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Abstract Many pan-sharpening methods have been proposed
to fuse the high spectral and low spatial resolution of multispec-
tral (MS) image with the high spatial resolution of panchromatic
(PAN) image to produce a multispectral image with improved
spatial resolution. In this study, the effectiveness of pan-
sharpening methods such as principal component analysis
(PCA), brovey transform (BT), modified intensity hue saturation
(M-IHS), multiplicative, wavelet-intensity-hue-saturation (W-
IHS), wavelet principal component analysis (W-PCA),
hyperspectral colour space (HCS), high-pass filter (HPF),
gram-schmidt (GS), subtractive resolution merge (SRM), Fuze
Go and Ehlers was assessed and compared by fusing the PAN
and MS imagery of Quickbird-2. The qualities of the pan-
sharpening methods were evaluated by both visual and quantita-
tive analyses with respect to spatial and spectral fidelity. In quan-
titative analysis, the spectral indices such as spectral angle map-
per (SAM), relative dimensionless global error in synthesis
(ERGAS), structural similarity index method (SSIM), relative
average spectral error (RASE), correlation coefficient (CC) and
universal image quality index (Q) were used. The spatial indices
such as spatial correlation coefficient (SCC), gradient and image
entropy (£) were used. The result of both analyses revealed that
the Ehlers and Fuze Go methods performed better than the other
methods. The Ehlers method was superior by retaining the colour
information, and Fuze Go best enhanced the spatial details in the
fused image.
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Introduction

In remote sensing systems, the earth-observing satellites such
as Quickbird, Worldview, Ikonos, Landsat and IRS series pro-
vide satellite image with increased number of spectral bands,
and also, spatial resolution of the image is enhanced signifi-
cantly. This satellite captures the images of earth with pan-
chromatic (PAN) and multispectral (MS) sensors. The PAN
sensors offer image with high spatial resolution. On the other
hand, the MS sensors offer image with high spectral resolution
but low spatial resolution when compared to the PAN image
(Zhang and Mishra 2013). Generally, PAN image covers
wider spectral wavelength whereas MS image covers the min-
ute range of wavelength. Thus, there is a trade-off between the
sensors in the form of spatial resolution, spectral resolution
and swath width, etc., which are caused due to technical and
budget limitations (Yun Zhang 2004a, b). PAN image with
high spatial resolution is good for urban studies and feature
extraction whereas the M'S image with high spectral resolution
is good for land use land cover (LULC) studies Ranchin and
Wald (2000).

For many remote sensing applications, the satellite image
with high spatial and the high spectral information is often
required. It means that high spatial resolution and the spec-
trum information must be precisely offered by a single image.
Till date, remote sensing sensor cannot offer a single image
with both high spatial and high spectral resolutions. Therefore,
to meet this goal, various pan-sharpening or image fusion
methods have been proposed to improve the spatial resolution
of MS image including principal component analysis (PCA)
(Chavez and Kwarteng 1989), brovey transform (BT) (Hallada
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and Cox 1983), modified intensity hue saturation (M-IHS)
(Siddiqui 2003), hyperspectral colour space (HCS) (Padwick
et al. 2010), high-pass filter (HPF) (Chavez et al. 1991), gram-
schmidt (GS) (Laben and Brower 2000), multiplicative (Crippen
1989), Ehlers (Ehlers et al. 1984) and subtractive resolution
merge (SRM) (Ashraf et al. 2012). Some hybrid pan-
sharpening methods such as wavelet principal component anal-
ysis (W-PCA) and wavelet-intensity-hue-saturation (W-IHS) are
also used widely nowadays. These hybrid methods work on the
principle of wavelet decomposition (Ranchin and Wald 1993;
King and Wang 2001). More details of these hybrid methods
can be found in Gonzalez-Audicana et al. (2005).

Image fusion is the process of transferring the spatial resolution
of PAN image to MS image to obtain a single (fused) image with
both high spatial and spectral resolutions (Zhang 2010). During the
process of image fusion, the two most key quality aspects of fused
images are the enhancement of spatial resolution and preservation
of spectral information. In other words, the effectiveness of image
fusion algorithm should not distort the spectral information of an
MS image while enhancing the spatial resolution.

