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ABSTRACT

The emphasis of that paper is point determination using spaceborne 3-line imagery and orbital constraints. In order to
properly utilize the image information contained in conjugate point coordinates and the orbit information contained in
tracking data, both data types have to be evaluated in a combined adjustment process. To this end, the conventional
bundle block adjustment algorithm is supplemented by a rigorous dynamical modeling of the satellite motion to take
orbital constraints into account.

For the forthcoming Mars96 HRSC/WAOSS experiment computer simulations on point determination have been per-
formed to obtain a survey of the attainable accuracy at local, regional and global levels. Since WAOSS will image the
entire planet, a closed block covering the entire Martian surface may be processed under ideal circumstances. Because
of the extraordinary strength of the closed block and based on the complete image, orbit, attitude and ground control
information, 60 m accuracy in X, Y and Z can be achieved. Moreover, the Mars rotation parameters can be improved
up to factor 4.

The new approach was also tested with practical data. Image data of the multi-line camera MOMS-02 and TDRSS
tracking data, both acquired during the German D2 mission, were evaluated together. An empirical accuracy of 10 m
(0.7 pixel) in X, Y and Z was obtained with only 4 groups of ground control points. Thus the efficiency of the rigorous
bundle adjustment approach integrating orbital constraints has been proved with practical data. For that reason, it will
be routinely used for the MOMS-2P/PRIRODA mission to be launched in spring 1996.

1 INTRODUCTION e Triplet Linear Scanner (TLS) (Murai et al. 1995)

The most advanced camera concept for primary data ac-
quisition makes use of 3 linear CCD sensor arrays. They
offer the advantage that stereo images are acquired quasi
simultaneously. The 3 CCD-lines are imaging different ter-
rain at the same time, whereas the 3 lines image the same
terrain at different times, as the sensor platform moves.

In the last few years the 3-line camera concept has been
realized for experimental airborne as well as spaceborne
projects and is now getting into a pre-operational stage.
The main important camera systems based on the 3-line
camera concept are:

e Monocular Electro-Optical Stereo Scanner

(MEOSS) (Lanzl 1986)

¢ Modular Optoelectronic Multispectral Scanner
(MOMS-02) (Seige, Meissner 1993)

e Digital Photogrammetric Assembly (DPA)
(Miller et al. 1994)

o High Resolution Stereo Camera (HRSC)
(Neukum et al. 1995)

e Wide-Angle Optoelectronic Stereo Scanner
(WAOSS) (Sandau, Barwald 1994)

e Wide Angle Airborne Camera (WAAC)
(Eckardt 1995)

MEOSS, DPA, WAAC and TLS are airborne projects,
whereas MOMS-02, HRSC and WAOSS are designed for
spaceborne applications. A common major objective of all
projects is the realization of and the software development
for a completely digital photogrammetric processing chain
for 3-line imagery from primary data acquisition to the
generation of Digital Terrain Models (DTM) and orthoim-
age maps.

In the following a brief description of the concept of point
determination using orbital constraints is given, which is
recommended for spaceborne applications. Computer sim-
ulations on point determination have been performed to
obtain a survey of the attainable accuracy at local, re-
gional and global levels. Furthermore, results of tests with
practical spaceborne MOMS-02 imagery are presented. Fi-
nally, conclusions are drawn and an outlook is given.

2 POINT DETERMINATION USING
ORBITAL CONSTRAINTS

2.1 Background

So far orbital constraints in satellite photogrammetry have
been formulated as early as 1960 by Brown (cf. Case 1961,
Light 1980) for the construction of a lunar control network
from metric camera photographs during the Apollo mis-
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sions (Davis, Riding 1970). For Earth-orbiting satellites
the use of short-arc orbital constraints has been studied by
Lehner and Drescher (1987), Masaharu (1989), and Westin
(1990) for the restitution of MEOSS and SPOT imagery.

The present work is suited to incorporate both short-arc
and long-arc orbital constraints into the bundle block ad-
justment in a rigorous manner and has been developed
especially for the photogrammetric restitution of 3-line im-
agery. Furthermore, it is not restricted to the determina-
tion of the epoch state vector but also allows the estima-~
tion of the full set of force model parameters in the bundle
adjustment.

