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Abstract 
Several techniques have been developed to merge SPOT 10-m 
resolution panchromatic data (SPOT P) with simultaneously ac- 
quired 20-m resolution multispectral data (SPOT XS). Normally, 
the objective of these procedures is to create a composite im- 
age of enhanced interpretability. The current merging methods 
may not be satisfying; they can distort the spectral character- 
istics of the xs images and, as a result, the analysis becomes 
difficult. In this paper a method allowing the use of 10-m res- 
olution xs data while conserving the spectral properties of the 
original 20-m data is presented. This method uses a multire- 
solution analysis procedure based upon the wavelets trans- 
form; it is applied to remotely sensed SPOT P and SPOT XS im- 
ages of the river junction Arc-Is&re (France). This new method 
is compared with the IHS method and P+XS method. The 
wavelets method is the one which least distorts the spectral 
characteristics of the data. The distortions are minjmal and 
difficult to detect. 

Introduction 
The objective of the improved image merging method is to 
generate hybrid high resolution multispectral images that at- 
tempt to preserve the radiometric characteristics of the origi- 
nal multispectral data. This is very important for our group 
because we are mostly interested in vegetation analysis. 

A number of methods for merging panchromatic images 
with multispectral images are known from literature. Pradi- 
nes (1986) proposed a method for merging four SPOT pan- 
chromatic pixels with a corresponding SPOT XS pixel. Price 
(1987) used merging methods for display techniques. Three 
merging methods have been compared (Chavez et al., 1991) 
and no example was found to be well adapted to vegetation 
analysis. The most common procedure was the Intensity- 
Hue-Saturation (IHS) method which has been used by Carper 
et al. (1990), Chavez et al. (1991), and Ehlers (1991). For ex- 
ample, recently Pellemans et al. (1993) have demonstrated 
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that the IHS method was not adapted to vegetation, and they 
proposed a method based on the sensors radiometric proper- 
ties. 

It is desirable that any procedure for merging high reso- 
lution panchromatic data with low resolution multispectral 
data should preserve the original spectral characteristics of 
the latter as much as possible. The procedure should be opti- 
mal in the sense that only the additional spatial information 
available in higher resolution data is imported into the mul- 
tispectral bands. 

The purpose of the present study was to present a 10-m 
simulated method for xs images while conserving spectral 
properties of original XS 20-m images. This method uses two 
tools coming from the signal processing field, based on solid 
mathematical procedures: multiresolution analysis and the 
wavelet transform. This new merging method was compared 
with the most common merging procedures such as IHS 
(Carper et al., 1990; Kay, 1990) and P+xS (Anonymous, 
1986). 

Multiresolution Analysis and Wavelet Transform 
The Wavelet Transform 
Multiresolution analysis based on wavelets theory permits 
the introduction of the concept of details between successive 
levels of scale or resolution. 

To define the wavelet transform (Meyer, 1992), it is nec- 
essary to introduce a function T(t) called the generating 
wavelet. Such a function T(t) is mainly concentrated near 0 
and is characterized by a rapid decrease when I t I increases. 
We say that q t )  is well localized (Mallat, 1989). Moreover, 
q t )  has to be oscillant in order to present a good localiza- 
tion in the frequency domain. 

This condition was expressed by the equation 

The generating wavelet allowed the introduction of wavelet 
!P(o,b) (t) depending on two parameters: a scale factor a and a 
translation factor b: i.e.. 

Grossmann and Morlet have proved that, under this condi- 
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tion for IV(t) to be real, such a set of functions P(,,,, (t) can be 
used as an orthogonal base of square bounded functions. 

Thus, each signal f(t) can be expressed in the basis, and 
the corresponding coefficients are defined as wavelets coeffi- 
cients of f(t) and expressed by the scalar product 

Such coefficients correspond to the fluctuation of the signal 
f(t) near the point b and the scale a. This coding has the ad- 
vantage of representing a function at different levels of scale. 
At each level we obtain notions of details corresponding to 
information belonging to this level with regard to the previ- 
ous one. We can organize the signallimage information as a 
sequence of detail appearing at different levels of resolution. 

We used the biorthogonal approach of wavelet decompo- 
sition, from one level to the next one successively. We used 
a filtering method followed by subsampling (Mallat, 1989). 
This image was decomposed in a low frequency version and 
three images of details which corresponded to the three di- 
rections: horizontal, vertical, and diagonal. 

