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Abstract This paper aims in presenting a thorough com-
parison of performance of pan sharpening techniques,
belonging to spatial, spectral, scale-space and spatial-fre-
quency domain, for Very High Resolution Satellite Data.
With the availability of new Very High Resolution sensors,
especially, World View-2 sensor, which provides data at
sub-meter level, the need for fusion of Panchromatic
(PAN) and Multispectral (MS) images has to be further
investigated. Pan-sharpening techniques namely, Hue-Sat-
uration-Intensity, Brovey Transform, Principal Compo-
nents Analysis, Discrete Wavelet Transform, Stationary
Wavelet Transform, Non Sub-sampled contourlet Trans-
form and Pseudo Wigner Distribution (PWD) fusion
method have been selected for the fusion of PAN and MS
images of World View-2 sensor. Further, the comparison of
performance of each of the techniques have been carried
out by using various evaluation indicators, such as, Root
Mean Square Error, Peak Signal-to-Noise Ratio, Correla-
tion Coefficient, Universal Image Quality Index. It is found
that PWD based fusion technique gives good result with a
good trade-off between the preservation of spectral infor-
mation and enhancement of spatial resolution.
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Introduction

One of the challenging application in satellite image fusion
is to fuse PAN and MS images acquired from different
satellite sensor without introducing inconsistencies or
artifacts, which may tamper the attribute of the fused
image. High spatial and spectral resolution images are
necessary to perform various sophisticated tasks in urban
scenario and land—cover classifications (Karathanassi et al.
2007; Nikolakopoulos 2008).

A number of methods, as well as, software tools have
been developed for the pan-sharpening over the years (Pohl
and van Genderen 1998). This time duration can be divided
into two generations i.e. before and after the launch of very
high resolution satellite sensors, such as, IKONOS and
Quick bird. With the availability of high resolution satellite
data, several researchers have focused on developing
algorithms (Welch and Ehlers 1987; Chavez et al. 1991;
Ranchin et al. 1996; Padwick et al. 2010) and simultane-
ously, carried out comparative study among these devel-
oped algorithms (Ranchin and Wald 2000; Alparone et al.
2007; Rodriguez-Galiano et al. 2012; Yuhendra et al. 2012;
Ghosh and Joshi 2013). The pan-sharpening techniques
developed can be placed into different categories: (i) color,
(ii) statistical, (iii) multi-scale decomposition, (iv) spatial-
frequency method. The accuracy of pan-sharpened images
is evaluated by means of well defined mathematical
framework i.e. by using different evaluation indicators
(Karathanassi et al. 2007; Beaulieu et al. 2003; Wang and
Bovik 2002; Rajput et al. 2014). Large number of studies
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have been carried to highlight the utility and significance of
fusion techniques using very high-resolution satellite data
(Zhang 2004; Wang et al. 2005; Karathanassi et al. 2007;
Nikolakopoulos 2008). However, these studies compared
fusion techniques based on very few quantitative indica-
tors, which are inept of evaluating overall image quality.
Furthermore, none of these studies have carried out a
comparative study of fusion methods, belonging to spatial,
spectral, scale-space and joint spatial-frequency methods
altogether, using VHR data for the analysis of urban
environment.

With the availability of new sensors, especially, World
View-2 sensor, it is of utmost significance to further
investigate the performance and analysis of some of the
prevalent existing fusion techniques using World View-2
data, along with different evaluation indicators. The
selection of objective metrics is done in such a way that
image attributes, such as, spatial, spectral, and structural
similarity information are represented.

Thus, the objective of present study is to evaluate the
applicability and performance of various pan-sharpening
techniques belonging to different category, using a variety
of evaluation indicators, especially, for the analysis of
urban land-cover.

Methodology

An Overview of Image Fusion Methods

A large number of image fusion techniques have been
developed. These can be classified as color, statistical,
scale-space and spatial-frequency methods (Fig. 1). The
brief description of these techniques are given in the next
section.

Fusion Method Based on Hue-Saturation-Intensity

The HSI pan sharpening technique is the oldest and the
simplest known image fusion method. One of the main

advantage of the HSI implementation in image fusion, is
that, it allows the segregation of spatial information as an
Intensity (/) component from the spectral information,
which is represented by the Hue (H) and Saturation
(S) components (Carper et al. 1990; Chavez et al. 1991;
Kang et al. 2008). Different transformations have been
developed to transfer a colour image from the RGB space
to the HSI space. As a result of this transformation, the
Red, Green, and Blue modalities are transformed to Hue
(H) and Saturation (S) and Intensity (I) components. In
addition to Image Registration (/R) and Re-sampling (RS),
radiometric transformation of PAN image using histogram
matching technique with the Intensity component, in order
to eliminate illumination and atmospheric differences.
Thereafter, contrast stretching of the PAN image to sub-
stitute the Intensity image with a new PAN image having
similar average and variance as that of Intensity image.
Transform the new I image together with the Hue, Satu-
ration components back into RGB color space i.e. by
applying inverse HSI transform.

Different transformations have been developed to
transfer a colour image from the RGB space to the HSI
space. One common transformation is based on a HSI color
Model. HSI colour space is a popular colour space, since it
is based on human color perception (Shettigara 1992; Pohl
and Van Genderen 1998). The conversion from RGB space
to HSI space can be described by the Eq. 1.

