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Abstract
During a project concerned with DEM generation using SPOT stereoscopic imagery, difficulties were experienced when using Level 1B
stereopairs for the task. This paper presents a mathematical solution to
overcome this problem which has been implemented at the University of
Glasgow. Results are included from experimental tests which were carried
out over a test field in Jordan using this solution. These tests used five SPOT
Level 1B stereopairs together with a single SPOT Level 1A stereopair for
comparative purposes. The residual errors at the ground control points and
independent check points are given and show that a satisfactory solution
was achieved.
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INTRODUCTION
AMONG the sources of satellite imagery that are available on the market, currently
SPOT is by far the most popular for use by the photogrammetric community. In the
past, many researchers have investigated the geometry of SPOT stereo-images, so
that their characteristics are quite well known and various mathematical models have
been proposed and implemented in the form of analytical photogrammetric solutions
(Toutin, 1986; Gugan and Dowman, 1988a and b).
SPOT Image produces several levels of processed imagery as standard products,
Levels 1A and 1B being those most commonly supplied to users. Level 1A is raw
data that have been corrected radiometrically, whereas Level 1B data have been
corrected additionally for certain known geometric distortions (earth rotation and
curvature, mirror look angles and orbital characteristics). These geometric corrections
result in an image that approximates to the geometry of a map.
From the photogrammetric point of view, while the geometry of the SPOT Level
1A images is relatively easy to understand, in the case of SPOT Level 1B images the
basic geometry of the original SPOT images has been altered during processing and
the result is less straightforward to comprehend. However, it should be realized that
the Level 1B processing does not remove the effects of topographic relief. Thus the
relief displacements inherent in the image when it was acquired by the SPOT linear
array sensor are still retained in the Level 1B image. Hence it is possible to measure
heights and to extract digital elevation data from Level 1B data as well as from the
raw Level 1A data. The Level 1A imagery is usually preferred by photogrammetrists
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for use in both analytical plotters and digital photogrammetric systems handling
SPOT stereopairs. However, Level 1B images are supplied to the geoscience community in quite large numbers, partly due to its geometry being approximately
orthographic and therefore more “map-like”, but also as a result of the commercial
pricing policies operated by SPOT Image’s facility in France, whereby Level 1B
images acquired before 1990 are available at much lower prices than those charged
for Level 1A images.
This paper presents and analyses some of the problems that were encountered
during the use of SPOT Level 1B stereopairs for DEM data extraction and offers a
mathematical solution to these problems. The validation of this solution was carried
out on a comparative basis using both SPOT Level 1A and 1B stereopairs over the
Badia test field located in north-east Jordan.
TEST AREA AND MATERIAL
Five SPOT Level 1B stereopairs were acquired in order to create a DEM and an
ortho-image mosaic (Al-Rousan et al., 1997) for the Badia area in connexion with a
comprehensive study of this desert area being carried out by a group of British and
Jordanian scientists under the joint aegis of the Royal Geographical Society (RGS)
based in London and the Jordanian Higher Council for Science & Technology
(HCST) in Amman. Costs dictated that Level 1B stereopairs were obtained rather
than Level 1A stereopairs. However, later a single Level 1A stereopair was acquired
for comparative test purposes.
For this project, 130 ground control points (GCPs) were established (Fig. 1) by
surveyors from the Royal Jordanian Geographic Centre (RJGC) using differential
GPS techniques based on the use of five Ashtech 12 dual frequency GPS sets. The
accuracy of these points is estimated to be of the order of 1 m to 2 m. The most
westerly scene (122–285) contains 60 points to enable this scene to be used as a
special test model. The remaining 70 points are positioned across the other four
scenes, so that each has between 15 and 20 points spread as evenly as possible over
the area covered by the stereopair. Of course, parts of these scenes have no GCPs
within them because they cover areas belonging to neighbouring countries (Syria and
Saudi Arabia), as shown in Fig. 1.
The observed GPS data were processed by the RJGC at its headquarters in
Amman and the final X, Y, Z co-ordinates were output in four different forms:
(i) WGS 84 geocentric co-ordinates; (ii) latitude, longitude and height values;
(iii) UTM co-ordinates; and (iv) JTM (Jordan Transverse Mercator) co-ordinates. For
the last three co-ordinate systems, the heights of the GCPs have been produced as
elevations above Mean Sea Level (MSL).
However, for the work described in this paper, WGS84 geocentric co-ordinates
have been used throughout. This is because the generic system of modelling satellite
and spacecraft motion that has been developed for use with all spaceborne linear array
images (SPOT, MOMS-02, and so on), and which underlies the programs developed
at the University of Glasgow, is based on the use of geocentric co-ordinates.
Furthermore, almost all recently published tests of the accuracy of spaceborne
imagery based on the use of differential GPS measurements for the establishment of
ground control points have given their results in terms of the WGS84 co-ordinate
system.
PROBLEMS ENCOUNTERED WITH SPOT LEVEL 1B IMAGES
In order to create the DEM using the SPOT Level 1B stereopairs, the PCI
EASI/PACE software package was used. EASI/PACE is a well-established image
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FIG. 1. Location of GCPs with respect to individual SPOT scenes.

