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Table 1. AX, AY, AZ Residuals in WGS 1984
Coordinates for the Five SPOT Level 1B Sterco
Pairs Covering the Jordan Badia Project area

Scene ID| B/H No.of | RMSE- | RMSE- | RMSE-
ratio GCPs | AX (m) | AY (m) | AZ (m)

122-285| 0.975 15 +5.0 5.1 +6.4

123-285| 0.858 18 £6.2 £5.7 +8.3

123-286 | 0.858 20 +6.4 +7.4 +8.1

124-285 | 0.975 13 +8.0 +8.6 +13.2

124-286 | 0.975 13 +4 8 £9.0 +33

For the reference stereo model, (122-285), an
additional 23 check points have been selected over
the whole area; the RMSE values in terms of their
X. Y, and Z coordinates are as follows:

RMSE-AX =+8.9m

RMSE-AY =+8.2m

RMSE-AZ =+10.0 m
The vector. diagrams constructed from the AX, AY
and AZ values for the reference stereo model are
shown in Figures 11a and 11b. These diagrams show
that the residual errors at the GCPs are completely
random: no systematic component can be discovered
in the vector plots. For the independent check points,
the pattern is mostly random with small systematic
components in specific areas.
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language, version 3.1 for Windows 3.1. It has been
run on a PC 486/DX2/66 equipped with 32 MB
RAM and 500 MB of hard disk.

Five SPOT level IB stereopairs covering the Badia
Project area in Jordan have been provided by my
research colleague, Mr N. Al-Rousan, to be tested in
the author’s program. The area is located in the
North-East part of Jordan, and is mainly a desert
area. Its surface is covered largely by basalt, except
in the Western part where a more cultivated area
appears. Around* 130 GCPs distributed over the
whole of the project area have been measured by
surveyors from the Royal Jordanian Geographic
Centre (RJGC) using Ashtech 12 dual frequency
GPS sets with around 1 to 2 metre accuracy. They
have been measured during Mr Al-Rousan’s field
work in Jordan with the collaboration of the Royal
Jordanian Geographic Centre. The GCP coordinate
values which have been input to the program are in
the WGS 1984 geocentric coordinate system - a CT

NCC Journal - No. 27, 1996

system as defined in Section 8.2.

The two images comprising the principal stereo pair
being used for test purposes have the scene
identification number of 122-285. They were
acquired in August and June 1987 respectively, with
mirror angles of 1.28.2 and R23.7 degrees. This
results in an excellent base-to-height ratio of 0.97.
This particular pair was selected for the test since

around 40 GCPs were available in this area and this
gave the opportunity to have a good number of
independent check points to check that the program
worked correctly.

The other four stereo pairs that have been tested have
around 15 to 20 GCPs each and have nearly the same
base-to-height ratio as the reference stereo pair. The
residuals (AX, AY, AZ) at the ground control points
after the application of the bundle adjustment
program for the different stereo-pairs are
summarized in the Table 1.

g "
b fw A"’/-w ¢( - o Ay = LA
e Y / r:,
4 b . s it -
N \ l k,, 1 | ‘Lu
L | T L
| \ V. o 1 A=
n |
& 4 J( s
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— / ; L A
4~ |, 3 .
E- . f"
|

Figure 11(a). Vector plot of the planimetric (X/Y) errors at the

control and check points over stereo-model 122/285
A= Control Point ; o= Check Point,

Figure 11(b). Vector plot of the Z errors at the control
and check points over stereo-model 122/285

A = Control Point ; o= Check Point.
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In order to do this, first 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 it has the same scale and format as that of
a level 1A image (i.e. 6,000 lines and 6,000 pixels).

According to Al-Rousan et al. (1996), it appears that
there are two different types or variants of SPOT
level 1B imagery available on the market. The one
variant is that which has been processed by SPOT
Image in France, while the other is one that has been
processed in the USA by its American subsidiary. In
the USA, level 1B images are generated directly
from raw data (level 0) using a parametric solution,
while in France, it appears that the level 1B images
are generated from level 1A images using a 3rd order
polynomial transformation for the older format
images (produced before August 1995) and a 5th
order polynomial transformation for the newer
format images (produced after August 1995).

In the case of the first type of SPOT level 1B images
produced in the USA, the geometry 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.

In the case of the French produced SPOT level 1B
imagery, the problem of implementing 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 (i1) to convert the
lzvel 1B image back to level 1A. In the case of
converting the level 1B image back to its 1A form,
it is necessary to know the polynomial coefficients
uised to tranform the level 1A to this level and then to
implement them in a reverse transformation. How to
get these parameters is another problem.

