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Abstract

This paper deals with the recomputation of the global control-
point network of the planet Mars. The existing Mars control
point net is based on Viking data and consists of a large number
of ground points, which can be easily identified in the imagery
and whose three-dimensional (3D) object coordinates (e.g.,
latitude ¢, longitude A, and height h with respect to a reference
ellipsoid] are known. These coordinates were redetermined in
order to eliminate several disadvantages of the former compu-
tations and to include the currently best available input data
such as improved Viking trajectory information, the Viking
occultation data, present rotational parameters, and the Mars
Pathfinder lander data.

Within a simultaneous 3D bundle block triangulation,
seven interior orientation parameters, the position and atti-
tude parameters of 1140 images, and the ground coordinates
of 3739 tie points and one control point were estimated. The
RAMS values pg, py, uz of the theoretical standard deviations
of the adjusted object coordinates amount to 750 m, 770 m,
and 710 m, respectively, which is a significant improvement
compared with former results (1 to 5 km). The accuracy of
the ground point coordinates is close to the theoretical ac-
curacy limit of 520 m in X, Y, and Z, where error-free
orientation parameters are assumed.,

This new set of orientation parameters and ground points
may now be used for local, regional, and global bT™ genera-
tion; for the determination of reference bodies; for mapping
purposes; as well as for current (Mars Global Surveyor 1996)
and future (e.g., Mars Surveyor 1998 and 2001, Mars Express
2003) missions to Mars,

Introduction

A very important part of the description of a planet is its exact
shape and size. Shape and size are usually derived from a
ground-point network, which contains a large number of glob-
ally distributed points on the planetary surface. The coordi-
nates of these ground points are in general determined by
photogrammetric methods. The ground-point net character-
izes the local, regional, and global shape of the planet and
serves as a basis for the computation of reference bodies such
as spheres, two axis and three axis ellipsoids, or spherical har-
monic functions.
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Because all ground points are determined simultaneously
in a common body-fixed object coordinate system together
with the orientation parameters of the included images, they
provide necessary control information for topographic map-
ping. Geocoded image maps can be compiled using the ground
control point coordinates and the position and attitude param-
eters of the images. Additionally, local networks based on high-
resolution images can be tied to the global frame, when selected
points from the global net are used as control points. Of course,
all digital terrain models are based on the ground control net
computation, because the required orientation parameters are
taken from the block triangulation.

Existing Control Point Networks on Mars

For building up a planetwide control-point network on Mars, it
is first necessary to define its body-fixed coordinate system.
The small crater Airy-0 was chosen to define the prime merid-
ian of Mars. Contrary to the direction of Mars’ rotation, west
longitude is used as the positive direction. The reference body
for Mars is an ellipsoid of revolution (spheroid) with an equa-
torial radius of 3393.4 km and a polar radius of 3375.8 km (de
Vaucouleurs et al., 1973).

The first control point network on Mars was computed in
the early 1970s by M. Davies from The Rand Corp, based on
Mariner 6 and 7 image data (Davies and Berg, 1971). In the fol-
lowing years, images from the Mariner 9 and Viking 1 and 2
missions were taken and the number of points has increased.
Finally, 9585 control points were measured in 1054 Mariner 9
images and 1555 Viking Orbiter 1 and 2 images (Davies, 1993).
Most of these points are centers of craters defined by their rims
(Figure 1).

The former block adjustments were performed on a re-
gional level, where the planimetric coordinates ¢ and A of each
point as well as the three orientation angles of each image were
estimated, whereas the height coordinates h of the points and
the position parameters of the images were treated as con-
stants. The accuracy of the ¢ and A coordinates is about 1 km up
to 30° from the equator and 3 to 6 km from 30° towards the
poles. In addition, the two Viking landing sites were located
using Doppler tracking with an accuracy of about 100 m
(Michael, 1979). One of them was identified in two high-resolu-
tion (8 m/pixel) Viking Orbiter images and could be located
with an accuracy of 50 m by correlating topographic features
between Viking Orbiter and Lander 1 images (Morris and
Jones, 1980). The high-resolution Orbiter images were tied to
the low-resolution Orbiter images of the ground point net hy a
local network of about 30 common points.
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Figure 1. Ground control points on Mars.