processing package which features the radiometric and geometric preprocessing of a
wide variety of remotely sensed images, together with the classification of land cover
types traditionally associated with such packages. In the specific context of its
photogrammetric capabilities, it has a DEM extraction and orthorectification module
for use with SPOT stereo-imagery. However, at present it does not have stereoviewing or stereoplotting capabilities, though it was planned to introduce these features
later in 1997.
The DEM/ortho module employs a full spatial (three dimensional) solution using
classical analytical photogrammetric methods, based on the collinearity equations as
devised by Toutin (1986). When work started with the SPOT stereopairs at the
University of Glasgow, the operation quickly ground to a halt. Although the EASI/
PACE package provides an option within its satellite DEM and orthorectification
module to handle Level 1B stereopairs, it proved impossible to form a stereomodel
and fit it to the ground control points. The residual errors at the GCPs both in
planimetry (X/Y) and especially in height (Z) were very large. Table I shows the
residual errors in terms of r.m.s.e. values for the SPOT Level 1B stereopair for Scene
122–285, together with the results achieved later with the processing of the corresponding Level 1A stereopair.
These disappointing results started a long and painstaking investigation into the
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TABLE I. R.m.s.e. values obtained at the GCPs over the Badia test field using PCI
EASI/PACE.
Scene
number

Number
of GCPs

R.m.s.e. DX
(m)

R.m.s.e. DY
(m)

R.m.s.e. DZ
(m)

122–285/1A
122–285/1B

37
13

1 8·3
2
1 44·6
2

1 5·6
2
1 13·9
2

1 6·4
2
1 138·5
2

source of the difficulties, both at PCI and at the University of Glasgow. The main
possibilities were identified as follows (Al-Rousan et al., 1996):
(i) the GCPs—could there be errors in the co-ordinate values or were there
errors in their identification, either in the field or during their measurement
in the system?
(ii) the image data—could it have been badly processed?
(iii) the system—could there possibly be errors in the software?
Ground Control Points
The possibility of errors associated with the GCPs was quickly eliminated. The
test of the Level 1A stereopair resulted in a good fit of the model to the GCPs. This
showed that the GCP co-ordinate values were accurate and the identification and
measurement of the GCPs, both in the field and in the image processing system, had
been carried out correctly.
Image Data
The Level 1B images were returned to SPOT Image in Toulouse, which
pronounced that the images had been correctly processed. However, it then emerged
that SPOT Image had changed its processing procedures for the production of its
Level 1B images in August/September 1995. In particular, it now employs a fifth
order polynomial instead of the third order polynomial used previously (Toutin,
1996). The Badia stereopairs had been produced in October 1995 using the new
procedure.
Further enquiry elicited the information that the SPOT processing facilities in
North America (for example CCRS in Canada and SPOT Image in the USA) employ
a different procedure to produce Level 1B images from that used by the parent
company in France (Toutin, 1996). In North America, the Level 1B image is
produced direct from Level 0 (raw) data using a parametric solution. In France, a
two-stage process is employed, with the Level 0 data being converted first to Level
1A and then the resultant image is converted to Level 1B using a polynomial solution.
It appears that Level 1B images differ considerably in terms of their geometry
depending on which SPOT processing facility has produced them.
Software System
Because the EASI/PACE system originated in Canada, PCI had used data
processed by the CCRS facility in Canada for the test models employed to validate
the relevant modules in its package. At the time, it was not realized that the geometry
of Level 1B images could vary. This effect appeared to be at least part of the reason
why the system was not able to cope with the Level 1B data processed by SPOT
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Image in France. The present authors therefore decided to investigate the matter
further and to try to devise a solution to these problems. Parallel but independent
work has been carried out by PCI in Canada, resulting in an alternative solution. The
PCI method employs the polynomial parameters which were used to convert each
image from its Level 1A to its 1B form (and which are recorded on the image
headers), using a reverse transformation to bring the image back to its Level 1A form
(Toutin, 1996; Cheng, 1996). Thereafter the standard solution for Level 1A
stereopairs is followed.
MATHEMATICAL MODELLING

