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Introduction

Since the late 1980s, deciduous oak dieback has 
been prevalent in Japan, but recently, the infestation has
lasted, and the area of dieback has spread to new loca-
lities where diebacks have never been recorded (Ito and
Yamada, 1998). The major vector of this fungus is the
ambrosia beetle, Platypus quercivorus (Murayama), is
a major vector of this fungus. Ambrosia beetles are 
wood-inhabiting, obligate mutualistic insects that cons-
truct galleries within which they cultivate fungi for fo-
od (Hulcr et al., 2007) and usually attack weakened or
dead trees; e.g., the southern pine beetle (Rojas et al.,
2010), the european elm bark beetle (Hubbes, 2004) and
the spruce beetle (Makoto et al., 2013). Since ambro-
sia fungus cause the problems of oak wilt, decrease of
wood resources and galleries, the determining the 
pattern of insect presence is a matter of great urgency.

There are many studies of forest monitoring using
satellite remote sensing (Cano et al., 2005; Blanco et
al., 2009), and in this case, detecting points of insect
presence using an ALOS/AVNIR-2 true color image
will be useful (Kamibayashi et al., 2008). Furthermo-
re, applying pan-sharpening technics, higher spatial
resolution multispectral image can be generated from
a combination of lower resolution multispectral ima-
ges and higher resolution panchromatic images.

A great number of pan-sharpening techniques have
been developed to combine panchromatic and multi-
spectral images to produce an enhanced multispectral
image with a high spatial resolution. Currently, sim-
ple pan-sharpening algorithms, such as the Brovey
transformation, are widely used (Ehlers et al., 2010).
Over the last few years, a number of improved algo-
rithms have been developed with the promise to mini-
mize color distortion while retaining the spatial im-
provement. In this study, f ive pan-sharpening
algorithms were chosen for comparison. These algo-
rithms include the modified IHS transformation (IHS),
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Wavelet transformation (Wavelet) Ehlers fusion (Eh-
lers) and High Pass Filter Resolution Merge (HPF).
For comparison, we also selected the Brovey transfor-
mation (Brovey).

The difference in spatial resolution between the
panchromatic and multispectral modes can be measu-
red by the resolution ratio (RR), and an RR between
1:2 and 1:5 is generally adopted (Madden, 2009). Thus,
for the detection of damage points, the effects of the
RR were evaluated, and some pan-sharpening algo-
rithms were considered and evaluated.

Material and methods

The study area were oak forests composed of Quer-
cus crispula Blume and Quercus serrata Murray in Ka-
nazawa prefecture, Japan. The forests were suffering
from problem of oak wilt, culturing mushrooms, de-
crease of wood resources and galleries caused by the
ambrosia beetle.

The satellite data were acquired on September 11,
2007 by ALOS/PRISM and AVNIR-2 (Table 1). First,
the PRISM imagery was resampled with a 10 m pixel
resolution (equal to the original AVNIR-2 imagery).
Second, the AVNIR-2 imagery was resampled with re-
solutions of 20, 30, 40, 50 and 62.5 m (to simulate the
RR of ALOS-3/HISUI, which would be launched in
2014) because an RR between 1:2 and 1:5 is generally
desirable. Third, pan-sharpened imagery was genera-
ted with a pixel spacing of 10 m, and then the original
AVNIR-2 imagery was compared to evaluate the pre-
servation of the spectral characteristics by the pan-
sharpening algorithms. In this study, five pan-sharpe-
ning algorithms (IHS, Wavelet, Ehlers, HPF and
Brovey) were chosen for comparison. The IHS trans-
form separates spatial (intensity) and spectral (hue and
saturation) information from a standard RGB image.
To fuse the images, three bands of a multispectral ima-
ge are transformed from the RGB domain into the IHS
color space. We make use of the modified IHS fusion
from Siddiqui (2003) which was developed for a better
fit of the fused multispectral bands to the original da-