14

A simple approach has been implemented by the
present author to convert the level 1B images to their
level 1A equivalents. This is via a two-step
procedure by first transforming the rhomboidal
shape of the Level 1B image back to a rectangular
image. This will still have too large a size compared
with the square shape and dimensions of the
equivalent Level IA image. so a second
transformation is applied to achieve this result.

During the orientation of a level 1A image. nine
parameters of the orientation (fy, €, a, L. f,. Q. w,
@y, X,) find the position in space of the sensor and 1ts
crude attitude. A further three parameters (w,, @4, ;)
adjust the attitude as a function of the along-track
image coordinates. This is because the attitude of the
satellite is continually changing as the scene is
imaged over a 9 second time span. 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 direction. However the
level 1B data has additional displacements
introduced into the imagery by the Earth
curvature/panoramic distortion corrections. These
displacements occur predominantly in the cross-track
direction, and, since they are approximately
symmetrical about the image centre line, parameters
adjusting the attitude as a function of the cross-track
image coordinate should give a good orientation.
Thus the attitude parameters are formulated as
follows:

=W, W, X+w, )’

O=Qy P, X+, )" (15)

K=K K, XK,
where x and y are the image coordinates.

8.5 Experiment with Stereo SPOT Level 1B
Imagery over a Jordanian Test Field

A bundle adjustment program which implements the
solution outlined in Section 8.1 to 8.4, has been
written entirely by the author in the Borland C++



needs a  preliminary processing  before
implementation of the same solution. This is
necessary because the geometry of the SPOT Images
is altered during the production of different levels of
SPOT image processing. The geometry of the level
IA and 1B products will be explained briefly.

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 6,000 lines, each containing
6,000 pixels in panchromatic mode, and 3,000 lines,
each containing 3,000 pixels in each band of the
multispectral mode, irrespective of the viewing
angle. This means that the image appears as a square,
leading to a panoramic effect for oblique (off-nadir)
viewing, since the number of pixels remains constant

while the area covered by a single pixel in the East-
West direction varies according to the viewing angle,
i.e. the area covered by each pixel on the ground
could be 10m or more depending on the viewing
angle of the sensor (see Figure 9). The image
coordinate system, mentioned above, in Section 8.1,
can be applied with this type of image without any
change.

Figure 9. A view of a SPOT Level 1A image

Geometry of SPOT level 1B: A SPOT level 1B
image includes the radiometric corrections

NCC Journal - No, 27, 1996

mentioned above for level 1A. It also contains
geometric corrections taking into account the
systematic distortions due to FEarth rotation and
curvature, sensor viewing angle and desmearing,
This level of imagery approximates to an
orthographic view of the Earth, with the
displacements due to relief remaining in the image.

In this level, after the geometric corrections have
been applied, the image is resampled at regular
intervals of 10 or 20 metres according to the spectral
mode used. The number of pixels is therefore
altered; it varies from 6400 to 8,500 in
panchromatic mode and from 3.200 to 4,250 in
multispectral mode according to the viewing angle,
giving an image size of 60km in the North-South
direction and 60 to 80km in the East-West direction.
The non-imaged parts of the overal image area are
generated by adding zero value pixels (see Figure
10). The scene centre is placed either on the 3,000th
or the 1,500th line, depending on the spectral mode,

and each scene is split at an interval of 3.000 or
1,500 lines, starting from the scene centre. In this
case, to apply the same image coordinate system as
that defined above in Section 8.1, 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.

Ll LB T BT R ?&

Figure 10. A view of a SPOT Level 1B image
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X, ¥, are the coordinates of the principal point,

X%, Y8, 78 are the object coordinates of the image
point /,

X,, Y, Z, are the coordinates of the position of the
(satellite) perspective centre in the CI system

¢ is the f)rincipal distance = focal length of
the linear array imaging system, and
R -defines the rotation around the j axis.

As can be seen from equation (10), it is expected that
the position of the satellite and the ground control
points will be given in the CI coordinate system. In

practical terms, the ground coordinates are given in
a CT coordinate system such as the coordinates
provided by GPS observations. In practice, since all
of the output coordinates have to be computed in the
CT coordinate system, it is then easier to use
equation (10) in this type of system. Then the
Keplerian elements will be computed for each instant
with respect to this system. On the other hand, the
transformation between the CI and CT systems will
be carried out indirectly inside the defined rotations.

As mentioned before, 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 and the only
measure of time is the satellite’s along-track
coordinates. 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 fand Q with respect to time - defined as f,and Q,.
Thus:

fi=hthix
Q=Q,+Q x (1)
where,
£ and Q; -are the true anomaly and the right
ascension of the ascending node of
each line i,
f, and €, -are the true anomaly and the right

ascension of the ascending mode
with respect to a reference line, e.g.

