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Abstract

This paper provides a fusion technique for multi-focus imaging using cross bilateral filter and
non-subsampled contourlet transform. The snapshots are decomposed into distinct approxi-
mation and detail components. The original image and approximation component is passed
through cross bilateral filter to obtain approximation weight map. Whereas, the detail com-
ponents are combined using weighted average to obtain detail weight map. The weights are
combined together and used with original images to obtain the resultant fused image. Visual
and quantitative analysis shows the significance of proposed scheme in comparison to state
of art fusion schemes.

Keywords Image fusion - Non-subsampled contourlet transform - Cross bilateral filter

1 Introduction

Optical lenses due to narrow depth-of-focus often provide images containing both “in focus”
and “out focus” regions. One way to resolve this issue is to combine several pictures into
a single composite fused photograph containing all focus region (Zhang and Blum 1999;
Song et al. 2006). Conventional image fusion techniques are based on numerical operations
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like addition, multiplication, maximum and median operators. These techniques provide
efficiency but are not much accurate to fuse multi-focus images.

Classical multi-scale transform (MST) based techniques including Laplacian pyramid
(LP) (Burt and Adelson 1983), ratio of low-pass pyramid (RP) (Toet 1989), discrete wavelet
transform (DWT) (Li et al. 1995), stationary wavelet transform (SWT) (Beaulieu et al. 2003),
dual-tree complex wavelet transform (DTCWT) (Lewis et al. 2007), curvelet transform (CVT)
(Nencini et al. 2007), non-subsampled contourlet transform (NSCT) (Zhang and Guo 2009),
orthogonal wavelet transform (http://www.metapix.de/), and shift invariant discrete wavelet
transform (SIDWT) are widely used to fuse different types of images. These techniques
extract the underlying salient information by decomposing the images into different coeffi-
cients (Li et al. 2011), however sometimes fail to preserve useful image details (Rockinger
1997).

Multiscale decomposition and bilateral filter (BF) based fusion is presented for preserv-
ing edges and directional information (Aslantas and Toprak 2014). Multi-level local extrema
based technique decomposes the images into coarse and detailed layers and fuses using
local energy and contrast function (Jameel et al. 2015). Fusion of low frequency sub-bands
employing window neighborhood entropy and high frequency sub-band using window stan-
dard deviation, utilizes the correlation information which is present between adjacent pixels
(Kumar 2013). A similar technique (based on wavelet transform and human visual system)
uses visibility and variance measure for fusion and window-based consistency verification
for minimizing noise and preserving homogeneity (Stathaki 2011). Two-state hidden Markov
tree and shift-invariant shearlet transform based fusion minimizes color distortion (Liu et al.
2017). Multiscale fusion utilizing cross-scale rule and intra/inter scale consistencies exploits
neighborhood information for optimal selection of coefficients (Patel et al. 2015).

Cross BF (CBF) based technique considers intensity resemblance and geometric closeness
for computation of fusion weights (Kumar 2015). Guided filter fusion (GFF) utilizes guided
filter for edge preservation in the fused images (Li et al. 2013). Multi-focus image fusion
(NEMIF) uses decision map along with energy of Laplacian in guided filtering to compensate
sharp changes (Zhan et al. 2015). Fast filtering image fusion (FFIF) based fusion provides
less computational complexity but still blurred boundaries are not efficiently addressed (Zhan
et al. 2017). However, this technique is not much feasible for fusion of multi-focus snapshots
as the blurred regions do not have clear boundaries.

To overcome these limitations, an improved weighted fusion scheme for multi-focus imag-
ing using CBF and NSCT is proposed. NSCT helps to disintegrate the source images into
different approximation and detail components. The original image and approximation com-
ponent is passed through cross bilateral filter to obtain approximation weight map. Whereas,
the detail components are combined using weighted average to obtain detail weight map. The
weights are combined together and used with original images to obtain the resultant fused
image. Proposed technique provides better visual and quantitative fusion results as compared
to existing fusion techniques.

