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Abstract

The wide use of image fusion techniques in different fields such as medical diagnostics, digital
camera vision, military and surveillance applications, among others, has motivated the deve-
lopment of various image quality fusion metrics, in order to evaluate them. In this paper, we
study and implement the algorithms of non-reference image structural similarity based metrics
for fusion assessment: Piella’s metric, Cvejic’s metric, Yang’s metric, and Codispersion Fusion
Quality metric. We conduct the comparative experiment of the selected image fusion metrics
over four multiresolution image fusion algorithms, performed on different pairs of images used
in different applications.

Source Code

The reviewed source code for this article and documentation for these algorithms are available
from the web page of this article’. We used a MATLAB code in the implementation of the
algorithms.

Keywords: image fusion; image quality metrics; structural similarity; non-reference quality
measures

1 Introduction

Image fusion is the process of combining information available from two or more images of a scene
into a single composite image which is more informative and suitable for both visual perception and
computer processing. The goal of image fusion is to reduce uncertainty and minimize redundancy in
the output, while maximizing the relevant information particular to an application of interest.
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Quality assessment of different image fusion schemes is traditionally carried out by subjective
evaluations. Even though this method [10] is reliable, it is expensive and too slow for real world
applications. Therefore, several objective image quality measures that are consistent with human
visual perception, have been proposed to predict image fusion quality automatically. They are clas-
sified into four groups according to their characteristics: information theory based metrics, image
feature based metrics, human perception inspired fusion metrics, and image structural similarity
based metrics [4]. In the context of measures based on image structural similarity, Piella’s metric [7],
Cvejic’s metric [1], Yang’s metric [13], and Codispersion Fusion Quality metric [8] have been devel-
oped. These fusion performance measures are based on the Universal Image Quality index (Q) [11].
They do not require a reference image, namely, they do not need the construction of some kind of
ideal fused image for using it as a reference for comparing with the experimental fused results, in
order to evaluate the performance of different fusion algorithms [1, 7]. Also, these objective quality
assessment measures are based on a sliding window approach, taking into account local measures
to estimate how well the relevant information from the input images is present in the fused images,
without introducing distortions.

The objective of this work is to provide reproducible implementations of the above mentioned
measures, along with a quantitative evaluation of their performance.

Table 1 summarizes the details of the adopted notation in the pseudo-codes. The rest of the paper
is organized as follows: in Section 2 we introduce the image structural similarity quality indexes and
give an overview of the structural similarity-based metrics for image fusion. Along with this Section,
the pseudo-codes which implement the described algorithms are presented. Finally, Section 3 contains
experimental results obtained by the implemented algorithms, including examples to compare their
performance.

2 Image Quality Measures

This section provides a description of the image structural similarity measures and then presents the
structural similarity based metrics for image fusion. Additionally, the pseudo codes, which implement
the described measures are exposed.

In what follows, we let z = {z; ;|1 <i< M, 1<j< N} and y = {y; ;|1 <i <M, 1<j <N},
with M, N € N, be the original and test image signals, respectively.

2.1 Image Structural Similarity Measures

Structural information is one of the important components that affect the visual quality of digital
images. In this context, the structural information are those attributes that represent the structure
of objects in the scene, independent from the average luminance and contrast. The image structural
similarity measures presented below are based on the assumption that the human visual system is
highly adapted to extract structural information from the field of vision.

2.1.1 Universal Image Quality Index (Q)

The Universal Image Quality index @) was introduced by Wang and Bovik [11] and is defined as
follows

48, T 0
S2 4+ 8,°) (72 + 2)

where T and ¥ are the sample average values of images = and y, S, S, and S;, are the sample
deviations and the sample covariance, respectively.

Q($, y) = (
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x, Yy Matrix of size M x N, whose elements are the pixel values in 8-bit grayscale.

f Matrix of size M x N, whose elements are the pixel values in 8-bit grayscale
corresponding to the fused image.

window Local window for statistics (by default, a Gaussian kernel of size 11 x 11
and standard deviation 1.5).

My Matrix whose elements are the local means computed in each sliding window
w of the x image.

s2 Matrix whose elements are the local variances computed in each sliding
window w of the x image.

Szy Matrix whose elements are the local covariances computed in each sliding
window w between x and y images.

q-map Matrix whose elements are the local () index values computed in each sliding
window w between two images.

sstm_map Matrix whose elements are the local SSIM index values computed in each
sliding window w between two images.

Ty Toih Matrix whose elements are the pixel values of the set X' =

{s€x:s+hex} and of the set {s' =s+ h:s & X'}, respectively, in a
specific direction h.

cq-map Matrix whose elements are the local C'Q) index values computed in each
sliding window w between two images, in a specific direction h.

A Matrix whose elements are the values of the local weights A computed in
each sliding window w of the source images.

c Matrix whose elements are the values of the local weights ¢ computed in
each sliding window w of the source images.

C Matrix whose elements are the values of the numerator of the local weight
¢ computed in each sliding window w of the source images.

