our method
Evaluation
R 6.7339 7.5222 7.5201 7.5417
The first group G 6.6053 7.4974 7.4938 7.5159
B 6.2987 7.4875 7.4868 7.5057
R 5.9393 6.2173 6.2178 6.2197
Entropy The second group G 6.2169 6.3742 6.3741 6.3789
B 5.6608 5.7921 5.7927 5.7909
R 6.9112 7.0800 7.1189 7.1225
The third group G 6.6743 6.3017 6.3372 6.3381
B 7.0773 6.5630 6.6185 6.6074
The first group 19.6379 22,5071 22.5007 22.5646
Joint entropy The second group 17.8170 18.3837 18.3846 18.3895
The third group 20.6628 19.9447 20.0745 20.0680
R 4.0386 4.4337 4.4320 4.7659
The first group G 3.9484 4.3637 4.3552 4.6900
B 3.8127 4.3660 4.3600 4.6814
R 3.3845 3.4358 3.4325 3.4463
Average gradient The second group G 3.3906 3.4407 3.4372 3.4563
B 3.3160 3.3516 3.3477 3.3530
R 3.7002 3.7966 3.7847 3.8747
The third group G 3.3228 3.4175 3.4064 3.4751
B 3.4723 3.4672 3.4561 3.4846
The first group 0.0285 0.0929 0.1098 0.0651
Bias index The second group 0.0051 0.0176 0.0179 0.0164
The third group 0.3847 0.0146 0.0219 0.0129
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5 CONCLUSION

In this paper, we have firstly analyzed directional correlativity
of the contourlet coefficients in high frequency subbands of re-
mote sensing images. Then we find that the coefficients in each
high frequency subbands have a certain correlativity of direc-
tional region. The statistical results have verified the given con-
clusion, and meanwhile, we have given the template of direc-
tional region in each high frequency subbands. On this basis, we
propose a novel remote sensing image fusion method based on
the contourlet coefficients’ correlativity of directional region.
Firstly, the Intensity component (1) of the multi-spectral image by
IHS transform and the panchromatic image are respectively con-
tourlet transformed; Then, we select the low frequency informa-
tion of multi-spectral image’s Intensity component (1) as the low
frequency information of fused image’s Intensity component (1).
After calculating and comparing with the matching degree of
directional region between panchromatic image’s and
multi-spectral image’s Intensity component (1) in high frequency
coefficients, we further determine the fused image’s Intensity
component in high frequency coefficients. At last, the fused im-
age can be obtained through inverse contourlet transform and
inverse IHS transform. Simulation experiments show that our
method can effectively improve spatial resolution and retain the
color information of multi-spectral images. The entropy, joint
entropy, average gradient and bias index, have all been achieved
very well, so our method has a certain practicality.
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' ! / M(xy)<p
$iE 5 Contourlet ’ Foy) it ESE
. f(xy) =1 1 175
IHS ; () {fz(x, y) others
PIR6 IHS
M(x,y)= 8,
3.2

Winax fl(x’ y)+ Whnin fz (xy) if E1 >E2
Winin T (X, Y)+Wiax F2(X,y)  others

f(X,Y)={



#2010, 14(5)

914 Journal of Remote Sensing
1-M(Xx,
Wmin = 2(1_(ﬂ)y) Wmax:].—Wmin
» f(xy) ;
T§ 4 ,
) |
, 3
: 1 80m
MS 32m  PAN
; 2 ERDAS TMS
SPOTS ; 3 Landsat5
™ SPOT
IHS
Contourlet ,
5— 7 3

5 MS PAN
(a) MS; (b) PAN; (c) IHS
(d) +IHS ; (e) Contourlet
()

(c)

(d)

(@)

(d)

(O] ®
6 TM SPOT
TM; (b) SPOT; (c) IHS
+IHS ; (e) Contourlet

(O] ®
7 TM  SPOT
TM; (b) SPOT; (c) IHS
+IHS ; (e) Contourlet

®




: Contourlet 915
5— 7 ,
, Contourlet
2 , Contourlet LP
Nyquist , /2,
Contourlet , 2008),
2 : , ,
: Contourlet
(1) MS , Contourlet
PAN , (Cunha , 2006), ,
, ; (2) :
T™ SPOT ,
: Contourlet
; (3) ™
SPOT , IHS , , Contourlet
, IHS ;
: , : , : Contourlet
*2 HEWMERE. KEH. FHUBREMRERRSITE
IHS +HIS Contourlet
R 6.7339 7.5222 7.5201 7.5417
G 6.6053 7.4974 7.4938 7.5159
B 6.2987 7.4875 7.4868 7.5057
R 5.9393 6.2173 6.2178 6.2197
G 6.2169 6.3742 6.3741 6.3789
B 5.6608 5.7921 5.7927 5.7909
R 6.9112 7.0800 7.1189 7.1225
G 6.6743 6.3017 6.3372 6.3381
B 7.0773 6.5630 6.6185 6.6074
19.6379 22,5071 22.5007 22.5646
17.8170 18.3837 18.3846 18.3895
20.6628 19.9447 20.0745 20.0680
R 4.0386 4.4337 4.4320 4.7659
G 3.9484 4.3637 4.3552 4.6900
B 3.8127 4.3660 4.3600 4.6814
R 3.3845 3.4358 3.4325 3.4463
G 3.3906 3.4407 3.4372 3.4563
B 3.3160 3.3516 3.3477 3.3530
R 3.7002 3.7966 3.7847 3.8747
G 3.3228 3.4175 3.4064 3.4751
B 3.4723 3.4672 3.4561 3.4846
0.0285 0.0929 0.1098 0.0651
0.0051 0.0176 0.0179 0.0164
0.3847 0.0146 0.0219 0.0129
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