The height datum of Mars is defined by the gravity field
and the zero elevation as lying where the mean atmospheric
pressure is equal to the triple point of water (6.1 mbar). For a
systematic mapping of the Mars topography at 1:2,000,000
scale with 1-km contours, S. Wu from the U.S. Geological Sur-
vey (USGS) compiled in the 1980s a separate 3D control point
network with a total of 4502 points in 1157 Viking Orbiter 1 and
2 images (Wu and Doyle, 1990). This USGS net was based on
Davies’ planimetric net from 1978 (Davies et al., 1978), with
elevations with respect to the Mars 6.1 mbar height datum. The
adjustment of this second global network was performed in five
separate block triangulations, and the single blocks were then
connected to a global network. In this work, occultation mea-
surements from the Mariner 9 and Viking S-Band radio experi-
ments and elevations derived from Earth-based radar profiles
were incorporated as well. The accuracy of the object point
coordinates is about 4 km in planimetry and 800 m in height.

These two existing ground point networks have in today’s
view several drawbacks. Both networks were computed based
on the original Viking SEDR (Supplemental Experimenter Data
Record) trajectory information for the image positions, but in
the meantime it was found that this dataset contains large sys-
tematic errors on the order of 20 km, due to less precise plane-
tary ephemeris and Mars gravity field coefficients (for more
details, see the section on Orbit and Attitude Information).
During the Viking orbit revision, it became clear that the image
time tags, i.e., the recording times of the Viking Orbiter images,
were also erroneous, i.e., up to a few seconds. Note that a time
error of 1 s causes an along-track position error of about 10 km,
depending on the velocity of the spacecraft. Furthermore, we
found that the given interior orientation parameters (particu-
larly the calibrated focal lengths ¢) of the four Viking Orbiter
cameras were affected by systematic errors. Another error
source was the image coordinates of the tie points, which were
measured manually on analytical plotters. About 20 percent of
the image points had to be removed in several pre-adjustments
because of the large residuals of their image coordinates. All
points which appear in lwo images only (two-ray points) were
excluded too, due to their poor reliability.

The Mars Pathfinder mission has yielded much new infor-
mation, including the object coordinates of its landing site and
improved Mars rotational parameters (MRP). Additionally, the
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Viking S-Band radio occultation data were re-analyzed by a
research group at NASA's Goddard Space Flight Center (Smith
and Zuber, 1996), and this improved dataset was included in
the new adjustment. Finally, the USGS network was computed
in seperate block triangulations due to the lack of computer
power. With the help of present day powerful workstations,
however, the whole global block was adjusted in one single
step within a reasonable time (about 5 to 10 hours).

Data Sources

Tie Points

The existing USGS ground point network of Mars is based on
images from the two Viking Orbiters (vO) 1 and 2 launched in
1975. After hundreds of orbits, 97 percent of the surface of Mars
was covered by more than 52,000 images. For the USGS net-
work, 1157 low-resolution images with a ground pixel size of
700 to 900 m were selected to provide sufficient overlap
between adjacent images as well as a good global coverage. In
these images, many tie points were measured, mainly centers
of craters. We selected 16,711 (88.1 percent) out of the original
18,976 image points after several pre-adjustments. Most points
were rejected due to large residuals of the image coordinates,
and all two-ray points were also removed. All further computa-
tions were based on this consistent subset of USGS Viking
image coordinates.

The most prominent points on Mars, Viking Lander 1 (VL1),
Mars Pathfinder (MPF), and Airy-0, which could serve as con-
trol points, were not included within the USGS dataset. The
landing of Mars Pathfinder in July 1997 provided us with a new
ground control point (GCP). The 3D object coordinates of the
landing site were derived by tracking methods, while the land-
ing site itself could be identified in high-resolution Viking
images (40-m ground pixel size) with a precision of about 1
pixel. Around all three points local networks were established.
To this end, image coordinates of M. Davies (VL1 and Airy-0),
T. Duxbury (MPF), and J. Oberst (MPF) were checked carefully
and then combined with the USGS image coordinates by local
networks of about 30 common tie points. Unfortunately, vL.2
could not be identified in Viking images.

Moreover, we found out that the existing image coordi-
nates of VL1 were erroneous because a wrong point on Mars
was measured. For the correct point (= VL1), no image coordi-
nates have become available. Therefore, VL1 was treated as an
additional tie point.