',y and f’ Matrix whose elements are the Euclidean norm of the horizontal and vertical
gradient images.

stm Matrix whose elements are the values of the local weighting factor sim,
computed in each sliding window w of the source images and the fused
image.

cq-maps List where each element is a cqg_map in a specific direction h.

cq-map_mazx Matrix whose elements are the maximum local C'Q) index values according
the different directions h, computed in each sliding window w between two
images.

cq_max_map Matrix whose elements are the local C'Q),.x index values, computed in each

sliding window w between two images.
gs-map, qw-map, Matrix whose elements are the local Qg, Qw, Qr,, Qc, Qy and CQuy
qr,-map, qc-map, index values, computed in each sliding window w of size w_size, respectively
Gy -map, cqy-map (quality maps of the fused image).

Table 1: Summary of the notation used in the pseudo-codes.
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This index can be decomposed in the following three different factors:

Qa,y) = s(ey) - lay) - cla,y) = v 200 _25:5, @)

T S,S, B4R S2+87

The first factor in (2) measures the degree of linear correlation between z and y; the second
measures the similarity between the luminance of x and y, and the third factor measures the similarity
related to the contrast between the images.

Considering that image signals are generally non-stationary and that image distortions may be
space-variant, it is more appropriate to measure the image quality index ) over local regions and then
combine the different results into a single measure. Therefore, Wang and Bovik [11] propose to use a
sliding window approach: starting from the top-left corner of the two images x, y, a sliding window
of a fixed size block by block over the entire image until the bottom-right corner is reached. Finally,
the overall image quality index @ is determined by averaging all local quality indexes Q(x,y|w)
computed in all sliding windows w € W

_ Q(z, ylw)
Q= §W7 (3)

with W the family of all windows and |W| the cardinality of W.

Pseudo-code of the ) Index. A pseudo-code for the implementation of the () index algorithm
is presented in Algorithm 1.

Algorithm 1: Pseudo-code of the () similarity quality index algorithm.

input : original and test image signals x and y, window size w_size.
output: ¢ index value between two images and ¢_map, quality map of the test image.

my <— mean(z, w_size) Computes the local mean.
my, <— mean(y, w_size)

s2 « variance(z, w_size) Computes the local variance.
s < variance(y, w_size)

Sgy ¢ covariance(z, y, w_size) Computes the local covariance.
den. < s2 + 873 Computes the contrast factor denominator (2).
den; < m?2 + mz Computes the luminance factor denominator (2).
qg-map <1 Initialized with ones.

forall the sliding window w,w € W do
if den.(w) =0 and den;(w) # 0 then

| g-map (w) + Iz, y|w) Computes the luminance factor at w window (2).
else

| g-map (w) + s(z,ylw)) - I(z,y|lw) - c(z, y|w) Computes the Q index at w window (2).

q ﬁ Y wew @-map (w) Compute the Q index (3).

A Matlab implementation of the () index is available online at https://ece.uwaterloo.ca/
~z70wang/research/quality_index/demo.html.

2.1.2 Structural Similarity Index (SSIM)

In order to measure the structural distortions of two images x and y, Wang et al. proposed a structural
similarity (SSITM) index [12], defined as follows
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SS]M(.I’,y) - [S("L‘ay)]’y ’ [l(l‘ay)]a ' [C(l'7y)]/6
_ (sxﬁcg)f( 22y + C, )a( 25,5, + Cs )5 n
S2Sy + Cs 2452 + C S2+ S +Cy)

The parameters «, 5 and v adjust the relative importance of the three components. The constants
C1, Cy and (5 are included to avoid instability when denominators are very close to zero. In order
to simplify the expression (4), Wang et al. set « = = v = 1 and C3 = Cy/2. This results in a
specific form of the SSITM index

(2zy + C1) (25, + Cs)
(B2 + 2+ Ch) (S.°+ 5,7+ Cy)

In [12], the authors abovementioned considered C; = (kyL)* and C, = (koL)?, where L is the
dynamic range of the pixel values (255 for 8-bit grayscale images), and k; y ko are small constants.
The SSTM measure uses the parameter setting: k; = 0.01 and k; = 0.03. These values are somewhat
arbitrary, but Wang et al. found that in their experiments on benchmark databases, the performance
of the SSTM index algorithm was fairly insensitive to variations of the values.

The @ index, defined in (1), corresponds to a special case of SSTM index, if C; = Cy = 0.

As stated above, it is suitable for image quality assessment to apply the SSTM index locally
rather than globally. To evaluate the overall image quality, they used a mean SSIM (MSSIM)
index, computed by averaging the local indexes SSTM (x,ylw) in w € W,

SSIM (z,y) = (5)

SSIM (z,y|w)
wi

MSSIM =

wew

With the aim that the M.SSTM measure exhibits a better consistency with the qualitative visual
appearance, Wang et al. used as default a 11 x 11 circular symmetric Gaussian weighting function w
={w|li=1,...,M - N}, with standard deviation 1.5 samples, normalized to unit sum (Zf\iIN wl').

(6)

Pseudo-code of SSIM Index. A pseudo-code for the implementation of the SSIM index algo-
rithm is shown in Algorithm 2.

An online Matlab implementation of SSIM index is available at https://ece.uwaterloo.ca/
~z70wang/research/ssim/.