 G-3B
Y}
II’ B ;g when B is the minimum
S = 7
_ G-3B
=——
II’ B 335 when B is the minimum (1)
_ G-3B
II,I 7335 when B is the minimum
S = 7

CLASSIFICATION OF PAN SHARPENING TECHNIQUES

Spatial-frequency Method
e Pseudo Wigner Distribution (PWD)

Statistical Method
Principal Component Analysis (PCA)
Color Methods
e Hue-Saturation-Intensity (HSI) °
e  Brovey Transform (BT) °

Multi-scale Decomposition Methods (Scale-space methods)
Discrete Wavelet Transform (DWT)
Stationary Wavelet Transform (SWT)

e Non Sub-sampled Contourlet Transform (NSCT)

Fig. 1 Classification of PAN sharpening techniques
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Here, in this study, intensity as the average of the three
RGB values has been used, which is represented by (Eq. 1)
(Smith 1978; Nufez et al. 1999; Gonzalez-Audicana et al.
2004).

Fusion Method Based on Brovey Transform

The Brovey Transform (BT) is a simple method to fuse
data from different sensors based on the chromaticity
transformation (Gillespie et al. 1987). This method falls
under the category of color based technique, where the
fused bands are produced by multiplying each band of the
original MS by a ratio of the high resolution data divided
by the intensity image (sum of the color bands) (Liu and
Moore 1998 and Liu 2000). BT uses a mathematical
combination of the color image and high-resolution PAN
data. The mathematical representation of Brovey transfor-
mation is given by (Eq. 2).

PAN
MS, C=—"2
i=1 1

iel,2,3

n
Intensity image(I) =
. (2)

[FUS] = 3. C-MS;,

n
i=1

where [FUSi|,_,,; are the fused pan-sharpened bands,
MS;];_, , 5 are the low spatial resolution original bands and
PAN is the high spatial resolution image band to be fused
with the low spatial resolution bands.

Fusion Method Based on Principal Component Analysis

The Principal Component Analysis (PCA) method, also
known as Hotelling or the Karhunen—Loeve transform.
PCA is mathematically rigorous as it transforms a multi-
variate dataset of correlated variables into a small number
of uncorrelated linear combinations of variables called
Principal Components (PCs) (Chavez et al. 1991). For
Multi-spectral images, PCA creates an uncorrelated feature
space that can be used for further analysis instead of the
original MS feature space. As a result, a small number of
uncorrelated linear combinations of variables called Prin-
cipal Components PCg are generated. Here, the first Prin-
cipal Component contains most of the data variance
amongst all the bands. The rest of the components contain
monotonically decreasing amount of the variance found in
the dataset (Jensen 1986).

Hence, first Principal Component (PC;) is an ideal
choice for replacing it with high spatial details from the
high resolution histogram-matched PAN image i.e. the
PAN image histogram is matched to the first Principal
Component (PC;) before substitution (Shettigara 1992;
Pohl and Van Genderen 1998). It then replaces PC; with
the modified PAN image (histogram matched). There-
after, inverse PCA is performed on the modified PAN

image and the PCs to obtain a high resolution fused
image.

Fusion Method Based on Discrete Wavelet Transform

In the DWT algorithm, an image can be analysed by
passing it through an analysis filter bank followed by
decimation operation. The analysis filter bank consist of
Low Pass Filter (LPF) and High Pass Filter (HPF) at each
decomposition stage. When a signal passes through these
filters, it splits into two bands. The LPF, which corresponds
to an averaging operation, extracts the coarse (average)
information of the signal. The HPF, which corresponds to a
differencing operation, extracts the detail information of
the signal. The output of the filtering operation is then
decimated by two (Mallat 1989; Ranchin and Wald 1993;
Garguet-Duport et al. 1996; Zhou et al. 1998; Mallat 1999;
Ranchin and Wald 2000) i.e. first, the image is filtered
along the row and decimated by two, thereafter, the image
is filtered along the column and decimated by two. This
operation splits the image into four bands namely /7, (Ap-
proximation), 1%, (Horizontal), I}}; (Vertical) and 75, (Di-
agonal) respectively. The approximation band (If})
contains coarse information where as the detail bands
(1%, 1}, , 1) contains information about the edges, points
and lines. An J level decomposition can be performed
resulting in (3J + 1) different frequency bands.

Further, in this study, Short filter and the number of
decomposition level is four, have been considered (Li et al.
2011). The fusion procedure for the pan sharpening of PAN
and MS World View-2 images using DWT (Rajput et al.
2014) can be summarized in section “Fusion Method
Based on Pseudo Wigner Distribution” (Fig. 3).

Fusion Method Based on Stationary Wavelet Transform

The Discrete Wavelet Transform (DWT) is not a shift-
invariant transform. This limitation can be overcome by
using some of the DWT’s extensions such as Stationary
Wavelet Transform (SWT), also known as ‘a trous’ algo-
rithm (Holschneider and Tchamitchian 1990; Nufiez et al.
1999; Aiazzi et al. 2002; Chibani and Houacine 2002;
Gonzalez-Audicana et al. 2002; Beaulieu et al. 2003;
Gonzalez-Audicana et al. 2005). In the “a trous” algo-
rithm, the down-sampling step is suppressed and instead
the filter is up-sampled by inserting zeros between the filter
coefficients. In the SWT technique, it uses a two-dimen-
sional filter derived from the scaling function. This pro-
duces two images, of which one is an approximation image
while other is a detailed image called the wavelet plane. A
wavelet plane, represents the horizontal, vertical and
diagonal detail between 2/ and 2! resolution and is
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computed as the difference between two consecutive
approximations /;_jand I; levels.