As result, we have now a consistent and reliable set of
image coordinates from 3739 tie points and one control point
(Figure 2), where VL1 and Airy-0 are tie points. This dataset con-
sists of a total of 16,711 image points measured in 1138 VO 1
and 2 images and two Mariner 9 images due to Airy-0,

Control Points

In the course of a combined non-photogrammetric adjustment
using the original tracking data of both Viking Landers and the
new Pathfinder data, inertial coordinates of all three landers
were estimated very accurately with o= 30 m (Folkner et al.,
1997). The MPF coordinates were then transformed into body-
fixed XYZ-coordinates and introduced into the bundle block
adjustment.

The small crater Airy-0 (500 m diameter) defines the prime
meridian (“Greenwich”) on Mars; thus, its Y-coordinate
should be included with o= 0.0 m in the bundle block adjust-
ment. After the slight revision of the MRP by the Mars Path-
finder team, the 0° meridian, however, does not cross the crater
Airy-0. Therefore, Airy-0 can no longer be used as a GCP.

Radio Occultation Data
When a spacecraft is occulted by a planet, the radio signal is
lost, and it appears again when it emerges from behind the
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Figure 2. Distribution of 3739 tie points and one control
point (MPF) of the new global Mars network.

planet. The knowledge of the ephemeris of Mars and Earth and
the time and location of the loss of the signal give estimates of
the radius rof the planet at the occultation point, Earlier studies
(Smith a:+d Zuber, 1996) re-analyzed the Viking S-Band occul-
tation data using the best current models for the planetary
ephemeris and atmosphere. As a result, 368 surface points
were computed with their coordinates ¢, A, and r. The standard
deviations of the radii vary between 200 m and 1200 m, with
an RMS value of 500 m. In our study, 246 of these points were
finally incorporated.

Earth-Based Radar Data

From Earth-based radar observations, the Mars radii can be
derived along profiles near the equator (¢ £ 25°) with an accu-
racy of about 300 m. About 1000 radar points were used in the
USGS network at that time. Since the 1980s, many additional
Earth-based radar observations have been made, but until now
this information has not been included in any Mars network.
In our block triangulation, no radar data were used.

Orbit and Attitude Information

During the orbit revision effort, it became clear that many Vik-
ing time tags were erroneous for some unrecoverable reasons.
Therefore, efforts were made to reconstruct the times when the
images were acquired as well as possible. In this study, we used
the results of these efforts to compute the position and attitude
parameters of the images.

Trajectory data for both VO spacecraft were derived from
the orbit revision project (Konopliv and Sjogren, 1995). The
accuracy of the new orbit trajectories was improved from 2 km
to a level of 500 m related to inertial space, due to the availabil-
ity of the better Mars gravity field model Mars50c and a more
precise model of the planetary ephemeris (DE234). All Viking S-
Band tracking data were now processed simultaneously, while
the old SEDR data were collected and processed piecewise dur-
ing the mission as the data were received.

A comparison between the old and new trajectories was
performed by computing the vO spacecraft positions at the
same image time tags using the information from both orbits.
The differences between the resulting positions amount to 20
km on average, which gives an indication of the systematic
errors within the old SEDR data (Figures 3 and 4). In this study,
we used the new orbit data to compute the positions of the
images.
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trajectories. © JPL/NASA

The original Viking attitude data, which comprise the three
orientation angles for each image, were introduced into the
adjustment without any modifications. Due to their poor accu-
racy (0°.25), they are of limited use.

Mars Rotation Parameters (MRP)

As mentioned earlier, the rotational parameters of Mars were
improved after the landing of Pathfinder. We used this infor-

mation to convert the position and attitude parameters of the
images, given in inertial space, into the Mars-fixed, non-iner-
tial XYZ coordinate system. The following values were intro-
duced (Folkner et al., 1997):

a=a, + &T = 317.681431 — 0.10617 T (1)
5= 8, + 8T = 52.886503 — 0.06094 T (2)
W=W,+ Wd= 176.901 + 350.891982268 o (3)

where

ais the right ascension of the Mars north pole,

@, is the right ascension of the Mars north pole at epoch
Jzoo0,

éris the right ascension rate,

dis the declination of the Mars north pole,
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&, is the declination of the Mars north pole at epoch J2000,

&isthe declination rate,

Wis the orientation of the Mars prime meridian,

W, is the orientation of the Mars prime meridian at epoch
J2000,

Wis the rotation rate,

T1is the centuries past J2000 (Barycentric Dynamical Time
(TDB)), and

d1is the days past [2000 (TDB).