In order to evaluate the performance of the pan-sharpening
methods, researchers have proposed visual and quantitative
analyses. The visual analysis evaluates the quality of fused
image by visual interpretation (Fonseca et al. 2011), while
the quantitative analysis is adopted by two approaches namely
with reference image and without reference image. When the
reference image is available, the following quality metrics
such as root-mean-square error (RMSE) (Zoran 2009), spec-
tral angular mapper (SAM) (Alparone et al. 2007), relative
dimensionless global error in synthesis (ERGAS) (Du et al.
2007), mean bias (MB) (Yusuf et al. 2013), percentage fit error
(PFE) (Naidu 2010), signal-to-noise ratio (SNR) (Alimuddin
et al. 2012), peak signal-to-noise ratio (PSNR) (Naidu 2010;

Table 1

Harish Kumar and Singh 2010), correlation coefficient (CC)
(Vander Meer 2006), universal quality index (UQI) (Alparone
et al. 2008), relative average spectral error (RASE) (Wald
2000), structural similarity index measure (SSIM) (Wang
et al. 2004), spatial correlation coefficient (SCC) (Zhou et al.
1998; Choi 2006), gradient (Wu et al. 2015) and image entro-
py (E) (Du et al. 2007) are used. When the reference image is
not available, the quality of the fused image is evaluated by
using the following quality metrics such as standard deviation
(o) (Wang and Chang 2011), spatial frequency (SF) (Yang
et al. 2010) and quality with no reference image (Alparone
et al. 2008). More details of quantitative analysis can be found
in Shahdoosti and Ghassemian (2015), Vivone et al. (2014),
Aiazzi et al. (2011) and Jagalingam and Hegde (2015).

Recently, many studies have evaluated and compared the
efficiency of different pan-sharpening methods by using qual-
ity metrics. Table 1 summarizes some comparative study of
pan-sharpening methods in very high-resolution image using
a variety of quality metrics. It is evident that most of the pan-
sharpening methods generate spatial and spectral distortions
in the fused image. Therefore, the selection of best pan-
sharpening methods for improving the spatial resolution and
for retaining the spectral information of MS image is challeng-
ing. As the availability of new satellite images has improved,
there is a need to reevaluate the existing pan-sharpening
methods. In the present study, the Fuse Go method is adopted
to fuse the PAN and MS imagery of Quickbird-2 and the
effectiveness of this method is compared with the well-
known pan-sharpening methods. All of these methods are
evaluated and compared by using visual analysis and spatial
and spectral metrics.

The main objective of this study is to evaluate the quality of
fused image. In particular, it assesses the spectral and spatial

Detailed survey of various comparison studies of pan-sharpening methods

Pan-sharpening methods Satellite image

Quality metrics used References

PCA, AIHS, TAIHS, proposed
GFIHS
HCS and Enhanced HCS

Ikonos Quickbird

World view-2 Quickbird

BT, GS, PCA, IHS Ikonos Quickbird
Brovey, IHS, eFIHS, PCA, Mallat, GeoEye, Worldview, Quickbird,
Atrous, Atrous-IHS, Atrous-PCA Ikonos
BT, multiplicative, ModIHS, HCS, Worldview-2
PCA, GS, HPF, PANSHARP,
PANSHARP-2, wavelet-PCA,
wavelet-IHS, Ehlers
GS, PCA, GIHS, WT, HPF ALOS Quickbird

GS, HPF, M-IHS, W-PCA and
FFT-enhanced IHS (FFT-E)

GS, Ehlers, ModIHS, HPF,
wavelet-PCA

GeoEye-1 Quickbird

Quickbird Worldview-2

CC, ERGAS, Q, RASE, RMSE,
SAM, SID, SC

Visual, UIQI, ERGAS, SSIM, SCC,
entropy, gradient

CC, RMSE and SSIM

Zhou, ERGAS, CC, Spectral
ERGAS, Q

RMSE, MSE, PSNR, CC, NQM,
IFC, MSSIM, UIQI

Jameel et al. (2016)
Wu et al. (2015)

Sarp (2014)
Marcello et al. (2013)

Ghosh and Joshi (2013)

Du et al. (2013)
Yusuf et al. (2013)

change detection analysis

visual inspection, histogram
analysis, correlation analysis

MSE, RMSE, MAE, EME, SNR,
PSNR, UIQI, SVM-based classi-
fication

Alimuddin et al. (2012)
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distortion of fused image produced by various pan-sharpening
methods using visual and quantitative analyses. In this study,
the pan-sharpening methods such as Ehlers, SRM, Fuze Go,
HPF, GS, HCS, W-PCA, W-IHS, PCA, M-IHS, BT and mul-
tiplicative are selected for evaluation due to easy access to
commercial software. The selection of quantitative analysis
represents the image characteristics such as spectral, spatial
and structural information content. Finally, the study recom-
mends the best pan-sharpening methods for preserving the
spectral content and for enhancing the spatial resolution.