It was also important to mention the reversibility of this 
transform in order to reconstruct the image at the initial res- 
olution without losing any detail information. 

ciated with @ is a low-pass filter, while the g filter which is 
associated with the wavelet is a high-pass filter P (Table 1). 
The principles of the analysis stage and synthesis stage are 
successively presented below. 

The Analysis Stage 
Let So be the initial signal, that is to say, the full resolution. 
An approximation S1 of this signal has to be obtained from 
So, which is possible due to a convolution of So with the 
low-pass filter deduced from the scale function associated to 
the wavelet (Figure 1). The resulting S1 was a smoothed or 
debased version of So. 

The difference between S1 and So, denoted D, corre- 
sponded to the details of the So resolution. This difference 
was obtained with a high-pass filter deduced from the wave- 
let. If So had N samples, then the signals S1 and D1 will both 
have N/2 samples. This comes from the resolution factor 
which is 2 and corresponds to the undersampling factor. 
This can be expessed as follows: 

Let S"e a signal at the j resolution, h, be the low-pass 
filter, and g, be the high-pass filter. Then, the approximation 
at Sl+' resolution and the details called Dl can be obtained 
according to the following formulas: 

s:+l = S~~,,.-,SI 

For the bi-dimensional case, the image was considered as a 
vector matrix and Equation 4 was applied to all the lines and 
all the columns successively according to direction (A) as 
shown in Figure 1. 

In that way, four under images (HH, GH, HG, and GG) 
were obtained from one full resolution image. HH was the 
context image at the inferior resolution, GH was the image of 
the horizontal details, HG was the image of the vertical de- 
tails, and GG was the image of the diagonal details. 

Implementation Synthesis Stage 
To be clear and simple, we have chosen to present the imple- In the case of the mono-dimensional signal, this stage con- 
mentation of the wavelets transform in the case of a mono-di- sisted of reconstructing So from S1 and Dl. The signal Sl with 
mensional signal. We will then easily deduce from it the case the j resolution was obtained using the following formula: 
of the bi-dimensional signal. To implement the transform, we 
did not use the scale function @ and its associated wavelet P s!, = 2 & [ . - , k , ~ ~ 1  + Tg[g , . , , )~~ l  (5) 

directely, but h and g filters as well as the corresponding mir- 
ror filters. The properties of these filters can be deduced from where SI+' is the signal at j f l  resolution and D]+l are the de- 
those of the wavelets and the scale function. The h filter asso- tails associated with the j resolution. 

Analysis (A) + 

details 

a) full resolution image b) Filtering on the lines c )  Filtering on the columns d) Results of the two 
with h and g with h and g successive filterings 

4 
Synthesis (S) 

Figure 1. General diagram of the implementation. h and g: filters for the lines; 
h and g: filters for the columns. 
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In the case of the bi-dimensional signal, the original im- 
age So had to be obtained from the context image HH, and the 
details images HG, GH, and GG. The reconstruction formula 
(Equation 5) is applied first to all the lines and second to all 
the columns according to the direction S shown in  Figure 1. 
This reconstruction is possible due to the wavelets transform 
reversibility and the exact reconstruction property of the as- 
sociated filters. 

The multiresolution analysis and the wavelets transform al- 
ready have some applications in image processing and remote 
sensing: e.g., compression (Antonini et al., 1992), speckle 
processing in SAR imagery (Ranchin, 1993), rectification (Dja- 
mdji, 1993; Djamdji et al., 1993), and segmentation (Fau et al., 
1993). For merging images with different spatial resolutions, 
some results have already been obtained by Mangolini et al., 
1993). 

Data Acquisition and Study Areas 
The SPOT data were collected on 2 1  July 1990 by SPOT (Sat- 
ellite Pour l1Observation de la Terre). It is a SPOT XS and 
SPOT P image (Plate 1) of the river junction "Arc-Isbre" near 
Albertville (Olympic City), France (Figure 2). 

The Arc and Isbre rivers were diked during the 19th cen- 
tury and, as a result, their stream corridors were changed by 
important disturbances which markedly transformed the ripar- 
ian landscape. More recently, channelized beds were affected 
by entrenchment processes which caused perturbations such 
as the lowering of the superficial water table in the channels 
and under the adjacent bottomlands. These perturbations 
could initiate major changes in plant communities and farmed 
areas. 

The IsbreIArc junction is considered an interesting study 
area because it is a mosaic of habitats, including 

wetlands on fine deposits; 
bare soils, dry meadows, and brushwoods on coarse deposits; 
farmed zones with various yields; 
populus sp cultivations; 
old and recent gravel-mining ponds; and 
urban space. 

