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Abstract; Focusing on the deficiencies of existing wavelet based algorithm, a novel algorithm for

multifocus images fusion based on the nonsubsampled contourlet transform (NSCT) is proposed.

And, the concepts of the local area visibility (LAVI) and the local oriented energy (LOE) are

introduced in the contourlet domain. The selection principle of the low frequency subband

coefficients based on the LAVI and the selection principle of the bandpass directional subband

coefficients based on the LOE are presented respectively. The experimental results demonstrate

that the proposed algorithm, compared to the methods based on the discrete wavelet transform

and the discrete wavelet frame transform, can effectively reduce the loss of the useful information

and the introduction of the artificial information. In addition, the proposed algorithm can extract

more useful information from the source images, and make the fused image with higher

performance in terms of both visual quality and objective evaluation criteria.
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0 Introduction

Optical lenses, particularly those with long
focal lengths, suffer from the problem of limited
depth of field. Consequently, the image obtained
will not be in focus everywhere, i. e. , if one object
in the scene is in focus, another one will be out of
focus. A possible way to alleviate this problem is
by image fusion, in which several pictures with
different focus points are combined to form a single
image. This fused image will then hopefully
contain all relevant objects in focust’.

In recent years, various fusion methods based

( MST ) have been

high performance. In

on multiscale transforms
proposed and provide
previous research, the most commonly used MST
for image fusion were the pyramid transform
(PT)'"** and the discrete wavelet transform
(DWT)OM* In general, the DWT-based fusion
schemes outperform the PT-based methods™-.
However, most of the DWT-based methods are
mainly focusing on the combination of the high
frequency subband coefficients, and just employed
the simple ‘average’ scheme for the selection of

the low frequency subband coefficients. But the
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low frequency subband coefficients contain most of
the image energy and decide the contour of the
image. And then such methods decrease the
contrast of the fused image to some extent. In
addition, the DWT has limitations such as limited
orientations and non-optimal-sparse representation
of images. Therefore, some artifacts are easily
introduced in the fused images attained by the
DWT-based methods, which will
resultant image visual quality consequently 7.
Recently, CUNHA A L, ZHOU Jiang-ping

and DO M N presented a new image geometric

reduce the

analysis tool, called the nonsubsampled contourlet
transform ( NSCT )™, The NSCT has such
advantages as mulit-scale, good spatial and
frequency localization and multi-direction, and can
effectively capture the geometric information of
images. Therefore, when the NSCT is introduced
to image fusion, the characteristics of original
images can be taken better and more information
for fusion can be obtained. In addition, due to the
elimination of the downsampler and upsampler
during the decomposition and the reconstruction of
the image, the NSCT has the shift-invariance
property, which will effectively reduce the effects
of the mis-registration on the fused results.
Therefore, we apply the NSCT to image fusion and
present a novel algorithm for fusion of multifocus
images based on the NSCT. And the selection
principles of the low frequency subband coefficients

and the bandpass directional subband coefficients
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are discussed in detail. The proposed algorithm has
been applied to merge several sets of multi-focus
images. And the experimental results show that
the proposed algorithm is of great validity and of

feasibility.
1 Nonsubsampled contourlet transform

The NSCT is a shift-invariant version of the
contourlet transform /. The contourlet transform
employs Laplacian pyramids (LP) for multiscale
decomposition, and directional filter banks (DFB)
To achieve shift-

invariance, the NSCT is built upon nonsubsampled

for directional decomposition.

pyramids (NSP) and nonsubsampled directional
filter banks (NSDFB).

The NSP is a two-channel nonsubsampled
filter bank

upsampling, and hence it is shift-invariant. The

and has no downsampling or

multiscale decomposition is achieved by iterating
banks. Such

expansion is conceptually similar to the 1-D

using the nonsubsampled filter
nonsubsampled wavelet transform computed with
the a trous algorithm™® and has J+1 redundancy,
where J denotes the number of decomposition
stages. For the next level, all filters are upsampled
by 2 in both dimensions. The cascading of the

analysis part is shown in Fig. 1. The equivalent
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Fig. 1 Iteration of two-channel nonsubsampled filter banks

in the analysis parts of the NSP
filters of a k£ -th level cascading NSP are given by
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The NSDFB is a shift-invariant version of the
critically sampled DFB in the contourlet transform.
The building block of a NSDFB is also a two-
channel nonsubsampled filter bank. To obtain finer
NSDFBs are

iterated. For the next level, all filters are

directional decomposition, the

upsampled by a quincunx matrix given by D =

1 1
[1 _1] . Fig. 2 illustrates a four - channel

£z
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Fig. 2 A four-channel NSDFB constructed with
two-channel fan filter banks

decomposition with two-channel fan filter banks.
And the equivalent filter in each channel is given
by

Us'(z) = U, (U, (") (2)

The NSCT is obtained by carefully combining
the 2-D NSP and the NSDFB as shown in Fig. 3. If
the building block two-channel nonsubsampled
filter banks in the NSP and the NSDFB are
invertible, then clearly the NSCT is invertible.
The NSCT allows any number of 2’ directions in
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Fig.3 The NSCT
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each scale, and then the NSCT has redundancy

J

given by 1+ > 2%, where /; denotes the number of
i=1

levels in the NSDFB at the j -th scale.