Because the MRP have a certain accuracy on the one hand,
but are treated as constants in our study on the other hand, the
Mars-fixed position and attitude parameters are affected by
additional errors.

Global Block Triangulation

Mathematical Model

The mathematical model of bundle block triangulation is based
on the well-known collinearity equations (e.g., Slama et al.,
1980): i.e.,

_ _ diy(X — X + dpy(Y — Y*) + day(Z — 2°)
== U? : d]li[X - X“‘] 4+ dg:{[)r it Y‘J + d;-]g[z ! Z!)

_du(X = X9 + dalY ~ Y) + dilZ -~ Z9)
€ 8a(X = X) + doY — Y°) + dolZ - 29)

(4)

Il

uy, = uf

where

u,, Uy are the image coordinates of a tie/control point P;

up, uf are the image coordinates of the principle point P?;

c is the calibrated focal length;

X°©, Y*, Z- are the object coordinates of perspective centers;

dyy, ..., dy; are the elements of the orientation matrix repre-
sented by three independent angles ¢, , x; and

X, Y, Z are the object coordinates of P.

which relate the observed image coordinates uy, u, to the
unknown object coordinates X, Y, Z of the point P and the
unknown parameters of exterior orientation X*, Y¥, Z°, ¢, @, x of
the image. In addition, the interior orientation parameters

uf, uf, c can be estimated using the concept of self-calibration
(Ebner, 1976).

The positions of all images are treated independently in
this model, even if the images were taken from one common
orbit. No orbital constraints were used at that time; in the
future, however, an advanced approach will be integrated
which guarantees that all exposure stations of one orbit lieon a
physically consistent trajectory. This advanced approach to
bundle adjustment will allow us to estimate the MRP as well.

Additional observation equations are formulated for the
position, attitude, and interior orientation parameters as well
as for the object coordinates of MPF which are introduced as GCP.

The occultation data are available as ground points with
their latitude ¢, longitude A, and radius r coordinates. Because
¢and A have a poor accuracy, only the radii rare incorporated
into the bundle adjustment as observations with a certain stan-
dard deviation. The occultation points themselves cannot be
identified in the VO images, so that each occultation point must
be related to the nearest neighbouring tie point, assuming no
significant height difference between these two points.

Input Data

For the final block triangulation, various input data were intro-
duced (Table 1). The image coordinates of tie and control
points have a priori standard deviations of & = 10 um or 0.85
pixel. The object coordinates of MPF were assigned with o= 30
meach in X, Y, Zas specified by Folkner et al. (1997). The posi-
tions of all Viking images were introduced with ¢ = 5 km,
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TasLe 1. INPUT DATA FOR GLOBAL BLOCK TRIANGULATION

observations type Oy priosi
3739 tie points image coordinates 10 pm
1 control point image coordinates 10 pm
1 control point object coordinates 30 m
1140 X 3 positions ext. orient. parameters 5 ki
1140 X 3 attitude angles ext. orient. parameters 0.5°
246 occultation points radii 500 m
6 x3ul,ub,c int. orient. parameters =, 0

where the accuracy of the inertial trajectory and the influence
of the MRP, which are only known with a limited accuracy, are
accounted for. The Viking attitude angles were incorporated
into the adjustment with their rather poor accuracy of o= 0°.5.
In the former block adjustments at the Rand Corporation and
USGS, the attitude angles were introduced with o= 0°.25, butin
our case this value leads to slightly poarer results, The occulta-
tion radii are included in the bundle block adjustment with o
= 500 m according to Smith and Zuber (1996).

Finally, the interior orientation parameters uf, uf, ¢ of the
four Viking Orbiter cameras (VO-1A, VO-1B, VO-2A, VO-2B) were
treated as free unknowns (e = 2 in the first adjustment run,
whereas the interior orientation parameters of the two Mariner
9 images, which are only needed due to Airy-0, were assumed
to be error-free (e = 0). In subsequent runs, those five parame-
ters which were estimated as not significant, were set with o=
0, whereas the remaining seven parameters still have been
treated as free unknowns.