All the approximation images obtained, by applying this
decomposition, have the same number of columns and
rows as the original image, since filters at each level are up-
sampled by inserting zeros between the filter coefficients,
make the size of the image same. The fusion procedure for
the pan sharpening of MS and PAN images using SWT can
be summarized as follows (Fig. 2):

(i) To generate new PAN images, match histograms

of PAN image to their corresponding MS image.

(i) Perform the second level wavelet transform only
on the modified PAN image.

(iii)) The resulting wavelet planes of PAN are added
directly to each MS images.

Fusion Method Based on Non Sub-sampled Contourlet
Transform

In order to reduce the frequency aliasing of contourlets,
enhance directional selectivity, as well as, to achieve shift-
invariance (Cunha et al. 2006) have proposed Non Sub-
sampled Contourlet Transform. This is based on the Non
sub-sampled Pyramid Filter Banks (NSPFB) and the Non
sub-sampled Directional Filter Banks (NSDFB) structure.
The former provides multi-scale decomposition, which can
be attainable by using two-channel non sub-sampled 2-D
filter banks, while the latter provides directional decom-
position, to split band pass sub-bands in each scale into
different directions (Bamberger and Smith 1992; Li et al.
2011). As a result, NSCT is shift-invariant technique and
leads to better regularity and frequency selectivity than
Contourlet Transform. The fusion procedure for the pan
sharpening of PAN and MS images using NSCT technique

can be enumerated in section “Fusion Method Based on
Pseudo Wigner Distribution” (Yang et al. 2007) (Fig. 3):

Fusion Method Based on Pseudo Wigner Distribution

Spatial-frequency information of a non-stationary image
can be effectively extracted with one of the well known
spatial-frequency technique known as Pseudo Wigner
Distribution (PWD). PWD is a powerful and efficient tool
for capturing the essential non-stationary image structures,
and for the characterization of local spectral properties of
images in a more descriptive manner (Claasen and Meck-
lenbrauker 1980; Gabarda and Cristobal 2005). Further,
PWD provides a pixel-wise, multi-direction, shift-invari-
ant, spatial-frequency image representation, and moreover,
it is not based on a multi-scale decomposition procedure.
The significant properties of PWD motivate its use in the
field of image fusion (Gabarda and Cristobal 2007;
Redondo et al. 2009; Rajput et al. 2014). The mathematical
background of PWD has been discussed below.

Let us consider an arbitrary 1-D discrete function v(n).
The PWD of a given array v(n) of N pixels can be repre-
sented by the ‘Eq. 3°.

4

W(n,m) = v(in+ kW' (n —k)

N

~
‘\
I

!
jiNg

% exp (_z,- (sz) m) 3)

where, n and m represent the spatial and frequency dis-
crete variables respectively, and k is a shifting parameter.
‘Equation 3’ can be interpreted as the Discrete Fourier
Transform (DFT) of the product v(n + k)v x (n — k). Here,
v* indicates the complex-conjugate of v. W(nn, m) is a
matrix where every row represent the pixel-wise PWD of

OPI OPI-Original Panchromatic Image, OMI-Original Multi-spectral Image
h 4
Histogram PAN; Fy PAN, F, PAN;
T Matching »| image »  image »  image
8-band OMI
Registered I 1 I
Source images - -
) . Difference
I Wavelet Plane Wavelet Plane
Band selection (Wy) (W)
and Up-sampling
. —~ Fused Image
(MSggp + Wy + W) "
MSgea ;@ > MSges

Fig. 2 Methodology adopted for SWT based image fusion
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= PAN’
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technique
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A 4

lie— Coefficients

v |

—>

A 4

| Average Fusion Rule I
WF(n,m) = (WF(n,m) + WHS(n,m))/2

Fused Coefficients

| Reconstruction Process (Inverse) of a I
technique

Fused Image

Qualitative assessment of the fused image
Color, Shape, Edge

Assessment of accuracy using quantitative indicators

PSNR, RMSE, CC, UIQI, SCC

Fig. 3 Methodology adopted for DWT, NSCT and PWD based image fusion

the pixel at position n. Here, v[n] is a 1-D sequence of
data from the image, containing the gray-values of N
pixels, aligned in the desired direction. By scanning the
image with a 1-Dimensional window of N pixels, i.e.
shifting the 1-D window to all possible positions over the
full image, the full pixel-wise PWD of the image is pro-
duced (Gabarda et al. 2009; Rajput et al. 2014). The
window can be tilted in any direction to obtain a direc-
tional distribution (Gabarda and Cristobal 2007). Here, in
this study, the value of N = 8 has been taken, the reasons
for selecting a small value of N (short 1-D window) for
PWD analysis are:

(i)  First, it greatly decreases the computational cost.

(i)  Second, it allows to obtain a pixel-wise spectral
analysis of the data more efficiently.

Further, the value of N should be an even number to
preserve the symmetry of the window. The general
methodology adopted for the pan-sharpening of PAN and
MS images by DWT, NSCT and the PWD techniques can
be summarized as follows (Fig. 3).

(i) Co-register both source images and resample the
multi-spectral image to make its pixel size equal
to that of the PAN, in order to avoid the problem
of mis-registration, otherwise produce severe
artifacts.
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(ii) Apply DWT/NSCT/PWD mathematical decom-
position procedure to co-registered input images
one by one to get their respective coefficients.

(iii)  Fuse the corresponding coefficients of the images
generated in Step (if), by using defined fusion rule.

(iv) The fused coefficients are now subjected to an
inverse DWT/NSCT/PWD transform to construct
the fused image.