Data used

A high-resolution imaging satellite named Quickbird-2 was
launched on October 18, 2001. Quickbird-2 acquires five
bands covering panchromatic, blue, green, red and near-
infrared (NIR). The spectral response of Quickbird-2 imagery
is shown in Fig. 1. The specifications of Quickbird-2 imagery
are shown in Table 2. The satellite senor captures the PAN
image with a high spatial resolution of 0.60 m and MS image
with high spectral resolution but a low spatial resolution of
2.4 m. The data location is the opera house in Sydney,
Australia (33° 51’ 25" S 151° 12' 55" E), provided by
DigitalGlobe. The wavelength range of four bands such as
blue, green, red and NIR matches with the PAN band; thus,
all four bands are layer stacked to obtain the MS image. The
imagery of Quickbird-2 covers the features such as commer-
cial buildings, urban area, road, vehicles, water, roof, tree,
grass and shadows. In the MS image, the shape of the vehicles
and building roofs are not easily identifiable; on the other
hand, these are easily recognizable in the PAN image.
Therefore, enhancing the spatial resolution of MS image of

Quickbird-2 will help in increasing the accuracy of classifica-
tion mapping and extraction of features.

Methodology

The overall methodology adopted in the paper for examining
the spatial and spectral quality of fused image is as follows:
step 1: pre-processing—co-registration of PAN and MS im-
age; step 2: selection of band, the wavelength range of MS
band should match the wavelength range of PAN band,; step 3:
up-sampling, the spatial resolution of MS image to the PAN
image; step 4: pan-sharpening methods such as PCA, M-IHS,
BT, W-PCA, W-IHS, HPF, GS, HCS, multiplicative, Ehlers,
SRM and Fuze Go are processed to obtain the fused image;
step 5: quality of fused image is evaluated using qualitative
and quantitative analysis; and step 6: the selection of best
fused image. The detailed explanations of each step are given
in the following:

Pre-processing

The accurate co-registration of PAN and MS images for a pan-
sharpening method is very important. However, in the present
study, both PAN and MS images of Quickbird-2 are acquired
by the same sensor at the same time. Thus, the images are
processed directly without co-registration (Padwick et al.
2010).

Band selection

In general, the wavelength range of PAN image and MS image
should be the same. The spectral range of blue, green, red and

Fig. 1 Spectral response of the
Quickbird-2 sensor system
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Table 2 Specifications of

Quickbird-2 imagery Satellite/sensor name Bands Resolution Spectral range
(in m) (in nm)
Quickbird-2/EarlyBird Panchromatic (EBP) PAN 0.61 405-1053
Quickbird-2 EarlyBird Multispectral (EBM) Blue 24 430-545
Green 24 466620
Red 24 590-710
NIR 24 715-918

NIR matches the wavelength range of PAN. Hence, all these
bands are selected for fusing with the PAN image.

Resampling

The up-sampling of the original MS image to the spatial resolution
of the PAN image is an important prerequisite for performing
many pan-sharpening techniques. The most common resampling
methods are nearest neighbour, bilinear interpolation and cubic
convolution. The best suitable resampling methods for pan-
sharpening technique were selected on the basis of the present
literature, as well as recommendation in the software manuals.

Pan-sharpening methods
Principal component analysis

The principal component analysis method translates the orig-
inal MS image into a new set of uncorrelated images called
principal components. The first principal component (PC1) is
a good indicator of PAN image (spatial information) and
PC2,..., PCn collects the spectral data of MS image.
Therefore, PC1 is replaced by the PAN, and finally, the inverse
transformation is applied to obtain a fused image.

Brovey transform

The Brovey transform is a simple image fusion method that
injects the overall brightness of the PAN image into each pixel
of the MS image according to an algebraic expression. The
general mathematical formula of BT based fusion is

—_—
~—

DN (i) gy0g = {DN(;') / 3 DN(i)] x DNpax (

Multiplicative

The multiplicative method works by processing a simple mul-
tiplicative algorithm. The following equation is used to merge
two rasters PAN and MS images.

