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Abstract

In remote sensing applications, both high spatial and spectral resolutions are frequently
required to achieve more spatial details and accurate thematic information extraction.
Presently, there is little scientific research for selecting and applying an appropriate pan-
sharpening method to THEOS imagery. The main objective of the study is, therefore, to
evaluate the optimum pan-sharpening method for agriculture, forestry, and urban
applications based on self-evaluation and the users’ requirements on a multi-criteria
decision analysis (MCDA) basis. Herein, 9 selected pan-sharpening methods including the
Brovey transform (BT), multiplicative transform (MT), principle component analysis
(PCA), intensity hue saturation transform (IHST), modified intensity hue saturation
transform (MIHST), wavelet transform (WT), high pass filtering (HPF), Ehlers fusion
(EF), and Gram-Schmidt pan-sharpening (GS) are firstly processed and examined by
image quality criteria consisting of visual image analysis, edge detection analysis, image
quality indices, and the effect on classification accuracy. Then, the optimum pan-
sharpening method is evaluated based on self-evaluation and the users’ requirements with
the simple additive weighting (SAW) method of MCDA.

From the results, the most appropriate methods for THEOS pan-sharpening based
on the single image quality criterion by visual image analysis, edge detection analysis,
quality indices, and effect on classification accuracy are GS, HPF, MIHST, and EF,
respectively. Meanwhile, the optimum THEOS pan-sharpening methods for the
agriculture, forestry, and urban applications based on self-evaluation using the SAW
method with equal weight are HPF, HPF or GS, and GS, respectively. At the same time,
GS is the optimum THOES pan-sharpening method in agriculture, forestry, and urban
studies based on the users’ requirements with specific weight from each in the experts’
group. Consequently, the common optimum THEOS pan-sharpening method based on
both approaches was GS, and HPF can be chosen as the optimum pan-sharpening method
when software availability is considered. In addition, WT is the most inappropriate
THEOS pan-sharpening method in 3 applications.
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In conclusion, the integration of 4 image quality criteria using the SAW method of
MCDA can be effectively used as a new tool to evaluate the optimum pan-sharpening
method via self-evaluation or the users’ requirements in remote sensing applications.

Keywords: Pan-sharpening methods, THEOS data, image quality criteria, multi-criteria

decision analysis (MCDA)

Introduction

Pan-sharpening is a technique used to merge
a geometric detail of a high-resolution
panchromatic (PAN) image with the color
information of a low-resolution multispectral
(MS) image for generating a high-spatial
resolution MS image (Zhang, 2004). This
technique combines the higher spatial details
of a PAN image with the high spectral
resolution of the MS image for creating a high
spatial and high spectral resolution image
(Stathaki, 2008).

In remote sensing applications, both high
spatial and high spectral resolutions are often
required to achieve more spatial details and
more accurate information acquisition.
Effective fusion of PAN and MS images is
required to improve the ability for information
extraction (Zhang, 2008).

From literature reviews about the study
of pan-sharpening, it was found that, during
the last decade, most of the data used for the
pan-sharpening processing were very high
spatial resolutions from commercial satellites
such as IKONOS and QuickBird with 1 case
study of THEOS data. In the same period, most
of the examined pan-sharpening methods
relied on the availability of the existing
function in the widely used digital image
processing software such as ERDAS Imagine,
ENVI, PCI Geomatica, and a few existing
modified algorithms. Meanwhile, all of the
case studies used image quality indices (QI) as
the image quality criterion for image quality
evaluation. Some researchers applied
additional image quality criteria such as visual
image analysis (VIA), edge detection analysis
(EDA), and effect on classification accuracy
(ECA) (Table 1). Unfortunately, none of the
researchers combined all the image quality
criteria for the pan-sharpening method of
quality evaluation, especially the optimum

pan-sharpening method identification for a
specific application.

Presently, there is little scientific research
for selecting and applying an appropriate pan-
sharpening method to THEOS imagery.
Intajag et al. (2010) evaluated fusion methods
(Choi, Tu, and Pradhan) for THEOS imagery
with traditional image quality indices but their
results did not address any specific application.
To address the abovementioned issues, this
research focuses on effective evaluation for
the optimum THEOS pan-sharpening method
by combining image quality criteria with
MCDA for agriculture, forestry, and urban
applications.

The main objective of the study is
to evaluate the optimum pan-sharpening
method for agriculture, forestry, and urban
applications based on self-evaluation and the
users’ requirements under the basis of MCDA.

Materials and Methods

Study Areas

The study areas were selected from
recent Land Development Department (LDD)
land use data of 2011. Within the study areas,
6 test areas were identified: agriculture (Al
and A2) and forestry (F1 and F2) in Pak Chong
district and urban (Ul and U2) in Mueang
Nakhon Ratchasima district, Nakhon Ratchasima
province, Thailand (Figure 1).

Data and Equipment

THEOS Data

MS and PAN data at level 1A acquired by
THEOS on 19 February 2010 and 3 January
2010 were collected from the Geo-Informatics
and Space Technology Development Agency
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Table 1. Synthesis of literature reviews about image quality criteria

Image quality criteria

Title Used Data  Pan-sharpening method References
VIA EDA QI ECA
Landsat TM and ERS Landsat PCA, IHST, BT, MT Parcharidis
data fusion: a TM and and Kazi-
statistical approach ERS-1 No No Yes No Tani
evaluation for four (2000)
different methods.
On the performance IKONOS, PCA, BT, MT, MT*, GS, Duetal
evaluation of pan- Quickbird Zhang No No Yes No (2007)
sharpening techniques
Multi-image fusion in SPOT 2, MIHST, CN, GS, BT, Ehlers
remote sensing: spatial 4, 5, and PCAMT, EF, WT (2008)
enhancement vs. Formosat Yes No Yes No
spectral characteristics 2
preservation
Evaluation of pan- IKONOS IHST, IKONOS IHST, Strait et al.
sharpening methods Adaptive IHST, PCA, Yes Yes  Yes No (2008)
WT, P+XS, VWP
Performance of Formosat, WT, AWLP, MT, BT, Klonus and
evaluation methods in Spot 4, CN, IHST, EF, PCA, GS, Ehlers
image fusion 1512313(’)5, HPF, UNB Yes Yes  Yes No (2009)
TerraSAR-
X