SPOT STEREOSCOPIC IMAGERY CARRIED OUT
UNIVERSITY OF GLASGOW

OF

AT THE

An orbital parameter model can be applied to SPOT stereo-images in order to
determine the exterior orientation parameters. The model adopted here is in principle
similar to that developed by Salamonowicz (1986) and by Gugan (1987a and b), but
it was devised quite independently by the first author. The satellite is moving in a
defined elliptical orbit. The position and the attitude of the sensor are changing
continually in a systematic way to keep the satellite pointing towards the centre of the
Earth. An orbital resection method was devised to model these changes by finding the
orbital parameters of the satellite during the exposure of the stereopair from two
independent orbits. A bundle adjustment program was developed to determine these
parameters using ground control points (GCPs). This program comprises (i) a space
resection procedure, which is applied individually to each of the SPOT images
making up the stereopair; and (ii) a space intersection procedure which then generates
the ground co-ordinate values of the control and check points measured on the
images.
Image Co-ordinate System
The origin of the image co-ordinate system used in this method is positioned at
the centre of the scan line which moves along the orbit of the satellite. The y axis is
parallel to the array of detectors, pointing eastward in a descending pass. The z axis
is perpendicular to the y axis, directed from the scan line along the optical axis in the
direction opposite to that of the ground. The x axis completes a right-handed system
pointing in the direction of satellite motion (Fig. 2).
Object Co-ordinate Systems
The relevant object co-ordinate systems are (i) the Conventional Terrestrial (CT)
co-ordinate system and (ii) the Conventional Inertial (CI) co-ordinate system. The CT
co-ordinate system is a geocentric system, which means that its origin is at the centre
of mass of the earth. The ZCT axis points to the conventional origin (OCT), which is
defined as the mean position of the instantaneous pole during the period 1900 to
1905; the (XZ)CT plane contains the mean Greenwich Observatory; and the YCT axis
is selected to make the system right-handed. By contrast, the CI co-ordinate system
is a space fixed co-ordinate system, or in other words a co-ordinate system which is
at rest or in a uniform rectilinear motion without any acceleration. The theory of
motion for artificial satellites has been developed with respect to such a system,
which is why it is used for the description of satellite motion. The origin of the system
is supposed to coincide with the centre of the earth. The Z axis is oriented towards
the North Pole and the X axis to the First Point of Aries (g). The Y axis completes
a right-handed system, as shown in Fig. 3 where
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FIG. 2. Image co-ordinate system for SPOT.

(X, Y, Z)CT is the CT co-ordinate system;
(X, Y, Z)CI is the CI co-ordinate system;
x, y, z is the image co-ordinate system;
O is the centre of the earth;
S is the position of the satellite along its orbit;
f, i, wp, W are the true anomaly, orbital inclination, argument of perigee, and
right ascension of the ascending node (comprising four of the Keplerian
elements), respectively; and
r is the instantaneous distance of the satellite from the earth’s centre, which can
be computed from the expression a (1 2 e2)/(1 1 e cos f ), where a is the
semi-major axis of the elliptical orbit and e is the orbital eccentricity. These
constitute the remaining Keplerian elements required to define the satellite
orbital characteristics.
The well-known collinearity equations relate the points in the object co-ordinate
system (CT) to the corresponding points in the image co-ordinate system. The
relationship between these two co-ordinate systems is based on three rotations using
combinations of the Keplerian parameters, but computed with respect to the CT
system using the transformation parameters between the CT and CI systems, plus
three rotations, w, f, k, for the additional undefined rotations of the satellite at the
time of imaging. Because of the mirror inclination used in cross-track linear array
stereo-imagers, this angle must also be considered. The following equations will then
result:

 xi 2 x0 
 X gi 2 X0 
 yi 2 y0  5 SR Y gi 2 Y0 
 2c 
 Z gi 2 Z0 
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FIG. 3. Conventional Terrestrial (CT) and Conventional Inertial (CI) image co-ordinate systems.