12

the centre line of the scene, and
f,and Q, -are the first values for the rates of
change of f and ;.

The orbital eccentricity (e) remains very stable for
orbiting satellites, so this is kept as a constant. The
argument of perigee (,) moves in the orbital plane
relatively slowly (about 3° per day), and since it is
highly correlated to £, 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 orbit’s semi-major axis (a) 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.

Considering the attitude of a scan line as a reference,
the attitude parameters w, @, and x of the other lines
can therefore be modelled by a first order
polynomial of the along-track image coordinates as
follows:

W = W, WX
@ =@+ @x (12)
K=K +KX

The coordinates (X,, Yy, Z,) of the satellite position
in space are determined using equation (9).

Since, the tests described in this paper have been
carried out on stereo SPOT imagery, the geometry of
the different products processed from the data
collected by this specific type of linear array sensor
will be discussed in more detail in the following
section.

8.4 Geometric Correction of the Stereo SPOT
Imagery

While a solution for the stereo SPOT level 1A
images can be directly implemented using the
equations given above, the use of level 1B images



is a space fixed coordinate system, i.e. a coordinate
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 this
system 1s used for the description of satellite motion.
The origin of the system is supposed to coincide with
the Earth’s centre. The Z-axis is oriented towards the
North Pole and the X axis to the First Point of Aries
(y)- The Y axis completes a right handed system.

In the method developed by the present author, the
bundle adjustment is normally carried out in the CT
system, while the plotting carried out for map
making is expressed in UTM coordinates and normal
(geoidal) height. So, before and after the bundle
adiustment, both a transformation and the inverse
transformation of coofdinates will be necessary
between these two object coordinate systems.

8.3 Derivation of the Collinearity Equations

The collinearity equations are used to relate the
image coordinates and object CT coordinates. The
position of the satellite is defined normally with
respect to the CI system using the six Keplerian
parameters described in Section 3 and shown in
Figure 2. and can be computed using these elements
as follows:

Xu 0
] L
ho| =R(m-QRG-2) R(Z-(ra )| O (®)

r
0/

where, r =a (1 -¢’) (I +ecosf). Itisthe
instantaneous distance of the satellite from
the Earth’s centre;

Xo» Yy, Z,:are the coordinates of the satellite in the
CI coordinate system;

i :1s an element describing the position of the
satellite in the orbital plane. Essentially it is
the argument or angular distance of the

NCC Journal - No. 27, 1996

satellite after passing perigee, as measured at
the Earth’s centre; in the literature, it is often
called (rather confusingly) the true anomaly;

a is the semi-major axis of the elliptical orbit;
, :1s the argument of perigee.
Q 'is the right ascension of the ascending node;
i :is the orbital inclination;
e :1s the orbit eccentricity;
Expanding the above equation will result in the
following:

Xy cosQ cos(/+w,) - sinQ sin(/" W) cosi

Yo| =r| sinQ cos(f+w,)+cosQ sin(f+w ) cosi | (9)

o o sin(/+w ) sin

The collinearity equation relates the points in the
object coordinate system to the corresponding points
in the image coordinate system. As mentioned
before, in the case of linear array imagery, this
equation is available for each line. The relationship
between these two coordinate systems is based on
the three rotations using Keplerian parameters
mentioned above, plus three rotations w, ¢, x for the
undefined rotations of the satellite at the time of
imaging. Because of mirror inclination in cross-track
linear array stereo imagers, this angle must be
considered too. Then the following equations will

result:
%N XE-X,
Y V,| =SR YJ”—Y(J (10)
=g L=ty b
where

R=R,(B) Ry(%)R(@)R, () R((f*w ) —%R.(%—rm;m—m

A :1s the scale factor,
p is the viewing angle,
x,y, are the image coordinates of object point /.

11
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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 (see Figure 7).

[.inear .“\.rr.'l\'--_.____~\H

Figure 7. Image coordinate system for a
linear array sensor

As mentioned before, the pushbroom scanners have
a linear array of thousands of detectors. This array
images a strip of the Earth’s surface beneath the
satellite. Consequently, an image is built up by
combining thousands of these linear strips, as the
satellite moves along its orbit. However, the linear
array itself passes through the principal point in the
focal plane where the x coordinate is zero and the z
coordinate is always constant. The x coordinate of
the resulting image is merely a measure of the time
at which a point was imaged relative to the origin. It
should be noted that, since stereo data is acquired by
altering the cross-track mirror pointing, the stereo
base is in the y direction and the true sense of the x
and the y parallaxes will be reversed.