Assessment and Quickbird MIHST, BT, PCA, MT, Hely et al.
evaluation of different WT, HPF, EF No No Yes No (2010)
data fusion techniques
Evaluation of fusion THEOS IHST, Choi, Tu, Pradhan Intajag et
techniques for pan- al. (2010)
sharpecrlled THEpOS No Yes  Yes No
imagery
Effect of image fusion  Quickbird BT, MIHST, PCA, HPF, Liand Li
algorithms on SFIM, W+PCA, EF, No No Yes Yes (2010)
classification accuracy Region
Analysis and SPOT 5, PCA, BT, IHST, MT Ding and
evaluation on fusion Quickbird Wang
methods of medium (2011)

and high spatial
resolution remote
sensing image

(GISTDA) along with the metadata,
Metadata.dim, containing the ephemeris data.
This information was wused in the
orthorectification process.

LDD Color Orthophoto and Digital Elevation
Model (DEM)

Both LDD datasets produced in 2002
were used to identify and collect the well-

defined ground control points  for
orthorectification.
LDD Land use Dataset

The land use dataset in 2011 of Nakhon
Ratchasima province from the LDD was

collected for determining a number of classes
for unsupervised land use classification and as
reference data for an accuracy assessment.

Digital Image Processing Software

ERDAS Imagine was used to process 9
different pan-sharpening methods which
include BT, MT, PCA, IHST, MIHST, WT,
HPF, and EF. Meanwhile ENVI was used to
process GS which is only available in this
software.

MATLAB Software
MATLAB, which has a high-level
language and high performance for numerical
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Figure 1. Location of study area and test areas for each application: (a) agriculture and forestry
applications and (b) urban application
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Table 2. General characteristic of pan-sharpening method

Method Basic characteristics Reference

BT This method multiplies each MS band by the PAN band, and then normalizes ERDAS (2003)
each band by the sum of the MS bands

MT This method applies a multiplication of each MS band by the PAN band for ERDAS (2003)
generating a pan-sharpened image.

PCA The first principal component of the PCA transform of the MS image is  Shettigara (1992)
usually replaced by the PAN image. Through a reverse PCA transformation,
the PAN image combines with the low spatial resolution MS bands

IHST This method is a process for converting a color MS image from the red, green, ~ Zhang (2004)
and blue color space into the IHS color space. An intensity (I) component is
replaced by the PAN image in the combination process. A reverse IHS
transform is then performed with the hue (H) and saturation (S) components
to produce a pan-sharpened image

MIHST This method was firstly proposed by Siddiqui (2003). It allows combininga  Nikolakopoulos
multispectral image with a panchromatic image more than 3 bands at a time.  (2008)

The method works best when there is a significant overlap of the wavelengths ~ Siddiqui (2003)
of the combining images (Nikolakopoulos, 2008).

WT This method is a modification of the work of King and Wang (2001). The  Klonus and Ehlers
process involves separating the original image into different image (2009)
components by wavelet decomposition and substituting their components  King and Wang
between the MS and PAN image components to produce a pan-sharpened  (2001)
image.

HPF This method involves a convolution using a high pass filter on the PAN image = Gangkofher et al.
and merging the result with the MS image. (2008)

EF This method is based on IHS transformation coupled with Fourier domain  Klonus and Ehlers
filtering. (2009)

GS This method firstly simulates a panchromatic band from lower spatial Laben and Brower

resolution spectral bands. Then the Gram-Schmidt transformation is
performed on the simulated panchromatic band and the spectral bands and
replaces the high spatial resolution panchromatic band with the first Gram-
Schmidt band. Finally, an inverse Gram-Schmidt transformation is performed

(1998)

to generate a pan-sharpened image.

computation, was used to calculate image
quality indices.

Questionnaire

A questionnaire was designed and used to
survey the users’ requirements from 3 expert
groups (agriculture, forestry, and urban) on the
importance (weight) of image quality criteria
(VIA, EDA, QI, and ECA) for the optimum
pan-sharpening method evaluation. Fifteen
experts (5 from each group) with experience in
THEOS pan-sharpening imaging and a good
background in remote sensing were selected
from government agencies and interviewed
personally.

Research Methodology
The main research methodology comprised 4

components: (1) orthorectification, (2) pan-
sharpening processing, (3) image quality

evaluation, and (4) the optimum pan-
sharpening method evaluation by SAW of
MCDA (Figure 2). The summary of each main
component was separately described as follows:

Orthorectification

The orthorectification process eliminates
scale, tilt, and relief distortions of images and
the resulting image of orthorectification is
called the orthorectified image (Wolf and
Dewitt, 2000). In this study, THEOS data were
orthorectified using the Leica Photogrammetry
Suite module of ERDAS Imagine software.
For this study 10 grid closest points (GCP) per
image were selected which fulfill the minimum
requirement of 7 GCP for orthorectification as
suggested by Santitamnont and Lerk-u-suke
(2009). Generally, a GCP is a point on the
surface with the known location on a specific
reference system. In this work, the horizontal
coordinate of each GCP was measured from
the LDD color orthophoto while the vertical
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Table 3. Equations of image quality indices
QI Equation Symbol Reference
X=X — ) x; is original DN value of MS band i Meenakshisun
CcC = \/(Z(x- — 320 — 700 yi is original DN value of PS band i daram (2005)
: : : : X; is mean DN value of MS band i EEysTUTETa—
Vi — % y; is mean DN value of PS band i Parcharu.hs .
RM RM = ——— L . . and Kazi-Tani
X, m is number of pixels in column (2000)
n is number of pixels in row “Ehlors (2008) 2008)
RMSE S — yi)? N is number of bands ers
RMSE = I —— his spatial resolution of PS band
1 is spatial resolution of MS band -
100 |1 N o is spectral angle between MS and Strait et al.
RASE  RASE = 5 Z RMSEZ(x; — y;) PS (in radian) (2008)
N o,y 1s standard deviation of MS band
o, is standard deviation of PS band _
ERGAS . . Wald et al
Gyy 18 covariance between MS and PS (1997)
ERGA RMSE (x; — bands
S = 100 - |= Z [ L ] X is mean value of MS band
mean (x; — ¥ is mean value of PS band
o2 is variance of MS band o a———
SAM Cosa = —Z":1 XY o7 is variance of PS band \i‘;gazs et al.
VIV x2 XN yi? Note: MS is Multispectral image and ( )
Oy 2xy 20,0, PS is Pan-sharpened image Wang and
ull - Il = @t ) e Bovik (2002)

coordinate of each GCP was extracted from the
DEM dataset. Practically, the selected GCP
(horizontal and vertical coordinates) should be
prominent and distinct features, e.g. a road
junction on the THEOS image.

