Statistical Analysis of the Performance Assessment
Results for Pixel-Level Image Fusion

Zheng Liu
Intelligent Information Processing Laboratory
Toyota Technological Institute
Nagoya, Aichi, 468-8511 Japan
Email: zheng.liu@ieee.org

Abstract—Pixel-level image fusion (PLIF) performance as-
sessment includes information theory, feature-based, structural
similarity, and perception-based objective metrics. However, to
relate these metrics to human understanding requires subjective
metrics. This paper proposes to use statistical analyses to assess
PLIF performance over objective and subjective metrics. Non-
parametric tests are applied to the subjective and objective
assessment data from three multi-resolution image fusion methods
using visual and infrared images. The tests can offer the perfor-
mance information about the fusion algorithm at a designated
significance level. Statistical analysis of PLIF facilitates the
establishment of a baseline for the research in image fusion and
serves as a statistical validation for proposing, comparing, and
adopting a new PLIF algorithm.

I. INTRODUCTION

Pixel-level fusion of multi-sensor images has found a
diverse range of applications, including surveillance, driving
assistance, medical diagnosis, industrial inspection etc. [1].
Many image fusion algorithms have been proposed and the
performance of these algorithms needs to be verified, as-
sessed, validated, and compared. Currently, the assessment is
conducted by using image fusion performance metrics over
information theory, image feature-based, structural similarity,
or human perception-based objective measures. These metrics
are based on a computational model counting the amount of
image feature, content, or information transferred from inputs
to the fused result [2]. A comprehensive assessment will tell
which fusion algorithm performs better for a specific set of
sensors, targets, and environment data or applications [3].
However, the accuracy and reliability of the fusion metric is
not complete [4]. Each metric may reveal one inherent property
of the fusion process or the fused image. Sometimes, multiple
metrics may give a contrary judgments. Thus, it is necessary
to set up a baseline evaluation that brings together objective
measures, common data sets, and subjective human reasoning
for a consistent comparison of methods. Human subjective
assessment plays a paramount role in the fusion performance
assessment [5].

In pilot work done by European researchers, subjective
assessment data was collected [6]. Within a precision-recall
framework, the fusion results were assessed based on the com-
parison with its inputs, with which a reference was generated.
The comparison is implemented with the semantic segmen-
tation instead of the original images. This work proposed an
idea on how to establish a ground truth reference to assess
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fused results. However, how to use the subjective assessment
data has not been fully exploited. A closely related issue is
about the fusion metric itself, which can be of quantitative
or qualitative representations [7]. Once such a ground truth is
set up, it is possible to learn how successful a fusion metric
performs in reporting on the image fusion performance.

Statistical analysis has been used to compare different
algorithms over multiple data sets in the research of machine
learning [8], [9], [10], [11], [12]. Different classifiers can be
compared with a set of non-parametric statistical tests. With
the tests, it is possible to decide which classification algorithm
is considered better than another. When a new algorithm is
proposed, it is good to have a baseline method from which to
compare the current performance against other techniques in
a similar scenario.

We seek to employ statistical methodologies for the image
fusion performance assessment. More specifically, the statis-
tical analysis should be able to tell which fusion algorithm
performs better under specific conditions. We use the data
sets presented in [6] to discuss subjective and objective as-
sessment. The performance of selected fusion algorithms were
analysed with the non-parametric statistical tests on subjective
assessment and objective fusion metrics. The test results lead
to some discussions about the subjective assessment and the
use of fusion metrics, which may serve as a reference for future
research and development work.

This paper is organized as follows. Section II discusses
PLIF performance assessment and Section III overviews the
statistical tests. Section IV details experimental results. Sec-
tion V provides a discussion and Section VI draws conclusions.

