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Geometrical Registration of Images: 
The Multiresolution Approach 

Abstract 
Geometrical registration of two images is nowadays a current 
and important step in remote sensing in view of further 
processing and interpretation of the data. Therefore, geo- 
metrical registration of images with different ground resolu- 
tions is useful for a better comprehension of dynamic 
processes [i.e., deforestation, desertijlcation), as well as for 
extrapolating models of interpretation from a small region to 
larger areas. 

We present a new method of automatic registration, 
based on a multiresolution decomposition of the images 
using the wavelet transform. The main properties of this 
transform, as well as how the use of the wavelet model leads 
to an automated geometric matching between the different 
images, are described. Our technique has been applied to 
diflerent sets of data acquired with the same sensors [SPOT 
HRV; Landsat MSS) as well as from different sensors with dif- 
ferent resolutions (SPOT HRV and Landsat MSS; Landsat TM 
and SPOT H R ~ .  

Introduction 
Image registration of remotely sensed data is a procedure that 
determines the best spatial fit between two or more images 
that overlap the same scene, acquired at the same or at a dif- 
ferent date, by identical or different sensors. It is an impor- 
tant step, as it is frequently necessary to compare. data taken 
at different times on a point to point basis, for the study of 
temporal changes for example. Thus, it is required that the 
new set of data be processed in such a way that its image 
under an appropriate transform is in a proper geometrical 
registration with the previous set of data. 

The inventory of natural resources and the management 
of the environment requires a complex and a relevant per- 
ception of the objects to be studied (Manibre, 1987). Often, a 
multiresolution approach is essential for the identification of 
the phenomena studied, as well as for the understanding of 
the dynamic processes related to them. In this case, the 
processing of data taken by different sensors with a different 
ground resolution is necessary. 

Another important situation where the need for different 
images acquired with a different ground resolution sensor 
arises is when the generalization to larger surface areas of an 
identification or an interpretation model, based on small 
areas (Achard and Blasco, 1990). This is the case for studies 
at the scale of a continent (Justice and Hiernaux, 1986; Hier- 
naux and Justice, 1986; Tucker et al., 1986). Therefore, the 
data must be geometrically registered with the best accuracy. 

Several digital techniques, such as cross correlation, nor- 
mal cross correlation, and minimum distance criteria, have 
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been used for the automatic registration of images (Jeansou- 
lin, 1982; Barnea and Silverman, 1972; Pratt, 1974). In this 
paper, we present a procedure for automatic registration of 
remotely sensed data based on the multiresolution decompo- 
sition of images with the wavelet transform. The advantage 
of the wavelet transform is that it produces both spatial and 
frequency information which allows the study of the image 
by frequency bands. We will illustrate this study with differ- 
ent sets of data obtained with identical sensors as well as 
with different sensors, and, particularly, the registration of 
SPOT with SPOT data, Landsat MSS with Landsat MsS data, 
SPOT with Landsat MSS data, and SPOT with Landsat TM data. 

The Wavelet Transform 
The Continuous Wavelet Transform 
The continuous wavelet transform of a one-dimensional sig- 
nal f ix)  with respect to the analyzing wavelet Jlix) is the two- 
dimensional set defined as 

where a is the scale factor. The wavelet coefficients W(a,b) 
give information on the signal at the location b and for the 
scale a. The function Jlix) must obey the admissibility condi- 
tion: i.e., 

It has also been shown (Grossman et al., 1989) that an inver- 
sion formula exists: i.e., 

The wavelet transform can then be easily interpretated 
in the Fourier space as a set of bandpass filters. The signal is 
examined both in direct space, pixel by pixel and, in fre- 
quency space, band by band. The filtering is determined by 
the basic wavelet function. 

The Dlscrete Wavelet Transform 
In order to process observed images, a discrete approach 
must be used. Mallat (1989) showed that the wavelet trans- 
form can be reduced to the same number of samples as the 
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original signal, using the concept of the multiresolution 
analysis. However, the discrete approach we used was done 
with the so called algorithm h trous (Holdschneider et al., 
1989). 

age generated the corrected image. The geometric correction 
is usually performed by three operations: 

The measure of a set of well defined ground control points 
(GCP), which are features well located both in the input image 
and in the reference image. 
The determination of the warping or deformation model, 
which is usually done by specifying a mathematical deforma- 
tion model defining the relation between the coordinates (x, 
y) in the reference image and (X, Y) in the input image. 
The construction of the corrected image with the same pa- 
rameters as those of the reference frame, but with image val- 
ues determined in the measured image. This is called an 
output-to-input mapping. 