where

S

R 5 R1(b)R3(k)R2(Á)R1(w)R2 (f 1 wp) 2

D S D

p
p
R1 2 i R3(W 2 p)
2
2

and
S is the scale factor;
b is the viewing angle;
xi, yi are the image co-ordinates of object point i;
x0, y0 are the image co-ordinates of the principal point;
X gi, Y gi, Z gi are the object co-ordinates of image point i;
X0, Y0, Z0 are the co-ordinates of the position of the sensor’s perspective centre
in the CT system;
c is the principal distance < focal length of the linear array imaging system; and
Rj defines the rotation around the j axis, where j 5 1, 2 or 3.
Because of the dynamic geometry of linear array systems, the positional and
attitude parameters of a linear array sensor are treated as being time dependent. The
only available measures of time are the along-track co-ordinates of the satellite. The
major components of the dynamic motion, the movement of the satellite in orbit and
the earth rotation, are modelled as linear angular changes of f and W with respect to
time, defined as f1 and W1. Thus:
fi 5 f0 1 f1x
(2)
Wi 5 W0 1 W1x
where
fi and Wi are the true anomaly and the right ascension of the ascending node of
each line i respectively;
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f0 and W0 are the true anomaly and the right ascension of the ascending node
with respect to a reference line, for example the centre line of the scene; and
f1 and W1 are the first values for the rates of change of fi and Wi.
The orbital eccentricity (e) remains very stable for orbiting satellites, so this is
kept as a constant. The argument of perigee (wp) moves in the orbital plane relatively
slowly (about 3° per day) and, since it is highly correlated to f, it should also be kept
as a constant, its value being calculated from the ephemeris data provided with the
header of the satellite images. The semi-major axis (a) of the orbit will not vary
much, but since the argument of perigee is being held constant, the inclusion of a in
the solution will correct for both of these unknowns.
During the orientation of a Level 1A image, nine parameters of the orientation
(f0, W0, a, i, f1, W1, w0, Á0, k0) find the position in space of the sensor and its crude
attitude. A further six parameters (w1, Á1, k1, w2, Á2, k2) refine the attitude values
further as a function of the along-track (x) image co-ordinates to account for it
continually changing during the 9 s time span when the data were being acquired.
Since the viewing geometry of the sensor along the linear array is a central projection,
it is only necessary to allow for changes in the along-track (x) direction. Taking the
attitude of a scan line as a reference, the attitude parameters w, Á, and k of the other
lines can therefore be modelled by a simple polynomial of the along-track (x) image
co-ordinates as follows:
w 5 w0 1 w1x 1 w2x2
Á 5 Á0 1 Á1x 1 Á2x2

(3)

k 5 k0 1 k1x 1 k2x2.
While an analytical solution for SPOT Level 1A stereo-images can be directly
implemented using the equations given above, the use of Level 1B images needs a
preliminary processing stage incorporating a transformation before implementation of
the same solution. This is necessary because the geometry of the SPOT images has
been altered during the production of different levels of SPOT image processing.

GEOMETRIC CORRECTIONS OF THE SPOT STEREO-IMAGERY
Geometry of SPOT Level 1A
In the SPOT Level 1A image, only the detector normalization is performed using
a linear model which equalizes the difference in sensitivity between individual CCD
detectors. Hence, no geometric corrections are applied. The image is not resampled
and the image area is constant, comprising either 6000 lines (each of which contains
6000 pixels in panchromatic mode) or 3000 lines (each containing 3000 pixels in each
band of a multispectral image), irrespective of the viewing angle. This means that the
image appears as a square, irrespective of the mirror inclination which produces the
tilt required to give the cross-track coverage of a SPOT stereopair (Fig. 4).
The result is a panoramic effect for oblique (off-nadir) viewing, because the
number of pixels remains constant whilst the area covered by a single pixel in the
east–west direction varies according to the viewing angle. Thus the area covered by
each pixel on the ground could be 10 m or more, depending on the viewing angle of
the sensor. The image co-ordinate system, mentioned earlier, can be applied to this
type of image without any change.
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FIG. 4. Geometry of a SPOT Level 1A image.