Pan-Sharpening Processing

The selected pan-sharpening methods
including (1) BT, (2) MT, (3) PCA, (4) IHST,
(5), MIHST (6) WT, (7) HPF, (8) EF, and (9)
GS were applied to orthophotos derived from
PAN and MS data with the nearest neighbor
resampling technique (if it is required). The
basic characteristics of pan-sharpening
methods are summarized in Table 2

Image Quality Evaluation

Four criteria for image quality
assessment consisting of VIA, EDA, QI, and
ECA were applied to quantify the pan-
sharpened image quality for every pan-
sharpening method stated earlier. Here, the
elements of visual interpretation including
tone, color, size, shape, texture, and pattern, as
suggested by Jensen (2007) and Ongsomwang
(2011), were used to measure the preservation
of image properties for VIA. For EDA, Sobel
(Sonka et al., 2007) and Laplacian (Rosenfeld

and Kak, 1982) operators were applied to
examine the preservation of the edge’s
structure. In the case of QI, the correlation
coefficient (CC), relative shift of the mean
(RM), root mean square error (RMSE), relative
average spectral error (RASE), relative
dimensionless global error in synthesis
(ERGAY), spectral angle mapping (SAM), and
universal image quality index (UIQI) were
applied to measure the quantitative image
distortion (Table 3). This criterion is most
frequently used by researchers in the field of
pan-sharpening method evaluation (Table 1).

Unlike other criteria, the ECA criterion
examines the effect of classification accuracy
using overall accuracy and the kappa hat
coefficient. For this purpose, all the pan-
sharpened images were firstly classified into
specific land use type i.e., urban and built-up
area, commercial land, field crop, perennial
trees and orchard, horticulture, forest land,
water bodies, and miscellaneous land using
unsupervised  classification ~ with  the
ISODATA clustering algorithm under the
ERDAS Imagine software. Then, the accuracy
of all the classified land use data was accessed
using the LDD land use data of 2011 and field
verification in 2013.
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©

Optimum Pan-Sharpening Method
evaluation by SAW of MCDA

The quantitative measurements of
THEOS pan-sharpened image quality by 4
criteria (VIA, EDA, QI, and ECA) were
combined with the SAW method assigning
equal weight to justify the optimum pan-
sharpening method for the agriculture,
forestry, and urban applications based on self-
evaluation. On the other hand, the SAW
method with specific weight assigned by 15
experts from 3 groups (agriculture, forestry,
and urban) to each criterion was then
combined with the SAW method to identify
the optimum pan-sharpening method based on
the users’ requirements.

Results and Discussion

THEOS Orthorectification

The orthorectified images of MS 1, PAN
1, MS 2, and PAN 2 with the total RMSE of
0.0294, 0.2327, 0.0408, and 0.2351 pixels,
respectively, are displayed in Figure 3.

Pan-Sharpening Processing
Pan-sharpened images of 6 test areas for
3 applications are presented in Figure 4. From
the results, it is revealed that IHST provided
very high brightness and contrast for all the test
areas. Meanwhile PCA, MIHST, HPF, EF, and

(b)

(d)

Figure 3. THEOS orthorectified images: (a) MS 1, (b) PAN 1, (¢c) MS 2, and (d) PAN 2

GS showed moderate brightness and contrast
and BT, MT, and WT provided low brightness
and contrast for all the test areas. Theoretically,
differentiation of image quality by visual
comparison is rather difficult because it is a
subjective judgment and relies on the
background, experience, and skills of the
evaluator or interpreter. So, basic image
statistics, including the mean and standard
deviation of 3 visible bands (red, green, and
blue) of all pan-sharpening methods, were here
extracted to compare and quantify the
characteristics of image quality, as shown in
the stock charts in Figure 5.

From the results, all the charts can easily
identify the image contrast classified into 3
levels: low, moderate, and high, based on the
brightness value and its range in each band.
Herein, IHST showed a very high brightness
and contrast image with a brightness value
higher than 100 and a wide range in all the test
areas. Meanwhile, PCA, MIHST, HPF, EF,
and GS provided a pan-sharpened image with
moderate brightness and contrast with a
brightness value between 50 and 100. In
contrast, MT and WT in all test areas provided
a low brightness and contrast image with a
brightness value less than 50 and a narrow
range. Similarly, BT also provided a low
brightness and contrast image in the
agriculture and forestry test areas.
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BT _Red

BT_Red

BT Red

Figure 5. * One standard deviation of the mean brightness value of each band of the pan-
sharpened image from each method for 6 test areas: (a) Al, (b) A2, (¢) F1, (d) F2, (e) U1,

and (f) U2

Image Quality Evaluation Based on
Single Criterion

The relevant results of image quality
evaluation by a single criterion in each
application (agriculture, forestry, and urban)
can be summarized according to the derived
total and normalized scores as follows:

Visual Image Analysis

The total and normalized scores of VIA
and the level of visual interpretability (good,
moderate, and poor) are presented in Table 4.
It was found that most of the pan-sharpening
methods including BT, PCA, IHST, MIHST,
HPF, and GS provided visual interpretability at
a high level for the agriculture application. The
best and worst methods for VIA were GS and

MT, respectively. For the forestry application,
BT, HPF, and GS provided a high-level
capability for visual interpretability and the
best and worst methods were GS and WT,
respectively. In the case of the urban study, BT
and GS could provide a high-level capability
for visual interpretability and the best and
worst methods were GS and WT, respectively.