Further, it may be noted that DWT, NSCT and PWD
techniques has its unique mathematical properties, leading
to different image decomposition procedure of an image.
Image decomposition plays a vital role in image fusion,
since it affects the information extraction quality, as well
as, the whole fusion quality.

Fusion Rules

Here, in this study, the basic fusion rule chosen for pan-
sharpening is listed below:

(i) Average Fusion Rule (AFR)

The AFR takes the average value of the coefficients,
both for Panchromatic W% and Multi-spectral W4 images.
This rule can be mathematically expressed as (Eq. 4).

W (n,m) = (W/f(n,m) + Wg’s(n,m))/z 4)

Evaluation Criteria

It is obvious, that in most cases, there is slight variation
among fusion results i.e. quantitative evaluation method
sometimes produce results that cannot be supported by
visual inspection. Therefore, qualitatively (subjective)
means are difficult to accurately assess the fusion results.
For these reasons, many quantitative evaluation methods
have been developed. However, there is no universally
accepted metric to objectively evaluate the image fusion
results. Here, in this study, the accuracy of the fusion
techniques has been carried out by using some significant
metrics requiring reference image, as listed in Table 1.

Study Area/Data Set

The image fusion techniques used in this study, have been
evaluated using dataset acquired from World View-2 sen-
sor. All images are radio metrically calibrated. The MS and
PAN images are co-registered for each dataset. Datasets
corresponding to different land use variety have been
preferred, in order to examine the effect of different kinds
of spatial characteristics in terms of size and shape, and
spectral characteristics. Table 2 represents the details of

@ Springer

the dataset as related to their spectral bands and range,
spatial and radiometric resolutions, size, location and date
of acquisition.

Dataset (DS-I) belongs to an urban area where there are
many man-made objects, such as buildings of different
characteristics and patterns, roads and grass lawn. Further,
there are many individual and cluster of trees (Fig. 4).

Pre-processing of the Input Images

The first step in pan-sharpening is to pre-process the input
images. This may include (i) Image Registration (ii) Re-
sampling, and (iii) Histogram Matching, of the input ima-
ges. The following process are described as follows:

(i) Image Registration: Image registration is the key
pre-processing procedure in high resolution, mul-
ti-temporal or multi-sensor images. Further, if the
source images are from the same sensor and
captured at the same time, they are usually already
co-registered and can be directly used for fusion
process (Roy 2000; Gungor 2008).

(ii) Re-sampling: In pan-sharpening scenario, the MS
images may need to be re-sampled (up-sampled)
such that they have the same spatial resolution as
that of PAN image before pan-sharpening i.e. re-
sampled to the pixel spacing of the PAN image
(Ghosh and Joshi 2013). Amongst Nearest Neigh-
bour, Bilinear Interpolation, Cubic Convolution
and Bi-cubic Spline re-sampling techniques, Bi-
cubic spline has been adopted in this study (Rajput
et al. 2014).

(iii)) Histogram Matching: It is necessary, when the
images of same scene from different sensors will
have different brightness levels due to variety of
reasons such as, different illumination conditions
of the scene, different pointing angles of the
sensor, difference between the wavelength exten-
sions of the different sensors, and the different
image acquisition times. Matching the histogram
of one image to that of another image makes the
distribution of brightness values in the two
images, as close as, possible and thus, reduce the
spectral distortion in the resulting fused images
(Gonzalez and Woods 2003; Richards and Jia
2006; Nikolakopoulos 2008).

Identification of Best 3-Band Combination
for Worldview-2 Data Using Optimum Index Factor

In this study, it is proposed to use the best 3-band combi-
nation for dataset to be used using Optimum Index Factor
(OIF), proposed by Chavez et al. 1982, for selecting
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Table 1 Description of metrics used for spectral, spatial and structural similarity quality assessment of the fused images

Functional forms

Comments

Parameter descriptions

RMSE = |37 3> (F)=Ru(i)"

mxn
i=1j=1

PSNR = 10log (;233;)°

NgE
M:

(x(i,) = ®)(v(i.4) = ¥)

1

J

m n

M=
M:

i=1j=1

corr(x,y) = \/

. 2Xy 20,0,
[ [ — Oy XY y
vior =72 @+7) (e2+02)

(x(i,j) — )73 Y00 j) — ¥)°

RMSE is a frequently used measure of the
differences between the fused image and
the original image. RMSE is a good
measure of accuracy (Wald et al. 1997; Li
et al. 2010)

Peak signal to noise ratio indices reveals the
radiometric distortion of the final image
compared to the original. PSNR can reflect
the quality of reconstruction. The larger
value of PSNR indicates less amount of
image distortion

The correlation coefficient of two images is
often used to indicate their degree of
correlation. Comparing the original image
with the fused image, one can find the
degree of differences (Li et al. 2010;
Yuhendra et al. 2012). If the correlation
coefficient of two images approaches one,
it indicates that the fused image and
original image match perfectly. Whereas,
Spatial correlation coefficient (SCC)
between the spatially filtered original PAN
and fused images (Zhou et al. 1998)

Universal image quality indicator (UIQI)
indicates the similarity between the
original input image and the fused image.
This parameter has been designed by
treating image distortion as the
combination of factors namely, (i) loss of
correlation, (ii) radiometric distortion and
(iii) contrast distortion (Wang and Bovik
2002; Wang et al. 2004)

Where, m, n indicate the size of the
image is m x n. F(i,j),R,(i,J)
indicate the fused image and the
original image respectively

Where x(i, j) and y(i,j) the elements of
the image x and y, respectively. X and y
stand for their mean values