ta. Wavelet transformation is based on the wavelet de-
composition of images into different components ba-
sed on their local frequency content. We perform the
Discrete Wavelet Transforms (DWT) on the multispec-
tral and panchromatic images to extract the low fre-
quency data from the multispectral image and the high
frequency data from the panchromatic image. These
components are combined to create the Fused Wave-
let Coefficient Map. The inverse wavelet transforma-
tion is performed on the fused map to create the final
pan-sharpened image. The Ehlers fusion is based on
an IHS transform coupled with a Fourier domain fil-
tering. This technique is extended to include more than
3 bands by using multiple IHS transforms until the
number of bands is exhausted. A subsequent Fourier
transform of the intensity component and the pan-
chromatic image allows an adaptive filter design in the
frequency domain. Using fast Fourier transform (FFT)
techniques, the spatial components to be enhanced or
suppressed can be directly accessed. The intensity
spectrum is filtered with a low pass filter (LP) where-
as the panchromatic spectrum is f iltered with an in-
verse high pass filter (HP). After filtering, the images
are transformed back into the spatial domain with an
inverse FFT and added together to form a fused inten-
sity component with the low-frequency information
from the low resolution multispectral image and the
high-frequency information from the high resolution
image. This new intensity component and the original
hue and saturation components of the multispectral
image form a new IHS image. As the last step, an in-
verse IHS transformation produces a fused RGB ima-
ge. These steps can be repeated with successive 3-band
selections until all bands are fused with the panchro-
matic image (Ehlers, 2004). The algorithm shows the
best result for the preservation of spectral characteris-
tics (Ehlers et al., 2010). Then we thought this algo-
rithm would be the most useful algorithm for visually
analysis. HPF is an arithmetic technique that applies
a spatial enhancement filter to the high-resolution ima-
ge before being merged with the multispectral data set
on a pixel-by-pixel basis. The HPF combines both spa-
tial and spectral information using the band addition
approach (Chávez et al., 1991). Brovey uses a ratio al-
gorithm to combine the multispectral and panchroma-
tic images. Essentially the technique normalizes each
of the multispectral bands used and multiplies these
with the higher resolution panchromatic band. When
layer stacked, the result is a synthesized higher resolu-
tion multispectral image (Pohl and Van Genderen, 1998).
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Table 1. Characteristics of the satellite images used

Sensor Date
Incidence Pixel spacing
angle (°) (m)

ALOS/PRISM September 11, –1.2 2.5
ALOS/AVNIR-2 2007 0 10



Four statistical measures were used for the quanti-
tative spectral evaluation. The correlation coefficient
(CC) between the original multispectral bands and the
equivalent fused bands was calculated to evaluate the
spectral value preservation. The values ranged from
–1 to 1, and good correspondence is close to 1. For the
per-pixel deviation (PD) (Wald 2002), the fused ima-
ge was first degraded to the spatial resolution of the
original image and was then subtracted from the ori-
ginal image on a per-pixel basis. Then, the average de-
viation per pixel was calculated using the number of
pixels in the image. Desirable low differences bet-
ween the original and fused images were indicated by
low values of the PD, with minimum of 0. The root 
mean square error (RMSE) was also proposed by Wald
(2002), and its best possible value is 0. The structure
similarity index (SSIM) combined comparisons of lu-
minance, contrast and structure (Wang et al., 2004).
The values range between 0 and 1, and values close to
1 showed the highest correspondence with the origi-
nal images.

As a qualitative evaluation, visual detection was
conducted. Using visual detection, the detection rate
of the points of oak wilt was evaluated for the AVNIR-2
imagery (original and resampled imagery) and the pan-
sharpened imagery.

Results and discussion

Using a spectrometer (ASD Inc. FieldSpec 3), the
reflection characteristics of the normal leaves and the
damaged leaves are shown in Fig. 1, and the differen-

ces were observed in the three bands of AVNIR-2.
Thus, the points of oak wilt can be detected visually
using AVNIR-2 true color imagery (red: 610-690 nm,
green: 520-600 nm and blue: 420-500 nm).