(DNpan) X (DNwms) = DN pewmis (2)

@ Springer

This method is simple and is one of the quickest methods
for fusing two different datasets.

Modified intensity hue saturation and hyperspectral colour
space

Modified intensity hue saturation and hyperspectral colour
space use the concept of replacing the intensity component
with the PAN band. To derive the intensity component, the
original spectral bands of the MS image are transferred to
colour space. The IHS method has a limitation of merging
only three bands whereas M-IHS and HCS merge more than
three bands. The M-IHS method first estimates the overlap of
the wavelength range between each MS band and PAN band.
The method improves the quality of the fused image when the
wavelength ranges of both PAN and MS images are over-
lapped. The HCS method replaces the intensity component
of the MS image in the hyperspherical colour space with the
intensity-matched form of the PAN band.

Wavelet-intensity-hue-saturation and wavelet principal
component analysis

Wavelet-intensity-hue-saturation and wavelet principal com-
ponent analysis are hybrid methods that work on the principle
of the wavelet decomposition of the image. The IHS or PCA
transformation is performed prior to wavelet analysis. The
working process of W-IHS and W-PCA is schematically rep-
resented in Fig. 2.

High-pass filter

The high-pass filter method computes the ratio ‘R’ between
the spatial size of the PAN and MS images. A small high-pass
filter is placed on the PAN image, and the pixel size of the MS
image is resampled to that of the high-pass PAN image. The
filtered high-pass PAN image is added to the resampled MS
image to obtain a merged image with both high spatial and
rich spectral information.
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Gram-Schmidt

The basic concept of the GS method is to simulate a high-
resolution PAN band from the low spatial MS bands with
appropriate weights. GS transformation is executed by using
the simulated PAN band as the first band. Later, the first band
of the GS transformation is replaced with the high resolution
of PAN image; the inverse GS transformation is applied to
generate a pan-sharpened MS image.

Ehlers

The Ehlers fusion involves an FFT-enhanced IHS transforma-
tion of the original MS image. The method is iteratively exe-
cuted with a combination of all bands (Ehlers et al. 1984). The
extensive details of this method can be found in Klonus and
Ehlers (2007). The working process of Ehlers is schematically
represented in Fig. 3.

Subtractive resolution merge

The SRM method generates a low-resolution panchromatic
synthetic (LRPISYN) image from the weighted sum of the
LRMI bands. This LRPISYN is then up-sampled to a high-
resolution panchromatic synthetic (HRPISYN) image and
then subtracted from HRPI (which is not synthetic), which
provides the edge details. The SRM also uses a mix of HPF
and LPF to control spatial details. Spectral detail is maintained
through the use of a normalization function and panchromatic
contribution weights.

T
1
|
I
1
I

Transformed image space

Fuze Go

The Fuze Go method achieves a pan-sharped MS image by
implementing the following process: The MS bands having a
spectral range equal to that of the PAN band are selected.
Standard deviation, mean and covariance are calculated for both
the selected MS band and the PAN band. Then, histogram stan-
dardization is implemented on both bands. By implementing the
mean and standard deviation, all of the selected sets of MS and
PAN bands are standardized. The coefficient values are computed
by applying the selected MS and PAN bands. Band weights cal-
culated from the covariance matrix are applied for simulating a
synthetic PAN band. Subsequently, a synthetic PAN band is cre-
ated by applying the selected MS bands and set weights. The
product-synthetic ratio is determined by applying the standardized
PAN band, standardized MS bands and synthetic PAN image to
obtain the fused image. Further details can be found in (Zhang
(2004a, b). A flowchart for the Fuze Go method is shown in Fig. 4.

All of the pan-sharpening methods such as PCA, M-IHS,
HCS, BT, multiplicative, W-IHS, W-PCA, HPF, Ehlers and
SRM are processed using ERDAS imagine 2014. The GS
method was processed using ENVI 5.1. The Fuze Go method
was performed using the Fuze Go tool (http:/www.fuze go.
com). The processing of each pan-sharpening method was
done based on the suggestions in the software manuals and
also on the basis of the existing literature.

Quality assessment of pan-sharpened images

Assessing the quality of fused image is very important in remote
sensing applications. The main theme of a pan-sharpening
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Fig. 3 General flowchart for the Ehlers method

method are to preserve the relevant information that pre-
sents in the input images and to reduce the spatial and
spectral distortion of fused image. Hence, the performance
of different pan-sharpening methods is evaluated using
visual and quantitative analyses.