. 2 .
X is the mean of X, oy, the variance of x,
0Oy, is covariance of X, y

Table 2 Data used
Features

World view-2

Wavelength (pm)

Band number

MS image—spectral bands and range

PAN spectral range
Spatial resolution—PAN/MS image

Location

PAN and MS image size

Date of acquisition

Coastal blue (0.40-0.45)
Blue (0.45-0.51)

Green (0.51-0.58)
Yellow (0.58-0.62)

Red (0.63-0.69)
Red-edge (0.70-0.74)
NIR-1 (0.77-0.89)
NIR-2 (0.86-1.04)
(0.447-0.808)

0.46/1.84 m

el e Y I R R

Roorkee, Uttarakhand, India

512 x 512/128 x 128 pixels
10 May, 2010
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Fig. 4 a Original PAN image. b Original MS image in 7:4:3 band composition

optimum band triplets having Maximum information. The
OIF values of all 3-band combination for World View-2
has been computed, is represented by (Eq. 5).
o1+ 0y + 03
ro + 13+ 13

OIF = (5)
where, ¢ is the Standard Deviation of a single band. r is the
pair-wise Correlation Coefficient among two bands in the
triplet.

On the basis of OIF, it is found that the combination
of the Band 3, 4 and 7 yields the highest OIF value of
116.04 (Table 3). Hence, the band combination of 3, 4
and 7 will be used subsequently for further studies.
However, to get the colour of a standard FCC, band
combination of 7:4:3 give the desired results. Further, it
is observed that the spectral range of Band 1 and 8§ of
World View-2 data lies completely outside the
panchromatic data range and hence, they have not con-
sidered for the implementation and analysis purpose of
fusion techniques (Fig. 5).

Evaluation of Results and Discussion

In this study, a comparison of performance of the fusion
techniques has been evaluated, both qualitatively and
quantitatively, using WorldView-2 data.

Visual (Qualitative) Analysis of the Fused Images

The visual comparison of the fused images is carried out
for the subjective (qualitative) assessment, since, it is a
simple, yet one of the effective method for assessing
advantages and disadvantages of any fusion technique. The
fused images are visually evaluated in terms of different
parameters as listed below:

(i)  Colour Radiometry (CR),
(i1)  Outline of Building Roofs (OBR)
(iii)  Trees (T)
(iv)  Outline of the roads (OR)
(v)  Vehicles on the roads (VR)
(vi)  Water Tank (WT)
(vil)  Edge-Sharpening (ES)

Further, these parameters have been used for the purpose
of visual assessment. For visualization purposes, fusion
techniques have been categorized from “Excellent” to
“Poor” (Shi et al. 2005), as shown in Table 4.

In image fusion, it is found that one of the major
problem is distortion of colours. Hence, preservation of
colour is one of the important criterion while evaluating
the performance of any fusion technique (Wang et al.
2005). It is observed that all the fused images exhibit
improved geometric details indicating that the small

Table 3 Optimum index factor

(OIF) values for different band S. no. Band combination OIF S. no. Band combination OIF

triplets 1 4:7:8% 183.9389 6 4:5:8% 159.3812
2 3:4:8% 180.5394 7 2:3:8% 167.1153
3 1:4:8% 178.4115 8 3:5:8% 157.9928
4 2:4:8% 177.0196 9 4:6:8% 154.5464
5 1:3:8% 171.7830 10 3:4:7 131.4290
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Fig. 5 Spectral response and 1.0
wavelength details of World t
View-2 (Digital Globe 2010)
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Table 4 Assessment of quality of image by qualitative method

Grade Absolute measure Relative measure

1 Excellent (E) The best in group

2 Good (G) Lower than the excellent level

3 Above average (AA) Better than the average in group
4 Average (A) Average level in group

5 Below average (BA) Lower than the average level

6 Poor (P) The lowest in the group

features that were not noticeable in the original MS
image are now be distinguishable and identifiable. The
fused images generated by different fusion techniques
using different fusion rules and their corresponding
magnified subset of the selected region have been shown
in Fig. 6.

With reference to Fig. 6, it is observed that the fused
image generated using HSI technique shows good
improvement in the spatial content (geometric details)
when compared to the original MS data (Fig. 6a). How-
ever, at the same time, seriously alter the spectral values of
the original colour of the MS image. This may be due to
low correlation between the PAN image and the Intensity
component of the MS image, resulting in spectral distor-
tion. Further, the fused image generated with BT, exhibits
good spatial resolution when compared with the original
MS (Fig. 6b). However, the intensity of colour are darker
when compared to the colour of the original MS image,
leading to a loss of shadow information and edges, as these
get merged with the shadow part.

From Fig. 6, it is observed that the fused images gen-
erated by SWT (Fig. 6e), NSCT (Fig. 6f), and the PWD
(Fig. 6g) techniques using Average Fusion Rule (AFR)
exhibit good geometric details, when compared to the
original MS image. However, the intensity of colour in the

o6 08 10
Wavelength (um)

fused images generated by PWD and NSCT techniques are
lighter when compared to the original MS image. This is
followed by SWT and DWT for the same fusion rule.
However, the fused image generated by DWT-AVG
(Fig. 6d), fusion technique yields lower spatial quality.
This may be due to the sub-sampling process involved in
DWT technique, leading to the introduction of artifacts in
the resulting fused image. Another factor affecting the
performance of DWT-AVG technique in terms of spatial
quality is due to the limited directional selectivity i.e.
horizontal, vertical and diagonal directions possess by the
technique, which in turn deteriorate the geometry of the
features in the fused images.