While radio tracking is related to the spacecraft’s inertial
position, the images of known surface features on ground
establish the position in a body-fixed reference frame. By
combining both data types, the transformation between
the body-fixed and the inertial reference frame, repre-
sented by the planetary rotation parameters, may be im-
proved within the bundle adjustment procedure.

2.2 New Approach

The photogrammetric evaluation of 3-line imagery starts
with the precise reconstruction of the exterior orienta-
tion of the images and the determination of ground points
within the scope of a bundle block adjustment. The math-
ematical model of bundle block adjustment is based on the
collinearity equations

w=u(x,z(t),0() , (1)
which formulate the relationship between the observed im-
age coordinates u = (u., uy)T, the unknown object point
coordinates @ =(X,Y, Z)T of a point P and the unknown
parameters of exterior orientation == (XY Z)T and
6= (C,n,@)T, respectively, of the image I;. The orienta-
tion angles ¢,n and # have to be chosen in such a way
that singularities are avoided. In space photogrammetry
the three Euler angles, which are related to the spacecraft
motion along the trajectory, are well suited in conjunction
with a geocentric object coordinate system.

Due to the dynamical mode of image acquisition, each im-
age line I; has its own exterior orientation with 6 unknown
orientation parameters. Since the existing image and con-
trol information is not sufficient to estimate all unknowns,
the 6 orientation parameters are treated as unknowns only
for so-called orientation points, which are introduced at
certain time intervals, e.g. once for every 100" or 10000
readout cycle. In between, the orientation parameters of
each image line are expressed as polynomials of the pa-
rameters of the neighbouring orientation points (Ebner et
al. 1994a).

While this approach reduces the number of unknown ori-
entation parameters to a reasonable amount, it has several
disadvantages:

e Any physical relation between the exterior orienta-
tion at subsequent orientation points is neglected
entirely, since the positions are modeled by piece-
wise polynomials and not by orbital constraints.

s The statistical properties of the position data de-
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rived from orbit determination are improperly con-
sidered in the bundle adjustment.

e The positional exterior orientation parameters esti-
mated in the bundle adjustment do not permit an
interpretation in terms of physical parameters.

In order to avoid these disadvantages, a new approach has
been developed, which guarantees that all exposure sta-
tions of the cameras are lying on a physically consistent
trajectory. To this end, the position parameters ®°, which
have been estimated so far at arbitrary orientation points,
are now replaced by the 6 parameters of the epoch state
vector ¥, and additional force model parameters p. The
force model parameters p may comprise e.g. the drag coef-
ficient Cp and the solar radiation pressure coefficient Cr.
In addition, epoch state vector and force model parame-
ters are introduced into the bundle adjustment as direct
observations with their full covariance information. Sta-
tistically, the resulting estimation procedure is equivalent
to a combined orbit determination and bundle adjustment
from radio tracking data and 3-line image data.

Fig. 1 demonstrates the fundamental difference between
the conventional and the combined model. In the conven-
tional model (left), the position parameters are assumed
as independent of the flight behaviour of the spacecraft,
which may result in an unrealistic trajectory. However, the
combined model (right) exploits the fact that the space-
craft proceeds along an orbit trajectory and all scanner
positions lie on this trajectory, when estimating the space-
craft’s epoch state vector.

The combined model has essential advantages for the point
determination task, which can be summarized as follows:

e Full utilization of the information contents of the
tracking data in a statistically consistent way.

e A reduced number of unknown exterior orientation
parameters, which stabilizes the solution of the nor-
mal equations.

e The results of the combined bundle adjustment al-
low a scientific interpretation of the camera position,
as they satisfy the physical laws of motion on a satel-
lite trajectory.

Thus tracking data and 3-line imagery will contribute to
the estimation of photogrammetric as well as orbit param-
eters.

Due to the lack of a dynamical model describing the cam-
era’s attitude behaviour during an imaging sequence, it is
not possible to introduce attitude constraints into the bun-
dle adjustment in a similar way as the orbital constraints.
To this end, the concept of orientation points is maintained
for the spacecraft’s attitude.