II. PIXEL-LEVEL IMAGE FUSION AND PERFORMANCE
ASSESSMENT

A. Pixel-level image fusion (PLIF)

The purpose of pixel-level image fusion (PLIF) is to
create a composite image, which incorporates the most salient
information or features from the input images [1]. The end
user or application can benefit from the use of this fused image
for perceivability, image enhancement, and target recognition.
Pixel-level fusion has found its applications in a diverse fields,
such as surveillance, photography, industrial inspection, and
medical diagnosis etc. There are three categories of sensor
fusion. Signal-level fusion uses the data content (e.g., pix-
els); whereas feature-level and decision-level fusion utilize



exploited attributes (e.g., intensity) and decision scores (e.g.,
probabilities). The limitation of PLIF is the computational cost
to fuse all data points and the benefit of PLIF is that a product
such as a fused image is available for user inspection.

There are numerous algorithms have been proposed to
implement PLIF, among which the multi-resolution analysis
(MRA) based approaches have demonstrated great potential
and performance. The basic procedure is illustrated in Fig. 1.
The image available to the MRA methods are spatially regis-
tered images which can be over different modality collections
such as visual and thermal bands. The MRA algorithms
perform an image decomposition using a variety of structured
image pyramids and wavelet transforms. The key technique is
the coefficient combination in the transform domain which is
a method of image fusion. Using these coefficients, the image
has to be reconstructed using the inverse of the image pyramid
or wavelet transform chosen for decomposition. Finally, a
rendered fused image is available to the user and the optimized
image is subject to user, application, ad data-availability needs.
The detailed information in [1], [13], [14], [15] provide good
references for the reader interested in more details of the MRA
methods.

The data presented in [6] was
used in this study, which is also ‘

Input images ‘

available from the image fusion web- ¥
site [16]. In this data set, three fu- ‘ MRA decompostion ‘
sion algorithms were implemented, v
including a pyramid-based (PYR) ‘Fusion in MRAdomain‘
approach, a discrete wavelet trans- v
form (DWT), and a complex wavelet ‘ Inverse reconstruction ‘

transform (CWT) [15]. An example ‘ Fuse d+image ‘
from this data set is given in Fig. 2.

The input visible image and infrared
image were fused by the aforemen-
tioned three algorithms.

Fig. 1. MRA-based
pixel-level fusion.

(a) IR image

(b) CCD image

(c) PYR result

(d) DWT result (e) CWT result

Fig. 2. An example of pixel-level image fusion.

Given these images, it is important to compare and contrast
the various methods to determine which method is the best to
use over various conditions, data quality, user preferences, and
target discernability.

B. Fusion performance assessment

Performance assessment plays an important role in infor-
mation fusion applications. The assessment can validate the
effectiveness of the fusion algorithm. Moreover, performance
assessment results can be further incorporated in the algorithm
to optimize or guide the fusion process. Although performance
assessment is application dependent and the requirements may
vary, there is a general rule that applies to many image fusion
methods. Performance assessment for image fusion counts the
amount of information transferred from the input images to
the fused results. There are different ways to represent such
transformation of information which have to be scored against
desired results. For example, image fusion should not obscure
targets seen in one image and not the other. Additionally, there
are a number of choices in an overall fusion process, including
variety of fusion algorithms, diversity of image data sets,
and differences among performance assessment approaches,
which make it a challenge to validate the final fused results.
Generally, the fused results can be evaluated either subjectively
or objectively.

1) Subjective assessment: Subjective evaluation incorpo-
rates a user’s (or subject’s) judgments on the quality of the
fused image product. The user can vary their opinion based
on mission needs, perceptual abilities, or personal feelings.
To evaluate a subjective analysis for image fusion, a new
data set is needed which includes subject studies. A first of
a kind data set has been produced for image fusion subjective
assessment [6]. Sixty-three subjects were organized to perform
a semantic segmentation on both the input and fused images.
A “gold reference” is generated from the inputs and serves as
the ground truth for the comparison with the fused image. The
ground truth is compiled from users determining the pixels of
interest, e.g. where a target is, the image quality, and significant
boundaries based on image contrast. The procedure to generate
the gold reference is illustrated in Fig. 3.

