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Orbit Determination and Photogrammetry
Using Mars-94 Tracking and Images
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A consistent approach for a combined evaluation of radie tracking data and three-line scanning stereo camera im-
ages is presented for use within the Mars-94 mission. Within this project, orbit determination and photogrammetric
analysis are carried out with distinct software packages by independent working groups. The proposed approach
ensures the proper utilization of orbit determination-based trajectory information in the photogrammetric bundle
adjustment. Vice versa, it allows the incorporation of photogrammetric image information to improve the orbit
determination and support the estimation of Mars science parameters. Focus is given to the combined approach,
its mathematical description, and its main advantages.

I. Introduction

A. Mars-94 Stereo Camera Experiments

HE scientific payload of the Mars-94 mission comprises two

German cameras, the high-resolution stereo camera (HRSC)
and the wide angle optoelectronic stereo scanner (WAOSS). Both
cameras are based on a three-line charge-coupled device (CCD)
concept, which allows simultaneous scanning of the Martian sur-
face in the forward-, nadir-, and backward-looking directions and
provides a novel opportunity for direct stereo imaging of the Martian
surface. For HRSC' a ground pixel resolution of 12 m is achieved,
whereas WAOSS? provides a 96-m resolution with a swath width of
520 km, about eight times that of HRSC. Both cameras are mounted
on the high-precision steerable Argus platform (see Fig. 1) for nadir-
looking imaging over a wide range in true anomaly.

B. Photogrammetric Processing Concept

The in-depth photogrammetric processing of the HRSC and
WAOSS images involves the determination of three-dimensional
coordinates of ground points on the surface of Mars based on ob-
served pixel coordinates for a multitude of conjugate points that are
visible in at least two different image lines. Furthermore, the pho-
togrammetric processing of HRSC/WAOSS data provides indepen-
dent information on the position and attitude of the camera, based on
the relation of image, object, and camera coordinates and the stereo-
scopic information content of three-line CCD images (see Fig. 2).
To this end, the so-called bundle adjustment algorithm allows for
the estimation of the camera’s exterior orientation, i.e., its position
and attitude, at selected points along the spacecraft trajectory.

For the sake of simplicity and operational convenience, orbit de-
termination and bundle adjustment have traditionally been consid-
ered as distinct processes. From a scientific point of view, however,
this separation suffers from several major drawbacks: 1) Consider-
ing the camera’s exterior orientation at selected orientation images
as independent estimation parameters results in a destabilization
of the estimation process, if the spacing is close enough to allow
smooth interpolation. 2) The physical relation between the exterior
orientation at different orientation images is not accounted for. 3)
Statistical properties of the navigation data resulting from the or-
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bit determination are treated inconsistently. 4) Exterior orientation
parameters estimated in the bundle adjustment do not allow an in-
terpretation in terms of physical parameters. Therefore, to properly
utilize the navigational information contained in the radio tracking
data and the image data, both data types have to be evaluated in a
combined estimation process.>

Because of the complexity of both the orbit determination process
and the bundle adjustment, a direct combination of the correspond-
ing software packages does not, however, appear to be feasible or
adequate for the Mars-94 project. Instead, the trajectory data and
the orbit determination parameter covariance matrix are incorpo-
rated into the photogrammetric processing, together with associ-
ated partial derivatives of the spacecraft position with respect to the
epoch state and model parameters. The bundle adjustment normal
equations, thus, may be formulated in terms of a physical trajectory
model, which reduces the number of estimation parameters and al-
lows a scientific interpretation of the navigational information con-
tained in the image data. At the same time, the information content
of the radio tracking data is properly accounted for by including the
orbit determination covariance matrix as a priori information on the
estimation parameters.

II. Orbit Determination

Orbit determination of the Mars-94 spacecraft basically covers
the adjustment of a priori trajectory information using radiometric
or other tracking data. It may be considered as a three-stage pro-
cess involving the trajectory and trajectory partials computation, the
measurement and measurement partials computation, and, finally,
the least-squares correction of the initial state vector and free model
parameters.