2.1.3 Codispersion Quality Index (CQ)

Ojeda et al. [5] suggested a modification of the () index based on the codispersion coefficient. This
similarity measure, labeled C'() index, captures different levels of spatial similarity between two
images by considering different directions, h, in the two-dimensional space. This is not commonly
assessed by other measures of similarity between images. The C'() index, in a specific direction h, is
defined by the following equation

s,s+heD 25333 2S:vSy
— — 22 | 2 a2 2
V() V,(h) TV S5

where p (h), is the sample codispersion coefficient in the direction h, with s = (i,7), h = (hq, hs),
D C Z% D a finite set, a5 = Tsip — Ts, bs = Ysyn — s, Vo (R) = >, a2, and V, (h) = Y bs2.

s,s+heD s,5+heD

OQ(:B7y7 h) :ﬁ<h) 'l(.ﬁE,y) -C(QL’,y) = (7)
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Algorithm 2: Pseudo-code of the SSTM similarity quality index algorithm.

input : original and test image signals = and y, constants k = [k; k»], local window for
statistics window, dynamic range of the images L and window size w_size.

output: mssim index value between two images and ssim_map, quality map of the test image.

Cy « (ky - L)

Cy (ko - L)?

x < convolution(z, window)

y < convolution(y, window)

w_size < size of the window.

mg — mean(x, w_size) Computes the local mean.
my <— mean(y, w_size)

s2 « variance(z, w_size) Computes the local variance.
s < variance(y, w_size)

Sgy 4 covariance(z, y, w_size) Computes the local covariance.
den; + mi + m; + 4 Computes the luminance factor denominator (4).
den. < s2 + SZ + (s Computes the contrast factor denominator (4).
sstm_map — 1 Initialized with ones.

forall the sliding window w,w € W do
if C7 >0 and Cy > 0 then
ssim-map (w) < s(z,y|lw) - l(z,y|w) - ¢(x,ylw)  Computes the SSIM index at w window
(5).
else
if den; (w) - den. (w) > 0 then
ssim_map (w) < s(x,y|w) - l(z,y|lw) - c(x, y|w)
Computes the SSIM index at w window (5).
if den; (w) # 0 and den. (w) = 0 then
| ssim_map (w) < l(z, y|w)

Computes the luminance factor at w window (4).

mssim <— \Wl\ Y wew Ssim_map (w) Computes the MSSIM indez (6).

It is obvious that |p(h)| < 1.
The C'Q value can be calculated locally and averaged to get the overall index

Q=3 —CQ(% hw) (8)

Pseudo-code of the C() Index. A pseudo-code for the implementation of the previously described
C'@Q index algorithm, is presented in Algorithm 3.

2.2 Image Fusion Metrics

This subsection provides an overview of the metrics based on structural similarity for image fusion
and their pseudo-codes?.

2We denoted element-wise product of matrices with .*, the division with ./ and the power with .".
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Algorithm 3: Pseudo-code of the C'Q) similarity quality index algorithm.

input : original and test image signals x and y, direction h, window size w_size.
output: cq index value between two images and cq_map, quality map of the test image in a
specific direction h.

mg — mean(z, w_size) Computes the local mean.

m, < mean(y, w_size)

s2 « variance(z, w_size) Computes the local variance.

s« variance(y, w_size)

xs < subimage of x composed of the pixels of the set X' ={s€x:s+h ez}  See Figure I.

Teip < subimage of z composed of the pixels {s' = s+ h:se€ X'}

ys < subimage of y composed of the pixels of the set Y ={s€y:s+h €y}
Ys+h < subimage of y composed of the pixels {s' =s+h:se€ Y’}

Qs < Ts4n — Ts

[Z§ S Ys+h — Ys

Vo X a

s,s+h
Vy < 2b

s,s+h
deng < 1/ ‘736 . ?y Computes the p factor denominator (7).
den; < m? + m; Computes the luminance factor denominator (7).
den. < s2 + Sz Computes the contrast factor denominator (7).
den < deng - den; - den. Computes the CQ index denominator (7).
cq-map < 1 Initialized with ones.

forall the sliding window w,w € W do
if den(w) # 0 then

else

if den; (w) # 0 and den; (w) # 0 and den, (w) = 0 then
| cq.map (w) — 7(w) - i(z,ylu)

if den; (w) # 0 and den; (w) = 0 and den. (w) # 0 then
| cq.map (w) + p(w) - ez, ylw)

if denj (w) # 0 and den; (w) = 0 and den. (w) = 0 then
L cg-map (w) < p(w)

if den; (w) =0 and den; (w) # 0 and den. (w) # 0 then
| cq.map (w) + i(z,ylw) - (o, ylw)

if den; (w) =0 and den; (w) # 0 and den. (w) = 0 then
L cg-map (w) = Iz, y|w)

if den; (w) =0 and den; (w) =0 and den, (w) # 0 then
| cqmap (w) « c(z,ylw)

| cqomap (w) <+ p(w) - Uz, y|lw) - c(z, y|w) Computes the CQ index at w window (7).

cq ﬁ > wew cg-map (w) Computes CQ indez (8).

2.2.1 Piella’s Metrics (Qgs, Qw and Qg)

Three fusion quality metrics based on the @ index were proposed by Piella and Heijmans [7].