According to [6], the subjects were first asked to di-
vide each image into pieces, where each piece represents a
distinguished thing in the image. The manual segmentations
of images from individuals are combined into a reference
that can be used to evaluate the fusion results. As shown
in the flowchart in Fig. 3, the boundary map resulted from
corresponding segmentation is converted into a boundary mask
image. The exact square two-dimensional Euclidean distance
transform of the boundary map is first calculated using a square
3 x 3 structuring element. Then, the derived distance image
processed with a threshold operation to obtain the binary mask
image. The mask images from all the subjects are summed
and thresholded at a level corresponding to half the number of
subjects contributing to the sum [6]. Thus, the obtained result is
called a consensus binary mask image. The logical union of the
consensus binary mask images from visual and infrared inputs
gives the reference mask image. A skeleton image containing
boundaries of interest is derived with morphological operations
and serves as the reference contour image. This procedure is
applied to the input and fused images respectively. The contour
from fused image is then compared with the reference contour
generated from input images. The comparison employed the
precision-recall framework, where the precision () and recall
(R) are defined as:
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Fig. 3. Procedure to generate a “gold reference” from subjective assessment.

p— number of correctly detected reference boundary pixels )
total number of detected boundary pixels
R— number of corretly detected reference boundary pixels 2)
total number of reference boundary pixels
The F-measure is then defined as ' = 2PR/(R~+ P). A larger
F-measure value between the fused result and “gold” reference
indicates a better fusion performance.

2) Objective assessment: The computational model for
image fusion objective assessment is also known as a fusion
metric. A comparative study of the state of the art of image
fusion metrics is presented in [2], of which twelve fusion
metrics of four categories were compared for the same data set
using different fusion algorithms. The four categories include
information based metric, image feature based metric, structure
similarity based metric, and human perception inspired fusion
metric. A summation is given in Table I.

TABLE 1. SUMMARY OF OBJECTIVE FUSION METRICS [2]1.

Objective Fusion Metrics

. Qo Normalized mutual information
Information theory - - - -
based metric Qrr Mutual information based on Tsal-

lias entropy
Qnr1cE| Nonlinear correlation information
entropy
Qo Gradient-based fusion metric
Image feature based Qn Image fusion metric based a multi-
metric scale scheme
Qsr Image fusion metric based on spa-
tial frequency*
Qp Image fusion metric based on
phase congruency
Image structural Qs Piella’s metric
similarity based Qc Cvejie’s Metric
metric Qy Yang’s Metric
Human perception Qcv Chen-Varshney metric*
inspired fusion metric | Qcp Chen-Blum metric

'Metrics with * are not considered in the experiment.

The value of nine metrics is rounded to the range [0, 1] and
are considered in this study. These metrics have been applied
to medical, satellite, and forest imagery [17], [18], [19]. A
larger value means a better result.

III. ANALYSIS OF FUSION PERFORMANCE DATA WITH
STATISTICAL TESTS

Statistical tests are adopted in this study to identify the
performance differences between the fusion algorithms. These
comparative test results provide statistical verification and
validation of the fusion results. Actually, the comparison can
be conducted in three different ways: (1) only two methods
are compared; (2) one method is compared to all the others
(1 x N); and (3) all methods are compared to each other
(N x N) [8]. In the test, a null hypothesis (Hy) and an
alternative hypothesis (H;) are defined. The null hypothesis
states that there is no effect or no difference, whereas the
alternative hypothesis claims the presence of an effect or a
difference between algorithms. As per the scientific method,
you can not prove Hi, but can disprove Hj, i.e. there was
no change in the image fusion results. A significance value o
is used to determine at which level the hypothesis should be
rejected [10].

Parametric tests assume the normality and equal variances
of the data, which is not always satisfied in practice. Thus,
non-parametric tests are needed to work with data that is not
normal or of equal variance. In this study, the Wilcoxon signed
ranks test and the Friedman test are used for a two method
comparison and a multiple comparison (N x N), respectively.

