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Abstract The discrete wavelet transform has become an attractive tool for fusing multisensor
images. This paper investigates the discrete wavelet frame transform. A major advantage of this
method over discrete wavelet transform is aliasing free and translation invariant. The discrete wavelet
frame (DWF) transform is used to decompose the registered images into multiscale representation
with the low frequency and the high frequency bands. The low frequency band is normalized and
fused by using the expectation maximization (EM) algorithm. The informative importance measure
is applied to the high frequency band. The final fused image is obtained by taking the inverse
transform on the composite coefficient representations. Experiments show that the proposed method
is more effective than conventional image fusion methods.
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1 Introduction

Image fusion is the process of generating a single combined image, which contains a more accurate
description of the scene than the multiple images from different sources!!. This fused image is usually
more useful for human visual or machine perception. Most image fusion approaches are based on
combining the multiscale decomposition. The basic idea is to perform a multiscale transform (MST)
on all source images, and construct a composite multiscale representation of them. The fused image
is then obtained by taking the inverse multiscale transform (IMST). Recently, estimation theory has
been proposed to improve the efficiency of image fusion algorithms>?. However, these approaches are
all based on the assumption that the disturbance follows a Gaussian distribution. Since nature images
actually follow a Gaussian scale mixture distribution in multiscale space, the Gaussian assumption
might mistreat the useful signal as disturbance and hence degrade the final fused image quality.

In this paper we propose using the DWF [45] t6 decompose the image. When it is applied to image
fusion, it provides a shift-independent fusion approach. After the decomposition, the EM algorithm is
used to estimate the fused image in the low frequency band since this band is usually critical to the
fused image. For other frequency bands, selection considering the informative importance measure is
used to fuse the images. The final fused image is then computed by taking the inverse transform on
the composite coefficient representation.

This paper is organized as follows. Section 2 briefly presents the DWF. The basic idea of the
proposed image fusion algorithm is also given. Section 3 describes the details of the proposed EM
algorithm for fusion of the low frequency band and Section 4 gives the selection mode for other frequency
band. Computer simulations are reported in Section 5. Section 6 gives the conclusion.

2 Image fusion based on DWF

The multiscale process can be summarized as follows. First, the multiscale signal decomposition
is applied to all input images to produce a multiscale high frequency band representation of the input
imagery. Second, a composite high frequency band representation is built by combining the multiscale
coefficients of all input imagery. The fused image is then computed by taking the inverse transform on
the composite coefficient representation as shown in Fig. 1. It should be noted that in the combination
process of the second step, important image visual information is used for combination in the high
frequency band w:(j) and the EM algorithm is applied to fuse the low frequency band components
In(j). The subscript ¢t denotes the scale and N denotes the total level number of DWF, ¢ =1,---  N.
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Since the discrete wavelet transform (DWT) is a shift-dependent process, the coefficients of the
DWT vary with the position of the same pixel. This variation leads to some new source of error in the
fusion process. In addition, when the pixels of the source image are corrupted by noise, the power of
the wavelet coefficients will be spread. This results in a degraded fusion performance.

Based on selection
considering the important
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Fig. 1 The proposed multiscale image fusion scheme

To overcome this problem, the DWF is proposed here to provide a shift-invariant image fusion
approach.

As in the DWT, each stage of the DWF splits the input sequence into the wavelet sequence w;(n)
and the scale sequence I;(n) which are to be used as input for the next decomposition level. That is,

wer1(n) =Y g(2"k)Te(n — k) (1)

Iya(n) =Y h(2'k)(n — k) (2)

where g(-) and h(-) are the high and low frequency analysis filters, respectively, n denotes the pixel
position, k represents the shift of the position, and ¢ denotes the scale of the DWF. The zero level scale
sequence is set to equal the input sequence f(n), i.e., Io(n) = f(n). In contrast to the standard DWT,
the subsampling is dropped which results in a highly redundant wavelet representation. The analysis
filters g(2'k) and h(2'k) at level ¢ are obtained by inserting an appropriate number of zeros between
the filter taps of the prototype filters g(k) and h(k).