8.2 Object Coordinate Systems

The relevant object coordinate systems are as follows
(see Figure 8):

10

Greenwich
Meridian

Earth Equator

\ Celestial Equator
i

Figure 8. CI, CT, and Image coordinate systems

where, (X, Y, Z) is the CT coordinate system;

(X, Y, Z), 1s the CI coordinate system,

X, ¥,z :is the image coodinate system,

0O is the centre of the Earth,

S :is the position of the satellite on its orbit,

f. i, w,, Q : are true anomaly, inclination, argument
of perigee, and right ascension of the
ascending mode, respectively.

a) The Universal Transverse Mercator (UTM)
coordinate system (X;qy . Yiepn ) and normal
(geoidal) height (H) above mean sea level.

b) The Ellipsoidal Geodetic (EG) coordinate system
is selected so as to approximate the figure of the
Earth as a biaxial ellipsoid. Each point is defined in
this system by its geodetic longitude (A ), geodetic
latitude (¢,;), and geodetic height (h; ). i.e. its
height above the ellipsoid. ‘
¢) The Conventional Terrestrial (CT) coordinate
system is a geocentric system, 1.e. its origin is at the
centre of mass of the Earth. The Z., axis points to
the conventional origin (CIO), which is defined as

the mean position of the instantaneous pole during
the period 1900 to 1905; the (XZ).., plane contains
the mean Greenwich Observatory: and the Y ., axis
is selected to make the system right-handed.

d) The Conventional Inertial (CI) coordinate system.



investigators using the multiple projection centre

method (Section 4), look at the images acquired by
linear array imaging systems in much the same way

as aerial photographs taken with a camera. They
consider two spaces for the reconstruction and
modelling of the terrain - the image space and the
object or ground space. Then, regarding the dynamic
nature of the image, each single line is considered as
a photograph. It is evident that, since the orbital
information of the imaging system is not used in this
method, more ground control points have to be used
to replace this lack of information by comparison
with the orbital parameter method.

In the additional parameter method (Section 5), not

only one single line but the whole image comprising
many lines taken by a linear array system is
considered in exactly the same way as a photograph.
Then the distortions present in the image, arising
from the dynamic nature of the linear array imaging
systems, are considered as systematic errors that can
be modelled by a set of additional parameters. This
means that, in the coliinearity equations, a single set
of common w, @, and x values is adopted and the
changes in these parameters are then modelled as the
additional parameters. Altogether 9 orientation
parameters and 7 additional parameters have to be
determined for each of the images with this method.
Again the number of ground control points required
to reach a specific accuracy with this method is more
than that required for the orbital parameter method
for the reasons that have already been explained
above.

In the DLT method (Section 6), as with the
additional parameter method, the whole linear array

system is considered in exactly the same way as a
photograph. The difference lies in the image
coordinate system used in the collinearity equations.
In the additional parameter method, the frame
coordinate system has been used as the image
coordinate system in the collinearity equations.

e NCC Journal - No. 27, 1996

However, in the DLT method, the image coordinate
system is coinciding with the pixel coordinate system
and is used directly in the collinearity equation. This
is the reason why the collinearity equations become
the DLT equations. Consequently 11 linear
orientation parameters must be determined in this
method. Since the parameters are linear, so
linearization of the DLT equations is very simple and
this will save in the time and power required for the
bundle adjustment program. Again, the number of
ground control points required to reach a specific
accuracy with this method is greater than that
required for the orbital parameter method.

8. The Mathematical Modelling of the Cross-
Track Stereo Images Used in the Present Project

The orbital parameter model can be applied to the
cross-track stereo images in order to determine its
exterior orientation parameters. The model adopted
here is in principle similar to that developed by
Gugan and Dowman (1988), but it has been devised
quite independently by the present author. The
satellite is moving in a defined elliptical orbit. The
position and the attitude of the sensor-are changing
in a systematic way to keep the satellite pointing
towards the centre of the Earth. An orbital resection
method has been developed to model these changes
by finding the orbital parameters of the satellite. A
bundle adjustment program has been developed to
determine these parameters using ground control
points. Within this program, different coordinate
systems need to be considered for the transformation
between the image and object coordinate systems.

8.1 Image Coordinate System

The coordinates of the linear array of detectors are

referred to this system. The origin 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

9
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of the centre of the ground area in the GCGCS
system.