Geometry of SPOT Level 1B
A SPOT Level 1B image also incorporates the radiometric corrections mentioned earlier for Level 1A but, in addition, geometric corrections are applied which
take into account the systematic distortions due to earth rotation and curvature, sensor
viewing angle and desmearing. Thus this level of image is partially rectified and
approximates to an orthographic view of the earth, but with displacements due to
relief remaining in the image. Furthermore, in this Level, after the geometric
corrections have been applied, the image is resampled at regular intervals of 10 m or
20 m according to the spectral mode used. The number of pixels contained in the
image in the cross-track direction is therefore altered; it varies from 6400 to 8500 in
panchromatic mode and from 3200 to 4250 in multispectral mode according to the
viewing angle, giving an image size of 60 km in the north–south direction and 60 km
to 80 km in the east–west direction. The non-imaged parts of the overall image area
are generated by adding zero value pixels (Fig. 5).
The scene centre is placed either on the 3000th or the 1500th line, depending on
the spectral mode. In this case, to apply the same image co-ordinate system as that
defined earlier, the image has to be changed in a certain way in order to have the same
geometry as that existing at the time of imaging the ground. If this approach is
adopted, it is then necessary to convert the Level 1B image back to its Level 1A
equivalent.
In order to carry out this procedure, initially a rotation is necessary to change the
parallelogram shape of the image back into a square. Then the scale in each line and
the pixel direction must be changed in such a way as to ensure that the resultant
image has the same scale and format as that of a Level 1A image (6000 lines and
6000 pixels in the case of a panchromatic image).
In the case of SPOT Level 1B images produced in North America, the geometry
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FIG. 5. Geometry of a SPOT Level 1B image.

of the image at the time of imaging the ground during the flight can be reconstructed
in a relatively straightforward way, using an inverse parametric solution.
For the SPOT Level 1B imagery produced in France, the problem of using this
type of image in the bundle adjustment can be solved in one of two ways: either (i)
using the Level 1B image directly in the solution, which needs a complicated and
time consuming approach to establish the exact geometry of this type of image, or (ii)
converting the Level 1B image back to its Level 1A geometry. For case (ii), it is
necessary to know the polynomial coefficients that have been used to transform the
Level 1A image to the Level 1B form and then to implement them in a reverse
transformation. Obtaining values for these parameters is a further problem, but this is
the procedure that has been adopted by PCI (Cheng, 1996; Toutin, 1996).
Correction of the Level 1B Image
A simpler and more pragmatic approach was implemented by the authors to
convert Level 1B images back to the corresponding Level 1A form. A comparison of
the Level 1A and 1B images shows two major differences in terms of geometry. The
first difference is in regard to the shape of the images. A Level 1A image has a square
shape, while a Level 1B image is a parallelogram arising from the effects of the
earth’s rotation during the acquisition of the image. As noted previously, the number
of pixels per line in the Level 1A image is 6000, while in the Level 1B image it is
more than 6000, because the image has been rectified and resampled in such a way
that each pixel has a pixel size of 10 m on the ground. With due attention to these two
differences, a two step procedure was devised and implemented by the first author to
carry out the required conversion.
Step 1. Each point I with pixel co-ordinates (p0i , l 0i ) in the Level 1B images has
to be transformed in such a way as to produce a rectangular shaped image. This is
achieved as follows (Fig. 6):
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FIG. 6. Two stage procedure for conversion of Level 1B image.

tan a 5 offset/number of lines
p1i 5 tan a (total number of lines 2 l 0i )
l 1i 5 l 0i
where the superscript 1 refers to the result after the first transformation.
Step 2. The size of the rectangle produced by Step 1 is still different from that
of the corresponding Level 1A image. Two coefficients are now computed to enable
the final image to have the same size (6000 3 6000 pixels) in two directions as a Level
1A image (Fig. 6). These coefficients are used to produce the pixel and line
co-ordinates of each point respectively from the following expressions:
coefficient for the p co-ordinate 5 6000/total number of pixels in each line
coefficient for the l co-ordinate 5 6000/total number of pixels in each line.
It will be seen that this procedure is somewhat akin to that of an affine transformation.
However, additional displacements were introduced into the Level 1B imagery
by the original corrections for earth curvature/panoramic distortion. These displacements occur predominantly in the cross-track (y) direction and, since they are
approximately symmetrical about the image centre line, parameters adjusting the
attitude as a function of the cross-track image co-ordinates should give a good
correction for these displacements (Gugan, 1987b). Consequently these attitude
parameters can be introduced by replacing the x2 terms in equation (3) by a y2 term
for this purpose, which leads to the following equations:
w 5 w0 1 w1x 1 w2y2
Á 5 Á0 1 Á1x 1 Á2y2