Further, the fused image generated by PCA (Fig. 6¢)
fusion technique exhibits good spatial resolution when
compared with the original MS and shows comparable
results in terms of spectral quality, when compared to other
fusion techniques. Furthermore, it is found that PWD,
NSCT, SWT and DWT techniques using AFR are successful
in terms of keeping the spectral quality of the original MS
image. However, it is also observed that their performances
are not appealing in terms of improving the spatial detail
content, when compared to HSI and PCA techniques. The
comparison results of different fusion techniques on the
basis of visual object detection are listed in Table 5.

Table 5 shows that PWD-AVG and NSCT-AVG tech-
niques have better performance when compared to SWT-
AVG and DWT-AVG techniques. In other words, PWD-
AVG and NSCT-AVG techniques gives a good trade-off
between the enhancement of spatial resolution and the
preservation of spectral information and yields the best
results in terms of color radiometry, outline of building
roof, outline of road, and water tank when compared to
other techniques.
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Quantitative Analysis

Visual inspection is a straightforward method for appre-
ciating the quality of fusion techniques. However, a sta-
tistical comparison is necessary in order to evaluate
precisely the performance of each fusion result. The

Fig. 6 Fused images
corresponding to different
fusion techniques in 7:4:3 band
composition and pan data of
Worldview-2

@ Springer

assessment of accuracy of different fusion techniques has
been evaluated quantitatively in terms of spectral, spatial
and structural similarity metrics such as Root Mean
Square Error (RMSE), Peak Signal-to-Noise Ratio
(PSNR), Correlation Coefficient (CC), Universal Image

(a) HSI

(b) BT

(d) DWT
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Fig. 6 continued

Table 5 Comparison of pan-
sharpening techniques on the
basis of visual object detection

Table 6 Categorization of
evaluation metrics

(f) NSCT

(g) PWD
Dataset Fusion rule Fusion method CR OBR T OR VR WT ES
HSI BA E A G E A E
DS-1 BT P AA BA A BA A G
PCA A G G G G A E
AVG DWT-AVG A A A A A A A
SWT-AVG A A A G A A AA
NSCT-AVG AA A A G A AA G
PWD-AVG AA A A G A G G

DWT, SWT, NSCT and PWD based fusion techniques using Average Fusion Rule are represented by
DWT-AVG, SWT-AVG, NSCT-AVG, PWD-AVG, respectively

E excellent, G good, A average; BA below average, AA above average, P poor, DS dataset

Spectral quality metrics Spectral structural similarity quality metrics Spatial quality metric

RMSE, PSNR, CC UIQI SCC
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Table 7 The ideal and error

value of different quantitative S. no. Metric Ideal value Error value
indicators 1 Root mean square error (RMSE) 0 >0
2 Peak signal-to-noise ratio (PSNR) NA >1
3 Correlation coefficient (CC) 1 >—1 and <1
4 Universal Image Quality Index (UIQI) 1 >0 and <1
5 Spatial correlation coefficient (SCC) 1 >0 and <1

Table 8 Band-wise values of RMSE for different fusion techniques

Table 9 Band-wise values of PSNR for different fusion techniques

Dataset  Fusion method  Band-wise values B-AVG Dataset Fusion method Band-wise values B-AVG
B3 B4 B7 B3 B4 B7

DS HSI 46.675 57712 72309  58.899 DS HSI 21.2442 223687 15.1994 15.199
BT 65916 61.147 80.591 69.218 BT 15.5152  13.6539 12.6515 13.940
PCA 43871 54813 69.994 56.226 PCA 24.4891 23.6081 19.3301 22.475
DWT-AVG 34944  40.031 44.006 39.660 DWT-AVG 26.021 28.125 25.110  26.419
SWT-AVG 29.943 38560 41.326 36.610 SWT-AVG 29.523 29.726 26.121 28.457
NSCT-AVG 29.883  38.493 41.283  36.553 NSCT-AVG 31.364 30.825 26.435 29.542
PWD-AVG 29.129  37.452 39.643  35.408 PWD-AVG 31.604 31.079 26.797  29.826

Quality Index (UIQI) and Spatial Correlation Coefficient
(SCC) (Table 6).

The fused image which will best preserve the spectral,
spatial and structural similarity information of the original
low-resolution MS image is the one that has satisfied the
following conditions, i.e. for a good fusion of images
assessed, the following conditions must be satisfied
(Table 7).

Analysis Based on RMSE Generally, smaller RMSE
value represents a greater accuracy measure in terms of
spectral fidelity. The results of RMSE generated by dif-
ferent fusion techniques using AFR are tabulated in
Table 8.

With reference to Table 8, a low average value for
RMSE is observed for PWD-AVG (35.408) technique.
This is an indication of less spectral distortion. This is
followed by NSCT-AVG, SWT-AVG and DWT-AVG
fusion techniques. RMSE (>33) is large for almost all
bands derived from DWT-AVG technique indicating that
DWT-AVG technique has the lowest performance amongst
PWD-AVG, NSCT-AVG and SWT-AVG techniques. This
may be due to the sub-sampling process associated with the
DWT technique, leading to the introduction of artifacts in
the resulting fused image, which in turn produces spectral
distortion. Further, RMSE is large for almost all bands
derived from HSI and PCA techniques. This may be due to
the low correlation between the PAN image and the
Intensity component or the first principal component of the

@ Springer

original MS image, which in turn results in spectral dis-
tortion. Further, the fused image generated by BT tech-
nique gives the poor performance in terms of RMSE
(69.218), amongst all the fusion techniques.