According to this approach, the pixel coordinates
(U,V) are first corrected for the systematic errors
caused by the rotation of the Earth and the off-nadir
viewing. Then, to implement the regular collinearity
equations for the image coordinates of a point, the
points are transformed to the frame coordinate
system. First, the coordinates of the points in the
scan line coordinate system must be corrected for the
satellite’s deviations from their nominal positions,
the perturbations in the satellite velocity vectors, and
the rates of change of the sensor attitude angles.
Applying these corrections, and carrying out the
substitution of scan line coordinates with pixel
coordinates and finally the image coordinate system,
and then expanding the consequent collinearity
equations will result in the conventional DLT model
with 11 linear orientation parameters as follows:

L Xgs + LyYos * LyZgs + Ly
LyXgs + Lio¥os * L Zg + 1
_ L * LeYgs + LyZgs + L
i LXgs + Lig¥os + LiyZgs * 1

(M

where, Xgo Yos. Zgs are the coordinates of the
projection centre in the SGCGCS coordinate system;
and L,, L,, ..., L, are the eleven linear orientation
parameters defining the relationship between two-
dimensional image space and ‘three-dimensional
object space.

These parameters can be computed through the use

of a suitable bundle adjustment program and an
appropriate number of ground control points.

7. A Brief Comparison and Discussion of the
Different Methods

As can be seen from the above Sections, in the

orbital parameter method (Section 3), the researchers
concentrate on the motion of the satellite and
consequently on the behaviour of the imaging
instrument along a defined orbit, which can be
viewed as being a significant advantage for space
imaging systems. The exterior orientation parameters
of the sensors can be defined by a sophisticated
orbital model derived from the orbital parameters
which has the effect of reducing the number of
ground control points required to implement the
method. In fact, the accuracy of the satellite
ephemeris is not yet good enough to provide the
precise exterior orientation parameters that are
required. However, using the available information
in the mathematical modelling of the terrain
reconstruction, will reduce the number of ground
control points that are required. The other advantage
of utilizing the orbital parameter method is that the
object coordinates of the image points can be
computed directly in a geocentric coordinate system.
This will avoid the effects of Earth curvature. Also
since the position of the projection centre of the
sensor (the origin of the image coordinate system)
lies on the orbit itself, it becomes a function of
orbital elements and does not inherently include
Earth rotation.

Conceptually, all of the orbital parameter methods
are basically the same; the differences arise from the
different orbital elements that are being considered
and the differenr intermediate spaces that are utilized

and how they are filled. This results in the different
number of unknowns which have to be solved in the
various SPOT bundle adjustment programs that have
been developed based on this method. For example,
in the mathematical model described by Toutin and
Guichard, 8 independent unknowns need to be.
computed; whereas in Gugan's method, there are 7;
in De Haan's method, 17; in Pricbbenow's method,
13: and in Radhadevi and Ramachandran’s method,
19.

By contrast to the orbital parameter method, those



are treated as time invariant. Within this approach,
for each image, the coordinates of the 1mage centre
point and the orientation angles, as well as the
additional parameters, are considered to be
unknowns in a bundle adjustment. By using the
satellite orbital data (ephemerides), approximations
of the unknowns can be computed. In addition, the
ground control points and tie points will be included
in the adjustment.

6. Direct Linear Transformation Model

El-Manadili and Novak (1996) recently developed a
mathematical model for the geometric corrections of
stereo SPOT imagery, based on the well-known
Direct Linear Transformation (DLT) model,
originally developed by Karara and Abdel Aziz
(1979) amd much used with non-metric photography
in close-range applications of photogrammetry .

In this approach, a pixel coordinate system is

considered with its origin at the left upper corner of
the image (Figure 5), where the U axis is in the
direction of the image lines, and the V axis is in the
direction of the flight. The image coordinate system
is considered with the same origin as the pixel
coordinate system and its x and y directions, in the
direction of U and V axes respectively.

y

v'<

UJV}\' .‘rJ’

Figure 5. Pixel (U,V), Image (x,¥), Frame (x,y,),
and Scan line (x,,y,)coordinate systems
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A frame coordinate system is considered with its

origin at the centre of tue scene, its x; axis in the
direction of flight and its yraxis perpendicular to the
X; axis in the scene plane. Regarding the dynamic
nature of SPOT imagery, for each scan line, another
coordinate system, termed the scan line coordinate
system is considered with its origin at the centre of
the line, its x,axis in the direction of the flight and its
yiaxis perpendicular to the x, axis along the pixels on
the scan line.

The ground coordinate system is considered to be a

Shifted GeoCentric Ground Coordinate System
(SGCGCS). The origin of the Geo Centric Ground
Coordinate System (GCGCS) is the centre of gravity
of the Earth; its X, axis is directed towards the
Greenwich meridian; the Z axis points towards the
North Pole; and the Y, axis makes the system right-
handed. The SGCGCS has its origin in the centre of
the ground area while its three axes remain parallel
to GCGCS (Figure 6).

GRS 80

Figure 6. SGCGCS and GCGCS coordinate
systems

The mathematical relationship between these two
systems, with respect to Figure 6, can be shown to be
as follows:

[Xasl = [Xs] - [Df] (6)
where [Xs]. and [X; ] are the vectors of the point
coordinates in the SGCSCS and GCGCS systems
respectively, while [D,] is the vector of the position

7
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assumed and the irregularities detected by the ground
control point (GCP) discrepancies are formulated as
additional parameters (Konecny 1987).