The trajectory and trajectory partials computation inside the orbit
determination software involves the numerical integration of the
six-dimensional, first-order initial value problem

y=f@y.p) Yo =y (1)

for the satellite’s space-fixed state vector y at time ¢. Here the vector
p is used to denote free parameters of the force model, e.g., the
atmospheric drag coefficient, that shall be estimated within the orbit
determination process.

The trajectory model is complemented by an appropriate mea-
surement model, which relates the predicted value of the ith mea-
surement to the corresponding state vectory(¢;) attime ¢; and a vector
of adjustable measurement model parameters ¢, such as measure-
ment or timing biases. Because y(1;) itself depends on the epoch
state and the trajectory model parameters, the measurement model
may further be expressed as

fi = fa(Yo.p. @) 2)
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which relates the predicted value f,; of the ith measurement z;
to the epoch state vector y, and the vectors p and ¢ of force and
measurement model parameters.

The orbit determination problem may now be formulated as
the nonlinear least-squares problem of minimizing the quadratic
weighted norm

J,=vIW, v, ©)

of the residuals, i.e., of the difference
v. =f:(y0.p. @) — 2 C)
between the vector f, of modeled measurements and the vector z
of observed measurements. The matrix W, , denotes a weighting

matrix that is equal to the inverse covariance of the measurement
vector z.

Expanding f, around reference (initial) values y, p°, and ¢°
yields the linearized observation equation
v, =A. Ay +A, A+ A Aq -, 5)

for the required corrections
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Fig. 1 HRSC and WAOSS experiments onboard the steerable Argus
platform.

to the reference values of the estimation parameters. Here
I =z-£.(5.0" ¢) )

denotes the difference between observed and the modeled reference
measurements, whereas the Jacobian

f.(yo, P, @

A, G Z(A, vA, ,A,z):
e prtep el a(y0,p, q) (y:;,p“,q”)

8

denotes the partial derivatives of f; with respect to the unknown
parameters yg, p, and g.

Substitution of the linearized observation equation (5) into the
loss function (3) then yields the formal solution

Yo Yo "
P = PO + (AZypq Wz.zAz,ypq) A;ypq W. .l )
q q()

of the least-squares adjustment problem. The corresponding (un-
scaled) covariance matrix

-1
Copgypa = (A:VI"I WZ~Zsz.vnq) (10

is equal to the inverse of the information matrix, and the square roots
of the diagonal elements of Cy,, ,,, give the standard deviations of
the estimated parameters yy, p, and q.

To circumvent the effect of nonlinearities, the least-squares so-
lution is iteratively refined with updated Jacobians by replacing the
reference values with the resulting solution.

III. Photogrammetric Processing

Within the present section, the fundamental algorithms devel-
oped for the photogrammetric processing of images from Earth-
orbiting three-line scanning stereo cameras such as the modular op-
toelectronic multispectral scanner-02 (MOMS-02) and the monoc-
ular electro-optical stereo scanner (MEOSS)*> are described. After
discussing the potential drawbacks of the conventional approach for
evaluation of HRSC and WAOSS data that may arise from a weak
surface texture, a low-precision ground control network, long-arc
orbit paths, and the lack of an inertial navigation system in the con-
text of the Mars-94 mission, the incorporation of orbital constraints
and the combination of orbit determination and photogrammetry are
presented in Sec. IV.

A. Image Coordinates and Exterior Orientation Modeling

As shown in Fig. 3, the first step in the photogrammetric resti-
tution of HRSC and WAOQOSS data consists of finding a suitable set
of conjugate points in the image strips resulting from the forward-,
nadir-, and backward-looking sensor lines (see Fig. 4). Conjugate
points, i.e., points that are visible in at least two image strips,
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Fig.2 Pushbroom operation of three-line CCD stereo scanners.
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Fig. 4 Conjugate points represent common features in images strips
from different CCD lines.

establish a link between images taken at different times and camera
locations and, therefore, provide the basic information for stereo-
scopic processing. A large number of conjugate points is required
for the rectification of a complete image sequence because each con-
jugate point is present in at most three images due to the three-line
stereo camera concept.