The results of the quantitative and qualitative eva-
luations are shown in Table 2.

Better CC’s were obtained by the HPF (average of
0.82), Brovey and Ehlers (averages of 0.74) and the
difference between HPS and Brovey is significant at
5% level (p = 0.017). For the blue band, in particular
IHS, the CC’s were lower than for the other two bands
(p > 0.01) because the range of the original blue band
is not completely covered by the PRISM sensor (520-
770 nm). For the red and green bands, the Wavelet has
the worst result (the differences were significant at 1%
level), whereas the four other algorithms had CC’s that
were greater than 0.7 for all pixel spacings. In gene-
ral, the Wavelet was strongly subject to the influence of
the degradation caused by resampling (Ehlers et al., 2010).

Ehlers et al. (2010) shows that the PD less than 5.0
means acceptable. For the HPF, IHS and Wavelet, the
PDs were less than 5.0, indicating that good results we-
re obtained. However, the worst PDs were obtained by
the Brovey, in agreement with other studies, in which,
the results of the Ehlers were not associated with the
pixel spacing (Ehlers et al., 2010).

The best RMSEs were obtained for the HPF, whe-
reas the worst results were obtained for the Brovey [the
RMSEs for Brovey were 20-55 worse than those for
HPF and the difference were significant at 1% level
(p < 0.01)]. Compared with the other algorithms, the
Ehlers was strongly subject to the influence of the de-
gradation caused by resampling. The capacity of edge
detection of pan-sharpened image applying Ehlers al-
gorithm is relatively low (Ehlers et al., 2010). The al-
gorithm was weak against the ambiguity of multispec-
tral image by the degradation. Again, the best SSIMs
were observed for the HPF, and the worst results were
obtained for the Brovey.

The visual detection of the original AVNIR-2 ima-
gery enabled the extraction of 1,044 damage points.
The detection rate of the damage points was 78.0%,
70.4%, 48.9%, 48.5% and 38.2% for pixel spacings 
of 20 m, 30 m, 40 m, 50 m and 62.5 m, respectively.
Additionally, color compensations were conducted for
all pan-sharpened imagery to support visual detection.
In the case of an RR of 1:6.25, all algorithms were use-
ful for the visual detection. In particular, the Brovey
was the most effective algorithm for edge detection
and as a consequence, the detection rate of damage
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Figure 1. Reflectance ratios of the leaves and wavelengths of
ALOS/AVNIR-2 (red, green and blue).



points improved by 50%. Then, the Brovey had the best
results for the RRs of 1:3, 1:4 and 1:5, and the Ehlers
was the most useful for an RR of 1:2. These results we-
re similar to those of the CC.

Conclusions

With respect to the quantitative spectral analysis
evaluations, HPF had good results and thus may be po-
tentially applied to various remote sensing techniques,
such as unsupervised classification and NDVI calcu-
lations. In contrast, Brovey had the worst results ex-
cept for the correlation coefficients, which showed that
the detection rate of the damage point was high. The-
se results indicated that the degradation of the spec-
tral characteristics can be overcome, even if the corre-

lation coefficients between the original multispectral
imagery and the pan-sharpened imagery are high, in
the case for which the primary aim is to detect dama-
ge points. Then this algorithm may be used widely for
detecting insect distribution using the satellites laun-
ched in future such as ALOS-3.
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Table 2. Quantitative and qualitative evaluations. The numbers separated with commas are the results for red, green and
blue, respectively. The abbreviations Brovey, HPF, Ehlers, IHS and Wavelet are the Brovey transformation, High Pass Filter
Resolution Merge, Ehlers fusion, the modified IHS transformation and Wavelet transformation, respectively

Pixel
Quantitative spectral analysis Qualitative

Algorithm spacing Correlation Per-pixel Root mean square Structure similarity
evaluation