(4)

k 5 k0 1 k1x 1 k2y2
where x and y are the image co-ordinates. These equations have been incorporated in
the procedure to transform the Level 1B image co-ordinates to their Level 1A form.
EXPERIMENT WITH SPOT LEVEL 1B STEREO-IMAGERY OVER A JORDANIAN TEST FIELD
A bundle adjustment program that implements the solutions outlined earlier was
written entirely by the first author in Borland C 11 language, version 3.1 for
Windows 3.1. It was run on a PC 486/DX2/66 equipped with 32 MB RAM and 500
MB of hard disk space. The five SPOT Level lB and one SPOT Level 1A stereopairs
covering the Badia Project area in Jordan were used to test the program.
The two overlapping images comprising scene 122–285 were available in both
Level 1A and 1B form and acted as the main reference stereopair. These images were
acquired in August and June 1987 respectively, with mirror angles of L28·2° and
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TABLE II. DX, DY, DZ residuals in WGS 1984 co-ordinates for the five SPOT Level 1B stereopairs covering
the Jordan Badia project area.
Scene
number

B/H
ratio

Number of
GCPs

R.m.s.e.
DX (m)

R.m.s.e.
DY (m)

R.m.s.e.
DZ (m)

122–285/1B
123–285/1B
123–286/1B
124–285/1B
124–286/1B

0·975
0·858
0·858
0·975
0·975

15
18
20
13
13

1 5·0
2
1 6·2
2
1 6·4
2
1 8·0
2
1 4·8
2

1 5·1
2
1 5·7
2
1 7·4
2
1 8·6
2
1 9·0
2

1 6·4
2
1 8·3
2
1 8·1
2
1 13·2
2
1 3·3
2

R23·7°, resulting in an excellent base/height (B/H) ratio of 0·97. This particular
stereopair was selected for the test because around 40 GCPs were available in the area
covered, thus providing a good number of independent points to check that the
program worked correctly.
The other four stereopairs that were tested comprise Level 1B data only. Each
of these has around 15 to 20 GCPs available and has nearly the same B/H ratio as the
reference stereopair. The residual errors (DX, DY, DZ) at the ground control points
after the application of the bundle adjustment program for all five Level 1B
stereopairs are given as r.m.s.e. values and are summarized in Table II. As can be
seen from Table II, good results were achieved using these stereo-images. Graphical
analyses of these results using vector plots of the errors occuring at each individual
GCP show that the residual errors are random and free from systematic effects.
Further tests compared the results for the main reference stereomodel (122–285)
in both its Level 1A and Level 1B forms. For these tests, four different sets of data,
comprising different combinations of control and check points, were considered. The
results from each of these tests in terms of their r.m.s.e. values are given in Table III.
As can be seen from Table III, the r.m.s.e. values achieved with different sets and
combinations of control and check points are nearly the same for each Level. The
slightly poorer r.m.s.e. values for the check points in the Z direction when using six
control points appear to be a result of the distribution and number of the control
points on the images. A comparison of the results obtained from tests carried out on
the SPOT Level 1A stereopair with those from the SPOT Level 1B stereopair, shows
that these various values support one other quite well and the discrepancies between
these values are not significant. This comparison shows, therefore, that the mathematical procedure to model SPOT Level 1B images presented in this paper works
properly and in a precise manner.
The vector diagrams constructed from the residual values achieved with 15
control points and 23 check points for the Level 1B stereopair are included as
Fig. 7(a,b). These diagrams show that the residual errors at the individual control
points are completely random; no systematic component can be discovered in these
plots. For the independent check points, the pattern is mostly random with a small
systematic component in specific areas.
As noted earlier, all the results given in Tables I to III have been declared in
terms of X, Y, Z co-ordinates in the WGS84 geocentric co-ordinate system. In order
to give some idea of the equivalent values in terms of planimetry (E, N) and height
(H) in the UTM co-ordinate system used widely for topographic mapping, the
equivalent r.m.s.e. values (DE, DN, DH) are set out in Table IV for both the Level
1A and Level 1B versions of stereopair 122–285. This has been done for the case
where 15 control points and 23 check points have been used with each version of the
stereopair.
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TABLE III. DX, DY, DZ residuals in WGS 1984 co-ordinates for the control and check points on the SPOT Level
1B and Level 1A stereopairs of scene 122–285 over the Jordan Badia project area.
R.m.s.e. in control points
Level

Number of
control points

1A
1A
1A
1A

15
10
8
6

1B
1B
1B
1B

15
10
8
6

DX (m)