Consequently, the most appropriate
method in producing a THEOS pan-sharpened
image based on VIA criteria for 3 applications
was GS. This finding was similar to the
previous work of Zhang and Mishra (2012)
who applied VIA for image quality evaluation.
They concluded that GS can produce a high
quality pan-sharpened image from the very
high spatial resolution images including
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Table 4. Results of image quality evaluation using visual image analysis criterion for each test area
with different pan-sharpening methods

{ i § . Level of
Test Meth Elements of visual interpretation Total Normalized visual
Area od Ton Col Si Sha Textu Patter eore score interpretab
e or ze pe re n (0-10) ility
BT 2 3 2 2 3 3 15 8 High
MT 1 1 1 1 1 1 6 3 Low
PCA 3 3 3 3 3 3 18 10 High
IHST 3 1 3 3 2 3 15 8 High
Al MIHS 3 3 3 3 2 3 17 9 High
HPF 3 3 3 3 3 3 18 10 High
WT 3 3 1 1 1 1 10 5 Low
EF 3 2 2 3 1 2 13 7 Moderate
GS 3 3 3 3 3 3 18 10 High
BT 2 3 2 3 3 3 16 8 High
MT 1 1 1 1 2 1 7 3 Low
PCA 3 3 3 3 2 3 17 9 High
IHST 3 1 3 3 3 3 16 8 High
A2 MIHS 3 3 3 3 2 3 17 9 High
HPF 3 3 3 3 2 3 17 9 High
WT 3 3 1 1 1 1 10 5 Low
EF 3 3 3 3 1 2 15 8 High
GS 3 3 3 3 3 3 18 10 High
BT 2 3 3 3 3 3 17 9 High
MT 1 1 3 3 1 3 12 6 Moderate
PCA 2 3 2 2 2 2 13 7 Moderate
IHST 1 1 3 3 1 2 11 6 Moderate
F1 MIHS 3 2 3 3 2 2 15 8 High
HPF 3 2 3 3 3 3 17 9 High
WT 2 1 1 1 1 1 7 3 Low
EF 3 2 2 3 1 2 13 7 Moderate
GS 3 3 3 3 3 3 18 10 High
BT 2 3 3 3 3 3 17 9 High
MT 1 1 2 2 2 1 9 5 Low
PCA 3 3 2 2 2 2 14 7 Moderate
IHST 1 1 1 1 2 2 8 4 Low
F2 MIHS 3 2 2 2 2 1 12 6 Moderate
HPF 3 2 3 3 3 3 17 9 High
WT 2 1 1 1 1 1 7 3 Low
EF 3 2 2 2 1 2 12 6 Moderate
GS 2 3 3 3 3 3 17 9 High
BT 3 2 3 3 2 3 16 8 High
MT 1 1 2 1 1 1 7 3 Low
PCA 3 2 2 1 1 1 10 5 Low
IHST 3 1 2 2 2 1 11 6 Moderate
Ul MIHS 3 1 2 2 2 2 12 6 Moderate
HPF 2 2 2 3 2 3 14 7 Moderate
WT 2 1 1 1 1 1 7 3 Low
EF 1 1 2 3 1 2 10 5 Low
GS 3 2 3 3 2 3 16 8 High
BT 3 2 3 3 2 3 16 8 High
MT 1 1 2 2 2 2 10 5 Low
PCA 2 2 1 1 1 1 8 4 Low
IHST 3 1 2 2 2 1 11 6 Moderate
u2 MIHS 3 2 3 3 2 3 16 8 High
HPF 3 3 3 3 3 2 17 9 High
WT 1 1 1 1 1 1 6 3 Low
EF 2 3 2 2 1 2 12 6 Moderate
GS 3 3 3 3 3 3 18 10 High
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Table 5. CC values from Sobel and Laplacian operators of edge detection analysis criterion for
each test area with different pan-sharpening methods

Operator Normalized score
Test area Method Sobel Laplacian Total score (0-10_
BT 0.7087 0.5503 1.2590 6
MT 0.5331 0.4531 0.9862 5
PCA 0.5731 0.4296 1.0027 5
IHST 0.6076 0.7383 1.3459 7
Al MIHST 0.7008 0.5324 1.2332 6
HPF 0.8867 0.7531 1.6398 8
WT 0.0238 0.0058 0.0296 0
EF 0.7246 0.4976 1.2222 6
GS 0.7872 0.5922 1.3794 7
BT 0.7114 0.5076 1.2190 6
MT 0.5664 0.4580 1.0244 5
PCA 0.5831 0.3918 0.9749 5
IHST 0.7633 0.7816 1.5449 8
A2 MIHST 0.6864 0.4775 1.1639 6
HPF 0.8903 0.7248 1.6151 8
WT 0.0216 0.0122 0.0338 0
EF 0.7156 0.4585 1.1741 6
GS 0.7813 0.5422 1.3235 7
BT 0.6833 0.5676 1.2509 6
MT 0.5534 0.4973 1.0507 5
PCA 0.5676 0.4407 1.0083 5
IHST 0.7008 0.7896 1.4904 7
F1 MIHST 0.6561 0.5249 1.1810 6
HPF 0.8895 0.7758 1.6653 8
WT 0.0199 0.0044 0.0243 0
EF 0.6965 0.5073 1.2038 6
GS 0.7611 0.6111 1.3722 7
BT 0.6940 0.5673 1.2613 6
MT 0.5398 0.4996 1.0394 5
PCA 0.5879 0.4435 1.0314 5
IHST 0.7028 0.7719 1.4747 7
F2 MIHST 0.6380 0.5212 1.1592 6
HPF 0.8934 0.7738 1.6672 8
WT 0.0063 0.0023 0.0086 0
EF 0.6953 0.5056 1.2009 6
GS 0.7934 0.6153 1.4087 7
BT 0.8652 0.7369 1.6021 8
MT 0.7777 0.6496 1.4273 7
PCA 0.0288 0.0168 0.0456 0
IHST 0.6291 0.8243 1.4534 7
Ul MIHST 0.7917 0.6739 1.4656 7
HPF 0.9038 0.7607 1.6645 8
WT 0.0124 0.0053 0.0177 0
EF 0.7740 0.5622 1.3362 7
GS 0.9197 0.7606 1.6803 8
BT 0.8592 0.7257 1.5849 8
MT 0.7622 0.6382 1.4004 7
PCA 0.0330 0.0162 0.0492 0
IHST 0.6297 0.8256 1.4553 7
U2 MIHST 0.7789 0.6483 1.4272 7
HPF 0.9035 0.7621 1.6656 8
WT 0.0082 0.0018 0.0100 0
EF 0.7688 0.5547 1.3235 7
GS 0.9131 0.7496 1.6627 8
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Table 6. Normalized values of QI results as total score and normalized score for each test area