The measured image coordinates (or pixel numbers) 4 =
(ux, uy)7 of the conjugate points and the ground control points in
the image plane of the camera constitute the basic measurements of
the bundle adjustment process. Based on the collinearity equations
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Fig.5 Derivation of the collinearity equations.

(cf. Fig. 5), which relate the image coordinates to the object point
coordinates x and the exterior orientation of the camera, the image
coordinates may be modeled by a function

u=u(x,x(t), 0(t)) (12)

of the object coordinates x, the camera position x¢, and the attitude
@ at the time of the image. The difference between observed and
modeled image coordinates may then be used to improve both the
object coordinates and the exterior orientation in a least-squares
correction process.

Because it is not possible to estimate six exterior orientation pa-
rameters for each three-line image, so-called orientation points (or
orientation images) are introduced. Based on an interpolation of
neighboring orientation points, the camera’s position

x°(f) = x°(t, X©) (13)
and attitude
6(1) =6(,0) (14)
at arbitrary times ¢ and the image coordinates
u=ux x0),0)=ux X, O) (15)

of an object point x can be modeled in terms of the exterior position
vector

XC=(x, %5, ....x5) (16)
which comprises the camera positions x{ (i = 1, ..., n) at selected
orientation points and the corresponding attitude vector

©=(0,,0...,0, amn

at the orientation points.

Because the exterior orientation parameters X¢ and © are simi-
larly handled within a formal solution of the photogrammetric nor-
mal equations, a single parameter 0 = (X7, ®7)T may be intro-
duced instead. Denoting X = (x7,...,x7 )7 the vector of object
coordinates and O the vector of the orientation parameters consid-
ered in the estimation, the modeled image coordinates fy depend
only on X and O. The residuals can, therefore, be written as

vw=fX,0-U (18)
where U = 7, ..., u,{u T is the vector of image coordinates.

Expanding fy; around the reference values X" and 0" yields the
linearized equation

vy =AU'xAX+AU‘0AO e lU (19)

for the residuals in terms of corrections AX = X — X" and AO =
0 — 0V to the reference values. Here

ly=U—fy(X", 0" (20)
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denotes the difference between observed and the modeled image
coordinate measurements, whereas the Jacobians

fu A
9X "’ V0= B0

denote the partial derivatives of f;; with respect to the independent
parameters X and O.

Ayx = @1

B. Normal Equations and Elimination of Object Coordinates
The least-squares bundle adjustment problem is equivalent to
minimizing the weighted norm of the residuals vy:

Jy =vLWyuvy (22)

where Wy, y denotes a weighting matrix that is equal to the inverse
variance—covariance matrix of the measurement vector U.

To improve the condition of the bundle adjustment normal equa-
tions, a priori information on the exterior orientation may be in-
corporated into the least-squares estimation analogous to the use of
additional observations. To this end a weighting matrix

4 o=(Ch0)" @3)

which is equal to the inverse of the a priori parameter covariance
matrix, and the residuals

Vo = AO — lo (24)

of the estimation parameters with respect to the a priori values are
introduced. Here

lo=0"-0" 25)

is the difference between the a priori parameters and the reference
values employed in the linearization of the measurement equations.
Minimizing the extended loss function

J =vWyyvy +vEWS oo (26)
then yields the normal equations

Nxx Nxo\ (AX\ _ Al Wyuly @
NO,X NO,O AO A;OWU,UIU +W((I)OIO

with

Nyx = A} yWyyAy x, Nyo=Nby=A, xWyuvAy.o

No.o =Aj oWyuAyo+Wh,

for the unknown corrections AX and AO.