A. Wilcoxon signed ranks test

The Wilcoxon signed-ranks test is a non-parametric al-
ternative to the paired t-test and ranks the differences in
performances of two algorithms for each data set [8], [20],
[10]. It compares the ranks for the positive and negative
differences.



Let d; be the difference between the F-measure values of
two assessment approaches on ¢-th out of n problem or data
set. The differences are ranked based on the absolute values.
The use of average ranks is recommended to deal with ties.
Let R™ be the sum of ranks for the problems where the first
assessment value is larger than the second. And R~ is the sum
of ranks for the opposite. Ranks of d; = 0 are split evenly
among the sums; if there is an odd number of them, one is
ignored [10]. The sum of ranks are defined as:

RT = rank(d;) + % > rank(d;) (3)
d;>0 d;=0

R = Z rank(d;) + 1 Z rank(d;) 4)
d;<0 20

Let T = min(R*,R™) if T is the smaller sum. When T is
less than or equal to the value of the distribution of Wilcoxon
for n degrees of freedom, the null hypothesis of equality of
mean is rejected. For a larger number of data sets, the statistic

T—-n(n+1)/4
z =
Vn(n+1)(2n +1)/24
is distributed approximately normally. With o = 0.05, the null
hypothesis will be rejected if z is smaller than —1.96 [8]. In our

case, the conclusion is that the two assessments are different
(see section IV).

®)

B. Friedman test with post hoc analysis

1) Friedman test: The Friedman test is a non-parametric
equivalent of the repeated-measures Analysis of Variance
(ANOVA) that determines the difference between group
means [8]. The Friedman test carries out a multiple comparison
test to detect significant differences between two or more
algorithms [10]. The algorithms are ranked for each data set.
In the case of ties, average ranks are assigned. The Friedman
test compares the average ranks of algorithms with the null
hypothesis that all the algorithms are equivalent or behave
similarly [8].

To calculate the test statistic, the original results are first
converted to ranks. The detailed procedures are as follows [10]:

e  Collect results for each algorithm/problem pair;

e  For each algorithm/problem 4, rank values from 1 (best
result) to k& (worst result) as r] (1 < j < k); then

e  Obtain the final rank R; = 1 >~ 7/ for each algorithm
J.

The best algorithm should have the rank of 1. The Friedman
statistic x% can be computed as:

2 12n o k(k+1)?
XP = kb + 1) ;Rﬂ’ 1 ©

which is distributed according to x% with k& — 1 degrees of
freedom, when n and k are big enough. For a smaller number
of algorithms and data sets, exact critical values have been
computed [10], [8]. Iman er al. proposed a better statistic,

which avoids the undesirable conservative of X2F [21], [8], [10].
The proposed statistic is [10]:

(n = x%
n(k —1) = xF
which is distributed according to the F-distribution with k — 1

and (k — 1)(n — 1) degrees of freedom. The table of critical
values can be found in statistical books.

Frp = @)

2) Post hoc analysis: The Friedman test detects the signif-
icant difference over the complete multiple method (or group)
comparisons, but it does not tell which group. Thus, it is
necessary to determine which pairs in the group have the
significant differences. The Nemenyi test is used when all the
algorithms are compared to each other. The performance of the
two algorithms is significantly different if the corresponding
average ranks differ by at least the critical difference (C'D),
which is given as:

k(k + 1)

OD=da 6n

®)
where ¢n—0.05,0.10 15 based on the studentized range statistic
divided by v/2. The critical value is adjusted for making % (k —
1/2) comparisons. A table of critical values for the two-tailed
Nemenyi test can be found in [8]. For a comparison of all
algorithms, there will be k(k — 1)/2 hypotheses and the post
hoc analysis can obtain a p-value which determines the degree
of rejection of each hypothesis.

