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Stereophotogrammetry”

Orbit characteristics of the Mariner Mars 9 spacecraft made
possible a practically 100% photographic coverage of the Martian
surface, while topographic features were covered by convergent

stereopairs.

VALUATION OF THESE stereopairs presented

quite a few unconventional problems.
The standard relative orientation procedure
was not applicable, due to lack of passpoints
and also due to peculiarities of TV imaging
techniques, such as transmission quality, low
resolution, small vidicon format, electronic
distortion, ete. One way to circumvent this
problem is to use the orbital and spacecraft
parameters for an external relative orienta-

whole planet, in contrast to the original
NASA objective of approximately 70% cov-
erage. Many of the outstanding Martian topo-
graphic features were covered by convergent
stereopairs; this paper describes one method
used for their solution.

Analytical evaluation of a stereopair is
based on the principle of relative orientation,
i.e., the position (rotation and translation)
of the right camera has to be determined in

AsstrRACT: The Mariner Mars 9 spacecraft performed primarily a
mapping mission. The spacecraft was inserted into an elliptical orbit
around Mars on November 14, 1971, with a nominal 12-hour period,
a nominal periapsis of 1300 km, and a nominal apoapsis of 18,000 km,
and it is expected to stay in this orbit for approximately 50 years,
although communications with it were turned off October 27, 1972.
These orbit characteristics enabled a photographic coverage of prac-
tically 100% of the Martian surface, with many of the outstanding
topographic features being covered by convergent stereopairs.

tion, which requires a number of rotations
and counter-rotations between various co-
ordinate systems (camera, spacecraft, orbit,
Mars, Sun, and Canopus). The most difficult
influence is that of Mars spin axis rotation,
because the time difference of a stereopair
may be anvwhere between 84 seconds and
several months.

METHOD

The scientific productivity of the Mariner
Mars 1971 Project has surpassed everyone’s
dreams. In the area of surface mapping alone,
the Mariner 9 spacecraft has mapped the

® This paper has been prepared for presenta-
tion at the 39th Annual ASP-ACSM Convention
in Washington, D.C., March 11-16, 1973, and
represents the results of one phase of research
carried out at the Jet Propulsion Laboratory,
California Institute of Technology, under Con-
tract No. NAS 7-100, sponsored by the National
Aeronautics and Space Administration.

the image coordinate system of the left cam-
era, in which the space coordinates of in-
dividual points are computed. Relative
orientation is a routine affair in conventional
photogrammetry, but in extraterrestrial cases
its direct solution is usually not possible, due
to lack of passpoints and also due to peculi-
arities of TV imaging techniques. These
problems were discussed in detail in Ref. 1.
However, it is possible to perform an ex-
ternal relative orientation, whereby the rota-
tional and translational parameters are de-
termined indirectly from orbital and space-
craft data supplied by the navigation team.
Let us first discuss the necessary rotations
from the right to the left camera system,
whose sequence is shown in Fig. 1, where

RC = image coordinate sys-
tem of the right cam-
era

RS = RC rotated into the
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Fic. 1. Sequence of rotations.

RO =

RM =

LC, LS, LO,and LM =

spacecraft coordinate
system

RS rotated into the
orbit coordinate sys-
tem

RS rotated into the
Mars equatorial co-
ordinate system
identical rotations for
the left camera
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themselves and
schematically

The coordinate systems
their mutual relations are
shown in Figs. 2-5.

In matrix notation, the rotation from the
right to the left camera can be written as

X, = MX, (1)
where

M = B,AN,TN' At,Bt, (2)

It is now necessary to determine the ele-
ments of the individual matrices that form
the final matrix M:

1. Matrix B—rotation from spacecraft into
camera system.

b,, = cosY cose — sin Y cos 8§ sine

b,.,= sinvYcos e+ cos ¥ cos § sin ¢
b,, = sin 8 sin ¢

b,, = —cosYsin e — sin Y cos 8 cos ¢
b,, = —sin Y sin e+ cos Y cos 8 cos &
b,,=sin 8 cos ¢

b,, = sin Y sin 8

b,, = —cos Y sin 8

b,,=cos d

Fic. 2. Insertion of spacecraft into orbit.
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where
v = clock angle —(57.8° — Canopus ori-
entation)
§ = cone angle — 180°

= rotation of the vidicon reseau grid
with respect to the scan platform

m
|

Clock and cone angles are pointing directions
of the camera mounted on the spacecraft
scan platform and “Canopus orientation” in-
dicates the angular direction to the star
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Fic. 3. Mars equatorial and orbit coordinate
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Canopus. This parameter was calculated from

available navigational data and tabulated as

a function of orbit revolutions in Ref. 2 (a

sample of these tables is shown in Table 1).