Results

Block Triangulation Results

After five to six iterations, final results were achieved. Table 2
shows the a priori, standard deviations the RMS values of the
residuals, and the a posteriori standard deviations of the obser-
vations as well as the RMS values of the standard deviations of
the estimated unknowns for the six exterior orientation param-
eters. It can be seen that the position parameters are improved
only slightly by the block adjustment, whereas the attitude
parameters are improved considerably due to the geometric
strength of the closed block.

The RMS value of the residuals of the observed occultation
radii amounts to 197 m. This value is less than half of the a pri-
ori standard deviation (500 m) and indicates that the intro-
duced occultation radii fit very well with the
photogrammetric block.

Table 3 shows the seven estimated interior orientation
parameters with standard deviations and the significance of
their values. The accuracy of the estimated focal lengths is as
good as or even exceeds the accuracy figures of the former labo-
ratory calibration (Benesh and Thorpe, 1976).

These results lead to new sets of calibrated focal lengths
and pixel coordinates of the principle points for the four vo
cameras as given in Tables 4 and 5.

TABLE 2, A PrIOR! STANDARD DEVIATIONS, RMS VALUES OF THE RESIDUALS,
AND A PosTERIOR! STANDARD DEVIATIONS OF THE OBSERVATIONS AS WELL AS
RMS VALUES OF THE STANDARD DEVIATIONS OF THE ESTIMATED UNKNOWNS FOR
THE EXTERIOR ORIENTATION PARAMETERS

parameter O priori rms(residuals) G omarias RMS(&)
X¢ [m] 5000 1350 4615 4511
Y*© [m] 5000 1610 4615 4513
Z° [m] 5000 1124 4615 4531
& |deg] 0.500 0.261 0.461 0.050
w [deg] 0.500 0.161 0.461 0.038
« [deg] 0.500 0.238 0.461 0.078
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TagLe 3. RESULTS OF SELFCALIBRATION: ESTIMATED INTERIOR ORIENTATION
PARAMETERS WITH THEIR STANDARD DEVIATIONS AND THE SIGNIFICANCE CHECK

camera ]Jill'i'll‘.l'l{’.i(’!r est. Vil]l!t? |I‘I‘J.I‘II| i |I‘ﬂ1'l|[ esl, \-"dlui:? | ér
VO-1A Ac 0.195 0.021 9.25

Xp —0.209 0.076 2.76

Vo -0.524 0.058 9.03
VO-1B Xp -0.257 0.082 3.14

Yo —0.389 0.061 6.39
VO-2A Ac —0.164 0.042 3.87
VO-2B Ac 0.354 0.040 8.84
TasLe 4. New CALIBRATED FOCAL LENGTHS € WITH THEIR STANDARD DEVIATIONS

FOR THE Four VO CAMERAS
camera ¢ [mm] or [mm)] remark
VO-1A 474.593 0.021 changed
VO-1B 474,448 0.035 unchanged
VO-2A 474.446 0.042 changed
VO-2B 474.455 0.040 changed
TaBLe 5. New PixeL COORDINATES OF THE PRINCIPLE POINTS WiTH THEIR
STANDARD DEVIATIONS FOR THE FOUR VO CAMERAS

camera column i row i remark
VO-1A 607.24 6.46 619.54 4.93 changed
VO-1B 603.15 6.97 608.07 5.18 changed
VO-2A 625.00 ? 575.00 ? unchanged
VO-2B $25.00 7 575.00 ? unchanged

The RMS values gy, iy, and u; of the theoretical standard
deviations of the adjusted object point coordinates are nearly
equal and amount to 747 m, 772 m, and 709 m, respectively. The
achieved accuracy of the ground points is close to the theoreti-
cal accuracy limit of 520 m in X, Y, and Z, where error-free ori-
entation parameters are assumed. The maximum theoretical
standard deviations are about 3458 m, 4562 m, and 2860 m in
X, Y,and Z, respectively.

The global bundle block adjustment was performed using
the software package CLIC (TUM, 1992) on a Silicon Graphics
Power Challenge XL workstation. Depending on the machine
load, the complete computation needed 5.5 hours on average.