The p-value of every hypothesis can be obtained through
the conversion of the rankings by using a normal approxima-
tion. The test statistic for comparing the i-th and j-th algorithm
is [10]:

k(k+ 1)

2= (Ri— Ry)\| =

®
The z value is used to find the corresponding probability from
the normal distribution table, which is then compared with
an appropriate « [8]. The value of o needs to be adjusted to
compensate for the multiple comparisons. The Nemenyi test
calculates the adjusted value of « in a single step by dividing it
by the number of comparisons, i.e. k(k—1)/2 [22]. Therefore,
the adjusted p-value for Nemenyi is: min{v;1}, where v =

The statistical tests in the following experiments were
conducted with R [23] and the KEEL tools [24].

IV. EXPERIMENTAL RESULTS

The data sets used in the experiments contain image fusion
assessment results by a group of subjects (user) and an expert
(expert) [6]. The data included ten sets of multi-sensor images
were fused by three MRA algorithms, i.e. PYR, DWT, and
CWT. For the objective assessment, we considered the four
categories of fusion metrics, including ten selected algorithms
with metric values in the range [0, 1] [2].



A. Test 1: User vs. expert assessments

The first experiment investigates the difference of the
assessments between the user and the expert in terms of the
F-measure. Boxplots of the F-measure for different fusion
algorithms by the user and expert are given in Fig. 4(a)
and 4(b). The boxplot for the expert’s and user’s assessments
is also given in Fig. 4(c) for comparison. Both the median and
mean (red point) values are highlighted. The data differences
can be observed. The null hypothesis H|, states that there is
no difference between the assessments of the user and expert
while the alternative hypothesis says that they are different.
The Wilcoxon signed-ranks test was performed. Table II gives
the results at the significance level o = 0.05. Herein, VS refers
to the sum of ranks assigned to the F-measure differences
between the user and expert with positive (R1) or negative
(R™) sign. The p-value 0.241 is larger than 0.05, which
means the null hypothesis cannot be rejected, i.e. there is no
significant difference between the assessments from the user
and expert.

TABLE II. RESULTS OBTAINED BY THE WILCOXON SIGNED RANKS
TEST AT A LEVEL OF SIGNIFICANCE « = 0.05.
VS [ RT [ R~ [ p-value
User versus Expert | 290.0 [ 175.0 [ 0.2410

The mean values of the F-measure are listed in Table III.
The maximum values are highlighted. The expert prefers the
PYR while user’s favourite is CWT, when only mean value is
considered.

TABLE III. THE MEAN VALUE OF F-MEASURE.

PYR DWT CWT
User 0.53718  0.51063  0.55032
Expert  0.60056  0.56420  0.56329

B. Test 2: PLIF method comparisons from user assessments

In the second experiment, multiple comparisons were car-
ried out for different fusion algorithms based on the users’
assessments. The Friedman test tells whether the three ap-
proaches are similar or not. The test results and ranks by
user’s assessment are given in Table IV. However, this rank
does not give much information about the performance of the
algorithms. Unlike the classification application, the classifiers
are evaluated based on either the accuracy or the error rate. A
higher rank refers to a higher accuracy or a lower error rate.
Thus, it is an indication of the performance. For image fusion,
the fusion performance value is evaluated. A higher rank can
be reached by simply comparing the performance values. So,
according to Table IV, a preference is given to PYR in terms of
the average ranks from the Friedman test of users’ assessments.

TABLE IV. THE FRIEDMAN TEST OF USER’S ASSESSMENTS.

Algorithm  UserPYR User DWT User.CWT
Ranking 1.7 2.4 1.9
X2 2.6 degree of freedom 2
p-value 0.2725

However, the p-value is larger than 0.05, the difference
between these fusion algorithms are not significant in terms
of users’ assessments. As the difference is not statistically
significant, there is no need to conduct the post hoc analysis,
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but the Nemenyi test results are listed in Table V for informa-
tion. Nemenyi’s procedure rejects those hypotheses that have
an unadjusted p-value < 0.016667. Thus, all the hypotheses
cannot be rejected according to the p-value in Table V. The
“major difference” is between the PYR and DWT by the users’
assessments.

