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Abstract. A pan-sharpening method for enhancing satellite imagery is proposed as the first step for building a
relatively high accuracy and low cost approach for image-based analyses of coral reefs. To achieve this
objective, a low spatial resolution multi-spectral image was first spatially resampled (increasing the number of
pixels) and co-registered onto a higher resolution panchromatic image. Based on multiple regression analysis,
brightness information of the resampled multi-spectral image was replaced with that of the panchromatic image
so that all spectral density scatter-diagrams exhibit linear characteristics with slopes equal to one and yintercepts equal to zero. The method was characterized by its simplicity and faithfulness in preserving spectral
(i.e., color) information. Since the resampled multi-spectral pixels were independently modified by the densities
of the panchromatic pixels, all information in the panchromatic image was transferred to the resulting pansharpened image, thus producing lossless pan-sharpening. As a demonstration, the method was applied to
FORMOSAT-2 data acquired on 31 January 2007 at Ishigaki Island, Ryukyu Islands, Japan.
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Introduction
A method for observing global changes in coral reef
status is required. Remote sensing is an effective tool
to map and detect broad-scale changes of coral reefs.
The effectiveness of the mapping and detection using
remote sensing depends on the spatial resolution of
the imagery, where higher spatial resolution generally
result in higher accuracy (Mumby and Edwards 2002;
Andréfouët et al. 2002, 2003; Yamano and Tamura
2004). However, high-resolution satellite images are
typically costly to acquire and process, which often
discourages their use.
One solution to the cost issue is to introduce a pansharpening method to transform coarser spatial
resolution satellite images into higher spatial
resolutions (Nishii et al. 1996; Liu 2000). This
approach has the potential to provide high-spatial
resolution data at a lower cost than the direct purchase
of high resolution multi-spectral imagery. Pansharpening is a data fusion method whereby the
spatial resolution of a multi-spectral image is
improved by injecting information extracted from a
higher resolution panchromatic band. There have
been many algorithms proposed for this type of data
fusion. Recently, a public contest for pan-sharpening
algorithms was performed (Alparone et al. 2007).
Eight algorithms were evaluated in this contest and
the GLP-CBD (Aiazzi et al. 2002, 2006) and AWLP
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(Otazu et al. 2005) algorithms were ultimately ranked
as the best. Both algorithms use multi-resolution
analysis (MRA) to achieve spatial enhancement and
were derived directly from the values measured by the
sensor. The algorithms also use a normalization
process when transforming the multi-spectral pixel
values using the panchromatic information to avoid
spectral distortion
For effective image analysis, pan-sharpening
methods should preserve spectral information
throughout the image, including both land and water
areas, and reduce errors associated with noise such as
breaking waves. Since complicated processing itself
may cause unpredictable noise, the pan-sharpening
process approach should also ideally be simple and
predictable. We propose a simple pan-sharpening
method based on a multiple regression analysis. In the
method, original multi-spectral images are spatially
resampled (increasing number of pixels) and then
modified so that scatter diagrams between pansharpened image and the resampled original image for
all spectral bands exhibit linear relationships with
slopes equal to one and y-intercepts equal to zero.
Material and Methods
A set of FORMOSAT-2 (Liu 2006) images acquired
on 31 January 2007 at Ishigaki Island, RyukyuuIslands, Japan were used to demonstrate the proposed

pan-sharpening method. FORMOSAT-2 provides a
total of four visible-near infrared multi-spectral bands
at 8 x 8 m2 spatial resolution and a panchromatic band
at 2 x 2 m2 spatial resolution. The panchromatic band
covers the same equivalent spectral range as the four
visible-near infrared bands.
Pan-Sharpening Model
In the proposed method, pan-sharpening is
accomplished by replacing brightness information
estimated from the original lower resolution multispectral (MS) bands with values derived from the
higher spatial resolution panchromatic band. This
process is performed while preserving the spectral
information for subsequent image classification and
analysis. Figure 1 illustrates how pixels for a single
original MS pixel correspond with the 16 PAN pixels,
and the resulting 16 pan-sharpened MS pixels. As
shown in Fig. 1, the spectral reflectance values of the
original MS are written as r (red), g (green), b (blue)
and n (near infrared), and the corresponding
panchromatic reflectance values are P1 .. P16. We
regard the pan-sharpening problem as calculating the
values riP, giP, biP, niP (i = 1 .. 16) as a function of a
brightness estimator y, which is formulated as
y = f (r , g , b, n, P1 , L , P16 ).