Figure 4. illustrates the assumption for a regular
linear movement of a CCD linear array scanner. The
sensor is moving uniformly without acceleration
during the period of acquisition of the image from A
to E. The flight path from A to E may be considered
to be straight. The centre of the projection moves
linearly from A to E, which means:

[Xu.,] = [ ] 5 (—_)([ .E] [ 4]) (3)

where:

[X, ] : the positional vector of the projection
centre at time t;;

X, 4] : the positional vector of the projection
centre for the first line;

[X, /] : the positional vector of the projection
centre for the last line;

S - distance from X, ,t0 X, ;;

S : distance from X, ,t0 X, £

Figure 4. CCD linear array with non-

accelerated uniform movement

The ratio of the distances in the above equation may
be replaced by:

6

=L @

where, i is the number of the actual line (or time of
exposure); and # is the total number of lines.

Assuming the angle orientation parameters of the
satellite as constant, for a discrete point located on
one line in the image, its collinearity equation may
be formulated according to:

(X1 - X)) = AR[x] (5)
where: [x] = (x=0,Y, -¢)

The X axis has been assumed to be in the flight
direction; the y'coordinate value corresponds to the
pixel number within a particular line and is related to
an origin located at the centre of the line; and c is the
principal distance of the linear array sensor.

In reality, the angles w, @, and x are not constant,
because the accelerations due to the non-uniform
gravity field of the Earth and the non-circularity of
the orblt (i.e. its elliptical form) cause the platform
not to move in its defined or nominal orbit. In this
case, the six parameters of orientation (X, Yq Z¢, @,
@, k) are functions of time. On the other hand, they
are highly intercorrelated within a line, specifically
@ with X, and o with Y, (assuming that the flight is
taking place in the X' direction) and Z, with the scale.
This results from the fact that the angular coverage
of a single line is small, for example, in the case of
SPOT., it is only 4.1 degrees. Therefore changes of
X, Y, and Z, do not need to be modelled if @, ®
and the affinity parameters are included in the
modelling.

In terms of the actual mathematics adopted in this
solution, the changes in ®, ¢, and x may be
expressed as additional parameters which change the
image geometry. Therefore, the orientation angles



reference line, then the small changes of the
satellite's position and attitude for adjacent lines

become functions of time while imaging the whole
scene. These changes can be approximated well
enough using polynomials based either on time or
the line number. The appropriate order of
polynomials to be adopted depends on the length of
an orbit; the stability and rate of change in the
satellite and sensor attitude: the degree of accuracy
required; the number of control points; and the
computational facilities available. Till now, various
researchers, e.g. Shibasaki et al. (1988), Deren and
Jiayu (1988), Ganguly (1991), Kratky (1987, 1988a,
1988b) have used the multiple projection centre
model for geometric corrections of SPOT images.
However the basic approach is the same with all of
these; the differences lie mainly in the degree of
polynomial used and in the incorporation of some
additional information or parameters and the way in
which this is done. Thus. in general terms, in all of
the methods employing the multiple projection
centre model, the exterior orientation parameters (X
Y. Z, w,,¢, x) have been approximated by
polynomials of the time or line number, for example
as follows:

= o i 2
X_‘~XU+X,x,+X2xJ Yl X +hx

= 2 = 2
Z.\,—Z(,*'Z].T""sz‘ mr_w0+mlxr+m2xr (I)

= 2 s 2
"P.s'ﬁ(p()ﬁ-(plxl-*q)lrl K\'_KU+le|+K2xt

where:

X, :image coordinate in flight direction (time
dependent);

X Y.2,.%.Y,.2.X%, Y. . Z : are coefficients
of the constant, linear, and quadratic terms
of the image coordinate in the flight
direction to define the projection centre's
position;

@y 5 o Kg, Wy, @, K., , P, , K, : are coefficients
of the constant, linear, and quadratic terms
of the image coordinate in the flight
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direction to define the orientation angles
related to the reference line.
According to the collinearity conditions (Figure 3)

and the above considerations, the following
equations can be derived:

x, X-X
Yol = KRI b =¥ (2)
-c Z-Z,

where:

K :scale factor;

C :principal distance;

Xy, rimage coordinates of the image
point i;

X,z -ground coordinates of the image
point i;

X F.2Z ‘ground  coordinates of the
projection centre;

R, ‘Totation matrix of the attitude

parameters, including constant,
linear, and quadratic terms.