In

these measures, @ (z, flw) and @ (y, f|w) are calculated between the source images (z and y) and

the fused image (f) in a sliding window w.
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Figure 1: (a) An image = of 8 x 8 pixels size where the arrows indicate the direction h considered to compute the CQ index.
(b) The x5 (subimage of =) composed of the pixels of the set X’ = {s € z : s+ h € =} (in red) and the x4 ( subimage
of ) composed of the pixels of the set {s' = s+ h € x:s€ X'} (in blue).

The first measure is the following
Qs(,y, f) = li S A @)@ (. Flw) + (1= A () Q (y: flu)], ©
ew

where the weight A (w) is defined as

s (z|w)
s (z|w) + s (ylw)
The s (z|w) and s (y|w) are the local saliencies of the two input images x and y within the window
w, respectively. They reflect the local relevance of the source image within the window w, and it

may depend on contrast, sharpness, or entropy. In Piella’s implementation, s (-|w) is the variance of
the image within window w.

AMw) = (10)

Pseudo-code of ()5 metric. A pseudo-code for the implementation of the Qg metric algorithm
is shown in Algorithm 5. Algorithm 4 corresponds to the implementation of the local weight A(w),
indicating the relative importance of the source images.

The second, weighted fusion quality indez, gives more weight to those windows where the saliency
of the input images is higher. These correspond to areas which are likely to be perceptually important
parts of the underlying scene. It is defined as

Quw(z.y, f) =Y c(w)A(w)Q(z, flw) + (1 = A (w))Q (y, flw)], (11)

weWw

where A(w) is calculated as in (10) and the coefficient ¢ (w) is computed as

c(w) O(C;U() ) (12)
with
Clw) = max{s (z|w), s (ylw)}. (13)
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Algorithm 4: Pseudo-code of the local weight A\ algorithm.
input : source images x and y, window size w_size.
output: weight A, a map whose elements are the values of A\, computed in each window w of
the input images.
s2 < variance(z, w_size) Computes the local variance.
s < variance(y, w_size)
forall the sliding window w,w € W do
den (w) = s2 (w) + 53 (w)
if den (w) =0 then
| AMw) «0

else

2

t Aw) WZ%(W) Computes the weight (10).

Algorithm 5: Pseudo-code of the (g fusion quality metric algorithm.
input : source images x and vy, fused image f, window size w_size.
output: ¢g, the fusion quality metric value and gg_map, the quality assessment map of the
fusion image.

g-mapy s < Q(x, f,w_size) > Algorithm 1.
g-mapys < Q(y, f,w_size) > Algorithm 1.
A« weight A (x,y, w_size) > Algorithm /.
gs-map < X g-map, s + (1 — X) *qg-mapy s (w)

qs < ﬁ > wew ds-map(w) Computes the Qs metric (9).

In Piella’s implementation, C'(w) is defined as in (13). They also suggested another way to
calculate it, as C(w) = s (z|w) + s (y|w).

Remark. 1f the denominator in (12) is zero, we suggest to set ¢ = 1/ |W|, so in this case the Qw=

Qs-

Pseudo-code of the )y metric. A pseudo-code for the implementation of the QQy metric algo-
rithm, described above, is presented in Algorithm 7. First, the pseudo-code of the implementation
of the coefficient ¢ (w), is given (Algorithm 6).

Finally, Piella and Heijmans introduced the edge-dependent fusion quality index [7]. This measure
takes into account human visual system characteristics, such as sensitivity to edges information. It
is obtained as follows

QEl(xayaf) :QW (xaymf) QW (x/7y/7f/)a' (14)

Another variant of this metric was suggested by Piella in [6], defined as follows

QEQ(xaya f) = QW ('r?y?f)l_a QW (xlayl7f/)a' (15)

In (14) and (15), Qw (2, ¢/, f') is the Quw calculated with the “edge images” 2, ¥/ and f’ (e.g. the
Euclidean norm of the horizontal and vertical gradient images), and « is a parameter that weights
the edge contribution information, « € [0, 1]. The closer « is to one, the more important is the edge
image.
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Algorithm 6: Pseudo-code of weight ¢ algorithm.

input : source images x and y, window size w_size.
output: c coefficient, a map whose elements are the values of ¢, computed in each window w
of the input images.

s2 < variance(r, w_size)
2 . .

s, < variance(y, w_size)

c<+0

Computes the local variance.

Instialized with zeros.

forall the sliding window w,w € W do

L C' (w) < max {Si (w) , s (w)} Computes C' at w window (13).

'Sy
denc Y, cw C(w)
if den_c # 0 then

| ¢+ C/ Y pew C(w) Computes the ¢ coefficient (12).
else
L c« 1/|W]| See remark in text.

Algorithm 7: Pseudo-code of the @y fusion quality metric algorithm.

input : source images x, y, and fused image f, window size w_size.
output: gy, the fusion quality metric value and gy _map, the quality assessment map of the
fused image.

q-Mapzy < Q(fﬂ, f7 w*Size)
q-mapyf <— Q<y7 f7 w,size)
A < weight A (x,y, w_size)
¢ < weight_c (x,y,w_size)

> Algorithm 1.
> Algorithm 1.
> Algorithm 4.
> Algorithm 6.

qw-map < c.* (A\*g-mapyr + (1 — X) *g-mapyy)

qw < ZwEW qw -map

Computes the Qw metric (11).