(1)

In an early formulation of this algorithm (Gillespie et
al. 1987), y was calculated simply as
(2)

y = ( r + g + b ) / 3.
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Figure 1: (a) Original MS pixel, (b) PAN pixels, and (c) pansharpened MS pixels.

Eq. (2) indicates that the brightness y is estimated by
using just the lower resolution image, where the sum
of r, g and b is a rough approximation of overall
brightness. Liu used a more sophisticated function
(Liu 2000) with y calculated as
y=

N

1
∑ Pi ,
N i =1

(3)

where N is the number of high resolution pixels
corresponding to the lower resolution pixel. Liu’s
estimator was thus calculated using only the high
resolution image. Once the estimator is obtained in
the Gillespie et al. (1987) or Liu (2000) methods, the
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pan-sharpened values rip, gip, bip, niP (i = 1 .. 16) are
calculated as
r ⎫
Pi ⎪
y ⎪
g ⎪
g ip = Pi ⎬(i = 1, L ,16 ).
y ⎪
b
bip = Pi ⎪⎪
y ⎭
ri p =

(4)

Since Liu’s method is a form of a high pass filter, it
works particularly well in photo interpretation. Both
of the above methods, however, do not exactly
preserve the spectral characteristics of the original
multi-spectral image. This is evident when observing
the scatter diagram of the original low resolution
image and resulting pan-sharpened image does not
have a linear relationship.
The proposed method is designed so that the pansharpened versus original density scatter diagram
gives a perfectly linear relation with slope equal to
one and a zero y-intercept. The method is a
generalized algorithm that is equally applicable to
both land and water applications. In this method we
calculate the brightness estimator y as
y = a 0 r + a1 g + a 2 b + a 3 n + a 4 .

(5)

This model is derived from the fact that the
panchromatic band covers the same spectral range as
the visible (red, green, blue) and near infrared bands
combined. Since the near infrared band reflectance is
high in land (non-water) areas and almost zero in
water areas, two separate versions of the model are
utilized to independently represent the land and water
areas respectively.
In the proposed method, each original multispectral pixel is first resampled into N pixels (N = 16
for FORMOSAT-2) so that resampled image has the
same number of pixels as the panchromatic. All of the
N pixels are initially assigned the same reflectance
values as the original pixel
rie = r ⎫
⎪
g ie = g ⎪
⎬(i = 1, K ,16 ).
bie = b ⎪
n ie = n ⎪⎭

(6)

For the resampled image, Eq.(5) is rewritten as
y e = a 0 r e + a1 g e + a 2 b e + a 3 n e + a 4 ,

(7)

where ye means brightness component of expanded
pixel (i.e., resampled pixel). Using Eq.(7), the pansharpened reflectance values are calculated as
r jp

=

g jp =
b jp =

r je
y ej
g ej
y ej
b ej
y ej

⎫
Pj ⎪
⎪
⎪
⎪
P j ⎬( j = 1, K , M ),
⎪
⎪
Pj ⎪
⎪
⎭

(8)

where M is the total number of pixels in the
panchromatic image. Thus, the pan-sharpening
problem is reduced to determining the coefficients a0,
a1, a2 and a4 in Eq.(7). It is evident from Eq.(8) that
when yje equals to Pj the pan-sharpened pixel values
are statistically the same as the original.
We use a multiple regression analysis to determine
the coefficients as
P j = a 0 r je + a1 g ej + a 2 b ej + a 3 n ej + a 4

(9)

( j = 1,K , M ).

Eq.(9) is rewritten as
⎡ P1 ⎤ ⎡ r1e
⎢P ⎥ ⎢ e
⎢ 2 ⎥ = ⎢ r2
⎢ M ⎥ ⎢ M
⎢ ⎥ ⎢ e
⎣ PM ⎦ ⎣⎢ rM
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(10)

