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Abstract

Aiming at the problemthat theluminanceinformation is not enough and the edge
information can not be preserved easitythe proces ofthe imagefusion, an effective
image fusion method based on nonsuladhcontourlet transforiNSCT) and adapive
guided image filtering is proposed in this paper. Firstly the source images are
decomposed by NSCT with musitiale, multidirection andshiftinvariant properties. The
fusion rule of the lovirequency subband coefficients employs the local correlation energy
to improve the energand information of the subband coefficient® acquire good
effects with edgereserving and noise reductipthe adaptive guidedmagefiltering is
introduced tathe highfrequency subband coefficierats the fusiomule for the first time
and it can make use of halee edge slope enhanceménthe fusion proces$-inally,
the fused image is reconstructedthg inverse NSCTExperimental results demonstrate
thatthe comprehensive performasad the proposed methade improvedn the fusion
information, edgendluminance

Keywords:image fusion, NSCT, guided filteagdaptive guidedmage filtering, local
correlation energy

1. Introduction

With the development of sensor technology, multiple visual sensors replace the single
sensor model. The multiple sensors information is often redundant and complementary,
and the fusion of multiple sensors informatiom caduces the overall uncertainty and
increase the accuracy. Mu$iensor finage fusion has been applied to some areas
including remote sensing satellite images processing, visible and infrared images
processing, medical images processing and so on. Tiargrpurpose of image fusion is
reserving most of the useful informatidéor different images. For this purpose, a large
number of image fusion methods have been proposed in litesafResearchers also
gradually improe the quality of the fused image $uas sharpness, brightness, ecdgel
detail. According to different fusion levels of image fusion technology, image fusion can
generally be divided into three levels including the pixel level fusion, feature level fusion
and decision level fusion [1]. Thaxel level fusion hasittracted most of the researchers
for its low level and high precisiognd itcan be divided into two categories: the spatial
domain and transform domainhefinal quality of thepixel fusion effectdepend onthe
choices of theransform and fusion rules.

Nowadays, transform domain fusion algorithms based on -sudte geometric
analysis such as pyramid transform, wavelet transform, contourlet transform (CT), and
NSCT have achieved great success. Pyramid decomposition is retlunddirectional
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and correlative among the layers, resulting in losing the high frequency information and
detail feature of the fused imagey. Wavelet transform is a needundant and mutti
directional decomposition, retaining the spectral and spat@mation of the image?].
However, the wavelet base is isotropic and limited by direction description, féaling
reflect the higkdimensional contour information of the imagerl is put forwardby M.

N. Do and has theproperties of multi-resolution, localization directionality and
anisotropy[4-5], but its implementation requires dowsamplers and upamplers that
cause spectrum aliasing and the pse@dibs phenomenorb]. NSCT [7], proposed by

A. L. Da Cunha,etc, in 2006, not only inherits all thadvantages of CT, but also
possesses the shifted invariance. Therefore, NSCT can accurately extract the outline and
the detail information of the image and overcome shortcomings arising from other
transforms §]. Based on the advantages of NSCT, ithssenasthe tool of multiscale
transform in this paper.

Another key pointof the final fused results the fision rules. Welllesigned fusion
rules for coefficients of mukscale transform can further enhance the effect of fusion.
Through multiscale trasform, the original images are often divided into the -High
frequency subband coefficients and the foequency subband coefficients. The fusion
rules of the lowfrequency subband coefficients commonly include average method,
weighted average method, thergest area methoatc, [9-10]. For the lowfrequency
subband coefficients, the average method and weighted average method arebeasy to
implemened, but the edge information and luminance featredost The fusion rules of
the highfrequency subbah coefficients include the absolute maximum, the maximum
area of energy, the absolute maximum variarate, [11-13]. In conclusion these
methods do not consider tivariationsof the energy and relevanay a certain region,
resulting in low brightnesand blurred edges of the fusion imagaéd the final fusion
images of these methods may lameme useful information such as edge information,
luminanceinformation and detaihformation,andat the same time, decredbe contrast
of the fusion image. Tdrefore, it need better fusion rules to improve the existing fusion
rules.