DY (m)

DZ (m)

1 8·2
2
1 8·9
2
1 7·8
2
1 1·9
2
1 5·0
2
1 4·3
2
1 2·7
2
1 2·7
2

1 7·2
2
1 5·3
2
1 6·1
2
1 2·5
2
1 5·1
2
1 3·1
2
1 3·2
2
1 3·0
2

1 9·5
2
1 10·9
2
1 5·9
2
1 2·2
2
1 6·4
2
1 10·5
2
1 6·4
2
1 2·7
2

R.m.s.e. in check points
Number of
check points
23
28
30
32
23
28
30
32

(a)

DX (m)

DY (m)

DZ (m)

1 8·6
2
1 8·4
2
1 8·7
2
1 10·0
2
1 8·9
2
1 8·8
2
1 8·5
2
1 9·4
2

1 7·8
2
1 8·9
2
1 8·3
2
1 10·0
2
1 8·2
2
1 8·2
2
1 8·6
2
1 8·2
2

1 7·8
2
1 7·4
2
1 10·6
2
1 11·4
2
1 10·0
2
1 7·0
2
1 9·7
2
1 11·5
2

(b)

FIG. 7. Vector plots of the errors at the control points and check points over the Jordanian test field for the main
SPOT Level 1B stereopair (122–285). (a) X/Y errors. (b) Z errors. D: control point. o: check point.

TABLE IV. R.m.s.e. values of the residual errors in the independent check points in terms of both the WGS 1984
geocentric co-ordinate system and the UTM co-ordinate system for scene 122–285.
WGS 1984 co-ordinates

UTM co-ordinates

Level

DX (m)

DY (m)

DZ (m)

DE (m)

DN (m)

DPl (m)

DH (m)

1A
1B

1 8·6
2
1 8·9
2

1 7·8
2
1 8·2
2

1 7·8
2
1 10·0
2

1 9·9
2
1 9·7
2

1 8·2
2
1 9·1
2

1 12·8
2
1 13·4
2

1 5·6
2
1 8·2
2

Another test was carried out on the reference stereomodel (122–285) where the
left image is in its Level 1B form and the right image is in Level 1A form.
The resulting r.m.s.e. values in terms of their X, Y, and Z co-ordinates are shown in
Table V.
Again this test shows that the mathematical procedure used to model the Level 1B
images works well.
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TABLE V. DX, DY, DZ residuals in WGS 1984 co-ordinates for the control and check points on the SPOT Level
1B and Level 1A stereopairs of scene 122–285 over the Jordan Badia project area.
R.m.s.e. in control points
Level
1B 1 1A

R.m.s.e. in check points

Number of
control points

DX (m)

DY (m)

DZ (m)

15

1 10·7
2

1 4·9
2

1 9·5
2

Number of
check points

DX (m)

DY (m)

DZ (m)

23

1 10·0
2

1 8·9
2

1 11·3
2

TABLE VI. Accuracy results for Level 1A and 1B images of south-west Cyprus
(Gugan and Dowman, 1988b).
Level 1A residuals

Level 1B residuals

Plan (m)

Height (m)

Plan (m)

Height (m)