(m) coefficient derivation error index Detection
(CC) (PD) (RMSE) (SSIM)

rate

Brovey 20 0.89, 0.80, 0.64 26.18, 41.10, 58.42 27.53, 41.94, 58.60 0.23, 0.22, 0.25 88,7%
30 0.87, 0.79, 0.60 26.21, 41.03, 58.27 27.54, 41.95, 58.61 0.22, 0.22, 0.25 78,9%
40 0.83, 0.77, 0.60 26.22, 41.09, 58.34 27.61, 41.96, 58.61 0.21, 0.22, 0.25 74,8%
50 0.83, 0.77, 0.60 26.12, 41.06, 58.30 27.66, 41.96, 58.65 0.21, 0.22, 0.25 71,0%
62.5 0.79, 0.76, 0.60 26.24, 41.06, 58.31 27.70, 41.99, 58.69 0.20, 0.22, 0.25 59,2%

HPF 20 0.89, 0.89, 0.88 0.36, 0.28, 0.26 5.40, 5.09, 3.52 0.89, 0.89, 0.87 85,0%
30 0.85, 0.83, 0.84 0.39, 0.31, 0.29 6.23, 6.21, 3.96 0.85, 0.83, 0.83 67,0%
40 0.82, 0.83, 0.81 0.34, 0.25, 0.23 6.64, 6.28, 4.20 0.83, 0.83, 0.81 64,9%
50 0.82, 0.81, 0.80 0.39, 0.32, 0.28 6.75, 6.61, 4.29 0.82, 0.81, 0.79 61,2%
62.5 0.74, 0.71, 0.73 0.40, 0.32, 0.29 8.04, 8.01, 4.96 0.75, 0.72, 0.73 52,7%

Ehlers 20 0.90, 0.84, 0.66 1.71, 24.51, 6.86 5.36, 7.02, 6.90 0.89, 0.76, 0.66 89,3%
30 0.88, 0.81, 0.63 0.52, 1.00, 21.63 5.50, 7.73, 9.73 0.88, 0.79, 0.64 69,7%
40 0.83, 0.79, 0.63 0.54, 13.30, 0.20 6.26, 14.96, 12.72 0.84, 0.75, 0.63 47,3%
50 0.84, 0.77, 0.58 0.84, 12.97, 11.92 6.35, 14.97, 14.17 0.84, 0.75, 0.58 45,5%
62.5 0.78, 0.74, 0.55 6.70, 0.76, 10.55 10.13, 25.36, 23.23 0.77, 0.71, 0.52 42,7%

IHS 20 0.90, 0.80, 0.54 0.45, 0.48, 0.31 5.02, 6.81, 8.53 0.90, 0.80, 0.52 62,2%
30 0.88, 0.80, 0.52 0.46, 0.53, 0.42 5.56, 6.87, 8.80 0.86, 0.80, 0.52 58,1%
40 0.85, 0.71, 0.43 0.57, 0.52, 0.31 6.00, 7.79, 8.93 0.84, 0.72, 0.46 49,1%
50 0.84, 0.71, 0.38 0.37, 0.37, 0.29 6.35, 7.83, 9.14 0.81, 0.71, 0.41 42,3%
62.5 0.81, 0.71, 0.35 0.42, 0.35, 0.26 6.77, 7.97, 9.59 0.78, 0.71, 0.37 20,3%

Wavelet 20 0.77, 0.77, 0.71 0.06, 0.17, 0.14 7.68, 7.51, 5.80 0.78, 0.77, 0.73 72,0%
30 0.74, 0.73, 0.70 0.09, 0.19, 0.22 8.28, 8.11, 5.81 0.74, 0.74, 0.72 64,8%
40 0.60, 0.60, 0.55 0.25, 0.27, 0.24 10.12, 9.95, 7.42 0.61, 0.61, 0.57 56,5%
50 0.53, 0.54, 0.51 0.14, 0.25, 0.25 11.01, 10.67, 7.64 0.55, 0.55, 0.54 51,4%
62.5 0.44, 0.45, 0.41 0.36, 0.50, 0.63 12.08, 11.82, 9.30 0.46, 0.46, 0.42 47,3%
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