Discussion of Block Triangulation Results

The results described in the previous section are consistent and
show that the simultaneous global 3D block triangulation
worked properly with the old and new input data. All available
and useful data have been applied. As Table 2 shows, the posi-
tions of the VO images were not changed very much, but the atti-
tude parameters of the images were improved considerably due
to the geometry of the closed global block. Seven interior orien-
tation parameters of the four vo cameras can be improved by
self-calibration (see Table 3). This new global block triangula-
tion leads to homogeneous ground point accuracies of about 750
m in all three components X, Y, and Z, which is a quite remark-
able result. This set of orientation parameters and ground
points may now be used for DTM generation and mapping pur-
poses as well as for current (Mars Global Surveyor 1996) and
future (e.g., Mars Surveyor 1998 and 2001, Mars Express 2003)
missions to Mars,

The standard deviations of the adjusted object coordinates
of the control point MPF are nearly equal to the corresponding
a priori values. Thus, the object coordinates of MPF can not be
improved by the block triangulation. The final ground coordi-
nates of MPF and, in addition, vL1 and Airy-0 are given in Table
6.
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TaBLE 6.  ADJUSTED CARTESIAN AND ELLIPSOIDAL OBJECT COORDINATES FOR THE
MPF, VL1, anp AIRY-0. h DENOTES THE HEIGHT ABove THE IAU ELuPsoiD
From 1973

point X [km] ¥ [km] 2 (km] 2% Al h [m]
MPF  2670.37 —1769.07 1108.90 19.3267 —33.5237 —4909.5
VL1 2087.41 -—2343.67 1283.10 22,4985 —48.3100 -3183.0

z\iry~(l 3380.62 —-11.89 -300.38 —5.1437 -—0.2015 -2860.2

The longitude coordinate A of Airy-0 is now not equal to
zero, but —0°.2015. Note that this crater previously had been
defined as the 0° meridian of Mars. But, with the change of the
rotational parameters, this definition is no longer valid, and it
is not surprising that the A coordinate is not exactly equal to
ZET0.

Table 7 shows the differences between the well-deter-
mined object coordinates from Folkner et al. (1997) and the
adjusted object coordinates from the block triangulation for
VL1, Due to the identification error, these differences amount
to about 5 km.

Comparison with the Former USGS Network

A first comparison of the resulting object coordinates of the tie
points with the former coordinates determined by the USGS
was made by computing the differences between the old and
new coordinates for each identical point. The RMS values of the
differences amount to 9767 m in X, 8842 min Y, and 2287 m in
Z. These differences may be mainly explained by a rotation
around the Z-axis of the Mars-fixed object coordinate system.
Because the old USGS coordinates refer to the network deter-
mined by M. Davies in 1978 (Davies et al., 1978), the obsolete
value for W, is still relevant. The difference between the 1978
and the 1997 value of W, now causes this rotation around the
Z-axis.

A second, more detailed comparison was based on a spatial
(seven-parameter) similarity transformation between both
datasets. To this end, the old USGS coordinates were trans-
formed into the new coordinates derived from this study. The
resulting parameters of the adjustment with 3180 identical
points are summarized in Table 8. i

The shift parameters AX, AY, and AZ; the rotations &, and
&,: and the scale factor i1 do not show any systematic effects,
whereas &, indicates a significant rotation around the Z axis.
This rotation &, can be explained by the change of the rota-
tional parameter W, as already mentioned. The remaining
residuals between both coordinate sets after the transformation

TaBLE 7. DIFFERENCES BETWEEN THE KNOWN AND THE ADJUSTED CARTESIAN
AND ELuiPsoiDAL OBJECT COORDINATES OF VL1. h DENOTES THE HEIGHT
ABOVE THE |AU ELLIPSOID FROM 1973

AY [km] AZ[km] Ae¢l[]
4.68 1.31 0.0333

Ah [m]
—1299.4

Ar
0.0875

AX [km]
2.30

point

VL1

TABLE 8. RESULTS OF A SEVEN-PARAMETER TRANSFORMATION BETWEEN THE
CoORDINATES OF THE OLD USGS anD THE NEw Mars NET

parameter value o

AX [m] —771 31

AY [m] 382 31

AZ m] 582 a1
&, [°] 0.0176 0.00064
&, (‘] ~0.,0227 0.00066
&, [ —-0.2623 0.00064

m 1.0000537 0.0000092
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amount to 1470 m, 1950 m, and 1810 m in X, Y, and Z (RMS val-
ues), respectively. These values, compared with a o-0f 750 m
for our new coordinates, indicate that the accuracy of the Mars
network is improved at least by a factor of two.