Thus, it can ascertained that PWD-AVG technique
yields the highest performance in terms of preservation of
spectral information, when compared to NSCT-AVG,
SWT-AVG and DWT-AVG fusion techniques.

Analysis Based on PSNR Generally, higher values of
PSNR reflect less amount of image distortion. The analysis
of PSNR values for different fusion techniques using AFR
are tabulated in Table 9.

A high value for PSNR is observed for PWD-AVG
(29.82) technique (Table 9). This is an indication of less
image distortion of the fused image, followed by NSCT-
AVG, SWT-AVG and DWT-AVG techniques. The fused
images generated by DWT-AVG technique yields low
values of PSNR, when compared to other techniques. This
may be due to the sub-sampling process involved in DWT
technique, which causes artifacts such as, loss of linear
continuity in the resulting fused image. This is followed by
PCA and HSI techniques.

Further, the fused image generated by BT technique
gives the poor performance in terms of PSNR (13.940),
amongst all the fusion techniques.

Thus, it can be concluded that PWD-AVG technique
yields the highest performance in terms of spectral quality,
when compared to other fusion techniques.
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Table 10 Band-wise values of CC for different fusion techniques

Dataset  Fusion method  Band-wise values B-AVG
B3 B4 B7

DS HSI 0.8003 0.8132 0.8091  0.8075
BT 0.7428  0.7937 0.7652  0.7672
PCA 0.8333  0.8460 0.8037 0.8276
DWT-AVG 0.8711 0.8775 0.8433 0.8639
SWT-AVG 0.8939  0.9060 0.8470  0.8823
NSCT-AVG 0.9312 09432 0.8873  0.9205
PWD-AVG 0.9338 09448 0.8991  0.9259

Analysis Based on Correlation Coefficient (CC) Corre-
lation Coefficient is one of the most frequently used
evaluation parameter, since it has the capability to
quantify the spectral distortion that occurs during fusion
process. The correlation of the fused bands should be
close to that of the original multi-spectral image to
ensure the good spectral fidelity. If the correlation
coefficient of two images approaches one, it indicates
that the fused image and original image match perfectly.
High value of the correlation shows that the spectral
characteristic of the multispectral image has been pre-
served well. Ideally, the value of CC should be close to
1. Table 10 shows the Band-wise CC between original
re-sampled multi-spectral mage bands and their corre-
sponding fused bands.

Table 10 shows that the PWD-AVG (>0.890) fusion
technique create bands with a high CC and is also effective
in preserving the spectral information of the MS image. In
other word, PWD-AVG technique shows better results for
colour reproduction compared with the other techniques.
This is followed by NSCT-AVG and SWT-AVG tech-
niques. Further, the low values for CC is observed for
DWT-AVG fusion technique. This is due to the fact that
DWT being shift-variant technique produces artifacts in the
resulting fused image, which in turn results in spectral
distortion. For all selected bands, the CC of PCA, HSI and
BT image is lesser than <0.85. Thus, it can be ascertained
that PWD-AVG technique yields the highest performance
in terms of spectral quality indicating that the PWD-AVG
technique tends to preserves the spectral information of the
original MS image, when compared to other fusion
techniques.

From the Table 10, the fused images can be categorized
as per their correlation with the original MS bands, such as,
High, Medium and Low correlation (Rajput et al. 2014).
The categorization of the fusion techniques as per their
correlation values is shown in Table 11.

Table 11 Categorization of the fusion techniques as per band-wise
CC values

Dataset Range of CC Category Fusion technique
DS >0.92 High PWD-AVG, NSCT-AVG
>(.85 <0.92 Moderate SWT-AVG, DWT-AVG

>(.80 <0.85 Low HSI, PCA, BT

Table 12 Band-wise values of UIQI for different fusion techniques

Dataset  Fusion method  Band-wise values B-AVG
B3 B4 B7

DS HSI 0.7979 0.8180 0.7408  0.7855
BT 0.7319 0.7632  0.6297 0.7082
PCA 0.8131 0.8252 0.8019 0.8134
DWT-AVG 0.8698 0.8759 0.8506 0.8654
SWT-AVG 0.8938 0.9060 0.8519 0.8839
NSCT-AVG 0.9289 09418 0.8811 0.9172
PWD-AVG 0.9314 09433 0.8925 0.9224

Analysis Based on UIQI Ideally, the value of UIQI
should be equal to 1. Advantage of the UIQI over ERGAS
is that the UIQI also considers the correlations between the
fused and reference (MS) images. UIQI indexes for the
dataset are calculated using 32 x 32 image blocks, and
given in Table 12. The higher the value of UIQI, higher
will be the spectral fidelity of the fused image. Ideally, the
value should be equal to 1. A good fusion of images would
yield UIQI value close to 1.

The UIQI values obtained for DS dataset shows that
PWD-AVG and NSCT-AVG fusion techniques are the best
two techniques in terms of spectral quality, Among these
two techniques, PWD-AVG is the best technique, as indi-
cated by UIQI values (>0.9) (Table 12). This is followed
by SWT-AVG and DWT-AVG techniques. The lowest
performance of DWT-AVG technique using is due to the
sub-sampling process involved in DWT, which causes
distortion in the resulting fused image.