THE "ALGORITHM 21 TROUS" 
We assume that the sampled data vf"} are the scalar prod- 
ucts at pixel (11 of the function fo with a given scaling func- 
tion 4(x) which corresponds to a low pass filter: i.e., 

where +(XI must satisfy 

The main difficulty lies in the automated localization of 
the corresponding GCP, because the accuracy of their deter- 
mination will affect the quality of the registration. In fact, 
there are always ambiguities in matching two sets of points, 
as a given point corresponds to a small region D, which takes 
into account the prior geometric uncertainty between the two 
images, and many objects could be contained in this region. 

One property of the wavelet transform is to have a sam- 
pling step proportional to the scale. When we compare the 
images in the wavelet transform space, we can choose a scale 
corresponding to the size of the region D, so that no more 
than one object could be detected in this area, and the 
matching is done automatically. 

The first filtering is then performed by a twice magnified 
scale leading to the (fJ13 set. The signal difference w) - n')} 
contains the information between these two scales and is the 
discrete set associated with the wavelet transform corre- 
sponding to +[x). The associated wavelet $(XI is, therefore 
(Bijaoui, 1991), 

The distance between two samples increasing by a factor 
of two from the scale (n - 1) to the next one, ffl, is given by The Deformation Model 

A general model for characterizing misregistration between 
two sets of remotely sensed data is a pair of bivariate poly- 
nomials given by the equations 

and the discrete wavelet transform w(i,k) by 

The linear piece-wise continuous scaling function was 
used in our calculations. The algorithm allowing one to re- 
build the data frame is the following: we add the last 
smoothed array to all the differences w(i,k)k = 1 to n: 
lee., where (Xi,YJ are the coordinates of the ith GCP in the refer- 

ence image and (x,,yi) the corresponding GCP in the input im- 
age. N is the degree of the polynomial. Usually, for images 
taken under the same imaging direction, polynomials of de- 
gree one or two are sufficient. We then compute the un- 
known parameters (N+ l)(N+ 2)/2 for each polynomial) using 
the least mean-square estimator (LMSE). 

This works independently of the number of scales. The 
transformation is overdetermined, no decimation being done 
as in the pyramidal case and therefore the number of points 
increases by a factor k. This overdetermination may therefore 
be useful when we process small data up to some relative 
high number of scales, 5 or 6, for example. This is our case 
as a scene may not be as clear of clouds as one would like it 
to be. 

The above algorithm h trous is easily extensible to the 
two-dimensional space. It will then be applied at each step 
separately in the x and y dimension. The reconstruction al- 
gorithm is strictly the same as in the one-dimensional space. 

A complete description of the implementation of this al- 
gorithm can be found in Bijaoui and Giudicelli (1991). 

The Image Correction 
One may consider two cases for a geometric registration: 

The registration of images obtained from the same sensor 
with the same ground resolution and the same imaging direc- 
tion. The registration is then done in the pixel space. 
The registration of images taken by different sensors and hav- 
ing a different ground resolution. The registration is then 
done in the real coordinates space. 

THE PIXEL SPACE 
Once the coefficients of the polynomials have been deter- 
mined, Q(i,j) and R(i,j) are computed, and the output image 
is generated as follows: 

The Geometrical Study 
The Main Steps 
Our aim is to register two or more images of the same object 
field, taken either from the same sensor at different dates, or 
by different sensors with different ground resolutions at the 
same or at different dates. However, we must first define a 
reference frame to which all the other images [if more than 
two) will be reduced (Castlemen, 1979; Nilblack, 1986). Let 
us call the image to be warped the input image and the im- 

For each output pixel location (i,j), we compute (k,l), k = 
Q(i,j) and I = R(I'J). record the pixel value at the location ( 
k,O and assign it to the output pixel at (i,j). The process is 
iterated over the entire image and the image output is then 
generated. 
The pixels values (k,4 are generally not integers, so an inter- 
polation must be done to calculate the intensity value for the 
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output pixel. Nearest-neighbors, bilinear, bicubic, and spline 
interpolations are the most widely used. 