2.3 Mathematical Model

To include orbital constraints, the camera position and
hence the image coordinates have to be expressed as a
function of the satellite’s epoch state vector ¥y, and the
force model parameter vector p:

et (t) = (4, Yo, P) (2)
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Figure 1: Airborne (left) and spaceborne (right) model for the reconstruction of the exterior orientation of 3-line images

(Montenbruck et al. 1994)

The attitude

6(t) = 6(t,0, 8) (3)

of the camera can be represented by the attitude vector
© at selected orientation points and a vector @3 including
additional bias and drift parameters. Based on (2) and
(3), the image coordinates may be written as

u = u(ze,2(t),0(t)) u(t, 2, 9,,0,09,8) , (4

while the partial derivatives required in the adjustment are

given by

ou _ Ou oz’ (5)
dy,  Odzc dy,

ou ou dx°

W = 9z ap and (6)
0 Ju 06

ow _ ouw oy (7)
00 06 00

Here the partials of & with respect to y, and p are ob-
tained from the variational equations which are solved si-
multaneously with the equation of motion. The required
partial derivatives (7) are achieved by differentiation of
the collinearity equations and the polynomial interpola-
tion formula. The mathematical model of the combined
bundle adjustment approach is described in detail in Mon-
tenbruck et al. (1994) and Ohlhof (1995).

3 COMPUTER SIMULATIONS ON LOCAL,
REGIONAL AND GLOBAL POINT
DETERMINATION
3.1 Mars96 HRSC/WAOSS Experiment

The High Resolution Stereo Camera (HRSC) and the
Wide-Angle Optoelectronic Stereo Scanner (WAOSS) were
designed to be flown towards planet Mars on board a Rus-
sian spacecraft in November 1996. The orbit of the Mars96
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spacecraft will be elliptic with a periapsis height of 300 km
and an apoapsis height of 22000 km.

HRSC is a one-lens camera and contains 3 identical sensor
plates in the focal plane which can be called according to
the geometric arrangement the forward, the nadir and the
backward (looking) plate, respectively. Each plate con-
sists again of 3 CCD sensor arrays (Thompson THX 7808)
and each array of 5184 active elements. In the nadir plate
the middle (nadir looking) CCD array is a panchromatic
channel, the other 2 arrays are green and blue channels.
In the forward plate the outermost CCD array represents
a panchromatic stereo channel, the innermost array an-
other panchromatic channel for photometric purposes and
the middle array an infrared channel. The same is in the
backward plate except that the infrared channel is replaced
by a purple one. The ground pixel size at periapsis is 12m
for all channels if no formation of macropixels takes place.
The photogrammetric processing is mainly based on im-
agery of the nadir and the two stereo channels.

Like HRSC, WAOSS is a one-lens camera but consists of
one sensor plate in the focal plane only. The plate of
WAOQSS is identical to those used in the HRSC. All 3 CCD
arrays are panchromatic channels and will have a ground
pixel size of 97m at periapsis. As there is no separate
color capability with WAOSS, slightly different filters will
be used.

Besides image information represented by a large amount
of conjugate points which are measured automatically,
control information is required for point determination.
Due to the lack of accurate ground control points and nav-
igation systems like GPS or INS, orbit and attitude deter-
mination of the Mars96 spacecraft are of high importance.
The orbit determination is based on range and Doppler
tracking between the Mars96 spacecraft and ground sta-
tions on Earth, and attitude information is derived from
gyro readings and images taken by a star camera. A de-
tailed description of the HRSC experiment and the pho-
togrammetric processing chain is given by Albertz et al.
(1993) and Ebner et al. (1994b).

International Archives of Photogrammetry and Remote Sensing. Vol. XXXI, Part B3. Vienna 1996



Local PD Regional PD Global PD
Images HRSC HRSC, WAOSS WAOSS
Datum definition local local or global global
Block configuration | single strips; small blocks of | large blocks of many over- | closed block covering the en-
overlapping or crossing strips lapping strips tire surface

Computation effort | moderate high very high
Accuracy local very high high high

global low moderate high

Table 1: Local, regional and global point determination (PD) on Mars and their characteristics

3.2 Local, Regional and Global Point Determina-
tion

The point determination (PD) on Mars will be carried out
at local, regional and global levels (Table 1).

HRSC will mainly operate in the near periapsis region, so
that about 10-20% of the Martian surface can be imaged
by HRSC with a ground pixel size of 12-20m. The local
PD is therefore based on HRSC images and implies the
simultaneous adjustment of several crossing or overlapping
strips, which will be aquired around the periapsis with a
nearly constant ground pixel size.