Further, the fused image generated by PCA and HSI
techniques yields low results in terms of UIQI values for all
bands. This may be due to the low correlation between the
PAN image and the Intensity component or the first prin-
cipal component of the original MS image, leading to the
loss of spectral fidelity. Amongst all the fusion techniques,
the fused image generated by BT fusion technique yields
low results in terms of UIQI values for all bands. Thus, it
can be concluded that PWD-AVG technique is best in
preserving the spectral and structural information of the
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original MS image, closely followed by NSCT-AVG
technique.

Spatial Quality Assessment In order to assess the
spatial quality of the fused image quantitatively, proce-
dure proposed by (Zhou et al. 1998) has been adopted.
This approach is used to measure the amount of edge
information from the PAN image is transferred into the
fused images. The high spatial resolution information
missing in the MS image is present in the high frequen-
cies of the PAN image. The pan-sharpening process insert
the higher frequencies from the PAN image into the MS
image. Therefore, the CC between the high pass filtered
PAN and the fused images would indicate how much
spatial information from the PAN image has been incor-
porated into the MS image. A higher correlation between
the two high pass filtered images implies that the spatial
information has been retained faithfully. This CC is called
the Spatial Correlation Coefficient (SCC). In order to
extract the spatial detail of the images to be compared,
following Laplacian filter has been used, is represented by
‘Eq. 6°.

-1 -1 -1
Mask=| -1 8 -1 (6)
-1 -1 -1

From Table 13, it is found that HSI based fusion tech-
nique effectively incorporates the spatial detail information
of features present in the PAN image which is missing in
the MS image, when compared to selected fusion tech-
niques. This is closely followed by BT and PCA tech-
niques. Amongst the NSCT-AVG, PWD-AVG, SWT-AVG
and DWT-AVG techniques, it is found that NSCT-AVG
and PWD-AVG fusion techniques represent image edges
better than the SWT-AVG and DWT-AVG techniques, by
taking the advantage of the multi-direction concept i.e. it
produces spatially enhanced images with sharper geometric
representation of feature edges in the fused images.

Table 13 Band-wise values of SCC for different fusion techniques

Further, the SWT-AVG and DWT-AVG techniques com-
paratively produces low values of SCC, when compared to
other techniques. This may be due to the limited directional
selectivity possess by the SWT and DWT fusion tech-
niques, which in turn produces artifacts that deteriorate the
geometry of the features in the fused image. Another factor
affecting the performance of DWT technique is due to the
absence of shift-invariant property in DWT technique,
which in turn causes artifacts such as, loss of linear con-
tinuity in the resulting fused image.

Thus, it can be ascertained that HSI technique effec-
tively incorporates the spatial detail information of features
present in the PAN image which is missing in the MS
image, when compared to selected fusion techniques.

Analysis Based on Computational Time Computational
time also plays an important role while evaluating the
performance of pan-sharpening techniques, and this prop-
erty can be more important when real-time processing is
considered. As far as computational time is concerned, it is
a function of fusion algorithm, image dimensions, com-
plexity of the image, software used, number of bands and
hardware specifications. Further, all fusion processes are
executed in the 64 bit operating system, using i5 processor
2.50 GHz operating frequency, along with 6 GB RAM.
The results of different fusion techniques in terms of
computation time is given in Table 14.

From Table 14, it has been observed that HSI fusion
technique took less time i.e. it is the fastest process,
amongst all the fusion techniques, when implemented in
Matlab. This is followed by DWT-AVG and SWT-AVG
fusion techniques. The average time to run PWD-AVG
technique is 1.213 s, followed by BT and PCA techniques.
Further, the computational time is more for NSCT-AVG
fusion technique, when compared to selected techniques.

Thus, it can be concluded that the HSI fusion technique
yields the highest performance in terms of computational
time amongst all the fusion techniques.

Dataset ~ Fusion method  Band-wise values B-AVG Table 14 Computation time involved for different fusion techniques
B3 B4 B7 Dataset Fusion method Computation time (in s)
DS IHS 0.979 0.984 0.963 0.976 DS (512 x 512) HSI 0.129
BT 09491  0.9655 0.9774 0.964 BT 3.213
PCA 0.979 0.980 0.928 0.963 PCA 3.787
DWT-AVG 0.901 0912 0.886 0.899 DWT-AVG 0.707
SWT-AVG 0.928 0.932 0.924 0.928 SWT-AVG 1.024
NSCT-AVG 0.957 0.957 0.952 0.956 NSCT-AVG 87.321
PWD-AVG 0.938 0.945 0.936 0.940 PWD-AVG 1.213
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Conclusion

In this study, a comparative assessment of different pan-
sharpening techniques using World View-2 data has been
carried out in terms of computational time, subjective and
objective parameters.

The results show that the PWD-AVG technique
emerged as one of the most effective fusion technique by
minimizing the trade-off between spatial and spectral
fidelity, along with a balanced computational time i.e.
preservation of edge (spatial details) and colour details are
achievable at the cost of slight increment in the computa-
tional time, when compared to selected techniques. Further,
PWD-AVG technique, allows the analyst to combine high
spatial resolution panchromatic data with lower spatial
resolution MS data, resulting in a fused image having good
spectral and spatial properties. This is essential for the
identification of objects in urban land-cover, such as,
buildings, independent trees, and roads.

Eventually, it can be concluded from this study that
analysis of non-stationary image can be analyzed effec-
tively by using PWD technique, a spatial-frequency
domain based technique, in comparison to multi-scale
decomposition techniques (NSCT, SWT, DWT), statistical
techniques (PCA, BT) and color technique (HSI).

The outcome of this study could therefore be used to
rationalize the selection of pan-sharpening techniques
across scenes and sensors.
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