2 Proposed methodology

The first step of proposed technique is decomposition of source images into different detail
and approximation components. For this purpose, NSCT provides better shift invariance and
better directional selectivity (compared to other MST transforms) (Liu et al. 2015). Let,
multi-focus images (having dimension N x O, wheren = 1,2...Nando =1,2... 0) are
represented by P and Q respectively. The NSCT decomposition is,
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where j = 1,2,..., J represents decomposition level, (P4, Q4) are approximation and

(Pp;, Op;) are detail components (of dimension N x O) respectively.

2.1 Weights of components

In order to compute weights of approximation components (P4, Q 4) CBF (Kumar 2015) is
used. The CBF output Cp, for image P4 at location (n, o) is,

CPA(n,o)_%_ ngdn o,n, o)FQAQA(n o,n, o)PA(n 0) 3)

nn

where, £y is a normalizing constant, n — LN/ZJ <n<n+ |_N/2J and 0 — Lé/ZJ <
6<o0+10 /2]. The window size of N x O is chosen empirically depending on the image
characteristics. The geometric closeness function I5, is,

Fo'd (n’ o, ﬁv é) = exp (_ 202 ) (4)
d

The gray-level similarity function I (,?H Qi s,

FG?AQA (n, o,n, 0') =ex 52 5)

( QA G, 6) — QA(n,o>\2>

where, the parameters o; and o, are utilized to check the fall-off weights in spatial and
intensity domains respectively. Similarly for image Q 4, the CBF output Cp,, is,

CQA(n,O)— ng(, i, 0\ FAPA(n, 0,11, 6) Q (i, 6) (©6)
The difference images X p, and X o, are computed to find the strength of information present

in Cp, and Cg, images respectively.

Xp, = P4 —Cp, (7
Xg, = 04a—Co, (8)

The weight matrix Wp, and Wy, are computed using pixel statistical properties (Liu et al.
2015), i.e.

Wp, «— (PA, XPA> 9
Wo, «<— (QA, XPA) (10)
Both weight matrices Wp, and Wy, for component P4 and Q4 are treated as initial sub

CBF weight matrices. Initial CBF based weights Wp and W of both input images P and Q
are computed in the same way.
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Fig. 1 Framework of the proposed fusion scheme

First CBF weight matrix W is computed by combining Wp, and Wp, i.e.,

Wp=ap*xWp, + (1 —ap)*Wp
WQ':(XQ*WQA+(1—(XQ)*WQ

!

Output Image

an
(12)

where a p and « are weighting factor. Weighted images Wp,, and Wy, of detail components
Pp; and Qp; are computed using Eq. 12 and combined to obtain Wp, Wy, respectively.
Finally fused image F is computed as given below,

Fe Wpf(n, 0)P(n, o)+ WQf(n, 0)Q(n, o)

(WPf + WQf)

Figure 1 shows the flow chart of proposed technique.
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Fig.2 Step wise output a, b Multi-focus input images ¢, d approximation components e, f first detail compo-
nents g, h second detail components i, j detail weight maps k, 1 CBF (Kumar 2015) weight maps m, n final
weight maps o fused image

Fig.3 (Model Girl): a, b Multi-focus input images, ¢ FFIF (Zhan et al. 2017), d GFSF (Bavirisetti et al. 2017),
e NEMIF (Zhan et al. 2015), f CBF (Kumar 2015), g GFF (Li et al. 2013), h Rockinger CP (Rockinger 1997),
i proposed fusion
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Fig.4 (Baby Doll): a, b Multi-focus input images, ¢ FFIF (Zhan et al. 2017), d GFSF (Bavirisetti et al. 2017),
e NEMIF (Zhan et al. 2015), f CBF (Kumar 2015), g GFF (Li et al. 2013), h Rockinger CP (Rockinger 1997),
i proposed fusion

(f (® (h) ()
Fig. 5 (Heart): a, b Multi-focus input images, ¢ FFIF (Zhan et al. 2017), d GFSF (Bavirisetti et al. 2017), e