Pseudo-code of the (Qg, metric.

A pseudo-code for the implementation of the (g, metric algo-

rithm, described above, is presented in Algorithm 8.

Algorithm 8: Pseudo-code of the Q)p, fusion quality metric algorithm.

input : source images x, y and fused image f, window size w_size and « value.
output: qp,, the fusion quality metric value and gg,-map, the quality assessment map of the

fused image.
x’ < norm _gradient(z)
y' < norm_gradient(y)
f’ < norm_gradient( f)

Compute the norm of image gradient.

[qwzyf Qmeapzyf} — Qw (z,y, f,w_size) > Algorithm 7.

aw.,

z'y

o qW,mapx/y/f/} — Qw (2, ¢, f,w_size) > Algorithm 7.

QB -Map < qw -Mmapqy - (qw-mapyy )

. %
qu A an:yf qu’y’f’

Computes the Qg, metric (1/).

The pseudo-code of the implementation of the QJg, algorithm is analogous to that of the Qpg,

metric.
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2.2.2 Cvejic’s Metric (Q¢)

Cvejic et al. defined a fusion performance measure [1] that takes into account the local similarity
between the source image and the fused image within the same spatial position, as follows

1

weWw
with
(0, if _ Sy
B Sxfs—l— Syf
. zf . zf
sim (z,y, flw) = ————, f 0<—— <1, 17
( ) Sar + Sys of +Syr a7)
1, if 2 S,
\ ' S$f+5yf

This weighting factor depends on the similarity in the spatial domain between the source and the fused
image. The higher the similarity between the source and fused images, the larger the corresponding
weighting factor.

Pseudo-code of the ()¢ metric. A pseudo-code for the implementation of the Q¢ metric algo-
rithm, is shown in Algorithm 10. In Algorithm 9, the pseudo-code of the implementation of the
weighting factor sim is presented.

Algorithm 9: Pseudo-code of the weight sim algorithm.
input : source images x, y and fused image f, window size w_size.
output: sim weighting factor, a map of similarity in spatial domain between the input and
the fused image.

Sup < covariance(z, f, w_size) Computes the local covariance.
Syf < covariance(y, f, w_size)
stm < 1 Initialized with ones.

forall the sliding window w,w € W do
if s,r(w) + sy (w) = 0 then
sim(w) < 0

else
sim (w) <= Sz (W) /(S5 (W) + sy5 (W)) Computes the sim weighting factor (17)
if sim(w) > 1 then

| sim(w) + 1
if sim(w) < 0 then

| sim(w) <0

2.2.3 Yang’s Metric (Qy)

Yang et al. proposed another way to use SSTM for fusion assessment [13]. In this metric, the local
structural similarity between source images SSIM (z,y|w) is used as a match measure. For those
windows whose SSIM (x,y|w) is equal to or larger than a given threshold (to distinguish redundant
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Algorithm 10: Pseudo-code of the ()¢ fusion quality metric algorithm.
input : source images x, y and fused image f, window size w_size.
output: q¢, the fusion quality metric value and the go_map, the quality assessment map of
the fused image.

g-mapy s < Q (z, f,w_size) > Algorithm 1.
g-mapys < Q (y, f, w_size) > Algorithm 1.
sim — weight_sim(x,y, f,w_size) > Algorithm 9.
go-map — stim.*g-map, s + (1 — sim) *q-mapy ¢

qc |—&/| ZweW qo-map (w) Computes the Q¢ metric (16).

information), the weighted average of SSIM (z, flw) and SSIM (y, f|lw) is taken, otherwise, the
larger of the two is taken.

A(w) SSIM (z, flw) + (1 = A (w)) SSIM (y, fw),
B if SSIM (z,y|w) > 0.75,
Qv (v, flw) = max {SSIM (z, flw), SSIM (y, flw)}
if SSIM (z,y|lw) < 0.75.

(18)

The local weight A (w) is defined in (10).
The fusion performance metric, Qy, is calculated averaging all values of Qy (z,y, f|w) over the
whole image,

.I' . f ZW QY TM%‘ f’w) (19)

Pseudo-code of the )y metric. A pseudo-code for the implementation of the (Jy fusion metric
algorithm, is given in Algorithm 11.

Algorithm 11: Pseudo-code of the )y fusion quality metric algorithm.

input : source images x, y and fused image f, constants k = [k; kz], local window for
statistics window and dynamic range of the images L.
output: ¢y fusion quality metric value and the ¢y _map, the quality assessment map the fused

image.
ssim-mapy s <— SSIM (z, f, k, window, L) > Algorithm 2.
ssim_mapys < SSIM (y, f, k, window, L) > Algorithm 2.
SSIM_Mapy, < SSIM (z,y, k, window, L) > Algorithm 2.
A« weight \(z,y, w_size) > Algorithm 4.

condition <— sSUM_Mapg,
forall the sliding window w,w € W do
if condition (w) > 0.75 then
| gy-map (w) < X (w) - ssim_map,¢ (w) + (1 — X (w)) - sstim_mapy s (w)
else
| gv-map (w) < max {ssim_map,s (w) , ssim_map, s (w)}

Computes the Qy metric at the window w (18).
Qy ﬁ Y wew Ay -map (w) Computes the Qy metric (19).