Visual analysis

Visual analysis is a well-known qualitative analysis. In this
analysis, the viewer compares the fused image with original
MS and PAN images by considering the visual quality pa-
rameters such as spatial details, spectral characteristic and

size of objects. In particular, we compared the fused image
visually with original MS and PAN images to find out
which fused image has higher spatial and spectral
distortion.

Quantitative analysis

Quantitative analysis is based on the mathematical model,
and it is also known as an objective analysis. It compares
the spectral and spatial quality of fused image with a ref-
erence image and without the reference image. In this
study, spectral indices such as SAM, CC, SSIM, RASE,

Fig. 4 General flowchart for the Standardized MS
Fuze Go method >| bands
Band selection
Product
Histogram $tandardization PAN synthesizing Synthetic
PAN and v .| New synthetic Ratio Fused
allMs PAN-overlapped PAN "| image
bands MS bands
Band weighs
Regression
Least squares
Standardized
PAN band
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ERGAS and Q are used to assess the spectral quality of
fused image in comparison with the reference MS image.
In order to process these indices, reference MS image with
the same size as that of PAN image is required. In reality,
obtaining a reference image with this requirement is chal-
lenging. Nevertheless, a reference image can be obtained
by resampling of the original MS image to the size of the
PAN image (Gangkofner et al. 2008). The spatial indices
such as SCC, gradient and E are used to evaluate the
spatial quality of fused image with original PAN as a ref-
erence image.

Quantitative indices for assessing spectral distortion
Spectral angle mapper

Spectral angle mapper indicates the value of a spectral
angle between two vectors produced from each pixel of
reference and fused images. To obtain a value of SAM
between the fused and the reference images, each consists
L and B bands and two spectral vectors v and w are con-
structed and both having L components. The ideal value
zero indicates the best spectral quality of the fused image.
The following equation is used to compute the value of
SAM:

L

_ E L ViWi
cos 1 i=1
L L
Vv 2
N W=
\/Z,-_1 z\/Z,-_l i

where v={v,v,, ..... , v} with vy = B(k)(i,j) correspond-
ing to pixel (i,/). In the k" original band, w= {w,,
Wy, ....,wr} with wy=Fused B(k)(i,j) corresponding to

pixel (i,j) in the k"fused band

Correlation coefficient

Correlation coefficient represents the similarity of the spectral
features between the reference and fused images. The ideal
value one is the best spectral performance of the fused image.
The general mathematical form of CC is

Ty (4)
0x0y

Relative dimensionless global error in synthesis and relative
average spectral error

Relative dimensionless global error in synthesis and rela-
tive average spectral error compute the quality of fused

image in terms of normalized average error of each band
of processed image. The increase in the value of ERGAS
and RASE indicates distortion in the fused image. The
ideal value is zero. It is calculated using the following
formula:

N 2

1 «— RMSE(B

100 | Ly~ RMSE(B) (5)
! N k=1 )_Ck

N
1 1
100 11 RMSE(B; ) (6)
X k=1

Universal image quality index (Q)
Universal image quality index represents contrast and brightness
distortions and correlation difference between the fused and ref-

erence images. The ideal value 1 is the best spectral performance
of the fused image. The mathematical form of Q is

4o,xy

2 2
(aﬁ—l—aﬁ){)_c +y}

Note that for CC to Q, x is the reference image, y is the

(7)

fused image, ois the standard deviation, and % represents
the high to low spatial resolution ratio. Nis the number of
spectral bands, B,is the spectral band & and X is the mean
value of band (B)of the original image, and X and y are
the means of xandy, respectively.

Structural similarity index method

The structural similarity index method compares the local pat-
terns of pixel intensities between the reference and fused im-
ages. The value 1 denotes the best fused image. The mathe-
matical form of SSIM is

(2p 117, + C1) or,01, + C2)
(21 + 2l e 4 Cy) (0% + 0?1 ¢ + Cr)

(8)

where 1, is the mean value of the reference image, y; . is the
mean value of the fused images, and o;, and o/, are standard
deviations of reference and fused images, respectively, while
C, and C, are constants.
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Quantitative indices for assessing spatial distortion
Gradient
The larger value of G denotes high gradation of the image and

high spatial detail. The value of G is computed using the
following formula:

n

Axf( Ayf(i, j)*
G= =D (1) _11_1\/[le + Ayf(i, j)

©)

where Axf(i, j) and Ayf{(i, ) are the first-order differences of
pixel (i, j)along x and y directions.