TABLE V. ADJUSTED p-VALUES FOR SUBJECTIVE COMPARISON OF
FUSION ALGORITHMS (BY USER).

i Hypothesis Unadjusted p PNeme
1 User.PYR versus User.DWT 0.117525 0.352575
2 User.DWT versus User.CWT 0.263552 0.790657
3 User.PYR versus User.CWT 0.654721 1.964163

The test results on expert’s assessments is given in Ta-
ble VI. Again, there is no consequential difference observed at
a significance level of 0.05. The difference between PYR and
DWT is relatively more salient that the other pairs, although
all are trivial in terms of expert’s assessments (see Table VII).

TABLE VI. THE FRIEDMAN TEST OF EXPERT’S ASSESSMENTS.
Algorithm  Expert.PYR Expert DWT Expert. CWT
Ranking 1.7 2.1 2.2
X2 1.4 degree of freedom 2
p-value 0.4966
TABLE VII. ADIJUSTED p-VALUES FOR SUBJECTIVE COMPARISON OF
FUSION ALGORITHMS (BY EXPERT).
i Hypothesis Unadjusted p PNeme
1 Expert.PYR versus Expert DWT 0.263552 0.790657
2 Expert DWT versus Expert. CWT 0.371093 1.11328
3 Expert.PYR versus Expert. CWT 0.823063 2.46919

C. Test 3: Fusion metric comparisons

In the third part of the experiment, ten objective fusion
metrics are considered. Figure 5 shows the metric values for
three algorithms. The Friedman test (/V x N) is performed and
a p-value= 0.0247 < 0.05 is obtained, which means there is a
significant difference in the test. The CWT gains the highest
rank 1.3 among the three. PYR and DWT are quite similar.

To understand where the differences happen, the Nemenyi
test was conducted and results are given Table VIII. Nemenyi’s
procedure rejects those hypotheses that have an unadjusted p-
value= 0.013906 < 0.016667 (see Table IX). Thus, the null
hypothesis for DWT and CWT is rejected. In other words,
the two algorithms are significantly different in the opinion of
objective metrics while the differences among other pairs are
trivial.

TABLE VIIL. THE FRIEDMAN TEST OF OBJECTIVE FUSION METRICS.
Algorithm  Objective.PYR Objective. DWT Objective. CWT
Ranking 2.3 2.4 1.3
X2 7.4 degree of freedom 2
p-value 0.0247
TABLE IX. ADJUSTED p-VALUES FOR OBJECTIVE COMPARISON OF
FUSION ALGORITHMS.
i Hypothesis Unadjusted p-value PNeme
1 DWT versus CWT 0.013906 0.041719
2 PYR versus CWT 0.025347 0.076042
3 PYR versus DWT 0.823063 2.46919

Fig. 5.
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V. DISCUSSION

The results differ between the user and the fusion methods.
The assessments from the users and the expert are quite
the same, i.e. no significant statistical difference is observed.
This is understandable and reasonable as many of the images
presented to these groups had already been enhanced for
targeting. However, there is no strong evidence to support
the significant difference between the three fusion algorithms
from the user’s assessment. In other words, the three fusion
algorithms perform equally well or the human subjects could
not tell the differences through the designed evaluation process.
There are several potential explanations for user not being
able to distinguish between methods. First, in the subjective
assessment, the input images and fused result of the same set
were assessed by different subjects. For example, the inputs
of image set A are assessed by subject number one, but the
fused images of set A are assessment by subject number two.
This may introduce potential turbulence in the assessment
results. Even though the “gold reference” is a combination
of all subjects’ assessments, it would be better to include
a complete assessment a specific image set by the same
subject. Second, the assessment is implemented through human
semantic segmentation, which aims at identifying important
pieces in the image and the results are user dependent. Thus,
this process mimics a higher level perception of human being
on object detection while some details in their selection process
may be missed.