In order to obtain a image fusion quality measure consistent with human visual evaluations, Yang
et al. set the SSIM constants to k; = ky = 7.8 x 107°.
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2.2.4 Codispersion Fusion Quality Metric (CQy)

Following the structure of Piella’s metric (11), Pistonesi et al. [8] introduced an objetive measure for
image fusion. This fusion measure, labeled C'Q),;, is based on a modification of the C'() index, called

C'Qmax index,

CQux.y. )= c(w) A (w) CQuax (x, flw) + (1 = X (W) CQuax (y. flw)], (20)
with
CQumax(z,ylw) = max CQ(x,y, hlw), (21)

{het :p(h) = po}

where p (h) is the proportion of the pixels in the image corresponding to the direction A in the window
w, po is the threshold, denoting the minimum proportion of pixels that is necessary to capture spatial
information in different directions and H the family of all directions in a window w (see Figure 8 in
Appendix A.1).

In the same sense that the structural similarity indexes were defined in Section 2, the maximum
codispersion quality index, C'Quax, is determined by averaging all CQ(z,y, h|w) local maximum
quality indexes for all the windows w € W,

C'Qumax )
OQmax = ZVV Q ”/g}ﬁ y’w) (22)

In each evaluated window w, the CQuax (7, y|w) index, is defined as the maximum value of CQ(z, y, h|w).
This implies that C'Q .« seeks the direction h € H, that maximizes the C'() in the window w. Note
that this direction may not be unique. Its dynamic range is [—1, 1].

The C'Q)), fusion metric calculates the maximum information transferred from source images into
the fused image, by means of the maximum codispersion index.

Pseudo-code of the pixels proportion p, CQ,,., index and C'Q;; metric. Firstly, a pseudo-
code for the implementation of the local proportion p of pixels corresponding to the direction h, is
presented (Algorithm 12). Then, Algorithm 13 gives a pseudo-code for the implementation of the
CQmae index. Finally, Algorithm 14 shows the pseudo-code for the implementation of the C'Qy,
metric.

Algorithm 12: Pseudo-code of the p proportion algorithm.

input : direction h = (hy, he), window size w_size = (wy, ws).
output: p proportion of the pixels corresponding to the specific direction A in the window w.
hy <— abs(hy) Computes the absolute value of the coordinates of the direction h.
h2 — CLbS(hg)
if (h1 > ) (h > %) then
1
(w2

L p < w1 ) hg)
else
L p(—wl-w2—2-h1-h2
p wwa Computes the proportion of the pixels corresponding to the direction h.

Note that all these fusion performance measures have a dynamic range of [—1, 1]. The closer the
value to 1, the higher the quality of the composite image.
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Algorithm 13: Pseudo-code of C'Q),,,, quality index algorithm.
input : original and test image signals z and y, window size w_size and threshold py.
output: cq index value between two images and cq_map, quality map of the test image.
k<0
forall the h € H do

See Appendiz A.1.
if proportion (h,w_size) > py then
Computes the proportion of the pixels corresponding to the direction h in the window w.

E+—Fk+1

cq-maps(k) «+ CQ (z,y, h,w_size) > Algorithm 8.
cq-map-mazx <— maz_similarity (cq-maps)  Computes for each window the mazimum value of all
cqg-maps.
cq-mazx — ‘—VIV‘ Y wew Cq-map-mazx (w) Computes the CQmay index (22).

Algorithm 14: Pseudo-code of C'QQ); fusion quality metric algorithm.

input : source images x, y and fused image f, window size w_size and threshold py.
output: cqys, the fusion quality metric value and cqy,_map, the quality assessment map of the
fused image.

A« weight X (x,y, w_size) > Algorithm /.

¢ < weight_c (x,y, w_size) > Algorithm 6.

cq-max-mapy s < CQmaz(x, f,w_size) > Algorithm 13.

cg-maz_mapy s < CQumas(y, f, w_size) > Algorithm 13.

cqu-map — c.* [N cgomazr_mapgr + (1 — N) *cqg-max_mapyy]

cqu = Y pew Cam-map (w) Computes the CQy metric (20).
3 Examples

In this section, we present examples of the implemented fusion metrics applied to three different pairs
of images used in distinct applications: infra-red (IR) and visual (V), computed tomography (CT)
and magnetic resonance imaging (MRI) and multifocus images. In all of them, the following image
fusion algorithms were evaluated: Laplacian Pyramid (LP) [14], Ratio Pyramid (RP) [14], Discrete
Wavelet Transform (DWT)[3], and Shift Invariant DWT (SIDWT) [9]. The performances of these
algorithms have been subjectively tested and accepted in the literature. For the simulation of these
methods, the “Image Fusion Toolbox”, provided by Rockinger?, is used.