with different pan-sharpening methods

Quality indices

Test area  Method cC RM RMSE RASE ERGAS SAM UIQ1 Total score
BT 6.5200 3.8920 5.6716 5.5617 5.5608 9.1110 5.2473 41.5644

MT 7.7420 0.0000 2.0728 1.8237 1.8544 8.1322  2.8323 24.4574

PCA 1.9320 9.7860 8.9963 8.9498 8.9047 7.7290  5.6578 51.9556

IHST 4.4380 2.4520 0.0000 0.0000 0.0000 3.2661 1.6340 11.7901

Al MIHST 7.5270 10.0000 10.0000 10.0000 10.0000 10.0000 5.4927 63.0197
HPF 6.9180 9.9330 9.7697 9.6237 9.4727 9.2361 5.7288 60.6820

WT 2.9130 2.3170 3.8006 3.7567 3.6570 0.0000 4.3235 20.7678

EF 6.8800 9.2170 9.8908 9.8118 9.7797 9.8709 7.6813 63.1315

GS 7.3360 9.5610 9.6526 9.5648 9.5550 9.4911 6.2800 61.4405

BT 6.8570 3.8650 4.7488 47074 5.5608 8.9613 4.2640 38.9643

MT 7.6640 0.0000 0.5620 0.4174 1.8544 8.5848  2.1655 21.2481

PCA 1.6950 9.9630 8.5155 8.4883 8.9047 7.2649 49488 49.7802

IHST 3.3330 4.6830 0.0000 0.0000 0.0000 1.9919 1.0087 11.0166

A2 MIHST 7.7210 9.7740 10.0000 10.0000 10.0000 10.0000 4.5033 61.9983
HPF 7.5340 10.0000 9.9066 9.8007 9.4727 9.6199 5.6315 61.9654

WT 3.0810 2.0230 2.4737 2.5418 3.6570 0.0000 4.3748 18.1513

EF 6.6830 8.9630 9.5330 9.4530 9.7797 9.4713 6.8375 60.7205

GS 7.6880 9.8040 9.6362 9.5758 9.5550 9.4355 5.0525 60.7470

BT 6.5220 3.9900 4.5965 4.6224 4.6133 9.1357 4.6360 38.1159

MT 7.6620 0.0000 0.0329 0.0000 0.0000 8.5514 2.4258 18.6721

PCA 0.0410 9.9870 8.3103 8.2859 8.1979 7.4722 5.2750 47.5693

IHST 5.1520 6.1140 0.0000 0.2252 0.1899 2.8799 2.0390 16.6000

F1 MIHST 8.0070 10.0000 10.0000 10.0000 10.0000 10.0000 5.5470 63.5540
HPF 6.9910 9.9940 9.6245 9.4780 9.2989 9.2765 5.1673 59.8302

WT 2.2810 1.6700 1.5022 1.6885 1.5253 0.0000 3.6348 12.3018

EF 6.1160 8.7270 9.3283 9.2240 9.1408 9.4029  6.5985 58.5375

GS 7.8160 9.6160 9.6825 9.6206 9.6277 9.6713 5.7933 61.8274

BT 7.3390 4.0800 49352 4.8584 4.8537 9.1197 5.4290 40.6150

MT 8.2380 0.0000 0.6570 0.4479 0.4777 8.4286 2.7610 21.0102

PCA 0.8660 9.8480 8.2456 8.1641 8.0064 7.3441  6.2880 48.7622

IHST 5.3130 6.7440 0.0000 0.0000 0.0000 2.1815 2.0147 16.2532

F2 MIHST 8.5530 10.0000 10.0000 10.0000 10.0000 10.0000 6.1543 64.7073
HPF 7.5490 9.9720 9.5883 9.4364 9.2616 9.2665 5.9495 61.0233

WT 3.1310 1.3920 1.7985 1.8261 1.6747 0.0000 4.1935 14.0158

EF 6.7210 8.6180 9.1371 8.9981 8.8804 9.2037 7.1923 58.7506

GS 8.1420 9.6140 9.4917 9.4169 9.4062 9.4459  6.2443 61.7610

BT 6.5540 5.9290 7.0302 6.9643 6.9183 8.5322  4.7038 46.6318

MT 8.3850 0.0000 1.7909 1.4856 1.4783 7.8836 4.1665 25.1899

PCA 1.0150 8.9177 8.3494 8.2322 7.9516 7.7664  6.6435 48.8758

IHST 2.8560 9.2309 0.0000 0.0000 0.0000 0.0000 0.7513 12.8382

Ul MIHST 7.9930 9.6718 9.7721 9.7824 9.7796 9.7404 4.3490 61.0883
HPF 6.9470  10.0000 9.3770 9.2418 9.0249 8.9638  4.6928 58.2473