New Reference Bodies
Based on the new Mars network, reference bodies related to the
center of mass can be determined. The simplest reference body
is a sphere characterized by its radius r. For each object point of
the Mars net, the radius from the origin of the coordinate sys-
tem (center of mass) to the surface point can be easily com-
puted. Fitting all these values together, a mean radius r =
3390.78 = 0.10 km of a reference sphere was found.

A more advanced reference body to describe the shape of
Mars is an oblate ellipsoid or spheroid

2 72 -
s 4 A 5
a a* b
with the two axes a and b. In a least-squares adjustment, the
axes a and b were estimated from the object coordinates X;, Y},
Zi(i=1,...,3740) as a = 3396.10 + 0.08 km and b = 3377.40 +
0.15 km.

These values can be interpreted as a refinement of the 1AU
values (@ = 3393.4 km, b = 3375.8 km) of de Vaucouleurs et
al. (1973).

Another reference body is a three-axis ellipsoid

X'Z+Y€+Zf—1 (6)
at b
with the three axes a, b, and ¢. For this case, the three axes were

estimated as @ = 3393.45 = 0.12 km, b = 3398.88 = 0.12 km,
and ¢ = 3377.42 + 0.14 km.

Offset between Center of Figure and Center of Mass

Another characteristic of Mars is the remarkable offset between
the center of figure (COF) and the center of mass (COM), which
is on the order of about 3 km towards the South (Smith and
Zuber, 1996). Depending on the chosen reference body, differ-
ent values for this offset may be achieved.

In our case, we used the object coordinates X, Y;, Z; of the
Mars net and fitted a sphere, a spheroid, and a three-axis ellip-
soid where the center coordinates X, Y,. Z, were treated as
additional unknowns. The formula for a three-axis ellipsoid
reads

(Xi— Xo)* | (Yi— Yo  (Z—2Zy)? _
a’ L b* T Focd = (7)

The results of the three adjustments are listed in Table 9.

These values demonstrate that the offset between COF and com

TABLE 9. PARAMETERS OF THE REFERENCE FiGURES, WHERE THE CENTER
CoORDINATES WERE TREATED AS ADDITIONAL UNKNOWNS

Three-axis

Sphere Spheroid ellipsoid

Xy [km] -0.08 £ 0.17 —-1.52 *+ 0.08 -1.14 + 0.07
Yy [km] —-2.13 = 0.18 -1.05 % 0.08 —-0.88 = 0.07
Zy [km] —2.52 = 0.19 —3.38 + 0.08 -3.31 + 0.08
r [km] 3390.48 + 0.10 — —

a |km) — 3396.53 + 0.07 3394.20 = 0.10
b [km] — 3376.85 = 0.12 3398.82 + 0.10
¢ [km] — - 3376.90 = 0.12
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is significant, mainly in the Z direction. The results are similar
to those of Smith and Zuber (1996). Differences between the
results of the two studies may be explained by the different
input data which were used for the computations.

Summary and Outlook

In our study, the existing control point network of Mars was
recomputed using 80 percent of the original image coordinates
of USGS tie points, new image coordinates of ground control
points (VL1 and MPF), and other available data. Corrected image
time tags were incorporated as well as improved Viking orbit
trajectaries, present Mars rotational parameters, the Pathfinder
landing site, and re-analyzed occultation data. All this hetero-
geneous information was combined within a consistent simul-
taneous 3D bundle block adjustment. This effort yielded an
improved set of image positions and attitudes, interior orienta-
tion parameters of the four vO cameras, and object coordinates
of the tie points with o~ 750 m in X, Y, and Z.

Using these results, heights referring to the gravity field
model Mars50c can be computed; local, regional, and global
DTMs can be derived; and parameters of reference bodies can
be determined.

In the near future, the bundle adjustment model will be
extended by orbital constraints to exploit the fact that all cam-
era positions lie on a physical orbit trajectory (Montenbruck et
al., 1994; Ohlhof, 1996). The Mars rotational parameters will
be estimated in the extended bundle adjustment too. Global
Surveyor data may improve the results of this adjustment due
to the new image data from MOC and the very precisly measured
height profiles from MOLA. It is also possible to combine the
Global Surveyor and Viking data within a common global block
adjustment. The mathematical model to incorporate MOLA
data into the bundle adjustment can be found in Ebner and Ohl-
hof (1994).
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