The proposed guided image filtreg [14] fulfills the requirements of both edge
preserving and linear complexity. It has been applied to some fields such as image
matting and cologation [15-17]. S. Li [18] applies the guidedimagefiltering to image
fusion and achievegood resultsbut the imagesare decomposednto base layerand
detail layerby average filteringnstead of multiscale transformAt the same timethe
guidedimage filtering does notealize adaptively choosing the paramethed cancreae
halo artifactsin the slope of edgeBased on guided image filiag, C. C. Pham[19]
proposes adaptive guided image filtering (AGF) that realizes adaptive filtering, superior
sharpness enhancement and noise reduction. In this paper, the thought introducing the
AGF to the NSCT domain is first proposed and applied to image fusion.

Based on analysisbove a new and effective image fusion method is proposed in this
paper, whichcombines the local correlation energy and AGF in NSCT domain. The
method ensures the mutitale decomposition of the images, and also combines the latest
edgepreserving technology. It can achieve fine fusion effe@atluding distinct edge,
high luminane and moredetailinformation

2. NSCT

In this section, the key ideas and properties of the NSCT will be reviewed briefly. The
NSCT has the quality of shifivariance, multiscale and mukldirection. Itconsiss of
nonsubsampled pyramid (NSP) and ndizsumpled directional filter bank (NSDFB),
which ensure the mulcale and mukHdirectional decomposition of the NSCT
respectively. First of all, the image is decomposed into different scales by NSP. NSP can
result in L+1 subimages, which consists of orew-frequency and. high-frequency
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images with the same size as the source image, wherdenotes the number of
decomposition levels. And then the hifjaquency subband image is decomposed by
NSDFB andobtainedthe final subband images at different ssaded directions. NSDFB
produces 2directional sudmages with the same size as the source intggé-level

decomposition The total number of decomposition géven byi + ajl 2", wherel

derotes the numbyeof levels in NSDFB at thggh scak. The structure of NSCT is shown
in Figurel.
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Figure 1. The Structure of NSCT
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3. GuidedImageFiltering

In [14], the guidedimage filtering has some good properties. The guidethge
filtering has good edgpreserving propéies asthe bilateral filter, and it overcomes the
gradient reversal artifacts. The guidedage filtering involves a guidance imagg, a
filtering input imagel, and an output imag®. The guided filter output at a pixéelis
expressed as a weighted aygra

0 =4 w(@G),, (1)
J

wherei andj are pixel indexes. The filter kern@l; is a function of the guidance image
G and independent of defined as follows:

1 . & G-mG-ma
W (G)=— + :
1 (©) |V\,12 k:(i?)i wk? si+e 8 2

Here,wy is a square window of siz@r(+1)x( Z+1) centered at the pix&l | is the
number of pixels inwk. &k and s2 are the mean and variance Gf in . Ois a
regularization parameter given by the user.

Compared with the traditional filter kernel function, the guidedgefiltering kernel
function has good edgareserving and detail enhament properties. At the same time,
the computing time is independent of the filter size. On account of its qualities, the guided
imagefiltering has performed very well in a great variety of applications including image
smoothing,enhancement, imagnatting and dehazing. In this paper, the guided filter is
appliedto image fusion.

4. TheProposedMethod andlts Fusion Rules

4.1. GeneralFramework for the ProposedM ethod

A general framework of image fusion in NSCT domain is shown inrEig. Firstly,
the source image@\,B) are decomposed by NSCT to acquire the-fequencysubband

imagesC,: (X=A,B) and highfrequency subband imagdslffq (X=A,B) respectively.
Hffq (X=A,B) represents the higinequency subbed images at levelr [1,L] in the
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orientationd. Then the local correlation energy is used as the fusion rule of the low
frequency subband images. The AGF is employed as the fusion rule of tHeckjigbncy
subband images. Finallyjnverse NSCTis applied tothe new low anchigh frequency
subband imagesndthefinal fusionimage isobtained

low-frequency
subband image | |
Source
imag on > NSCT
high-frequency | |5 | & et
e e ocal correlation energy ' The
inverse ;
NSCT fuson
image
low-frequency - —
subband image [~ || adaptive guided image
filtering(AGF)
_Source NSCT
imageB ;
high-frequency
subband images |