Spatial correlation coefficient

Spatial correlation coefficient represents the similarity of the
spatial features between the PAN and fused images. The value
of SCC differs from —1 to 1. The higher value of SCC repre-
sents the best fused image with high spatial detail. The math-
ematical form of SCC is expressed as

ZZ (Fipr) G #G) (10)
VY Frunry. Grne?

where G is the fused image and Fis the pan image, jizis the
mean of the pan image, and psis the mean of the fused image.

SCC(F,G)

Image entropy (E)

Image entropy measures the information content of the fused
image. The higher value of £ denotes the fused image with
more spatial information. The equation of E is expressed as

N-1

E ==Y P(i)ln[P(i)] (11)

i=0

where P(i) indicates the pixel occurrence frequency of
greyscale value 7 in the image and N is the greyscale level of
the pixel.

Results and discussions

The true MS, PAN and resampled MS images of Quickbird-2
are shown in Fig. 5a—c. The fused images of Quickbird-2
generated by 12 pan-sharpening methods are shown in
Figs. 6a—f and Fig. 7a—f. The image size of Quickbird-2 is
16.5 km x 16.5 km. Since the size of an image is large, it
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was not promising to compare every individual feature visu-
ally; therefore, subset images are presented to highlight the
effect of different pan-sharpening methods.

Visual analysis

To conduct a concrete estimation and to compare the spatial
and spectral quality of fused images, all of the fused and orig-
inal PAN and MS images of Quickbird-2 are exhibited at the
same zoom level. The MS and fused images of Quickbird-2
are presented in the RGB colour approach, as bands 4, 3 and 2
are assigned to each corresponding colour.

The fused image of PCA (Fig. 6a) exhibits improvement in
the spatial resolution, while the spectral information was un-
changed. The BT-fused image (Fig. 6b) enhancement of spa-
tial information was noted but not as identical to the original
PAN image, and minor colour variation (spectral distortion)
was also observed. The BT method generates the fused image
by increasing the colour intensity, which is not identical to the
original MS image. The fused image of M-IHS (Fig. 6¢c) in-
creases the spatial resolution, which is equal to the PAN im-
age, but minor spectral variation was observed. The multipli-
cative fused image (Fig. 6d) exhibits high spatial and spectral
distortion, which is not equal to the original MS and PAN
images. The red colour of vegetation in the original MS image
has changed to rose colour; therefore, it was visualized that the
method produced fused image with high colour variation and
exposed less spatial improvement; thus, the multiplicative
method delivered an unacceptable fused image.

The fused image of W-IHS (Fig. 6e) improved the spatial
resolution, but minor spectral distortion was observed when
compared to the original MS image. The fused image of W-
PCA (Fig. 6f) exhibits improvement in the spatial resolution,
and minor colour distortion was identified. It can be noted that
fused images from W-IHS and W-PCA are identical to each
other. The HCS-fused image (Fig. 7a) retains the spectral in-
formation of the original MS image, but minor spatial distor-
tion was identified. The fused image of HPF (Fig. 7b) incre-
ment in the spatial detail was noticed, and minor colour vari-
ation appears in the fused image compared to the original MS
image. The fused image of GS (Fig. 7c) improvement in the
spatial detail was noted, but edges of the building are less
sharpened and also changes in the spectral information were
notable. The red colour of vegetation in the original MS image
has changed to a dark colour; hence, changes in the spectral
information were visualized.

The fused image of SRM (Fig. 7d) improved the spatial
information and also colour information was retained, which
is nearly equal to the original MS and PAN images. The fused
image of Fuse Go (Fig. 7e) retains the spectral information of
the original MS image; correspondingly, spatial detail is iden-
tical to the original PAN image. The fused images of Ehlers
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Fig. 5 Quickbird-2 original MS
(a), PAN (b) and resampled MS
(©

(Fig. 7f) edges are not sharpened enough, and colour informa-
tion is nearly identical to the original MS image.