The regional PD comprises the adjustment of large blocks
of many overlapping strips and is based on a combined
evaluation of HRSC and WAOSS images.

Image sequences for WAOSS are planned for orbital posi-
tions up to 90° true anomaly. Thus WAOSS images will
cover the entire planet with 100-1000 m ground pixel size,
so that a closed block triangulation with complete overlap
in all three directions may be carried out.

3.3 Computer Simulations

Comprehensive computer simulations on local, regional
and global PD have been performed to obtain a survey
of the attainable local and global accuracies and to give
recommendations in the planning phase of the Mars96 mis-
sion. The results of these simulations are summarized in
Table 2.

The local accuracy represents the interior accuracy of PD,
as the influence of the datum definition is excluded using
the method of free adjustment. The global accuracy, in
contrast, stands for the exterior accuracy of PD referring
to the Mars-fixed reference system.

Local Accuracy | Global Accuracy

pxylm] | pym] | pgy[m] | pylm]
Local PD 5 10 300 50
Regional PD 15 30 100 30
Global PD 40 40 60 60

Table 2: Attainable planimetric and height accuracies
(15) of adjusted object point coordinates for the local,
regional and global PD on Mars

The local PD mainly depends on the number, distribu-
tion and precision of conjugate points and benefits from

the high relative accuracy of the orbit and attitude data.
The local accuracy can be considerably improved to about
5m in planimetry and 10 m in height, if the 2 photometric
channels of HRSC are incorporated into the bundle adjust-
ment (Fig. 2).

Sigmo (2) (m)

Sigme (2) [m])

Figure 2: Standard deviations of adjusted 2 coordinates
of the object points for HRSC with 3 CCD arrays (above)
and with 5 CCD arrays (below)

A large number of simulation runs on regional PD have
shown that most accurate results can be achieved by com-
bining HRSC and WAOSS data and by the simultaneous
block adjustment of multiple overlapping strips with >60%
side lap and additional crossing strips at the borders of the
block (Ebner et al. 1994b, Ohlhof 1995).

Since WAOSS will image the entire planet, a global block
with complete overlap in all directions may be processed
under ideal circumstances. Because of the extraordinary
strength of the closed block and based on the complete im-
age, orbit, attitude and ground control information, 60 m
global accuracy in planimetry and height can be achieved.

In summary, it can be stated that the synergy effect of im-
age and orbit information is most effective, if many over-
lapping orbital arcs are processed simultaneously in a block
with high geometric strength. It can be expected that the
accuracy of the current ground control network of Mars is
generally improved by a factor of 10 or more.
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3.4 Mars rotation parameters

In case of the global PD, special emphasize is given to the
Mars rotation parameters, which define the link between
the Mars-fixed object coordinate system as the reference
frame for photogrammetry, and the inertial Earth equator
and equinox of J2000 coordinate system as the reference
frame for orbit determination. By combining image and
radio tracking data, as described in section 2, the Mars
rotation parameters may be treated as estimation param-
eters within the bundle adjustment.

The Mars-fixed system is aligned with the Mars equator
where the prime meridian is defined by the small crater
Airy-0. The orientation of the Mars equator and the so-
called AU vector is described by the right ascension o
and declination § of the Mars north pole with respect to
the Earth mean equator and equinox of J2000. Here, the
IAU vector is defined as the intersection line of the planes
described by the Earth equator of J2000 and the Mars
equator (Davies et al. 1992). The rotation of planet Mars
is described by the parameter W giving the angle between
the AU vector and the point where the prime meridian
through the crater Airy-0 intersects the Martian equator.
Therefore, three elementary rotations are required for the
transformation from J2000 coordinates to the Mars-fixed
equator and prime meridian coordinates (Fig. 3):

1** rotation around the z-axis by an angle (90° +«) that
is equal to the right ascension of the IAU vector,

rotation around the z’-axis by an angle (90° — §)
that is equal to the angle between the Mars equator
and the Earth equator

rotation around the z”-axis by an angle (—W).

z

Mars north pole

N Earth equator
(J2000)

Mars equator

g_’—/‘/

Figure 3: Orientation of the north pole and prime meridian
of Mars with respect to the Earth equator and equinox of
J2000