For a typical image sequence, a total of up to 100,000 conjugate
points and 1000 orientation parameters may be required, which gives
rise to a huge dimension of the normal equations. Making use of the
specific structure of the normal equations, the least-squares prob-
lem may, however, be reduced by eliminating the conjugate points’
object coordinates. Solving the first block of the normal equations
for AX and substituting the resultant expression

AX = (Nx )" (A] xWyuly — Nx.0AO) (28)

back into the second block of equations, the orientation parameters
are given by

_ -1
AO = (No.o = No xNy'xNx.0) (A7 oWu.uly + W olo

-No‘xN;(‘lelT/,xWU.ulu) 29

To evaluate this expression, the inverse of Ny x is required, which
may, however, be obtained with moderate effort due to the block
diagonal structure of the matrix. In the case of the photogrammetric
evaluation of a single three-line CCD image session, each feature
associated with a conjugate point is, in general, observed in three im-
ages. Therefore, 3 x 2 image plane coordinates have been recorded
for a single conjugate point. Because the ground coordinates of a

conjugate point consist of a three-element vector, the Ny x matrix
is composed of 3 x 3 submatrices along the principal diagonal with
all other elements outside these submatrices being zero. Thus, the
matrix may be inverted with little effort, provided that the images
are properly grouped within the vector U.

IV. Combined Orbit Determination
and Bundle Adjustment

As has been pointed out in Refs. 6 and 7, an essential differ-
ence between satellite photogrammetry and conventional aircraft
photogrammetry stems from the specific properties of satellite and
aircraft trajectories. Whereas the camera position might, in princi-
ple, be randomly distributed in space on an aircraft flight path, it
is known to follow the physical laws of motion on a satellite tra-
jectory. Orbital constraints may, therefore, be incorporated into the
photogrammetric bundle adjustment by requiring that the estimated
camera position parameters for each image sequence satisfy the
equation of motion with a priori initial conditions and covariances.

Given the equation of motion, the orbit of a spacecraft is com-
pletely determined by six orbital elements or the six-dimensional
initial state vector at a specific epoch. Hence, the number of esti-
mation parameters in satellite photogrammetry can be reduced con-
siderably by replacing the ephemeris of exterior positions with the
corresponding orbital parameters. As a result, one benefits from an
improved point determination stability and accuracy and a decreased
dependence on supplementary ground control information. At the
same time, a mapping of image noise into the estimated spacecraft
trajectory is avoided, which might otherwise occur due to the large
number of estimated position parameters (Fig. 6).

So far, the use of orbital constraints in satellite photogrammetry,
which has been formulated as early as 1960 by Brown (see Refs. 7
and 8) has mainly been utilized in the construction of a lunar control
network from photographs obtained by a metric camera during the
Apollo 15-17 missions.”!* For Earth-orbiting satellites, the use of
short-arc orbital constraints has been studied by Salamonowicz'!
and Westin'? for the rectification of Landsat and SPOT imagery.

Based on these considerations a concept for combined orbit de-
termination and photogrammetric restitution of HRSC/WAOSS im-
ages has been developed for use within the Mars-94 project, which is
outlined in Fig. 7. Besides incorporating orbital constraints into the
conventional bundle adjustment algorithm for three-line stereo sen-
sor images, it is designed to support the estimation of Mars science
parameters by exploiting the information content of radiometric
tracking data and optical measurements in a common least-squares
parameter estimation.

Inasmuch as a direct combination of orbit determination and bun-
dle adjustment does not appear to be feasible or adequate for the
Mars-94 project, due to the complexity of both processes, a simpli-
fied but statistically equivalent approach has been chosen. To this
end trajectory information resulting from the orbit determination
process is provided in a suitable form for subsequent use in the bun-
dle adjustment. Aside from a continuous spacecraft ephemeris, this
information comprises trajectory partials with respect to the initial
state vector and trajectory model parameters. Preliminary parameter
estimates obtained from radio tracking data within the conventional
orbit determination, thus, may be improved within the subsequent
bundle adjustment based on HRSC and WAOSS images. Addition-
ally, the covariance information derived from the orbit determina-
tion process will be introduced in the bundle adjustment as a priori
weight information.