In general, all the pan-sharpening methods improved the
spatial resolution of fused image. By comparing the fused
image of PCA, M-IHS, multiplicative and BT, the multiplica-
tive method generates the fused image with high spatial and
spectral distortion. The M-IHS and BT produced fused image
with minor colour variation. The M-IHS best improved the
spatial details than the BT image. The PCA method performed
better than the M-IHS, multiplicative and BT by better pre-
serving the spectral information and also improved the spatial
detail, which closely matched the original PAN and MS im-
ages. In comparison, with the fused image of W-IHS, W-PCA
and HCS, the minor spectral distortion was noted in both W-
IHS- and W-PCA-fused images. The HCS method best pre-
served the spectral information of the original MS image com-
pared to the fused image of W-IHS and W-PCA. However, the
spatial information was better improved in the W-IHS and W-
PCA when compared to the HCS method.

The fused images generated by the HPF and GS methods
were compared together, the method HPF improved the spa-
tial details, but the GS method lacks sharpening the spatial
information in the fused image. The GS and HPF methods

1 lf, ..m"r- S ||

Fig. 6 Fused image of PCA (a), BT (b), M-IHS (c¢), multiplicative (d), W-IHS (e) and W-PCA (f)

generated colour variation. However, the HPF best retained
the spectral information in the fused image than the GS meth-
od. In comparing the fused images of Ehlers, Fuse Go and
SRM, the fused image of Ehlers was noticed with minor spa-
tial distortion. The fused image of SRM enhanced the spatial
information but not as equal to that of the Fuse Go method.
However, better improvement of spatial detail was observed in
the Fuse Go method over the Ehlers and SRM. The methods
Ehlers, SRM and Fuse Go retained the spectral information,
which is nearly identical to each other; however, the Ehlers
method best retained the spectral information in the fused
image.

From the visual analysis, it was found that all the pan-
sharpening methods improved the spatial detail, but the mul-
tiplicative method generated the fused image with high spatial
and spectral distortion. The spectral information was best
retained by the Ehlers, Fuse Go, SRM and PCA methods.
The better improvement in the spatial detail was observed by
the Fuse Go, HPF and SRM methods. Overall, the Fuse Go
method performed best by improving the spatial information
in the fused image followed by the HPF and SRM methods.
The spectral information was best retained in the fused image
of Ehlers followed by the Fuse Go and HCS methods.
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Fig. 7 Fused image of HCS (a), HPF (b), GS (¢), SRM (d), Fuse Go (e) and Ehlers (f)

Quantitative analysis

To validate the results of the qualitative analysis, the afore-
mentioned nine statistical indices were performed to assess the
quality of Quickbird-2 fused images. These indices require the
following conditions to be satisfied for selecting the best fused
image with high spatial details and spectral information: (i)
SCC, CC, Q and SSIM should be close to one; (iii) SAM,
ERGAS and RASE should be close to zero; and (iv) gradient
and E should have a higher value. The results obtained from
the nine statistical indices are shown in Tables 3 and 4 in
which the best fused images for each statistical index are la-
belled in italics.

Table 3 represents the results of six spectral indices; the
results of SAM indicate that the value of the Ehlers method
is closest to the original values of SAM followed by the Fuse
Go and W-PCA methods; therefore, the Ehlers method
retained the maximum spectral information in the fused image
similar to the original image. The CC value indicates that the

Fuze Go method generated a pan-sharpened image with the
highest spectral information followed by Ehlers and HPF
methods.

The results of the SSIM index show that the value obtained
by the Ehlers method was very close to the original value of
SSIM; thus, this method is superior followed by Fuze Go and
HPF. The statistical value obtained by the RASE index indi-
cates that the index value of the Ehlers method is superior,
followed by the HCS and Fuze Go methods. The statistical
results of the ERGAS index show that the value of the HCS
method was identical to the original value of ERGAS follow-
ed by the Ehlers and Fuze Go methods. The Q index indicates
that the value of the SRM method was very close to the orig-
inal value of Q followed by the Ehlers and Fuze Go methods.