Figure 2. The General Framework of Image Fusion in NSCT Domain

4.2. LowFrequencyFusion Rule

The lowfrequency subband images reflect the average chasticerof the source
images and determine the outline of the images. And the correlation coefficient of image
represents the similarity of two images in eacha[20-21]. The local energy of the
image represents thabw muchthe amount oenergyinformaion contains irthe image
area The local energy can be used to guide the choice efrfegquency subband images.
The previous methosithat choosevindow randonty, andthe proposed methosklecs
window corresponding to the windaizeof AGF to ensure theonsistency between high
and low frequencyThe decisions of fusion rule based on the local correlation energy can
merge information of source images and keep the details of the fused image.

The definition of local correlation coefficieRtis

3 4 (A mn)- m)cemn)- m)

R - m=1n=1

ay N LY i 3)
Jaa 3 [crmn)- mf&a & lcemn)- mf'o
Cm=1n=1 “Cm=1n=1 =

Here m, (X=A,B) is the mean ofhe lowfrequency subband imagddxN is the size

of the area.
The local energy of the image is calculated by (4)

(M-1)/2  (N-1)/2 2

EXmn)=— & & (¢X(m+xn+y)). (4)

MN . (M-1)/2y=-(N-1)/2

The lowfrequency subbaniinagesare first divided intasonme MxN subregions. And
then the newlow-frequency coefficientare calculatel by using the local correlation
energy according to (5) and (6).

If ROTH
of \_FR3 CAmn)+ (- R)® cB(mn) E2 E
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Here, E%o and E®p are local energyof the sources images respectivelH is the
threshold oR. C%(m,n) is the new lowfrequency coefficient after fusion.

(6)

4.3. High FrequencyFusion Rule

High-frequency subband images represent the detail component of the image, including
the edge and texturef the source image, and directly relate to the final fusion effect. In
this paperthe AGF as the fusion rules of hiflequencysubband imageis first proposed
and applied It performs haleéree edge slope enhancement and noise reduction
simultaneously, and has been implemented by using a fast and exacttihimear
algorithm. For high frequencysubband imagesf multi-sensor imagesthe edge of the
images can integrate togethewithout artifactby using AGEF Compared withguided
image filtering the improvement of AGF is the offsatthat is added to the intensity
value of center pixek in the kernel weights functionf @uided image filteringThe new
high-frequency coefficients after fusion are calculated by the filter kernel and weighting
function of AGF:

AGHG), =& Wyer ), (7)
J

1 5 %Jr((e. *x)- M)G; - ﬂz)g

Wier (GlF )=
[ |V\42 k(i )i w G 5k2 te =

(8)

Here,Gi= Hlf*q andG; = qu. qu is the new higHrequency coefficients after fusion.

3 is the added offset. An offsehoosing strategy is also applied in AGF, in the same
manner as described in adaptive bilateral filt@23].That is:

EMAX(w)- G D >0
X =1 MIN(%)- G D, <0 )
,1 0 D =0

Here the intensity difference is definedBy=G - m.

After the processing, the new low and high frequency coefficients are acquired. And
the final fusion image is obtained by inverse NSCT.

5. Experimental Results and Analysis

5.1. TheExperimental Results

In order to verify the effatreness of the neposedmethod, it is compared withine
multi-scale transforitbased methods, including, ratio pyramid(RARY], Laplacian
pyramid(LAP)[25], gradient pyramid(GRP]R6], FSD pyramid(FSDP)27], DWT [28],
contourlet transform based on guidethgefiltering (CT-GF), nonsubsampled contourlet
transform based on guideiinage filtering (NSCT-GF), nonsubsampled contourlet
transform based on bilateral filter (NS@F) and guidedmagefiltering based fusion
method(GFF)18]. The decomposition level of all methalL=3. Parameters ofusion
methodsl to 5are: Burts method for the highequency subban@mages and average
method for the lowirequency subbanidhages. Andthe fusion rules of the higliequency
and lowfrequency subband coefficients use guide imalggrihg of CT-GF and NSCT
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GF. For NSCT-BF, the fusion rules of the higliequency and lowrequency subband
coefficients use bilateral filter and local correlation energy respectively. The GFF uses the
method in[18]. This paper selects three setsnailti-sensorimages including medical
images, infrared and visible images and remote sensing images. The experimental results
are presented respectively.