NEMIF (Zhan et al. 2015), f CBF (Kumar 2015), g GFF (Li et al. 2013), h Rockinger CP (Rockinger 1997),
i proposed fusion

3 Results and analysis

The overall performance of existing and proposed schemes are evaluated on different multi-
focus images (Saeedi and Faez 2015; Nejati et al. 2015). The source images belong to different
classes of normal and tumor cases. For quantitative analysis of existing and proposed tech-
niques, different statistical and objective measures are used. These include average pixel
intensity (x APl entropy ( %), correlation coefficient (x©), (x20), (x?%), structural sim-
ilarity index measure (x SSIMy and objective fusion measure, (x QABF) " (y LAB/FYy (petrovic
and Xydeas 2005). For better fusion, the values of these measures should be high except
fusion metric (i.e. x LAB/F) (Fig. 1).
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(f) (2) (h) ()
Fig.6 (Horse): a, b Multi-focus input images, ¢ FFIF (Zhan et al. 2017), d GFSF (Bavirisetti et al. 2017), e

NEMIF (Zhan et al. 2015), f CBF (Kumar 2015), g GFF (Li et al. 2013), h Rockinger CP (Rockinger 1997),
i proposed fusion

Figure 2 shows the step by step images of the proposed technique. Figure 2¢, d shows the
approximation component of input images in which edges are not prominent. Figure 2e—h
shows the detail component of input images in which edges are clearly demarcated. Fig-
ure 21, j shows weight maps of detail components which contain more prominent boundaries.
Figure 2k, 1 shows weight maps obtained from CBF (Kumar 2015). Figure 2m, n shows final
weight maps which helps to efficiently categorize focused and defocused areas and these
weights are used to compute the required fused image as shown in Fig. 2o0. This idea is
clearly demonstrated in this step by step image.

Figure 3a, b show multi-focus images of a “Model Girl” with buildings in background
(Nejati et al. 2015). Figure 3c—i are the fused images obtained through FFIF (Zhan et al.
2017), GFSF (Bavirisetti et al. 2017), NEMIF (Zhan et al. 2015), CBF (Kumar 2015), GFF
(Li et al. 2013), Rockinger CP (Rockinger 1997) and proposed fusion scheme respectively.
Hair of “Model Girl” and background building peeks are not much clearly observed in
existing methods. CBF (Kumar 2015) scheme in Fig. 3h is close to proposed fusion scheme
but it still lack minute visual details. NEMIF (Zhan et al. 2015 technique in fig. 3(e) shows
that background middle top building shows a cloudy look. Rockinger CP (Rockinger 1997)
scheme in Fig. 3h is slightly blur near hand on head of “Model Girl”. In it hand boundaries
of hand is mixed with hairs. The presented scheme provides superior fusion outcomes as
compared to current schemes as shown in Fig. 3i. For instance, using proposed scheme, the
“Model Girl” hair and background peaks of different buildings are clearly observed with
sharp and better demarcated boundaries (hence better suitable for visual analysis).

Figure 4a, b show multi-focus images of a “Baby Doll” with a cartoon and girl as back-
groundarea. Figure 4c—i are the fused images obtained through FFIF (Zhan et al. 2017),
GFSF (Bavirisetti et al. 2017), NEMIF (Zhan et al. 2015), CBF (Kumar 2015) , GFF (Li
etal. 2013), Rockinger CP (Rockinger 1997) and proposed fusion scheme respectively. From
these images it can be clearly observed that face of baby is blurred (defocused) in first “Baby
Doll” image and background is blurred (defocused) in second “Baby Doll” image (Saeedi
and Faez 2015). In Fig. 4f CBF (Kumar 2015) scheme, the top right hairs of “Baby Doll”
are not clearly distinguished shade is observed under right eye. In Fig. 4¢ NEMIF (Zhan
et al. 2015) shows a cloudy look with a background standing behind the cartoon. In Fig. 4h
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Table 2 Average quantitative comparison