Neglecting nutation, the right ascension «, declination §,
and W are generally expressed as linear polynomials

alt) =ag +aT
§(t) =6 +6T
W(t) = Wo + Wd

(8)
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in time, where the subscript ¢ refers to the orientation of
the Mars rotation axis at the reference epoch J2000 and T
is the ephemeris time in Julian centuries since that epoch.
The parameters Wy and W denote the longitude of the
prime meridian with respect to the IAU vector at J2000
and the rotation rate, while d gives the ephemeris time in
days elapsed since that epoch. Note that & and § arise
from precession and might be expressed as functions of
the Mars precession rate (). The parameters that affect
the transformation from the inertial to the body-fixed sys-
tem may therefore be combined to a planetary rotation
parameter vector w = (ao, 8o, (¥), Wo, W)7.

It can be seen from Fig. 4 that the accuracies of the Mars
rotation parameters in the global block adjustment can be
improved up to factor 4. Further information on this topic

is given by Ohlhof (1995).

30
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Figure 4: Standard deviations a priori und a posteriori
of the Mars rotation parameters ({(¢)["/cy], @o["], &[],
Wo[°-1000], W["/d - 1000]) for the global Mars block

4 PRACTICAL TEST USING MOMS-02/D2
DATA

4.1 MOMS-02/D2 Experiment

During the 2" German spacelab mission D2, success-
fully flown in April/May 1993, the Modular Optoelectronic
Multispectral Stereo Scanner MOMS-02 acquired digital
high resolution, multispectral and 3-fold stereoscopic im-
agery of the earth surface.

The optical system of MOMS-02 consists of a stereo mod-
ule and a multispectral module. The 3 lenses of the stereo
module with 1 CCD sensor array .(Fairchild 191) each
provide 3-fold along track stereo scanning with different
ground resolutions. The nadir looking CCD array (4.5m
ground pixel size) comprises 2 arrays with 6000 sensor el-
ements each, which are optically combined to 1 array with
9000 active sensor elements. The other CCD arrays of
the stereo module consist of 6000 active sensor elements
(13.5m ground pixel size).

To verify the concept of orbital constraints in the pho-
togrammetric restitution of MOMS-02 imagery, one imag-
ing sequence with 3 image strips and 32 120 rows each cov-
ering 430 x 37 km? in North-West Australia (orbit #75B)
has been selected.
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4.2 Preprocessing

The photogrammetric restitution of 3-line imagery requires
a large number of conjugate points. Digital image match-
ing is an appropriate technique to automatically determine
these points. Before starting the matching procedure, the
image strip of the nadir looking CCD array was resampled
by factor 3 to obtain the same pixel size in all 3 strips.
Using the least squares region-growing matching algorithm
(Heipke et al. 1994) about 14000 conjugate points were
found. The standard deviation of the image coordinates
was assumed to be 0.3 pixel.

In the area covered by the 3 image strips 79 DGPS-derived
ground control points (GCP) were available with a stan-
dard deviation of 0.1m in X, Y and Z. 75 points were
identified and measured in the images (Baltsavias 1995).

During the D2 mission tracking was routinely performed
using the Tracking and Data Relay Satellite System
(TDRSS). The orbit determination for orbit #75B is based
on 900 S-Band Doppler measurements with a sampling
rate of 10s covering about 180 minutes. The force and
measurement modeling comprises the shuttle epoch state
vector, the drag coefficient and 5 parameters describing
perturbations of the attitude thruster system. The pure
statistical standard deviations of the epoch state vector
components were 30 m, whereas unmodeled effects of the
attitude thruster system contribute an additional error of
up to 50 m (Braun, Reigber 1994).

A major problem arose from the fact that the image
recording times could in general not be related better than
0.5s to the time scale UTC. A time offset of 0.5s corre-
sponds to an along-track position offset of the space shuttle
of 0.5 Tkm/s = 3.5km (!). Since no parameter for the
time offset exists in the bundle adjustment algorithm, a
realistic weighting matrix for the epoch state vector com-
ponents has been derived to relax the orbital constraints
in the along-track direction (Gill et al. 1995). The force
model parameters p were treated as constants due to the
short time span (1 min) of image acquisition.