The results of the medical images

As shown in Figre 3, the first set of experiments is the medical insafigsion,
choosing CT (computed tomography) and MRI (magnetic resonance imaging) images as
the source images. It can be seen from the experimental results that the proposed method
is the best way combined the information of the source images. The expatinesnlts
(ci h) have thephenomenorof low grayscaleand blurred edgesaused by incomplete
decomposition and improper low frequency fusion ru@smpare tathe experimental
results (€h), the fusion image of the proposed method does not apheaededgesdue
to the shiftinvarianceof NSCT. And thduminanceof the fusion image does not change
much,becauséhe local correlation energy algorithused inthe lowfrequency subband
imagesfusion canretain the image information. As shown in experimentallts(i-k),
the edgesare kept by using guided image filteringnd at the sam@éme the luminance
information is preserved The automaticselectionof parameterds realizedby using
adaptive guided image filtering the proposed methpdo the edgés clearandhasno
halo artifacts.
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Figure 3. The Experimental Results of the Medical Images. (a) Image A. (b)
Image B. (c) RAT. (d) LAP. (e) GRP. (f) FSDP. (g) DWT. (h) CT -GF. (i) NSCT-
GF. (j) NSCT-BF. (k) GFF. (I) The Proposed Method.

The results of the infrared and visible images

As shown in Figre 4, the source imageare theinfrared image and visible image
aboutthe nighttime street cornefhe proposed method combines the infrared image and
visible image information. And the contour of the hang letters and pedestrians are more
obvious. At the same time, ttheéminanceandcontrasiof thefused image in thproposed
method is higher thatihat ofother methods.
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Figure 4. The Experimental Results of the Infrared and Visibl e Images. (a)
Image A. (b) Image B. (c) RAT. (d) LAP. (e) GRP. (f) FSDP. (g) DWT. (h) CT -
GF. (i) NSCT-GF. (j) NSCT-BF. (k) GFF. (I) The Proposed Method.

The results of the remote sensing images

As shown in Figre 5, the source imagesf the third group exgrimentsare remote
sensing images. It can be seen from the experimental results that the proposed method
makes the source image better together, and not only enriches the source image
information, but also preferably reflects the details information.alt preserve the
complementary information of different source images such as the edge of the round
object. Meanwhile, the brightness and edge of the image fusion results also has a good
performance.
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Figure 5. The Experimental Results of the Remote Sensing Images. (a)
Image A. (b) Image B. (c) RAT. (d) LAP. (e) GRP. (f) FSDP. (g) DWT. (h) CT -
GF. (i) NSCT-GF. (j) NSCT-BF. (k) GFF. (I) The Proposed Method.

5.2. TheEvaluation Indexes

To estimate the fusion performances dfedent methods objectivelyjvie evaluation
indexes are employede., mean Q,), entropy Qg), the edge intensity(Jg ), the standard
deviationQsp), and mutual informationQw) [29].

1) Mean Qn: The mean of the image is the arithmetic average of all pixelmance
stand for the averagéuminanceand reflectanceatio of the image. The greater the mean
of the results is, the more brightnessmnfiation inherited from the source imdge

(10)

where,M andN are the size of the imagendf(x,y) is thevalueof gray.

2) The information entropy(g): The entropy represents the richness of the image
contained infomation. A small information entropy value corresponds to a narrow
distribution function, which means that the uncertainty of the related random variable is
small.

(11)

here,P; represents the probability of the pixels.

3) The edge intensityQg): Since edge information is very important for human
perception, the metric is developed based on this information transferred from the source
images to the fused image.
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