1 28·2
2

1 11·1
2

1 35·8
2

1 15·9
2

Comparison can be made with the results obtained previously with Level 1B
data by Gugan and Dowman (1988b) for a test area in south-west Cyprus, which are
given in Table VI.
For these tests, 10 points were used as ground control points (GCPs); the results
given in Table VI are those obtained at 15 check points. Almost certainly, the poorer
r.m.s.e. values achieved by Gugan and Dowman compared with those resulting from
the tests carried out over the Jordanian test area reported in the the present paper arise
from the source and nature of the ground control points. In the case of Gugan and
Dowman’s tests, all of the control and check points were taken from an existing
1;50 000 scale map, whereas the GCPs used in the Badia test field had been fixed
using differential GPS. However, a comparison of the results obtained in the course
of the Badia project where 10 control points were used (Table III) shows that the
residual error values resulting from the SPOT Level 1B images with respect to those
resulting from Level 1A images are nearly the same, whereas those achieved by
Gugan and Dowman (Table VI) were somewhat different.
The final test which was carried out on the images was to evaluate the effect of
the exterior orientation parameters used in the solution. As mentioned previously, 15
exterior orientation parameters have been used in the bundle adjustment program. In
the case of the SPOT Level 1B stereopairs, the effect of the y2 terms in the final result
is very high and cannot be neglected. As a result, the full expression of equation (1)
should be employed in the solution if Level 1B stereopairs are being used.
In the case of SPOT Level 1A stereopairs, the effects of the first and the second
order terms in equation (3), which are expressed in terms of along-track image (x)
co-ordinates, are very small and can be neglected. Table VII shows the residual errors
in terms of the r.m.s.e. values at both the control points and the check points for the
main test model (122–285) with the Level 1A stereopair employing 15 parameters
(f0, W0, a, i, f1, W1, w0, Á0, k0, w1, Á1 , k1, w2, Á2, k2); 12 parameters (f0, W0, a, i, f1,
W1, w0, Á0, k0, w1, Á1, k1); and nine parameters (f0, W0, a, i, f1, W1, w0, Á0, k0)
respectively.
As can be seen from the results given in Table VII, the effect of including the
quadratic terms and linear terms of the polynomial modelling of the rotation elements
in the case of the SPOT Level 1A stereopair are very small and can be neglected. The
results also point to the inherent stability of the platform and the sensor over the
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TABLE VII. DX, DY, DZ residuals in WGS 1984 co-ordinates for the SPOT Level 1A stereopair of scene 122–285
over Jordan Badia project area using different numbers of parameters.
R.m.s.e. at control points
Number of
parameters
15
12
9

Number of
control points
15
15
15

DX (m) DY (m) DZ (m)
1 8·21
2
1 8·95
2
1 8·89
2

1 7·18
2
1 7·21
2
1 7·44
2

R.m.s.e. at check points
Number of
check points

DX (m)

DY (m)

DZ (m)

23
23
23

1 8·58
2
1 8·98
2
1 8·93
2

1 7·85
2
1 7·54
2
1 7·57
2

1 7·80
2
1 8·77
2
1 8·84
2

1 9·48
2
1 10·23
2
1 10·25
2

period of imaging a single scene. Furthermore, the results show that changes in the
attitude of the imaging system as a result of the dynamic nature of the pushbroom
system are well modelled by the first order polynomial equations used to describe the
changes in the true anomaly (f) and the right ascension of the ascending node (W) with
respect to time.
CONCLUSION
A simple mathematical model and procedure for the geometric correction of
SPOT Level 1B stereopairs has been presented in which the approach taken is to
convert each Level 1B image geometrically back to its Level 1A form. Different tests
carried out using SPOT Level 1B stereopairs show that this simple model works
effectively and can give the same accuracy as that produced by a SPOT Level 1A
stereopair. Its use would help to ensure that the Level 1B stereopairs purchased and
used widely by geoscientists can be used with confidence as the basis for the
production of DEMs and ortho-images.
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Résumé
Dans l’exécution d’un projet visant à établir un MNT à partir de
l’imagerie stéréoscopique de SPOT, on a rencontré des difficultés lorsque
l’on a utilisé des couples stéréoscopiques de niveau 1B. On décrit dans cet
article une solution mathématique qui a été mise au point à l’Université de
Glasgow pour résoudre ce problème. On présente également les résultats
d’une expérimentation effectuée sur un polygone d’essais de Jordanie
mettant en œuvre cette solution. L’essai a porté sur cinq couples
stéréoscopiques d’images SPOT de niveau 1B, tandis qu’un couple unique
d’images SPOT de niveau 1A a permis d’établir des comparaisons. On
fournit les valeurs des erreurs résiduelles aux points d’appui ainsi qu’aux
points de vérification qui montrent que l’on est parvenue à un résultat
satisfaisant.
Zusammenfassung
Bei einem Projekt zur Erzeugung eines DHM mit Hilfe von
Stereobildern des Satelliten SPOT ergaben sich bei Verwendung von
Stereopaaren des 1B-Levels Schwierigkeiten. Im Artikel wird ein an der
Universität Glasgow entwickelter mathematischer Ansatz dargestellt, um
das Problem zu lösen. Es werden Versuchsergebnisse von einem Testgebiet
in Jordanien wiedergegeben. Für diese Tests wurden 5 Stereopaare des
SPOT-Levels 1B zusammen mit einem einzigen 1A-Stereopaar für
vergleichende Tests genutzt. Die Restfehler bei Geländepaßpunkten und
unabhängigen Kontrollpunkten werden angegeben und zeigen, daß eine
zufriedenstellende Lösung erreicht wurde.
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