2. Mairix A—rotation from orbit into space-
craft system

a,;, —cosa

a,., — sin «

a; i—0

a,, = —sinacos B
a,, = cos a cos B

a,,—sin B
a,, = sin asin B
a,, = —cosasin B
a,, — cos B
where
a

a = 90° — Sun horizontal
B = 90° — Sun vertical

The terms “Sun horizontal” and “Sun verti-
cal,” which denote the horizontal and verti-
cal components of the Sun vector, were cal-
culated and tabulated similarly to the Cano-
pus orientation above (see Table 1 and Ref.
2.
8. Matrix N—rotation from the Mars equa-
torial system into the orbit system.
n,, = cosw cos & — sin @ sin 2 cos i
n,, = coswsin & + sin @ cos & cos i
n,, — sinesini

MANEUVER ENGINE
PROPULSION TANK -2

CANOPUS SENSOR
FROPULSION PRESSURIZATION
TANK -2

TEMPERATURE CONTROL
LOUVERS

NOTE: PROPULSION MODULE AND SCAN PLATFORM INSULATION BLANKETS NOT SHOWN

Frc. 4. Top view of the spacecraft.
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Fic. 5. Bottom view of the spacecraft.

n,, = —sin@ cos & — cos v sin L cos i

n,, = — sin @ sin @ + cos © cos @ cos i
N, , — COs © sin i
n,, — sin @ sin i
n,, = —cos < sin i
Ny — COS i
where

i = inclination of the orbit plane with re-
spect to the Mars equator (approxi-
mately 65°).

@ = angular distance of the orbit ascend-
ing node from the Mars vernal equinox

@ = angular distance of the periapsis from
the orbit ascending node

All these parameters are navigational data
that are tabulated in Ref. 2 and Table 1.

4. Matrix T—Mars spin axis rotation.

This is the most interesting and impor-
tant of all the rotations involved in this
procedure. It siould be realized that
many overlapning photographs  were
taken in different revolutions, sometimes
separated by several months, which means
that the photographed features cannot be
treated as stationary objects. The basic
idea is to rotate the right camera into a
hyvpothetical position that would have to
be attained, had no spin axis rotation oc-
curred:

t,,, = cos ¢

Lo = —sin 6
tyy = 0

t,, = sin @
t,, = cos @
tse — 0

tra — 0

tys =0

t.;.f =]

where

# = Mars spin axis rotation (which must
be determined for each individual case)

It should also be noted that the transposed
matrices in equation (2) must be calculated
independently from matrices B, A, and N as
a function of different navigational param-
eters, especially if the right and left photo-
graphs were not taken in the same revolution.

The product of matrices B, A. N, and T
determines the final rotational matrix M as
indicated in relations (1) and (2), but this
solves only the first half of the whole prob-
lem. Tt is still necessary to calculate the
stereobase in the coordinate system of the
left camera, which is relatively simple to do.

Figure 6 explains the layout of the orbit
coordinate system. The position of the space-
craft can be then written as

Xo=dcos ¢
Y, =d sin ¢ (3)
Z,=0
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® LOS ANGELES

Fic. 7. Nix Olympica voleano.
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where
xb" xi\f
v | =M |y (8)
Lo =

and also

x,y, x", y" = left and right camera image

coordinates

7', 2" = negative focal length of the
left and right camera (they
are usually the same, either
—52.267 mm or —500.636
mm).

The image coordinates naturally have to
be corrected for optical and electronic dis-
tortion, and the influence of the principal
point eccentricity must also be considered.
These problems are discussed in detail in
Refs. 3 and 4. The layer of atmosphere on
Mars is so thin that atmospheric refraction
is negligible. On the other hand, Mars curva-
ture may or may not be included, depending
on local conditions and the specific purpose
of evaluation,

Many photographs were taken in a nearly

vertical position, which means that coordi-
nates X, Y., Z, are close to an orthographic
projection, but they can easily be rotated into
any other desired projection or transformed
into ground control points by using the
method of absolute orientation.

It is not the purpose of this paper to dis-
cuss the results obtained, because the reduc-
tion and evaluation of available data have not
vet been completed. It is also necessary to
compare the results with results obtained by
other agencies and individuals, and a thor-
ough statistical error analysis likewise re-
mains to be done. However, the method has
undoubtedly proved its worth, especially for
evaluation of outstanding Martian features
like the mammoth volcano in the Nix Olym-
pica region (Fig. 7), and the results may be
viewed as another proof that analytical pho-
togrammetry is a useful and powerful tool.
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