The input sequence is reconstructed by the inverse DWF recursively as a convolution of the wavelet
and scale sequences with the appropriate reconstruction filters §(2¢k) and h(2'k):

Li(n) =Y h(2'n— k)L (n) + Y §(2n — k)wera (n) (3)

The reconstruction filters §(k) and ﬁ(k) can be achieved by using the relation of conjugate quadra-
ture filter. That is, - P
H(2)H(z ")+ G()G(z") =1 (4)

where H, H, G, and G are the frequency domain counterparts of the filters h, h, g, and §, respectively.
Due to the averaging inherent in both the discrete wavelet frame transform and the invert discrete
wavelet frame transform, the filter coefficients from the standard DWT scheme must be slightly modified
to obtain a perfect reconstruction, i.e., an energy normalization has to be applied to the filters:
1
RPWF (1Y — L, DWT (. 5
(k) 7 (k) (5)

hPWF (9tg) = %hDEF(2t—1k) (6)

3 Fusion of the low frequency band by EM algorithm
The proposed EM method is applied to the low frequency band. The image model used is given
by
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where ¢ represents the sensor index, j denotes the pixel location, I;(j) denotes the observed image value
in the low frequency band and S(j) represents the true signal. «;(j) = %1 or 0 is the sensor selectivity
factor. €;(j) is the random noise which is modeled by a K-term mixture of Gaussian probability density
function (pdf). That is,

I S )
fa Z /\Ic z 27ro-k Z(]) p ( 20_]%’1(])> (8)

From the estimation theory viewpoint, the fusion process is to estimate true scene S(j) from I;(j)
fori =1,---,q. Estimation is usually performed in a neighborhood with j as the center. In this study,
a neighborhood size L = 5 x 5 is selected. Inside the neighborhood, we assume the model parameters
B(5), Aka(5),0%.4(5)) and i(j) are constants. For simplicity, we drop the indices of these parameters
in the sequel.

When the final estimates associated with coefficient j are produced using the iterative algorithm,
the estimates produced for a;, B; and {A1,i, -, Ak,i;01,4,,0K,:} for ¢ = 1,--- ¢ will be assigned
to the corresponding parameters for coefficient j from (7), the final estimates of the scene for all
coefficients neighboring coefficients j are discarded, and the final estimate of the scene for coefficient j
will be assigned to S(j) from (7).

At the beginning of the recursive process, it is necessary to normalize the image data as (9), so as
the normalized data is limited within the boundary [0,1]

Ii(j) = (1i(5) — pa) /Hi 9)

where I} and I; are the standard low frequency bands of image and source image, u; is the mean of the
low frequency band of the source image, H; the gray level of the source image.
The recursive process is derived from the SAGE algorithm!® ™, similar to the development in [7].
When the parameters converge to a fixed range we can calculate the true scene as

S 112 Lt i)

(1) = =Lkt i (10)
- istk=l

Zza’zgkzl ))

i=1 k=1 Ukz

where [ indexes the coefficient location in the small region of neighboring j.

The fused low frequency band should preserve the imaging characteristic of the sensors so as to
highlight the contrast of the image. In the process to calculate the final fused low frequency band, we
do not invert the contrast polarity.

Initial values for the parameters are required to start the EM algorithm. A simple estimate for
the lowest frequency band of the true scene S(I) comes from the weighted average of the sensor images:

= Zwi[i(l) (11)

where w; =1/¢,i=1,---,q.
The initialization scheme has worked very well for the cases we have studied. We have observed
that the algorithm generally converged in less than 5 iterations in our experiments.

4 Selection of high frequency band by informative importance measure

In the pattern-selective fusion scheme, we propose a new measure to characterize important image
information, which models the low-level image information processing in a way that resembles principal
components of the early retinal process[s]. A quantitative estimation of this important information
can be provided by the measure of uncertainty in pixel-to-neighbors interaction. Two sources of such
uncertainty must be considered: luminance uncertainty and topological uncertainty.

PIx(m,n) = C(m,n)I(m,n) (12)

where PIx(m,n) indicate the important information of the wavelet frame coefficient, the subscript X
denotes source images. It means the source image is image A when X = A. C(m,n) is the absolute
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value of wavelets coefficient and also reflects the luminance uncertainty; I(m,n) denotes the topological
uncertainty.

C(m,n) = |wx(m,n)| (13)
where wx(m,n) is the high frequency coefficient. We neglect the subscript ¢ that denotes the scale as
Fig. 1.

Considering the relationship of neighborhood coefficients, the sign of the high frequency coefficient
is decided firstly.
sign(m,n) = sign(wx (m,n)) (14)
If the high frequency coefficient is equal to or greater than zero, then sign is one, otherwise, sign
is zero.

I(m7n) :px(m,n)(l 7px(m7n)) (15)
where px (m, n) is the probability to find surrounding coefficients in the same state (sign) as the central
coefficient at position (m,n).