Attitude information was derived from gyro recordings of
the Inertial Measurement Units (IMU) of the shuttle Guid-
ance Navigation and Control System. Based on approxi-
mation tests the optimum distance between two orienta-
tion points was found to be 4615 rows, corresponding to a
flight distance of 62.3km and a flight time of 9.1s.

4.3 Combined Bundle Adjustment

The combined bundle adjustment was performed in the
geocentric coordinate system WGS84. The DGPS-derived
ground points were divided into two groups. The first
group consists of 12 GCP, where 3 points each are located
in the corners of the threefold overlapping area to ensure a
precise definition of the global datum. The second group
comprises 63 geometrically well distributed points which
were used as check points.

The following data were introduced as observations:

e Image coordinates of 13959 conjugate points
(0=0.3 pixel)
e Image coordinates of 12 GCP (o=0.5 pixel)

e Image coordinates of 63 check points (o =0.5 pixel)
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e Object coordinates of 12 GCP (ox = oy = 0z =
0.1m)

e Epoch state vector components with associated 6x6
weighting matrix

o Attitude parameters ({,n,6) at 8 orientation points
(¢ =0, =00=50")

In Table 3 the rms values of the theoretical standard devi-
ations of the check point coordinates X, Y and Z aiid
the corresponding empirical values are presented. The
theoretical values were computed from the inverted nor-
mal equation matrix and the a posteriori do value of the
bundle adjustment. The empirical values were derived by
comparing the estimated object coordinates of the check

points and the known values.

MOMS #75B theor. | empair.
B [m] 11.2 9.3
iy [m] | 13.1 | 10.2
s m] | 89 | 11.2
Bt s [m] | 11.2 10.3

Table 3: Rms values py, py, s and pyy sy of the the-
orefical standard deviations derived from 63 check points
and corresponding empirical values

The good correspondence between the theoretical and the
empirical values proves the correctness of the stochastic
and the functional model. The empirical values show that
accuracies of about 10m (0.7 pixel) in X, ¥ and Z were
achieved. A graphical analysis of the residuals in the check
points showed that the results are not affected by system-
atic errors.

Due to the improper time synchronization between image
and orbit data, large corrections to the a priori state vec-
tor components occured, that contribute mainly to along-
track position errors. The theoretical accuracy of the six
components was improved compared to the a priori val-
ues by a factor of 6 to a level of 150m, primarily due
to the availability of GCP. The orbit accuracy from the
pure TDRSS solution (50-70 m), however, could not be
improved. A high accuracy orbit determination from a
combined bundle adjustment thus requires a time synchro-
nization of 0.1 ms or better.

5 CONCLUSIONS AND OUTLOOK

In this paper a new concept for integrated orbit and
point determination in satellite photogrammetry is pre-
sented and verified by simulated Mars96 HRSC/WAOSS
and practical MOMS-02/D2 data. For the first time orbit
determination results are rigorously incorporated into the
bundle block adjustment, which is equivalent to a com-
bined adjustment of tracking and image data. The pro-
posed concept guarantees the proper utilization of orbit
information in the bundle adjustment and, vice-versa, en-
ables the use of image information to improve the orbit
determination and to support the estimation of scientific
parameters (e.g. Mars rotation parameters).
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The new concept will be routinely used for the forthcoming
MOMS-2P/PRIRODA mission aboard the Russian space
station MIR, scheduled for spring 1996. Within 18 months
MOMS-2P (MOMS-02, adapted to the PRIRODA envi-
ronment) will collect imagery from about 400 km orbital
height with a ground resolution of 6 m and 18 m respec-
tively. The dedicated MOMSNAYV navigation package,
consisting of high precision GPS and INS ensures precise
orbit and attitude data, synchronized with the MOMS-2P
imagery by 0.1 msec. Since MOMS-2P/PRIRODA images
will enable a regional covering, a simultaneous block ad-
justment of several overlapping strips from different orbit
arcs which provides highly accurate results will be possible.

Another attractive application of the integrated concept is
based on 79 images of Ida and its satellite Dactyl obtained
by a CCD frame camera during the 2"¢ Galileo asteroid
flyby in August 1993. These images combined with orbit
and attitude data and orbital constraints provide a novel
opportunity to extract the physical parameters of Ida and
Dactyl, i.e. size, shape and motion of the two objects, as
well as possibly also mass and density of Ida.
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