On the other hand, a set of objective metrics report the
differences between the three fusion algorithms through the
Friedman test and the major difference is highlighted by the
Nemenyi test’s result. The reason is that the objective metrics
may capture the details in the image. The weights on such
details highlight the differences between fusion algorithms.
The phenomenon of differences between image fusion between
the user and the computer still need further analysis. How to
conduct the subjective assessment on pixel-level image fusion
is still and open question and of concern of Level 5 Information
Fusion [25]. Actually, the subject assessment depends on how
the fused image is used, e.g. a visualization to the end user or
further processing for a higher level understanding. Generally,
the image fusion method should integrate as much as possible
the details from input data such as collected metadata, pixel
normalizations, and mission needs. Thus, both the objective
and subjective assessment can benefit from contextual infor-
mation to provide more meaningful results.

There are two scenarios of using statistical analysis to
perform fusion assessment as illustrated in Fig. 6. The first
is the assessment with subjective data. In an ideal case, all the
algorithms for comparison including the proposed one (Ajpey)
need to be assessed by subjects. Either pairwise or multiple
comparisons (1 x N or N x N) can be conducted with the
assessment results. Whenever there is a new fusion algorithm
proposed, the subjective assessment has to be repeated. This
is costly and not practical. The second scenario is with the
objective fusion metric. In this case, individual or multiple
fusion metrics can be used. The conclusion could be the new
fusion algorithm outperform algorithms A; and A, in terms of
fusion metric By or a combination of By and By etc. As the
fusion metric may come with opposite results over different
data sets, the statistical analysis can avoid such confusion

during the comparison.

Some of the subjective results can be used to develop object
score such as the National Image Interpretability Rating Scales
(NIIRS) [26], [27]. When a new image fusion method is tested
then a subjective-based objective score is determine. After a
significance difference in the objective and pseudo-subjective
metrics; then a user audit/pedigree trail can be conducted for
further analysis.

. Objective
Input image fusion metric
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Fig. 6. The fusion performance assessment by statistical analysis.

To validate a new fusion algorithm, the comparison with
other fusion algorithms is performed using a series of fusion
metrics to do verification. However, the validation issue exits in
the objective fusion metrics as well against the mission needs.
A similar procedure with statistical analysis can be applied
to compare the objective fusion metrics. When the subjective
ground truth is available, we can learn which metric better
matches the user needs. When there is no such reference, we
can only tell the differences between those metrics; but not
which is better. However, the fusion algorithm will also affect
the fusion metric. Therefore, the fusion metric study needs to
be carefully and clearly defined as well against the operating
conditions, mission needs, user objectives, and control of the
image fusion parameters.

VI. CONCLUDING REMARKS

This paper presents the use of statistical analysis for
image fusion performance assessment. Non-parametric tests,
i.e. Wilcoxon signed ranks test and Friedman test with post
hoc analysis, are employed to evaluate three multi-resolution
fusion algorithms. In the tests, the semantic segmentation
based subjective assessment does not exhibit any significant
differences between the three algorithms while the objective
metrics highlight a significant difference. The contrasting re-
sults may be partly due to the subjective assessment method
itself.

The statistical tests make it possible to compare fusion
algorithms over multiple image data in terms of individual or
multiple metrics. The statistical tests introduced here for image
fusion can also be applied to validate the fusion metrics over
multiple data sets and fusion algorithms.

Future work includes three areas. For the community and
building on the International Society of Information Fusion



(ISIF) fused imagery [6], the benchmark data set with human
subjective assessment will be refined and available for further
analysis. Also, we seek methods for user-defined objectives
scores and are developing a interpretability rating scale for
image fusion results. Finally, we will induce quantifiable errors
in the imagery, such as blurring, to determine the balance
between the user experience and choice of image fusion
methods to deal with challenging scenarios.
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