Parameter Setting. For the four image fusion methods, the approximation coefficients of the two
input images averaged and the larger absolute values of the high subbands are selected. In the first
example, we performed a 3-level decomposition and in the second and third, a 4-level decomposition
was used. In order to ensure fairness of comparison, in the algorithms of the fusion quality metrics
we used the same setting that appears in [7],[1],[13] and [8]. For Piella’s, Cvejic’s and Codispersion
Fusion Quality metrics we used the same window size, 8 x 8 pixels. Also, for the two versions of
the edge-dependent fusion quality @), and QQg, measures, we took as contribution parameter of the
edge images: a = 1 and a = 0.5, respectively. For the proportion parameter of the Codispersion
Fusion Quality metric, we set py = 0.75 and for Yang’s metric, the constants C; = Cy = 2 x 10716,
the dynamic range of the images, L = 255 and the w window size used was 7 x 7 pixels.

3http://www.metapix.de/toolbox.htm/
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First Example. The “ITNO UN Camp” database used as source images consists of 32 sets of
infrared (IR) and visual images (V) (see Figure 2).

Figure 2: An image of the “TNO UN Camp” database: (a) IR image (b) V image, and (c)-(f) fused image obtained by LP,
RP, DWT and SIDWT methods.

Second Example. For the following example, a magnetic resonance imaging (MRI) and computed
tomography (CT) image are used (see Figure 3). A visual representation of the fusion performance
metrics is represented in Figure 4. These maps allow to visualize the local information about the
spatially varying quality of the fused image. In these maps, the brightness indicates the magnitude
of the local fusion metric.

Third Example. In this example, a pair of multi-focus images are used (see Figure 5). The quality
assessment maps are shown in Figure 6.
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Figure 3: Medical images. (a) a CT source image (b) a MRI source image, and (c)-(f) the fused image obtained by different
image fusion methods: LP, RP, DWT and SIDWT, respectively.

Figure 4: Fusion metrics maps of the fused image using LP method: (a) Qs map (b) Qw map (c) @, map (d) Qr, map
(e) Qc map (f) Qy map (g) CQrr map, respectively. Brightness indicate the magnitude of the local fusion metric.
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Figure 5: Clock images. (a) a focus on right source clock image (b) a focus on left source clock image, and (c)-(f) the
fused image obtained by: LP, RP, DWT and SIDWT methods, respectively.

o K \ 2
=
R ) R (c) (d)

g
R

Figure 6: Fusion metrics maps of the fused image using LP method (a) Qs map (b) Qw map (c) Qr, map (d) Qr, map
(e) Qc map (f) Qy map (g) CQrr map, respectively. Brightness indicate the magnitude of the local fusion metric.
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3.1 Results Analysis

In the three different applications, the fusion metrics present similar behaviours, assigning the highest
values to the LP and SIDWT methods, followed by DWT and the worst values correspond to the RP
method (see Tables 2, 4 and 5). They have a coherent performance with the perceptual evaluations.
Resulting images in Figures 2, 3 and 5 clearly certify this.

As seen in the first example, the C'Q); has the lowest standard deviation for LP, SIDWT and
DWT fusion methods (see Table 2). This fact demonstrates the good stability of the CQ); metric
for these specific fusion methods [4].

Methods

Metrics LP RP DWT SIDWT

Qs 0.6730 & 0.0072  0.5925 4+ 0.0108 0.6374 4+ 0.0084 0.6851 4 0.0076
Qw 0.7576 & 0.0062  0.6289 4+ 0.0047 0.7103 4+ 0.0053  0.7511 4 0.0050
Qp, 0.5338 = 0.0130 0.3213 +0.0064 0.4716 +0.0104 0.5366 4 0.0105
Qr, 0.7305 4+ 0.0090 0.5668 4+ 0.0056  0.6867 4+ 0.0076  0.7325 4 0.0072
Qc 0.7172 £ 0.0039  0.6488 4 0.0061  0.6810 4 0.0050  0.7228 4+ 0.0044
Qv 0.7806 4+ 0.0048  0.7044 4+ 0.0071  0.7452 4 0.0060  0.7877 4 0.0052
CQwm 0.8332 4 0.0033  0.7354 4 0.0072 0.8108 4+ 0.0034  0.8417 4 0.0033

Table 2: Objective evaluations of different image fusion metrics for the fused images in “TNO UN Camp" database (Mean
+ Standard Deviation).

The evaluation results of “TNO UN Camp” images, in Table 3, reveal that the four largest values
of Kendall 7 rank correlation coefficient [2] correspond to the correlation of Qy and Q¢, Qy and
Rs, Qc and Qg and Qw with Qp, and Qg,, respectively. These outcomes are consistent with those
obtained by Lui et al. [4]. Also, CQ,s shows reasonable agreement with all of them.

Kendall Correlation QRs Qw Qr, R, Qc Qy CQun
Qs 1 0.594  0.649 0.649 0.937 0.954 0.786
Qw 1 0.847 0.847 0.605 0.594  0.706
Qr, 1 1 0.658  0.642 0.781
Qk, 1 0.658  0.642 0.781
Oc 1 0.969 0.771
Qy 1 0.770
CQum 1

Table 3: The correlation matrix of image fusion metrics for the fused images in “TNO UN Camp” database. The best
Kendall 7 correlation coefficient values are highlighted in bold typeface.