WT 4.3680 0.6515 1.9282 1.7462 1.7272 2.9674 34725 16.8610

EF 9.0970 9.8748 10.0000 10.0000 10.0000 10.0000 6.8565 65.8283

GS 7.0950 7.6266 8.0807 7.9907 7.9850 8.2044  4.1433 51.1257

BT 6.4390 6.0613 7.0410 7.0450 6.9965 8.5792 5.4743 47.6363

MT 8.3830 0.0000 1.3548 1.2186 1.2126 7.5193  4.6793 24.3676

PCA 0.5840 9.1788 8.0583 7.9975 7.7329 7.2505  6.7638 47.5658

IHST 3.3670 8.5482 0.0000 0.0000 0.0000 0.0000 1.0293 12.9445

u2 MIHST 8.2760 9.8109 9.9192 9.9011 9.9019 9.8666 5.5713 63.2470
HPF 6.9080 10.0000 9.4149 9.3082 9.1088 8.9756  5.2955 59.0110

WT 3.9540 0.3756 1.1832 1.1738 1.0950 1.1607  3.4273 12.3696

EF 8.9270 9.8189 10.0000 10.0000 10.0000 10.0000 7.3098 66.0557

GS 7.1540 7.8201 8.2173 8.1774 8.1847 8.2995 4.9555 52.8085




168 Integration of Image Quality Criteria for Optimum THEOS Pan-sharpening Production

Table 7. Accuracy assessment and its normalized score in each test area with different pan-
sharpening methods

Accuracy assessment Normalized Score
Test Area Method Overall accuracy  Kappa hat coefficient Total Score (0-10)
BT 38.78 10.39 49.17 2
MT 39.80 12.31 52.11 3
PCA 39.80 11.66 51.46 3
IHST 38.27 0.22 38.49 2
Al MIHST 44.90 9.52 54.42 3
HPF 39.80 5.16 44.96 2
WT 44.90 8.99 53.89 3
EF 43.88 8.61 52.49 3
GS 39.80 7.15 46.95 2
BT 69.90 38.96 108.86 5
MT 67.86 32.15 100.01 5
PCA 68.37 35.10 103.47 5
IHST 66.84 27.88 94.72 5
A2 MIHST 65.31 35.18 100.49 5
HPF 69.39 34.56 103.95 5
WT 64.80 26.40 91.20 5
EF 67.35 27.68 95.03 5
GS 67.86 33.95 101.81 5
BT 51.53 21.43 72.96 4
MT 54.59 27.99 82.58 4
PCA 47.45 14.48 61.93 3
IHST 50.00 18.08 68.08 3
F1 MIHST 51.53 19.42 70.95 4
HPF 53.06 21.29 74.35 4
WT 54.59 23.98 78.57 4
EF 51.53 20.40 71.93 4
GS 51.02 19.48 70.50 4
BT 72.96 31.08 104.04 5
MT 65.31 17.30 82.61 4
PCA 65.31 17.30 82.61 4
IHST 68.37 27.23 95.60 5
F2 MIHST 67.35 22.55 89.90 4
HPF 69.39 30.94 100.33 5
WT 72.45 39.26 111.71 6
EF 67.86 27.50 95.36 5
GS 66.84 28.20 95.04 5
BT 70.92 29.79 100.71 5
MT 79.08 38.37 117.45 6
PCA 56.12 19.82 75.94 4
IHST 25.00 7.98 32.98 2
Ul MIHST 72.45 27.61 100.06 5
HPF 61.73 26.71 88.44 4
WT 64.29 23.35 87.64 4
EF 85.20 42.98 128.18 6
GS 63.27 26.91 90.18 5
BT 69.39 0.23 91.97 5
MT 70.41 0.28 98.53 5
PCA 59.69 0.18 78.07 4
IHST 67.35 0.21 88.14 4
U2 MIHST 40.31 0.10 50.37 3
HPF 54.08 0.17 70.69 4
WT 68.37 0.25 93.07 5
EF 67.35 0.24 91.36 5
GS 62.24 0.23 84.90 4
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Table 8. Criterion score and total score by SAW with equal weight and its rank for each test area
with different pan-sharpening methods

Image quality criteria

Test area Methods VIA EDA Ql ECA Total score Ranking
BT 8 6 6 2 22 6
MT 3 5 4 3 15 8
PCA 10 5 8 3 26 4
IHST 8 7 2 2 19 7
Al MIHST 9 6 9 3 27 3
HPF 10 8 9 2 29 1
WT 5 0 3 3 11 9
EF 7 6 9 3 25 5
GS 10 7 9 2 28 2
BT 8 6 6 5 25 6
MT 3 5 3 5 16 8
PCA 9 5 7 5 26 5
IHST 8 8 2 5 23 7
A2 MIHST 9 6 9 5 29 3
HPF 9 8 9 5 31 1
WT 5 0 3 5 13 9
EF 8 6 9 5 28 4
GS 10 7 9 5 31 1
BT 9 6 6 4 25 4
MT 6 5 3 4 18 7
PCA 7 5 7 3 22 6
IHST 6 7 2 3 18 7
F1 MIHST 8 6 9 4 27 3
HPF 9 8 8 4 29 2
WT 3 0 2 4 9 9
EF 7 6 8 4 25 4
GS 10 7 9 4 30 1
BT 9 6 6 5 26 3
MT 5 5 3 4 17 8
PCA 7 5 7 4 23 6
IHST 4 7 2 5 18 7
F2 MIHST 6 6 9 4 25 4
HPF 9 8 9 5 31 1
WT 3 0 2 6 11 9
EF 6 6 8 5 25 4
GS 9 7 9 5 30 2
BT 8 8 7 5 28 1
MT 3 7 3 6 19 6
PCA 5 0 7 4 16 8
IHST 6 7 2 2 17 7
Ul MIHST 6 7 9 5 27 3
HPF 7 8 8 4 27 3
WT 3 0 2 4 9 9
EF 5 7 9 6 27 3
GS 8 8 7 5 28 1
BT 8 8 7 5 28 3
MT 5 7 3 5 20 6
PCA 4 0 7 4 15 8
IHST 6 7 2 4 19 7
U2 MIHST 8 7 9 3 27 4
HPF 9 8 8 4 29 1
WT 3 0 2 5 10 9
EF 6 7 9 5 27 4
GS 10 8 7 4 29 1
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Table 9. Weight for each image quality criterion by three expert groups