A. Modeling of Image Coordinates in Terms of Physical
Trajectory Parameters
For the inclusion of orbital constraints, the camera position
x“(1) = x(t, y0) (30)
and the image coordinates

u=u(x,x“(t)) = u,x,yo) (31

have to be expressed as a function of the satellite’s epoch state vector
Yo, making use of the known laws of orbital motion. The estimation
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of the exterior position vector can then be replaced by an estimation
of yo, where the a priori value yj and the associated covariance
C3 , are provided as a result of the orbit determination derived from
radio tracking data. Besides reducing the number of unknowns in
the bundle adjustment, the estimated camera position parameters
are, thus, constrained to satisfy the equation of motion during the
whole imaging sequence (Fig. 6).

For the photogrammetric restitution of HRSC and WAOSS im-
ages, the basic concept of orbital constraints is, furthermore, ex-
tended by incorporating additional model parameters, which may
then be estimated in the bundle adjustment. The set of additional
parameters comprises both force model parameters p involved in
the modeling of the inertial spacecraft trajectory and planetary ro-
tation parameters w that affect the transformation from inertial to
body-fixed positions. To this end the camera position with respect
to the Mars-centered, Mars-fixed coordinate system is expressed as

x@) = x°(t, 0, p, w) = QUt, WHr(t, yo, p) (32)

where r is the inertial position vector of the camera with respect to
the Earth mean equator and equinox of J2000 and €2 denotes the

rotation matrix describing the transformation into the body-fixed
coordinate system.

Because of the lack of a dynamical model describing the camera’s
attitude (¢}, the concept of exterior orientation points is maintained
when combining orbit determination and bundle adjustment in the
way described here. The resulting observation equation for the im-
age coordinates is then given by

u=u(x,x@),0,c)=ult,x,yp,w, O) (33)

By incorporating yy, p, w, and © into the bundle adjustment, both
trajectory and Mars rotation parameters can be estimated in the pho-
togrammetric processing along with the object point coordinates x.

B. Combination of Radio Tracking and Image Data

After replacing the exterior position vector by physical trajec-
tory parameters, a combined least-squares problem involving radio
tracking data and three-line scanner images may be formulated, to
exploit the information content of both data types in a consistent
way. To avoid the difficulties arising from a rigorous combination
of orbit determination and photogrammetry, a simplified, but statis-
tically equivalent, approach is chosen. To this end, the epoch state
vector and its covariance matrix, as derived from the processing of
tracking measurements in a conventional orbit determination, are
utilized as a priori information in the subsequent photogrammetric
point determination. In this way, the operational separation of or-
bit determination and bundle adjustment may be preserved without
sacrificing a consistent processing of both data types.

In the sequel, the basic principle of incorporating orbit determina-
tion results into the photogrammetric bundle adjustment is discussed
for the estimation of the epoch state vector and the object coordi-
nates from a vector z of radio tracking measurements and a vector U
of image coordinates. For the sake of simplicity, the modeled track-
ing data f, and image coordinates f, are assumed to depend only
on the vector X of object coordinates and the epoch state vector y,.

In case of a direct combination of both data types, the residuals

vo=fuX,y0) - U (34)

are minimized in a least-squares sense using appropriate weights
W, .. and Wy ;; for tracking measurements and image coordinates.
Expanding f, and f; around reference values X" and y)) yields the
linearized equations

v.=f(yo) —z,

v, =A4,,Ayy— 1, vo =AyxAX +Ay,Ayy ~ 1y (35)

for the residuals in terms of corrections AX = X — X" and Ay, =
Yo — y{; to the reference values. Here

Iy = U —fu(X°,5) (36)
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Table1 Combined set of estimation parameters

Parameter Dimension Description
X 10° Object coordinate vector of conjugate and ground control points
(x,¥,2)i Body-fixed object coordinates of ith point
o 6 Epoch state vector
(%0, Yo, 20) Inertial spacecraft position vector at reference epoch
(X0, Yo, 20) Inertial spacecraft velocity vector at reference epoch
14 10 Force model parameter vector
Cp Drag coefficient
Cr Solar radiation pressure coefficient
GM Aerocentric gravitational coefficient
Com, Sim Gravity potential coefficients of degree n and order m
(Av,, Ay, Avy); Instantaneous velocity increments due to spacecraft thrusts
q 5 Measurement model parameter vector
Ap; Range bias for ith tracking interval
Ap; Range rate bias for ith tracking interval
w 5 Mars rotation parameters
o Right ascension of the north pole at J2000
8o. Declination of the north pole at J2000
(1) Precession rate
Wo Orientation of the prime meridian at J2000
W Mars rotation rate
) 103 Exterior orientation attitude vector
€, n, 6 Eulerian rotation angles at orientation image i
and for the estimation of the epoch state vector and the object coordinates
from image data with a priori information resulting from the orbit
L=z—f, ( yg) @37 determination.