Then, we can achieve fusion selective pattern:
wa(m,n), Pls > Plp
we(m,n) = { (mom), PLa=Pls e g (16)
wg(m,n), otherwise
where A is the source image A, B is the source image B and F is the fused image F'.
Finally, when the fused lowest frequency band S and the fused high frequency band w; are
obtained, the final fused image can be achieved by performing the invert discrete wavelet frame trans-
formation as Fig.1. t =1,---, N.

5 Experiments

Performance measures are essential to determine the possible benefits of fusion as well as to
compare results obtained with different algorithms. However, it is difficult to evaluate image fusion
result objectively. Therefore, in this paper, three evaluation criteria are used for quantitatively assessing
the performance of the fusion.

The first evaluation measure is the objective performance metric that was proposed by [9,10].
It models the accuracy with which visual information is transferred from the source images to the
fused image. Important information is associated with edge information measured for each pixel.
Correspondingly, by evaluating the relative amount of edge information that is transferred from the
input images to the fused image, a measure of fusion performance is obtained. The larger objective
performance metric means that more important information in the source images have been preserved.

Mutual information has been proposed for fusion evaluation. Given two images xr and zr, we
define their mutual information as

Q(zr;zr) = Z Z hr,r(u,v)log, % (17)

where xr is the ideal reference, xr the obtained fused image, hr, hr are the normalized graylevel
histograms of zr, xr respectively, hr r is the joint graylevel histogram of zr and zp, and L is the
number of bins. We select L = 100. Thus, the higher the mutual information between zr and xr, the
more likely 7 resembles the ideal zr. Mutual information evaluation method may be modified into
an objective measure according to [11]. This is the second evaluation measure.

The third evaluation measure is entropy:
H

EN = — Zpi In p; (18)
7
where p; is the probability when the pixel number of gray level is i.

Figs.2 (a) and (b) are a visual image and in MMW image employed in Concealed Weapon De-
tection. We can find that a weapon is concealed in the third person from Fig.2(b). The discrete
Wavelet[l]7 steerable pyramidm], Laplacian pyramid“] and the method the paper proposes are per-
formed separately on the fusion process. In all cases, we perform a 3-level decomposition. Fusion result
is demonstrated as Fig. 2 (¢)~(f). It is clear that the proposed method outperformes the others. The
quantity of the evaluation measurs are exhibited in Table 1 in terms of numbers of the entropy, pixel
mutual information, and edge mutual information.
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(d) (e)
Fig. 2 Fused result of visual image (a), and MMW image (b), the fusion result employing DB3 wavelet (c),
steerable pyramid (d), Laplacian pyramid (e) and the proposed method (f)

Table 1 Fusion result of visual image and MMW image

Evaluation measures Entropy  Pixel mutual information  Edge mutual information
DB3 wavelet 4.0415 0.0526 0.5465
Steerable pyramid 4.0247 0.0609 0.5864
Laplacian pyramid 4.0135 0.0621 0.6611
The proposed method 4.5912 0.1340 0.6864

Fig. 3 (b) demonstrates a visual image of a scene of which the background is the road, grass-land,
fence and house. But one can hardly find the person in it (see the infrared image Fig.3 (a)). Again,
the discrete wavelet, steerable pyramid, Laplacian pyramid and the proposed method are performed
separately on the fusion process. In all cases, we perform a 3-level decomposition. The fusion result as
shown in Fig. 3 (¢)~(f) demonstrate that the proposed method outperformes the others. The evaluation
measure, are exhibited in Table 2 in terms of numbers of the entropy, pixel mutual information, and
edge mutual information.

(d)
Fig. 3 Fuse result of IR image (a) and visual image (b), the fusion result employing DB3 wavelet (c), Steerable

pyramid (d), Laplacian pyramid (e) and the proposed method (f)
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Table 2 Fusion result of IR image and visual image

Evaluation measures Entropy Pixel mutual information Edge mutual information
DB3 wavelet 4.6220 0.1985 0.3719
Steerable pyramid 4.6071 0.2097 0.4232
Laplacian pyramid 4.6974 0.2543 0.4880
The proposed method 4.9835 0.2898 0.4848

6 Conclusions

In this paper, an image fusion method is proposed based on the EM (expectation maximum)
algorithm and discrete wavelet frame for merging multiple sensor images. Experimental results indi-
cate that the proposed method outperforms the discrete wavelet transform and existing wavelet frame
transform. We also used three different evaluation measures of image fusion system to illustrate that
the proposed method is more effective than the existing image fusion methods.
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