Methods X API »E xCC 4Q0  ,Qw  SSIM  QABF , LAB/F
Proposed 113.8674 7.3239 0.9695 0.8554 0.8817 0.7580 0.8921 0.0876
FFIF (Zhan et al. 2017) 113.4111 7.2695 0.9645 0.8343 0.8703 0.7794 0.8679 0.1033
GFSF (Bavirisetti et al. 2017) 106.4953 7.1965 0.9639 0.8453 0.8754 0.7668 0.8811 0.1172
NEMIF (Zhan et al. 2015) 112.9659 7.1900 0.9634 0.8294 0.8639 0.7886 0.8604 0.1108
CBF (Kumar 2015) 113.8194 7.3235 0.9693 0.8546 0.8809 0.7586 0.8901 0.0890
GFF (Li et al. 2013) 113.1289 7.2147 0.9656 0.8440 0.8741 0.7776 0.8761 0.0943

Rockinger CP (Rockinger 1997) 100.8123 7.2142 0.9676 0.8291 0.8615 0.7523 0.8737 0.0955

Rockinger CP (Rockinger 1997) scheme shows slightly blurr look near top right eye. The
existing fusion methods method produces blur images at background doll boundary edges.
Whereas in proposed scheme the background edges are more clear, making it more valuable
for human analysis. And final resultant fused image authenticate the novelty of the proposed
scheme.

Figure 5a, b show multi-focus images of “Heart” with background of different building
structures (Nejati et al. 2015). Figure 5c—i are the fused images obtained through FFIF
(Zhan et al. 2017), GFSF (Bavirisetti et al. 2017), NEMIF (Zhan et al. 2015), CBF (Kumar
2015), GFF (Li et al. 2013), Rockinger CP (Rockinger 1997) and proposed fusion scheme
respectively. “Heart” inner surface scene and background building structures are blurred and
not clearly demarcated. In Fig. 6f CBF (Kumar 2015) scheme, the right side of “Heart” is
not clearly demarcated with the background buildings. The fused image in Fig. 51 obtained
by proposed scheme offers different benefits as compared to other methods. For example the
sharp and clear edges can provide an exact extent of differentiation. “Heart” inner surface
structure and background building structures along with river are also very clear.

Figure 6a, b show multi-focus images of a “Horse” with background of small ground
and trees (Saeedi and Faez 2015). Figure 6¢—i are the fused images obtained through FFIF
(Zhan et al. 2017), GFSF (Bavirisetti et al. 2017), NEMIF (Zhan et al. 2015), CBF (Kumar
2015), GFF (Li et al. 2013), Rockinger CP (Rockinger 1997) and proposed fusion scheme
respectively. In Fig. 6f CBF (Kumar 2015) scheme, the background scene over trees is not
clearly visible. Figure 6e NEMIF (Zhan et al. 2015) shows mixed edge of man’s white cap and
ground. Figure 4h Rockinger CP (Rockinger 1997) scheme is slightly blurr near boundary
with respect to background of “Horse”. Results of present fusion techniques for multi-focus
images are analyzed and inside the developed head areas of the fused results, it produces fade
images with low contrast state along with the blurred regions. In The fused image in Fig. 6i
obtained by proposed scheme avoids the cited problems which includes blurring effect and
additionally produces a clear fused image with excessive details.

Table 1 shows the quantitative assessment of the proposed and existing techniques on
different images. It could be observed that the proposed approach have generally higher
quantitative values as compared to other techniques. Table 2 summarizes the quantitative
results of existing and proposed fusion schemes on multiple images. The proposed scheme
gives better quantitative results in comparison to state of the art existing strategies. In nut-shell,
the proposed fusion technique generates higher fusion results both visually and quantitatively.
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4 Conclusion

An improved weighted fusion scheme for multi-focus imaging using CBF and NSCT is pro-
posed. NSCT helps to disintegrate the source images into different approximation and detail
components. The original image and approximation component is passed through cross bilat-
eral filter to obtain approximation weight map. Whereas, the detail components are combined
using weighted average to obtain detail weight map. The weights are combined together and
used with original images to obtain the resultant fused image. Proposed technique provides
better visual and quantitative fusion results as compared to existing fusion techniques.
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