2 Image fusion algorithm

The NSCT has such properties as multi-scale,
localization, multi-direction and shift-invariance.
Therefore, we apply the NSCT to image fusion and
present a novel algorithm for fusion of multi-sensor
images based on the NSCT. This section provides
an overview of the generalized fusion process. To
simplify this discuss, we assume the fusion process
is to generate a composite image F from a pair of
source images denoted with A and B. Also we
assume here that the source images are already
perfectly registered. Then the proposed image
fusion approach consists of the following steps.

1) Perform a J-level NSCT on source images A
and B, and attain the NSCT coefficients {Cj’-?J Cky s
k) s Chy(hysky) (G = jo) ) and {C] (kyvky) s CLy (ko s
k:)(j = jo)} s where, C; (ki,k;) is the low
frequency subband coefficients and the C; (%, .k;)
is the bandpass directional subband coefficients at
the j-th scale and on the /-th direction.

2) Employ some fusion rules to attain the
NSCT coefficients of the fused image F{CJF(] (b,
k) CE Ry k) (G =500 ).

3) Apply the inverse NSCT on the attained
coefficients and thus obtain the fused image.

The low frequency subband coefficients decide
the contour of the image, therefore., the selection
principle of the low frequency subband coefficients
is very important in the fusion algorithm and a
proper principle can improve the quality of the
fused image greatly. However, in many paper, the
commonly used method for the combination of the
low frequency subband coefficients is the ‘average’
scheme. This may reduce the image contrast

greatly and then make some useful information of

the source images lost.
In this paper, we introduce the concept of the
image visibility (VI), which is inspired from the

human visual system and is defined ast "

M N p I
e § 3 LEonn = “
m=1n=1 y2
where 4 is the mean intensity value of the image,

and @ is a visual constant ranging from 0.6 to 0. 7.
The image visibility represents the clarity of an
image. In order to represent the local area clarity,
we introduce the concept of local area visibility
(LAVD in the contourlet domain. When the local
area mean CJU (ki sky) £ 0, the LAVI is defined as

(A\/Il*l),/Z (1\'1*1)"2

LAVI(k, k) = b )

i:*(“'\/ll*1),”2]:*&\"*1)/2
|C,, (ki tisky+)—C, (ki k) |
Cjo Cky s ky)et?
where, the local area size M, X N, may be 3 X 3 or

a)(z,]) *

4

5 X 5, w(i,j) is the coefficient of the Gaussian
template. And when Cj“ (kysky,) =0, the LAVIis
also set to 0.

subband

coefficients of the fused image properly and

To select the low frequency
restrain the effects of the noise, we propose a
scheme based on the local area visibility combining
with the average’ scheme, and the scheme is
defined as Eq. (5), in which the th is an
experimental threshold according to the resultant
image.

For the subband

coefficients, the basic fusion rule is the absolute

bandpass  directional
value maximum selection, i. e. , the larger absolute

values in the sub-bands are retained for
reconstruction. There is the fact that the larger
values correspond to the features in the image such
as edges., lines., and regions boundaries. However,
the NSCT coefficients of the image have great
dependency. In order to select the bandpass

directional subband

C) (ki sky)

C]F;) (ky sky) =1 Cf; (ky s ky) XO0. 5+C]£; (kysky) X0.5

1 CP (ky k)

Jo

LAVI* (ky k) —LAVI® (b ,ky) >th
| LAVI* (k) o k) —LAVIP(k, k) | <th (5)
LAVI® (ky k) —LAVI* (k) k) >th

coefficients more properly, we present a selection
scheme based on the local oriented energy (LOE)
in the contourlet domain, or the coefficients
corresponding to larger LOE are included for
reconstruction. This is based on the fact that the

human visual system detects features at the points

where LOE reaches maximum valuet®., The
proposed scheme is given by Eq. 6, in which the
LOE is defined by Eq. 7 and /; denotes the number
of direction decomposition levels in the NSCT at
the j-th scale.

Fi(kyoky) =
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LOE? (k, +ky) = LOE® (&, 1ky)
LOE (k, +ky) <~ LOE? (&, k)

[ ChyChy k)

6)
| cB kb

2[/
LOE, (b +k:) = 23 | €y (o o) | (D
After determining all the NSCT coefficients of

the fused image F', we can attain the fused image F
by taking the inverse NSCT.