THE REAL SPACE 
We transform the coordinates of the GCPs from the pixel 
space (i,)] to the real space (ir,j,) and then compute the coef- 
ficient of the polynomials Q(i,,jr) and R(ir,jr). The output im- 
age is then generated as follows: 

Each pixel location (i,j) is transformed into its real coordi- 
nates value [ir,jr), then (kr=Q(ir,jl), l,=R(i,.j,)) is computed. 
These values are then transformed back into their pixel space 
value (k,l). We then record the pixel value at (k,l) and assign 
it to the output pixel at (i,jJ as in the pixel space case. The 
image output is then generated. 
As in the pixel space case, the pixel values (k,l) are generally 
not integers, so an interpolation must be performed. 

Image Registration Using the Wavelet Transform 
Registration of Images from the Same Satellite 
Let In, n E (1,N), N 2 2, be the images to be processed. Let I, 
be the reference image, and let M be the largest distance in 
the pixel space between two identical features. From the pre- 
vious section, it follows that the matching must be first 
processed with the largest scale L, zL1 < M s 2L, in order to 
automatically match without errors the identical features (Bi- 
jaoui and Giudicelli, 1991). 

On each image In, we compute the wavelet transform 
with the so called algorithm c i  trous up to the scale L. We 
then obtain N x L smoothed image Snl[i,j) and N x L wave- 
let images Wnl(i,j), n € (l,N), and 1 E (1 ,L). The smoothed im- 
ages are not used in the matching procedure. The reference 
image will be for n = 1. 

L being t h e  initial dyadic step, we achieve on Wnl(i,j) a 
detection procedure and we keep only the structures above a 
threshold of (0 x a,,], 0 being a constant which increases 
when the resolution decreases, and a,, being the standard 
deviation of Wnl. We only retain from these structures their 
local maxima which will then play the role of GCP. These 
points correspond to significant image patterns, and we must 
find them in each wavelet image corresponding to the same 
area. Considering that the noise n(x), which is located in the 
high frequencies, has a Gaussian distribution with a standard 
deviation of a, then 99.73 percent of the noise is located in 
the interval of [ - 3a, 3 4  [Kendal and Stuart, 1973). There- 
fore, the wavelet image W,, for the first resolution contains 
the high frequencies of the image and thus contains the 
noise. By thresholding this image at 3a, only the significant 
signal is retained, as 99.73 percent of the noise is eliminated. 
The algorithm being a dyadic one, the band width is reduced 
by a factor 2 at each step, so the amount of noise in the sig- 
nal decreases rapidly as the resolution increases. 

For the step L, and for each image n E (2,N) , we com- 
pare the positions of the objects detected to the ones found 
in the reference image WIL. At this step, we can match iden- 
tical features with confidence, and therefore determine the 
relationship between the coordinates of the different frames. 

Let [5&, qnl) be the position of a maximum for WnI, the 
matching identifying it as the object m giving a set of coordi- 
nates 

Ynlm = 'In1 

The deformation model is then calculated by 

Xnlm = Q(x,~m,y,~m) 

We now consider the wavelet images of order L-1 and detect 
a new set of maxima in each image. We then transform the 
coordinates of each maximum detected in the reference im- 
age using the previous parameters. That allows us to easily 
match the maxima and to determine the new parameters of 
the deformation model. 

This process is iterated until the last scale corresponding 
to the wavelet of the best resolution is reached. The best geo- 
metrical correspondence is then established. A polynomial of 
degree one is used for the first steps, and may eventually be 
increased to two in the last few steps. The image is then 
warped using the final coefficients. The flow-chart of this al- 
gorithm is given in Figure l. 

Registration of Images of Different Sensors 
The registration of images obtained from different sensors 
with a different ground resolution is done in three steps: 

First the images are reduced to the same ground resolution, 
generally to that of the lowest one. 
The matching is then done and the deformation model is cal- 
culated both in the real and the pixel space. 
The image of higher resolution is then registered in the real 
coordinate space. 
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Figure 1. flow chart of the geometrical registration algo- 
rithm. 
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Whhl-lrmllr 

Figure 2. Flow chart of the algorithm for the registration of 
images obtained from different sensors. 

THE REDUCTION TO THE SAME GROUND RESOLUTION 
We have studied the registration of SPOT with Landsat MSS 
data and SPOT with Landsat TM data. 