The corresponding fusion evaluation results given in Tables 4 and 5 show that the LP method
has higher values of Qp, and Q g, (metrics that take into account edge information) than the SIDWT
method. This is due to its high-pass characteristic and to its known ability to preserve edges and
reduce the ringing artifacts around them [7]. There is a stronger separation between the good results
(LP, SIDWT and DWT) and the bad results (RP).

From the examples we can appreciate that the fusion metrics provide a relative assessment on the
quality of the fused image, depending on the goals and operational requirements of the application
of interest. For a general discussion about the fusion metrics, see Lui et. al [4].
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Methods
Metrics LP RP DWT SIDWT
Qs 0.6168 0.6020 0.6090  0.6506
Qw 0.8089 0.6319 0.7314  0.7780
Qr, 0.6565 0.3217 0.5598  0.6429
Qr, 0.8102 0.5672 0.7482  0.8018
Qc 0.6247 0.6053 0.6190  0.6587
Qy 0.6874 0.6182 0.6368  0.6692
CQu 0.8391 0.6903 0.7718 0.8169

Table 4: Objective evaluations of different image fusion metrics for a fused medical image.

Methods
Metrics LP RP DWT SIDWT
Qs 0.8220 0.7440 0.7824  0.8366
Qw 0.9272 0.7878 09139  0.9217
Qp, 0.8188 0.4774 0.8025  0.8027
Qr, 0.9048 0.6910 0.8958  0.8959
Qc 0.8284 0.7564 0.7919  0.8368
Qy 0.8816 0.7879 0.8461  0.8853
CQum 0.9451 0.8257 0.9362 0.9413

Table 5: Objective evaluations of different image fusion metrics for a fused clock image.

A Appendix

A.1 Implementation Details

In this subsection, we present some details about directions kA within a window w, considered in the
CQ and CQ,,q, implementation algorithms.

We assume that a window w is a two-dimensional rectangular grid consisting of m x n pixels,
m,n € N, evenly spaced. The pixel location is denoted by s = (,5),7 = 1,...,m;5 =1,...,n. For
our implementation, the window can be characterized by a matrix structure, where the row is the
first pixel coordinate and the column, the second (see Figure 7).

Let H be the set of all directions of a window w of an image. In order to facilitate the algorithmic
implementation, we considere H as the union of two disjoint sets Hy (H;,~ ) and Hy (Hsy ™),

le{h:(hl,h2)€H|O§h1§(m—l),1§h2§(n—l),hl,hQGZ},

(Hl_ ={h=(hi,h) e Hl —(m—1)<h; <0,—(n—1) < hyg < —1,hy,hoy GZ})
and
HQZ{h: (hl,hg) GH‘lShl S (m—l),—(n—l) Shg §O,h1,h2 GZ}
(HQ_:{h: (hl,hg) GH‘ —(m—l) Shl < —1,0§h2 < (n—l),hl,hQ GZ})
Figure 8 illustrates the H; and Hy sets considered in a 8 X 8 window size.

363



SILVINA PISTONESI, JORGE MARTINEZ, SILVIA MARfA OJEDA, RONNY VALLEJOS

Z31 L32 | L33 | T34 | T35 | T36 | T37 | T38

T41 Ta2 | T43 | Taq4 | T45 | T46 | T47 | T48

T51 T52 | Ts3 | T4 | Tss | Tse | LT | Ts8

T61 Te2 | Te3 | Ted | Tes | L6 | LeT | T68

Z71 Tr2 | T73 | Tr4 | T7s | Tre | T7T | TT8

Zg1 Xg2 | L83 | T4 | X85 | Tge | LT | T8

Figure 7: Matrix structure of a window w (size 8 x 8 pixels) for the algorithm implementation.
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(a) (b)

Figure 8: Directions h of a window w for the algorithm implementation. (a) H; directions set (b) Hy directions set.
Proportion of the pixels in the window corresponding to the direction h. Darkness indicates more pixels proportion.
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Figure 9: Example of four different directions h. First column, a horizontal direction (—), a diagonal direction (/), another
diagonal direction (\) and a vertical direction ( | ). Second column, z,, coloured in red and x4, in blue. Third column,
the pixels proportion corresponding to these directions h: 1, 0.97, 0.75 and 0.5, respectively. Darkness indicates more pixels
proportion. Fourth column, the h = (0,2), h = (1,—1), h = (2,4) and h = (6,0) directions, respectively.
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An example of four different directions h is represented in Figure 9.

It can be proved that if h € Hy, 3h' € H;~ such that p(h) = p(h’) (for example, let h = (1,1) € H,
and h' = (—1,—1) € Hy ™). Similarly, if h € Hy, 3 b’ € Hy~ such that p(h) = p(h') (for instance, let
h=(1,-1) € Hy and b’ = (—1,1) € Hy"). Figure 10 demonstrates these results visually. For these
reasons, we take into account the sets H; and Ho.

NN W g g
ARRRARRY AR R RRRN S S s
NN 77~
AR AR AR AR R RN S S LSS

s < AT AT AN

(a) (b)

Figure 10: Example of equivalent directions h. (a) h = (1,1) € Hy and b/ = (-1,-1) € H;~ (b) h=(1,-1) € Hy and
h = (—17 1) € Hy™.
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