Application Expert VIA EDA QI ECA
1 80.00 10.00 0.00 10.00

2 50.00 20.00 10.00 20.00

3 40.00 10.00 40.00 10.00

Agriculture 4 80.00 10.00 10.00 0.00
5 50.00 20.00 20.00 10.00

Average 60.00 14.00 16.00 10.00

Weight 0.60 0.14 0.16 0.10

1 37.50 12.50 12.50 37.50

2 95.00 2.00 2.00 1.00

3 90.00 3.00 5.00 2.00

Forestry 4 50.00 25.00 25.00 0.00
5 60.00 10.00 10.00 20.00

Average 66.50 10.50 10.90 12.10

Weight 0.66 0.11 0.11 0.12

1 100.00 0.00 0.00 0.00

2 100.00 0.00 0.00 0.00

3 60.00 10.00 20.00 10.00

Urban 4 30.00 10.00 60.00 0.00
5 50.00 10.00 10.00 30.00

Average 68.00 6.00 18.00 8.00

Weight 0.68 0.06 0.18 0.08

IKONOS, QuickBird, and GeoEye-1, but not
from the WorldView-2 images.

Edge Detection Analysis

The total and normalized scores of EDA
according to the CC value are reported in Table
5. It was found that the most appropriate pan-
sharpening method for edge detection using
Sobel and Laplacian operators in the
agriculture application, based on the total score
of the CC, was HPF while the worst was WT.
In the case of the forestry application, the most
appropriate and inappropriate pan-sharpening
methods were also HPF and WT, respectively.
For the urban study, the most appropriate pan-
sharpening method was GS or HPF (when the
availability of software is considered) and the
least appropriate pan-sharpening method was
also WT.

Thus, the most appropriate method in
producing a THEOS pan-sharpened image for
edge detection in 3 applications was HPF. This
finding was similar to the previous work of
Klonus and Ehlers (2009), who applied edge
detection using the Sobel operator as 1 of the
indicators for the pan-sharpening method
evaluation. They concluded that HPF can
detect the edge in the pan-sharpened data from

a Formosat image with an average CC value of
94.98%.

Quality Indices

The total and normalized scores of QI are
presented in Table 6. From the results, it was
found the most appropriate pan-sharpening
method based on its frequency for the
agriculture application, which provides a
minimum spectral deviation, was MIHST.
However, the total score showed that the
possible appropriate methods for the
agriculture application may include the HPF,
EF, and GS methods. These possibilities are
useful when software availability is
considered. For the forestry application, the
most appropriate pan-sharpening method was
MIHST and the alternative methods included
HPF and GS. In the case of the urban
application, the most appropriate pan-
sharpening method was EF or MIHST.

In summary, the most appropriate
method for producing the THEOS pan-
sharpened image, according to QI for 3
applications, was MIHST. This observation
was similar to the previous work of Li and Li
(2010), who applied 8 pan-sharpening
methods (BT, MIHST, PCA, HPF, SFIM,
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Table 10. Criterion score and total score by SAW with users’ weights and its rank for each test area
with different pan-sharpening methods

Image quality criteria

Test area Methods VIA EDA QI ECA Total score Ranking
BT 4.80 0.84 0.96 0.20 6.8 5
MT 1.80 0.70 0.64 0.30 3.44 9
PCA 6.00 0.70 1.28 0.30 8.28 3
IHST 4.80 0.98 0.32 0.20 6.3 7
Al MIHST 5.40 0.84 1.44 0.30 7.98 4
HPF 6.00 1.12 1.44 0.20 8.76 1
WT 3.00 0.00 0.48 0.30 3.78 8
EF 4.20 0.84 1.44 0.30 6.78 6
GS 6.00 0.98 1.44 0.20 8.62 2
BT 4.80 0.84 0.96 0.50 7.1 6
MT 1.80 0.70 0.48 0.50 3.48 9
PCA 5.40 0.70 1.12 0.50 7.72 4
IHST 4.80 1.12 0.32 0.50 6.74 7
A2 MIHST 5.40 0.84 1.44 0.50 8.18 3
HPF 5.40 1.12 1.44 0.50 8.46 2
WT 3.00 0.00 0.48 0.50 3.98 8
EF 4.80 0.84 1.44 0.50 7.58 5
GS 6.00 0.98 1.44 0.50 8.92 1
BT 5.94 0.66 0.66 0.48 7.74 3
MT 3.96 0.55 0.33 0.48 532 7
PCA 4.62 0.55 0.77 0.36 6.3 6
IHST 3.96 0.77 0.22 0.36 531 7
F1 MIHST 5.28 0.66 0.99 0.48 741 4
HPF 5.94 0.88 0.88 0.48 8.18 2
WT 1.98 0.00 0.22 0.48 2.68 9
EF 4.62 0.66 0.88 0.48 6.64 5
GS 6.60 0.77 0.99 0.48 8.84 1
BT 5.94 0.66 0.66 0.60 7.86 3
MT 3.30 0.55 0.33 0.48 4.66 7
PCA 4.62 0.55 0.77 0.48 6.42 4
IHST 2.64 0.77 0.22 0.60 423 8
F2 MIHST 3.96 0.66 0.99 0.48 6.09 5
HPF 5.94 0.88 0.99 0.60 8.41 1
WT 1.98 0.00 0.22 0.72 2.92 9
EF 3.96 0.66 0.88 0.60 6.1 5
GS 5.94 0.77 0.99 0.60 8.3 2
BT 5.44 0.48 1.26 0.40 7.58 1
MT 2.04 0.42 0.54 0.48 3.48 8
PCA 3.40 0.00 1.26 0.32 4.98 7
IHST 4.08 0.42 0.36 0.16 5.02 6
Ul MIHST 4.08 0.42 1.62 0.40 6.52 4
HPF 4.76 0.48 1.44 0.32 7 3
WT 2.04 0.00 0.36 0.32 2.72 9
EF 3.40 0.42 1.62 0.48 5.92 5
GS 5.44 0.48 1.26 0.40 7.58 1
BT 5.44 0.48 1.26 0.40 7.58 4
MT 3.40 0.42 0.54 0.40 4.76 7
PCA 2.72 0.00 1.26 0.32 43 8
IHST 4.08 0.42 0.36 0.32 5.18 6
U2 MIHST 5.44 0.42 1.62 0.24 7.72 3
HPF 6.12 0.48 1.44 0.32 8.36 2
WT 2.04 0.00 0.36 0.40 2.8 9
EF 4.08 0.42 1.62 0.40 6.52 5
GS 6.80 0.48 1.26 0.32 8.86 1
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W+PCA, EF, and Region) with QuickBird
data in the city of Wuhan, China. They
concluded that the MIHST fused image had the
lowest difference of information based on
cross entropy (CE) and lower noise according
to the weighted signal to noise ratio (WSNR).
On the contrary, Intajag ef al. (2010) applied 4
pan-sharpening methods (IHST, the Choi
method, Tu method, and Pradhan algorithms)
with THEOS data over Prince of Songkla
University, Songkhla Province, Thailand.
They stated that the Pradhan algorithm
preserves the spectral characteristics and
enhances the texture properties, although it had
increasing noise based on the RMSE value.