For the SPOT to ~ s s  data, a pyramidal algorithm was used up 
to two scales. The algorithm is the same as the usual one 
with the difference that one sample out of two is retained in 
each scale, the data being then reduced by a factor of two at 
each step. 
For the S ~ T  to TM data, a different approach was used: The 
sampled image was assumed to be the result of the scalar 
product of the continuous image with a scaling function 4(x), 
where +(x) is the door function. Thus, an analytical approach 
was used to compute the resulting transformation of SPOT 
data into TM data. We get 

for k = 21 

fork = 21 + 1 

ndk)  = -ns(31 + 1) + ns(31 + Z)] - 6 l 2  3 (17) 

where nT is the pixel in the TM image, n s  the pixel in the 
SPOT image and 213 is a coefficient introduced to sat- 
isfy flux conservation. 

The flow chart of the registration of images obtained from 
different sensors is given in Figure 2. 

Results 
For all our scenes, we have extracted subregions of different 
sizes, in order to avoid (1) working on very large images be- 
cause this will require lots of disk space; (2) dealing with re- 
gions full of clouds or snow, as this is sometimes the case, 
one could hardly have a scene totally free of clouds or snow 
in some regions. 

The bicubic interpolation was used for the registration. 

SPOT Data 
The scenes we have worked on are 

Scene No. 51-279, dated 18 May 1989, taken at 10h48m10s, 
composed of 3005 rows and 3270 columns. 
Scene No. 51-279, dated 12 May 1986, taken at 10h41m28s, 
composed of 3003 rows and 3253 columns. 

These scenes from the region of Ain Ousseira in Algeria 
were taken with a three-year separation in time in a region 
subject to desertification and are, therefore, radiometrically 
very different, as one can easily see. Two sub-scenes of 750 
by 750 pixels where extracted in the xs3  band (0.79 to 0.89 
pm) which corresponds to the near infrared wavelength. 
Once these regions were selected, our geometric registration 
algorithm was applied, using the scene of 1986 as the refer- 
ence one (Figure 3) and the scene of 1989 as the image to be 
registered. The processing was done using a six-levels wave- 
Iet decomposition. The final registration is given in Figure 4. 



Figure 4. The SPOT XS3 corrected image. 

(0.7 to 0.8 pm) which correspond to the near infrared wave- 
length. The scene of July 1984 was taken as the reference im- 
age (Figure 5) and the one from November 1984 as the 
working image. The processing was done using a six-levels 
wavelet decomposition. The final registration is given in Fig- 
ure 6. 

SPOT with MSS Data 
The scenes we have worked on are 

Scene No. 53-261, dated 24 July 1986, acquired by the HRV of 
the SPOT satellite in its multispectral bands and composed of 
3002 rows and 3140 columns. 
Scene No. 195-29, dated 23 July 1984, acquired by the MSS of 

=$ s .  ,. 

Figure 5. The Landsat MSSB reference image. 
i 

MSS Data 
The scenes we have worked on are 

Scene No. 195-29, dated 23 July 1984, composed of 2286 
rows and 2551 columns. 
Scene No. 195-29, dated 28 November 1984, composed of 
2286 rows and 2551 columns. 

These scenes from the region of the Alpes Maritimes in 
France were taken during the same year but in different sea- 
sons and are, therefore, radiometrically different. Two sub- Figure 7. The Landsat M S S ~  reference image. 
scenes of 600 by 700 pixels were extracted in the MSS3 band 



the Landsat satellite and composed of 2286 rows and 2551 
columns. 

These scenes are from the region of the Alpes Maritimes 
in France. The bands processed were the xss for SPOT and 
the MSS3 for Landsat. The SPOT scene was first reduced to an 
80-m ground resolution, then two sub-scenes of 350 by 400 
pixels were extracted from the 80-m SPOT and from the M S S ~  
scenes. Once these regions were selected, our algorithm was 
applied using the MSS3 scene as the reference one (Figure 7) 
and the 80-m SPOT scene as the working one. The processing 
was then done using a six-levels wavelet decomposition. Fi- 
nally, the original SPOT scene was registered. Once the 
process done, the rectified original SPOT scene was reduced 
to an 80-m ground resolution and inlayed in the MSS3 scene 
in order to evaluate the accuracy of the procedure (Figure 8). 
Figure 9 shows the SPOT XS3 80-m corrected sub-image. 

SPOT with TM Data 
The scenes we have worked on are 

Scene No. 195-29, dated 23 July 1984, acquired by the TM of 
the Landsat satellite and composed of 5760 rows and 6920 
columns. 
Scene No. 54-261, dated 24 July 1986, acquired by the HRV 
of the SPOT satellite in its multispectral bands and 
composed of 3003 rows and 3142 columns. 