for common points in the MS and PAN bands,
Delaunay triangulation using the identified points,
and piece-wise affine transformation for removing the
discrepancy and performing the co-registration. Since
all of the MS bands are already co-registered, the coregistration process was simplified by first generating
a single pseudo image by adding together the
reflectance values from the individual r, g, b and n
images. Analysis was then performed by coregistering the pseudo image with the PAN image.
Approximately 1000 points were automatically
identified as co-occurring in the pseudo and PAN
images. Delaunay triangulation was used to generate a
surface network from these points, and piece-wise
affine transformation was then used to remove the
discrepancy. In this approach, only the convex areas
of the Delaunay triangulation were included in the coregistration process and subsequently utilized in the
pan-sharpening model.
Results and discussion
The co-registration and pan-sharpening methods were
applied to the FORMOSAT-2 imagery of the northern
area of Ishigaki Island. The original imagery
measured 4443 x 5359 pixels for the MS bands and
17321 x 19679 pixels in the PAN image. For the pansharpening model, all four MS bands (r,g,b,n) were
used over land (non-water) and only the three visible
bands (r,g,b) were used over water, which includes
the coral reef areas of interest. Figure 2 shows the
pan-sharpening results for a 3000 x 3000 pixel subset
of the overall image.

or in matrix format as
P = XA.

(11)

The coefficient vector A is obtained by using a
generalized inverse solution
A = (X' X )−1 X' P ,

(12)

where X‘ is the transpose matrix of X and X-1 is the
inverse matrix of X. The pan-sharpened multi-spectral
reflectance values are obtained by solving Eqs.(7), (8)
and (12).
Spatial Co-Registration
The MS and PAN sensors on FORMOSAT-2 are
physically separated, which produces a complex
discrepancy in spatial registration between the two
sensors. In order to remove this discrepancy, a spatial
co-registration process (Hanaizumi et al. 1994) was
applied to the FORMOSAT-2 imagery before
implementing the pan-sharpening procedure. The coregistration process consisted of automated searching
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Figure 2: Pan-sharpening output for image subset, with focus area
highlighted in white.

Figure 3 compares the pan-sharpening output with
the original resampled image for the 800 x 800 pixel
focus area indicated in Figure 2. It can be
qualitatively observed that the pan-sharpened image
preserves information from both the MS and PAN
bands. This is because the pan-sharpening method
modifies the MS pixel values using information from
all bands.
In order to quantitatively evaluate the performance
of the pan-sharpening model with respect to
preserving spectral information, scatter diagrams were
produced comparing the original resampled MS pixel
values with the resulting pan-sharpened values.
Ideally, this should be a linear 1:1 relationship, with a
slope of one and a zero y-intercept. Figure 4 shows
the reflectance scatter diagrams for the r, g and b
spectral bands. In these diagrams, the x-axis indicates
pixel values from the original MS image, and the yaxis is the pixel values after pan-sharpening. Further,
the intensity (i.e., darkness) of each dot is
proportional to the logarithmic frequency of pixels
with that specific value. The red lines in these

diagrams indicate the ideal 1:1 relationship. We can
see that all scatter diagrams produce linear shapes
closely approximating the 1:1 line. This indicates that
the spectral information is preserved and that we have
effectively obtained a higher spatial resolution color
image of the coral reefs from the lower resolution
original.
Conclusions
A pan-sharpening method was proposed which
incorporates the panchromatic information without
distorting the original spectral information.
Application to coral reef imagery produced a visual
improvement. The pan-sharpening was performed
pixel-by-pixel, replacing brightness components of
each lower spatial resolution MS band with higher
spatial resolution values derived from the MS and
PAN bands. It was also quantitatively shown that the
resulting pan-sharpened image preserved the spectral
(i.e., color) content of the original image. The
multiple regression analysis used for this estimation is
regarded as a type of density normalization between

(a) MS original color image.

(b) Pan-sharpened image.

Figure 3: Comparison of pan-sharpening results with the resampled original image for a 800 x 800 pixel focus area.

(a) Red band.

(b) Green band .

(c) Blue band.

Figure 4: Density scatter diagrams between the pan-sharpened result (y-axis) and the original MS imgary (x-axis).
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the multi-spectral bands and the panchromatic image.
The model is applied over water using just the three
visible MS bands, and over land using all four MS
bands. By incorporating the higher resolution
panchromatic information, the model also adds spatial
information not present in the original lower
resolution image.
The proposed method was successfully applied to
FORMOSAT-2 data of Ishigaki Island, Japan. The
spatial resolution of the MS bands was improved from
8 x 8 m to 2 x 2 m by implementing the pansharpening model. Spectral preservation performance
was evaluated using scatter diagrams, which indicated
results approximating the desired 1:1 relationship and
thus confirmed effective performance of the model.
The authors next plan on using pan-sharpening
method to monitor temporal changes in coral reefs
using satellite remote sensing imagery. The
development of appropriate change detection methods
using this imagery is a subject of future study.
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