The collinearity equations will be linearized by
Taylor series and, after measuring the corresponding
points in the image, the parameters will be derived
from a least squares solution using ground control
points.

5. Additional Parameter Model

This mathematical model has been described by
Konecny ( l9-87), Konecny et al. (1987), and Kruck
(1987) and has been implemented in IPI-Hannover's
BINGO program for the block adjustment of SPOT
images. It follows the traditional method of
rémoving systematic errors in photogrammetric
block adjustment through the use of additional
parameters, only in this case, it is combined with the
collinearity equations for a linear array. According to
this method, a regular determinable geometry is

5
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changing platform attitude. In this situation, these
parameters can be largely modelled by consideration
of the Keplerian parameters which are as follows
(see Figure 2).

Figure 2. CI system (Keplerian parameters)

f is an element describing the position of the
satellite (S) in the orbital plane - essentially
it is the argument or angular distance of the
satellite after passing perigee, as measured at
the Earth’s centre, and is often named the

true anomaly;
Y -First Point of Aries;
Q right ascension of the ascending node;
i -orbital inclination;,

a -semi-major axis of the elliptical orbit;
b .semi-minor axis of the elliptical orbit;
P :Perigee; o, :argument of perigee.
N

_N : ascending/descending nodes.

Some of these parameters can be replaced by other
parameters such as: p: the geocentric distance to the
satellite; e, = € COS W, ; € orbit eccentricity; and e, =
e sin W,

Various modelling approaches using these orbital
parameters have been investigated by different
researchers, e.g. Guichard (1983), Toutin (1986),
Gugan .and Dowman (1988), Westin ‘(]990),
Priebbenow(1991), De Haan (1992), Radhadevi and
Ramachanran (1994). The basis of this method will

4

/

be discussed in more detail in Section 7.

4. Multiple Projection Centre Model

Since the images taken by linear array across-track
stereo imagers are collected line by line during the
same orbit, the images do not overlap, so the stereo
model cannot be set up using data acquired in the
same orbit based on the conventionat mathematical
model of photogrammetry. Instead it must use data
acquired from an adjacent orbit with a tilting mirror
being used to ensure that the same area is covered.
Also, since the centre of the projection of each
scanning line, even in the same image, is different
from every other line, the collinearity equations of
analytical photogrammetry are only valid for a single
scan line (see Figure 3):

11510 o
Orbit 2

Pt}

81" 82

Intersecting
Lines

Ground

Figure 3. Section containing the y/z plane
through the two projection centres for a single
scan line on each of the two images

The exterior orientation of each single line is given
by six parameters (three positional values and three
rotations), which are highly correlated with the
parameters of neighbouring lines. If the satellite's
position and the attitude of the sensor with respect to
the projection centre are determined for one
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system will be considred. The others will be
considered in a later paper.

2. Geometry of linear array cross-track stereo
imagers

Linear array cross-track stereo imagers acquire their
stereo images of the ground from adjacent orbits (see
Figure 1) arising from their off-nadir viewing
capabilities. They can provide these images with a
base-to-height ratio which can range from good (0.5)
to excellent (1.0).

Figure 1. Formation of linear array stereo
model from cross-track images

However, the difference in time (sometimes three or
four months) between the two recordihgs of the same
area by this type of sensor, can cause some problems
with the stereo viewing and interpretation of these
images and with the use of automatic image
matching procedures to create DEMs. This is due to
the changing reflectance from the ground arising
from seasonal climatic differences (dry/wet or
summer/winter) resulting in changes in the
appearance of the vegetation and hydrology of the
imaged area (Petrie and Liwa, 1995; Petrie 1996).

The first example of this type of sensor is SPOT.
The initial satellite in the series was launched in

1986; since then, two more have been launched and
put into service. SPOT is a French pushbroom sensor
system which has been placed in a circular Sun-
synchronous orbit around the Earth. It is a polar
orbiting satellite with an orbital inclination of 98
degrees. It orbits the Earth at an altitude of 832km
and repeats its coverage every 26 days. A
panchromatic SPOT image covers a terrain area of
60x60km, with a ground pixel size of 10m and
consequently a ground resolution of 15 to 20m.

The second example of this type of imager which
produces images that are available on the market is
that mounted in the Indian IRS-1C satellite, launched
in 1995. This operates in a Sun-synchronous circular
orbit from an altitude of 817km. It has an orbital
inclination of 98.69 degrees with a repetitivity of 20
days. A panchromatic IRS-1C image covers a swath
of 70km, with a ground pixel size of 6m.

Till now, many researchers have investigated the
geometry and mathematical modelling of cross-track
stereo imagers. Although almost all of these
mathematical models have been applied to SPOT
images, they can be used for any other system with
the same geometry. All of these mathematical
models are based on the use of collinearity
equations, but each investigator has taken a different
approach and used different parameters in his
formula. These methods are discussed briefly in the
following sections.