These scenes are from the region of the Alpes Maritimes 
in France. The bands processed were the xss for SPOT and 
the TM4 (0.76 to 0.90 pm) in the near infrared for Landsat. 
The SPOT scene was first reduced to a 30-m ground resolu- 
tion, then two sub-scenes of 512 by 512 pixels were ex- 
tracted from the 30-m SPOT and from the TM4. Once these 
regions were selected, our algorithm was applied using the 
TM scene (Figure 10) as the reference one, and the 30-m SPOT 



0i'h51m04s, composed of 3000 rows and 3000 columns, level 
la .  
Scene No. 148-319, dated 02 April 1988, taken at 07h34m40s, 
composed of 3003 rows and 3205 columns, level lb. 

These two scenes from the eastern region of Marib in the 

Figure 9. The SPOT xs3 reduced to an 80-m ground resolu- 
tion output image. I I 

Figure 11.The SPOT Xs3 reduced to a 30-m ground resolu- 
tion output image. 

I Figure 10.The Landsat T M ~  reference image. 

scene as the working one. The processing was then done 
using a 6 level wavelet decomposition. Finally, the original 
SPOT scene was registered. In Figure 11 we can see the SPOT 
x.53 30-m corrected image. 

SPOT with Different Imaging Directions 
The scenes we have worked on are 

Scene No. 148-319, dated 05 February 1991, taken at 
Figure 12. The SPOT l a  input image. 
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I 

I 
Figure 13. The SPOT 1b reference image. 

Figure 14.The SPOT l a  output image. 
- 

Republic of Yemen were taken under different imaging direc- 
tions. The level l a  (Spotimage, 1986) (Figure 12) was taken 
with an incidence angle of 25.8 degrees left, while the level 
l b  (Spotimage, 1986) (Figure 13) was taken with an inci- 
dence angle of 6.3 degrees right. Two subscenes of 512 by 
512 pixels were extracted. An attempt to register these two 
images was done, using level l b  as the reference image and 
level l a  as the working image. The registration was globally 

TABLE 1. SUMMARY OF THE PRINCIPAL RESULTS FOR THE G E O M ~ R I C  
CORRECTION ALQORITHM 

Number RMSDE RMSDE (m) Processing 
Image of GCP (pixel) (real coordinate system) Time 

Spot 327 0.823 
MSS 108 0.559 
SPOT/MSS 108 0.547 
SPOTDM 828 0.817 
SPOT la-lb 329 0.594 

not very good, especially in the area of mountains (Figure 
14). This was due to the polynomial model used, which is 
inadequate in this case. 

Error Analyrlr 
The criteria used for the evaluation of the registration accu- 
racy was the root-mean-square distance error, given by 

N being the total number of ground control points. 
The final registration is of good quality, as we reach a 

subpixel accuracy, the RMSDE being approximately 0.6 for all 
the cases studied. A subpixel accuracy is also reached for 
images with different ground resolutions, as the RMSDE eval- 
uated in the real coordinate system is less than the largest 
ground resolution of the images studied. The registration of 
images taken at different imaging directions, despite the fact 
that the RMsDE is 0.594, is of poor general quality, especially 
in the regions of elevations. This can be explained by the 
fact that GCPS in these regions have been rejected by the 
matching procedure as the polynomial used was inadequate 
for this case. 

The processing time gives the time taken by the proce- 
dure on a Sparc IPC workstation. This includes the wavelet 
transform of the images, the matching procedure, and the in- 
terpolation of the working image and the image of higher res- 
olution (in the case of images with different ground 
resolution) with a bicubic convolution. 

A summary of the results can be found in Table 1. 

Conclusions 
We have described a new method for the geometric registra- 
tion of images with the same as well as with different ground 
resolution. The procedure is fully automated, the algorithms 
are fast, and the implementation easy. The main drawback of 
this algorithm is the large amount of disk space needed for 
the processing, due to the use of the algorithm i~ trous. The 
use of Mallat's algorithm or any other pyramidal algorithm 
may reduce this large amount of disk space, but it will then 
be difficult to process small images up to a reletive high 
scale due to the reduction of the image size by a factor of 
two at each step. The polynomial model used for the regis- 
tration is inadequate for the processing of images taken un- 
der a different imaging direction, but is adequate for images 
taken under the same imaging direction with the same or dif- 
ferent ground resolutions. 
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