denote the difference between observed and the modeled reference
measurements, whereas the Jacobians Ay x, Ay ,, and A, , denote
the partial derivatives of f;, and f, with respect to the independent
parameters X and y,. The minimum of the weighted residual norm
can then be obtained by solving the combined normal equations

(A{;,xWU.UAU,X Al Wy uAy,y ) (AX)
Al WyuvAux Al WyuAu, +A] W A, ) \Ayo

_ ( AZ,XWU,UIU >
AE‘)YWU.UIU +AT Wz,zlz (38)

Z,¥

for the unknown corrections AX and Ayy.
Noting that a least-squares orbit determination based on radio
tracking data alone yields the estimated epoch state vector

-1
Yo =y + @Al w..A,,) Al W, L (39)

.,y
and the associated variance-covariance matrix
-1
T
L= (A1, W, A.,) (40)
the combined normal equations may also be written in a form in-

volving neither tracking residuals nor partial derivatives of tracking
data with respect to the estimated epoch state vector. Denoting by

L =y5 -y @1)

the difference between the orbit determination result and the refer-
ence state vector and by

Wi, =(C)" “2)

the inverse of the orbit determination covariance matrix, one obtains
the equivalent system

(AQXWU,UAU,X AS,XWU,UAU-)’ ) (AX)
AQYWU‘UAU.X AE,yWU,UAU,y + W;y A,Y()

_ ( Al xWoyuly )
A{/,ywu,ulu + Wyl 43)

Based on these considerations, the use of an a priori epoch state
vector in the photogrammetric image processing is equivalent to a
combined estimation from radio tracking data and image data after
linearization of the measurement model. Even though the result
of an iterated orbit determination and a subsequent iterated bundle
adjustment will, in principle, deviate from the result of the combined
process in case of nonlinearities, the differences are expected to
be negligible in practice, unless the orbit determination result is
affected by large systematic errors.

C. Estimation Parameters

The basic principle of combining information from radio track-
ing and image data into a single least-squares estimation can equally
well be applied for an extended set of estimation parameters. A pos-
sible set of estimation parameters for the photogrammetric process-
ing of HRSC/WAOSS images is summarized in Table 1. Depending
on the ground coverage of select images and the additional control
information available in the photogrametric processing, the estima-
tion vector may comprise force model parameters, measurement
model parameters, planetary rotation parameters, and exterior atti-
tude parameters, in addition to the epoch state vector and the object
coordinates of conjugate and ground control points.

V. Summary and Conclusions

To summarize, the combined approach allows the simultaneous
improvement of different types of parameters employed in the mod-
eling of tracking data and image coordinates. This includes the
epoch state vector, the force model parameters, and the measure-
ment model parameters that are conventionally estimated within the
orbit determination, as well as photogrammetric parameters such
as object coordinates and orientation parameters estimated within
the bundle adjustment. Because of the combination of radar track-
ing data, which are related to the inertial spacecraft position, and
optical measurements, which are related to the planetary surface,
it is furthermore possible to estimate Mars rotation parameters that
affect the transformation between the inertial and the body-fixed co-
ordinate system. The combination of both data types may, therefore,
provide new information on the spin axis orientation angles and the
spin rate of Mars.

Statistically, the resulting process is equivalent to a combined or-
bit determination and bundle adjustment from radio tracking data
and three-line stereo image data. From an implementation point of
view, however, a clear separation of orbit determination and bun-
dle adjustment is maintained, which reduces the required software
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development effort and allows a sequential processing of radio track-
ing and image data by different teams and organizations.
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