3. Orbital Parameter Model

A spacecraft carrying linear array sensors is moving
along a well defined orbital path and the sensor itself
is always pointing towards the centre of the Earth.
The projection centre of each image line lies directly
above the current sub-satellite position. So the
exterior orientation parameters then depend on the
satellite’s position and velocity vector and on the

3



Three Dimensional Mathematical Modelling of Linear

Array Stereo Imagers (Cross- Track Case)

M. J. Valadan Zoej

Department of Topographic Science, University of Glasgow

Abstract

Pushbroom scanners equipped with lincar array sensors can be classified into three groups according to the methods used to acquire
their stereo images. On this basis, these are: (i) linear array imagers which acquire only cross-track stereo images; (ii) linear array
.imagers which acquire only along-track stereo images; and (iii) flexible systems which are able to acquire both along-track and cross-
track stereo images. In this paper, a rigorous method for the geometric correction of cross-track stereo images is formulated and
evaluated. This method is based on the classical collinearity equations of analytical photogrammetry and uses the orbital parameters
generated during the satellite flight. The results from an experimental test using five SPOT level 1B stereo images are presented. The
residual errors at the ground control points and the check points are given and show that a satisfactory solution has been achieved.

1. Introduction

Among the different space systems which could be
used for topographic mapping, pushbroom scanners
have been investigated and used widely by
‘photogrammetrists. This arises from the various

favourable characteristics of this type of sensor such

as their digital nature, their good geometry and
resolution, and their cost and performance. Based on
their capability to acquire stereo images, these
systems can be classified into three groups: (i) cross-
track stereo imagers; (ii) along-track stereo imagers
and (iii) flexible systems.

(i) Linear array cross-track stereo imagers acquire
stereo images of the ground from two adjacent orbits

arising from their off-nadir viewing capabilities. The

2

French SPOT and Indian IRS-1C systems belong to
this cafegory.

(ii) Linear array along-track stereo imagers acquire
images of the ground from a single orbital pass in the
direction of the motion of the spacecraft, one from a
backward-looking array and the other from a
forward-looking array. The German MOMS-02 and
Japanese OPS systems belong to this group.

(iiii) Flexible systems are equipped with pointing
devices which give the capability for them to acquire
both cross-track and along-track stereo images from
single or multiple orbital passes. The forthcoming
American high-resolution commercial systems fall
into this group.

In this paper, only the first of these three types of



Positioning by Using Differentical GPS System

By : Eng. B. Eivazzadeh Eng. H.R. Nankali

GPS is primarily a military and navigation system.
Hence it has been designed to meet the accuracies in the
order of say, 20-30 meters for a point in real time. This is
achieved by using the P-code that modulates both of the L
band carrier waves. But it is not the whole story. P-code is a
military code and has been encrypted to the civilian users.
On the other hand, the civilian C/A code gives 100 meter
2drms accuracy to the horizontal coordinates and =150
meter for the heights of the observed points in real time due
to the implementation of the selective availability (SA). Even
if the SA is removed, an accuracy better than 30 meter will
not be obtained. Therefore, the Differential GPS system is
introduced which is based on the calculation of corrections
to the ranges from in view GPS satellites at a known point
and transmission of them in an standard format to the
mobile receivers in the region. Thus special requirements,
equipments, and communication links have to be studied. In
this article these are discussed in.details and a few of the

existing DGPS systems in the world are given.

The National Atlas of Iran
By : Eng. B. Ghazanfari

Today many ministries and organization in Iran are

volved in continous gathering of spatial data on all aspects
that they are dealt with. But gathering all those up-to-date is
of little use if they cannot be communicated readily and
efficiently to users. Maps are one of the appropriate tools to
transfer spatial data to users and consequently, atlases
which comprise a collection of maps, graphs, pictures, texts,
and recently sounds perform more than a sheet of map.

The National Atlas of Iran like all national atlases is a
combination of different themes. It is the first national atlas
of the country in its histt_)ly. The main task and the purpose
of elaboration of the National Atlas of Iran is to show
cartographically the so far changeg, present condition and

relation, as well as changing tendencies in the Iranian living

conditions.

In 1991, the Iranian Cabinet officially made the
National Cartographic Centre responsible for the production
of the National Atlas. The project Initially divided into two
phases. The first phase was focused on the production of a
gen-e'ral volume using the conventional methods. And, for the
second phase it was decided that different themes have
different volumes which were determined totaly in twenty one
volumes. Since the conventional methods were time
consuming and also costly, the computer- assisted-
cartography played its important role in the production line
of the second phase.
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