3 Experiments and analysis

A set of multifocus images have been used for
evaluation of the image fusion algorithm presented
in this paper. For comparison with other fusion
methods, the fusion scheme is also performed
based on the discrete wavelet transform (DWT-
based method ), the discrete wavelet frame
transform (DWFT-based method) and the NSCT
(NSCT-simple-based method), in which, the low
frequency subband coefficients of the fused image
are all simply attained by the ‘averaging’ scheme
and the bandpass subband coefficients are all
attained by the absolute-value-maximum-selection
approach. In addition, the mean square error
(Emse ), difference coefficient (dDC)M, the
correlation coefficient (C) and the similarity

" are use to evaluate the

based quality metrict
performance of the fusion results quantitatively.

Smaller Emse,dDC values and a higher C value
between the fused image and the reference image
indicate that more information of the original
images has been preserved during the fusion
process and the fused image is closer to the
reference image.

Re. [ 14 ] presents an improved structural
similarity based quality metric for image fusion.
The global similarity metric between the fused

image F and the reference image R , is defined as

LS SSIMR. Flw)  (8)
(W | wew

where, SSIM (R, F | w) denotes the structural

similarity metric for the corresponding regions in

MSSIM(R, F) =

the fused image and the reference image, or SSIM
(R, F | ) — ZwrwetC) - ou00, TC)
(wi +wi +C) (oo, tou, TC)
(Gugu, TC5)
(O'wRO'wF +C;)
with C; = C,/2 , w denotes the sliding window or

and C,,C,,C; are small constants,

the window under consideration, w » 6% and [
denote the mean, the variance and the covariance
respectively, and W is the family of all sliding
addition, the
between the fused image F and the input image A

windows. In similarity metric

are defined as

MMS(F,A)=MI(F,A) X MSSIM(F,A) (9
where MI(F,A) denotes the mutual information
between the image F and the image A . The higher
the MSSIM (R, F) value, the higher quality of the
And higher MMS(F,A) value

demonstrates that more information has been

fused image is.

extracted from the source image and injected into
the fused image.

Fig. 4(a) and Fig. 4(b) illustrate a pair of test
images with different focus and Fig. 4 (c) shows a
reference image in which the camera was focused
on each object. Fig. 5 illustrates the fusion results
by the four fusion methods above. Compared with
the source images, all of the four fusion results are
satisfied. All the fusion methods can eliminate the
effects resulting from the different focus of the
camera, and can make all the objects in the fused
images clear. However, by a more careful
comparison, we can find that the fused image
attained by the proposed method in this paper

performs the best.

fapiocus on the
Ic0 part

(b¥lFocus on the {¢] The referenced
right parl mage
Fig. 4 Source images

To explain this clearer, we extract parts of
the fused results from Fig. 5(a) ~(d) and put them
into Fig. 6. In Fig. 6 (a), we can find that many
‘artifacts’ are introduced. On the contrary, the
artifacts are greatly reduced in Fig. 6(b) and Fig. 6
(c), especially in Fig. 6 (c¢), which owes to the
perfect properties of the NSCT. In Fig. 6 (d),
almost all the useful information of the source
images are preserved and few artifacts are
introduced, and then the fused image has the best
visual quality, which owes to the NSCT as well as
the proper coefficient selection principles.

Table. 1
According to the data in Table I, we can see that
the methods based on the NSCT, especially the
proposed method in this paper, significantly
outperform the DWT-based method and the
DWFT-based method. Our proposed method has
the largest MSSIM, MMS and C values and the

smallest Emse and dDC values, which means that

gives the quantitative results.

our proposed fusion method can extract more

information from the source images and preserve
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{ml'used imave by the
DWT-based method

{bil'used image by the
DWFT-bascd method

{c)liused image by the NSC'1-simple-
hasced methodismmple Tusion rule)

(dilused image image by the
proposed method

Fig.5 Fused results

{a)Taken from Fig.5(a) {b)Taken trom Fig. 3(b)

{c)Talen from Fig 5(c)

(d)Taken from Fig.S(d)

Fig. 6 Locally zoomed parts of the fused images

Table. 1 Performance of different fusion methods
Method Emse dDC C MSSIM MMS(F,I,) MMS(F, Iz) MMS
DWT-based
6.1449 0. 0349 0.9964 0.9316 3.3578 5.0746 4.2162
Method
DWET-based
5.4542 0.0331 0. 9969 0.9368 3.4704 5.4122 4.4413
Method
NSCT-simple-based
5.0688 0.0307 0.9971 0.9471 3.7604 5.7941 4. 7772
method
Proposed
3.2854 0.0272 0.9980 0.9543 4.1270 6.0371 5.0820
method
them into the fused image. In addition, the fused multifocus images. The experimental results

demonstrate that the proposed algorithm is of great
validity and of feasibility.
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