Remote sensing appears to be the most sustainable tool al- 
lowing the analysis of the ecological landscape variations 
over space and time. 

Wavelets Merging Methods 
Merging information from different imaging sensors involves 
two distinct steps (Chavez and Bowell, 1988). First, the digi- 
tal images ftom both sensors were geometrically registered to 
one another. Next, the information contents-both spatial 
and spectral-were mixed to generate a single data set that 
contained the best of both sets. 

First, the SPOT XS and SPOT P images were geometrically 
corrected in order to be superimposed. This was done using 
image modeling processes and the constitution of a digital el- 
evation model (Novak, 1992) of the study area. Next, two 
steps are necessary (Figure 3) for the wavelet merging 
method (Garguet-Duport et al., 1994a): 

Having produced three new SPOT panchromatic images whose 
histograms are specified according to the histogram of each 
SPOT xs band, the first step consists in extracting (from the 
three panchromatic images' information content) the struc- 
tures (also called "details") present between the 10-m and 
20-m spatial resolutions (Figure 4). These structures are 
isolated into three wavelet coefficients which correspond to 
the detail image according to the three directions (vertical, 
horizontal, and diagonal). Each set of three detail images ex- 
tracted from one panchromatic image corresponds to the spa- 
tial information, at 10-m, for one SPOT XS band. 
The second step consisted of introducting these details into 
each XS-band through the inverse wavelet transform (Figure 

Figure 2. Location of the area studied. 

5). Thus, at 10 m of resolution, simulated images are pro- 
duced. The spectral information content of original xs images 
was conserved because only the scale structures between 10- 
m and 20-m resolutions have been added. 

Results and Discussion 
To interpret the performances of this new merging method, 
we have considered three criteria. 

Geometrical Improvement 
Because we do not have any xs image at a 10-m resolution 
to compare with, the evaluation of the geometrical improve- 
ment poses a problem. To avoid it, we applied the merging 
method at an inferior level of resolution, that is to say, on a 
SPOT panchromatic image at a 20-m resolution and a SPOT XS 
image at a 40-m resolution. This merging method allowed us 
to simulate an xs image at a 20-m resolution by using the 
scale structures between the 40- and 20-m resolution of the 
image. This image was compared with the SPOT XS image of 
origin in order to evaluate the geometric improvement. 

The results are shown in Plate 2 .  Here, we can see that 
the xs image simulated at a 20-m resolution (Plate 2b) and 
the xs image of origin (Plate 2a) do not show any difference. 
The luminance histograms of both images have the same 
general shape, with a light compression of the radiometric 
values for the xs image simulated at a 20-m resolution. How- 
ever, this compression was not perceptible, visually speak- 
ing. The difference between the two XS images (Plate 2e) did 
not show any particular structure, which indicated that the 
scale structures between 40 and 20 m resolution have really 
been injected in the xs image simulated at 20 m. 



I 
I 

(b) 

Plate 1. SPOT HRV image of the "Arc-lsgre" river junction, France, recorded on 2 1  July 
1990 (O SPOT Image Copyright 1990 CNES). (a) Original image in the color composite of 
the xs bands 3, 2, 1 as red, green, and blue, respectively. The spatial resolution is 20 m, 
and 512 by 512 pixels are shown. (b) Original image in the panchromatic band. The spa- 
tial resolution is 10  m, and 1024 by 1024 pixels are shown. 

Preservation of the Spectral Characteristics method: the IHS method (Carper et al., 1990; Kay, 1990) and 
We compared the radiometric values stemming from differ- the p+xs method (Anonymous, 1986). These two methods 
ent merging methods and the original 20-m xs image. The are currently used in ecological framework studies. 
following merging methods were compared w i th  the wavelet Because the xs images of origin at a 20-m resolution and 
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Plate 2. Checking of the merging method principle. (a) Color composite of the original xs 
image at 20 m resolution. (b) Color composite of the SPOT xs image reconstructed by the 
wavelets merging method. (c) and (d) are histograms of (a) and (b), respectively. (e) Image 
of the difference between (a) and (b). 

the xs merging images do not have the same size, we cannot worked out the differences between the averages and the var- 
compare their radiometry with a simple arithmetic subtrac- iances for each channel (red, green, and blue) for the image 
tion between the two images. In order to quantify the radi- of reference and the merging images. To work it out, we 
onletry variations produced by the merging method, we have used the following formulas: 