Effect on Classification Accuracy

The accuracy assessment for land use
classification from each image of the pan-
sharpening methods for all the test areas are
presented in Table 7. From the results, it was
revealed that most of the pan-sharpening
methods, including EF, MIHST, MT, PCA,
and WT, were appropriate for land use
extraction in the agriculture application. For
the forestry application, most of the pan-
sharpening methods were appropriate for land
use extraction including BT, HPF, WT, EF,
and GS. In the case of the urban study, the
appropriate pan-sharpening methods were BT,
EF, and MT. Therefore, the most appropriate
method for producing the THEOS pan-
sharpened image for land use extraction in the
3 applications was EF.

Optimum Pan-Sharpening Method by
Self-Evaluation

The normalized and total scores for the
optimum pan-sharpening method evaluation
by self-evaluation are summarized in Table 8.
From the results, the optimum pan-sharpening
methods for the agriculture, forestry, and urban
applications, according to ranking, can be
summarized as follows:

Agriculture Application

The optimum pan-sharpening method for
THEOS data was HPF. However, if ERDAS
Imagine software is unavailable, GS, which is
available in ENVI software, can be chosen as
the optimum method. In addition, it was found

that WT was an inappropriate method for the
THEOS pan-sharpening processing.

Forestry Application

The optimum pan-sharpening method for
THEOS data can be HPF or GS. Furthermore,
it can be observed that WT was an
inappropriate method for THEOS data.

Urban Application

The optimum pan-sharpening method for
THEOS data was GS. However, when
software availability is considered, BT or HPF
can be chosen as the optimum pan-sharpening
method. Also, WT was an inappropriate

method for THEOS  pan-sharpening
production.
All Three Applications

According to the summation of 6 total
scores from the 6 test areas presented in Table
8 as overall scores, it was found that the
optimum pan-sharpening method for THEOS
data in the 3 applications was HPF or GS. This
conclusion may be true for only 1 method, if
availability of software is considered. In
addition, WT was inappropriate for THEOS
pan-sharpening creation in the 3 applications.

Optimum Pan-Sharpening Method
Based on the Users’ Requirements

According to the specific weight
provided by 15 experts, as shown in Table 9,
the most preferred image quality criterion
for optimum pan-sharpening  method
identification among the 15 experts was VIA.
This implies that the utilization of THEOS
pan-sharpening data mostly relies on visual
interpretation.

The optimum THEOS pan-sharpening
method for the agriculture, forestry, and urban
applications, according to the rankings as
shown in Table 10, can be separately
summarized in the following sections.

Agriculture Application

The optimum pan-sharpening method in
the agriculture application, according to the
users’ requirements, was GS. However, HPF
can be chosen as the optimum pan-sharpening
method when ENVI software is unavailable.
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Forestry Application

The optimum pan-sharpening method in
the forestry application, according to the users’
requirements, was GS; HPF can be chosen as
the optimum pan-sharpening method when
only ERDAS Imagine software is available.

Urban Application

The optimum pan-sharpening method in
the urban application, according to the users’
requirements, was GS. However, BT can be
chosen as the optimum pan-sharpening
method when ENVI software is unavailable.

All Three Applications

The optimum pan-sharpening method for
THEOS data in all 3 applications, according to
the users’ requirements, which was justified
based on the summation of the total score of
each method in Table 10 from the 6 test areas
as the overall score, was GS. However, if
ENVI software is not available, HPF can be
selected as the optimum pan-sharpening
method. In addition, WT was the most
inappropriate for THEOS pan-sharpening
creation in the 3 applications.

Conclusions

Integration of image quality criteria, which
includes (1) VIA, (2) EDA, (3) QI, and (4)
ECA for the optimum THEOS pan-sharpening
method evaluation using 2 approaches: self-
evaluation and the users’ requirements with the
SAW method of MCDA, was successfully
developed in the study.

From the results, it can be concluded that
the optimum THEOS pan-sharpening method
for the agriculture, forestry, and urban
applications based on self-evaluation by the
SAW method with equal weight is HPF, HPF
or GS, and GS, respectively. Concurrently, GS
is the optimum THEOS pan-sharpening
method in the agriculture, forestry, and urban
studies based on the users’ requirements with
specific weight from each in the experts’
group. Consequently, the common optimum
THEOS pan-sharpening method for the 3
applications from both approaches is GS.
However, HPF can be chosen as the optimum
pan-sharpening method when software

availability is considered. Furthermore, WT is
inappropriate for the THEOS pan-sharpening
process for the 3 applications based on both
approaches.

In conclusion, the integration of image
quality criteria (VIA, EDA, QI, and ECA) with
the SAW method of MCDA can be effectively
used as a new tool to evaluate the optimum
pan-sharpening method based on self-
evaluation or the users’ requirements in remote
sensing applications. Especially, the identified
optimum pan-sharpening method for THEOS
data by the 2 approaches can be directly
applied to a specific application without trial
and error.
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