Table 4 represents the results of three spatial quality indi-
ces; the results of the SCC index show that the value obtained
by the Fuze Go method was very close to the original value of
SCC; thus, this method is superior followed by HPF and
SRM. The highest value of gradient was obtained by the

Table 3  Spectral performance comparison of different pan-sharpening methods

Fusion methods PCA BT M-IHS  Multiplicative =~ W-IHS ~ W-PCA  HCS HPF GS SRM Fuse Go  Ehlers
Spectral indices

SAM 5.6934  6.7291  5.8652 7.2374 42459 41984 52987 49415 4.5645 44564 34279 3.1374
CcC 0.5876  0.6216  0.6680 0.4619 0.6874 0.6453  0.6106 0.7260 0.6829 0.7124  0.8359 0.8126
SSIM 0.6126 0.5126  0.5821 0.1825 0.6248  0.6531  0.5525 0.8354 0.6939 0.7156 0.8975 0.9124
RASE 63181 7.4788 8.2015 14.0123 7.1438 69374  6.0376 7.7102 7.7238 69814 6.1277 5.5004
ERGAS 57194 52851 6.3439 12.0914 49972 41247  1.4916 39537 4.0728 4.8435 3.5494 2.4517
Q 0.5825 0.5294 0.5939 0.2167 0.6689 0.6907  0.6868 0.6746 0.6973 0.8940 0.7915 0.8124

Best fused images for each statistical index are labelled in italics
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Table 4  Spatial performance comparison of different pan-sharpening methods

Fusion methods PCA BT M-IHS  Multiplicative = W-IHS ~ W-PCA  HCS HPF GS SRM Fuse Go  Ehlers
Spatial indices

SCC 0.6591 0.6076 0.7483  0.5367 0.7241  0.7129  0.7029 0.8895 0.7353 0.8123  0.9113 0.7131
Gradient 3.5317 38177 3.9222  1.0489 41741 4.0269 39271 50191 3.8807 4.7647 5.5737 3.8124
E 57177 55449 53031 1.2348 6.0189 65949 49769 6.8436 5.8037 7.5436 7.1288 5.4389

Best fused images for each statistical index are labelled in italics

Fuze Go method followed by the HPF and SRM methods;
therefore, the Fuze Go method generated the fused image with
high spatial information. The results of the £ index indicate
that the highest value was obtained by SRM followed by the
Fuze Go and HPF methods.

Overall, to obtain detailed information in spectral domain,
the majority of spectral indices indicate that the Ehlers method
is best for retaining the spectral information. Similarly, in the
spatial domain, the Fuse Go method was found to be best for
enhancing the spatial detail.

Conclusions

In this study, the effectiveness of the Fuse Go method is ex-
amined with the well-known pan-sharpening methods such as
PCA, M-IHS, BT, W-PCA, W-IHS, HPF, GS, HCS, multipli-
cative, Ehlers and SRM by fusing the PAN and MS imagery of
Quickbird-2 imagery. All of the fused images were assessed
and compared by both visual and quantitative analyses. In
general, the result of both the analyses revealed that all of
the pan-sharpening methods improved the spatial resolution
of the fused image.

The result of visual analysis revealed that the fused image
of Ehlers, Fuse Go, SRM, HCS and PCA methods best
retained the colour information of the original MS image.
However, better improvement of spatial detail was observed
by the fused image of the Fuse Go, HPF and SRM methods.
The fused image of Ehlers and Fuse Go looked to be identical,
but the Ehlers method performed best for retaining the spectral
information while better spatial improvement was observed
by the Fuse Go method.

The result of spectral indices revealed that the Ehlers meth-
od performed better for retaining the spectral information of
the original MS image. The result of spatial indices revealed
that the Fuse Go method best enhanced the spatial informa-
tion. The result of both visual and quantitative analyses shows
that the fused image of multiplicative contains high spatial and
spectral distortion; therefore, the method generates an unsat-
isfactory fused image.

After the assessment of different pan-sharpening methods,
it is revealed that the pan-sharpening methods cannot simul-
taneously improve the spatial details without degrading the

spectral information. Therefore, it is very important to have
a knowledge about the advantage of pan-sharpening methods
in the specific application considered.

The remote sensing applications such as (change detection,
extraction of features, spectral analysis, etc.) require a single
image with both high spatial and high spectral information.
Therefore, the qualities of 12 pan-sharpening methods are
assessed and found that the Ehlers method can be used for
certain applications, which demands high spectral fidelity
with sufficient spatial quality. On the other hand, the Fuse
Go method can be used when the maximum spatial detail is
necessary.

Due to the financial and technical constrains, it is difficult
for the satellite sensors to obtain an image with spectral reso-
lution of MS image and spatial resolution of PAN image;
therefore, the economic alternate solution for the sensors prob-
lems is the pan-sharpening method, to have an image with
spectral resolution of MS image and spatial resolution of
PAN image.
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