I PE&RS September 1996 
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For the average: p = ( 6 )  For the variance: 62 = 
1 h i  - p h 2  - C(g( i )  - pgl2 
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Figure 4. The first step of the wavelet merging method; 
example for the SPOT XS2 band (O SPOT lmage Copyright 
1990 CNES). (a) Panchromatic image with its histogram 
specified according to the SPOT XS2 histogram. The spa- 
tial resolution is 10  m, and 1024 by 1024 pixels are 
shown. (b) Context image with 20-m spatial resolution. 
(c) lmage of the "horizontal structures" at 10  m resolu- 
tion. (d) image of the "vertical structures" at 10 m reso- 
lution. (e) image of the "diagonal structures" at 10  m 
resolution. This wavelet merging method enabled us to 
get all the scale structures included between 10  and 20 
m. This wavelet merging method is applied to three pan- 
chromatic bands, each one having its own histogram 
specified according to one of the xs bands. 

(4 
Figure 5. The second step of the wavelet merging method; 
simulation of the SPOT xs2 at 1 0  m (O SPOT lmage Copy- 
right 1990 CNES). (a) SPOT xS2 image geometrically recti- 
fied according to the SPOT panchromatic band geometry; 
the spatial resolution is 20 m. (b), (c), and (d) Detail im- 
ages according to three directions derived from the first 
step of the wavelet merging method (Plate 1). The inverse 
wavelet method involves injecting the three detail images 
in the xs2 band in order to simulate an XS2 band at 10 m 
resolution (e). 
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FFD CEm BLUE 

Spectral bands 

(b) 

Figure 6. (a) Difference in absolute value between the averages. 
(b) Difference in absolute value between the variances. 

where h(i) is the histogram of the image of reference and g(i) 
is the histogram of the merging image. 

Figure 6 shows the results. The analysis of the radiomet- 
ric characteristics proved that this method was more efficient 
than the classical IHS and P+XS merging methods. The wave- 
lets method appeared to allow a better preservation of the ra- 
diometic characteristics of the original SPOT XS image. 

Thematic Analysis 
The results of visual inspection were performed by profes- 
sional photointerpreters, specialists in vegetation mapping. 
In Plate 3, a color composite image, made with the XS 10-m 
bands, and an other one made, with the panchromatic band 
to enhance vegetation analysis, are shown. 

For the thematic analysis, the professionnal photointer- 
preters used an aerial photograph taken on 22 July 1990 as a 
reference. They located in it 102 taxons divided into three 
classes: natural vegetation, farming, and urban zones. Then, 
they tried to find these 102 taxons in each image. Figure 7 
shows the results of this analysis. The image merged by the 
wavelet method allows us to find, for the three classes, more 
taxons than with the other merging methods (IHS and P+XS) 
and more taxons than in each original image (SPOT XS at a 
20-m resolution, SPOT P at a 10-m resolution). The color com- 
posite image that we have called "natural colors" gave the 
best results concerning vegetation characteristics. The wave- 
let method appears to be well adapted to the vegetation anal- 
ysis. The images produced by this method maintains good 
spectral quality while preserving the high spatial panchro- 
matic band resolution (Garguet-Duport et al., 1994b). 

Hence, beyond these high resolution new channels, it is 
possible to carry out image processing techniques (classifica- 
tions, color-composite imagery, band ratioing, etc.) which 
have been currently used for several years. Concerning vegeta- 
tion, the wavelet merging methods allowed a better automatic 
classification (fewer pixels mixed) than the other methods 
(Garguet-Duport, 1994). These numerical techniques are all the 
more interesting as the images concerned allowed the spoT-xs 

Natural coiours 

W Farming 

0 20 4 0  6 0  8 0  100 

Taxons percentage 

Figure 7. Thematic analysis of the images. 
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at a 20-m resolution to retain its radiometric characteristics 
while being simulated at a 10-m resolution. 

Conclusions 
The major advantage of the wavelet merging method is in the 
minimal distortion of the spectral characteristics of the data. 
This result could be obtained because the wavelet method 
has only added the scale structures contained between 10-m 
resolution and 20-m resolution images. Another advantage 
was that these scale structures (panchromatic "details") can 
be applied to each XS band independently. 

The visual comparison indicated that the wavelet method 
generates results with good spatial resolution similar to the 
IHS method or the P+XS method. 

The results stemming from this merging method are very 
promising. Analysis and thematic processings (i.e., production 
of thematic color composite images, automatic classification) 
carried out horn that high resolution data have exhibited a 
significant improvement of imagery and a great potential con- 
cerning vegetation mapping of the floodplains which needs 
high spatial and spectral resolutions. 
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