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A Method of Orbit Determination Using Overlapping

Television Pictures

J. K. CAMPBELL*
Jet Propulsion Laboratory, California Institute of Technology, Pasadena, Calif.

A method that utilizes the Mariner Mars 1969 television pictures has been developed to aid
in the post-encounter determination of the TV viewing directions. A weighted least-squares
estimation scheme is used, based on observation of common Mars surface features in over-
lapping TV pictures. Estimates were also obtained for the encounter orbits of Mariners VI
and VII, and also for the orientation of the Mars spin axis; however, the estimated solutions
for the spacecraft orbits and for the spin axis did not result in a reduction of the a priori un-
certainties in these parameters. Good results were obtained for the estimated corrections
and the a posteriori uncertainties of the nominal TV viewing directions.

Introduction

O determine the locations on Mars of the Mariner near-

encounter TV pictures, accurate determinations of the
camera viewing directions are required. Also required are
accurate determinations of the encounter orbits and the orien-
tation of the Mars spin axis. Highly accurate estimates of
the camera pointing angles can be obtained from telemetered
readouts of the commanded angle settings and spacecraft
attitude. However, the Mariner VII spacecraft experienced
an anomaly shortly before arriving at Mars. The anomaly
corrupted the radio tracking data for a short time and dam-
aged the telemetry channel which described one of the camera
pointing angles. Thus, a need arose to refine the nominal
encounter estimates of the Mariner VII camera pointing
angles.

A method was developed for estimating corrections to the
nominal camera pointing angles, and also the spacecraft en-
counter orbits and the Mars spin axis. The method utilizes
the overlapping television pictures which were obtained dur-
ing each Mariner 69 flyby, and the weighted-least-squares
estimation technique. Solutions were obtained for both
Mariner VI and VII parameters.

The method can be summarized as follows. Intwo or more
overlapping TV pictures, one identifies a number of surface
features which lie in the overlap region. The picture co-
ordinates of each feature in each picture are then measured.
The aerocentric latitude and longitude of each feature in each
overlapping picture are computed from the measured co-
ordinates and a set of nominal parameters which describe the
camera orientation, the times of the picture shutterings, the
spacecraft orbit, and the Mars spin axis and planet radius.
The same feature in two or more pictures should have the
same computed values of latitude and longitude. However,
differences in the computed values will result because of the
presence of errors in the nominal parameter values, and the
picture measurement errors.

The presence of these a priori errors and feature measure-
ment noise are accounted for in a weighted-least-squares esti-
mate of corrections to the nominal eamera pointing angles, the
spacecraft encounter orbits, and the Mars spin axis.

A total of seven parameters are considered in the model:
three camera orientation angles, two components of the space-
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craft orbit, and two angles that describe the orientation of the
spin axis. The planet radius and the times of the picture
shutterings have been well established, and are assumed to be
known.

The next sections will define further the parameters of the
solution model, review the least-squares equations, charac-
terize the equations in terms of the parameters, and sum-
marize the results obtained.

TV Camera Orientation Parameters

The TV camera is mounted on an instrument platform.
The orientation of the instrument platform is defined in a
spacecraft-fixed reference frame. The spacecraft fixed frame
is, in turn, optically referenced to the sun and the star
Canopus through error signals from the sun sensors and the
Canopus tracker. The reference angles for the platform
orientation are referred to as clock, cone, and twist angles
(KA, CA, TA). An ordered rotation of the spacecraft axes
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Fig. 2 Definition of encounter trajectory parameters.

through the angles (clock, cone, twist) produces the platform-
fixed reference frame in which the TV optic axis is defined.
In the platform-fixed reference frame, the TV camera co-
ordinate frame is referenced by the cone offset, cross-cone off-
set, and twist offset angles. An ordered rotation of the plat-
form reference frame through the angles (cone offset, cross-
cone offset, twist offset) produces the inertial definition of the
TV camera coordinate frame. Figure 1 illustrates the refer-
ence frames.

The instrument platform had only two commanded degrees
of freedom relative to the spacecraft fixed axes. These were
the clock and cone angle settings sent to the spacecraft. The
platform twist angle resulted from spacecrafi-platform mount-
ing misalignments and from the component of spacecraft atti-
tude motion which resolves along the twist axis.

The offsets of the optic axis in the platform reference frame
were calibrated and are assumed to be known. The cone,
clock, and twist angles of the platform relative to the space-
craft inertial axes are solved for in the model.

Spacecraft Encounter Orbit Parameters

The encounter orbit (well approximated by an aerocentric
hyperbola) can be defined by six orbital elements, as well as
several physical constants which enter into the desecription
of the motion. A particular set of parameters commonly
used at the Jet Propulsion Laboratory is the following (see
Fig. 2): 1) the (inertial) direction of the parallel § to the
approach asymptote, 2) the speed along the asymptote V.,
and time of closest approach, and 3) the “miss vector” B
defining the inertial position of the approach asymptote.

The vector 8, the speed along the asymptote V., and the
time of closest approach are assumed known. These parame-
ters have been well determined for both Mariner VI and VII
encounter orbits from cruise phase radio-tracking solutions.!
The various physical constants are also assumed to be
known.? The remaining parameter is the vector B. The
components of B, B-T and B-R, are solved for in the model.

Model Parameters and Dependent Variables

The model useéd to represent the picture locations on the
Mars surface is characterized by the following parameters
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(independent variables): « = right ascension of Mars spin
axis, 8 = declination of Mars spin axis, B-TB-R = com-
ponents of B vector, CA,KA,TA = cone, clock, twist angle,
respectively, defining instrument platform pointing direction.

The dependent variables (observables) that were chosen are
the latitude differences and longitude differences between the
assumed common surface features. Thus, a single ecommon
point which is located in two pictures will produce two ob-
servables, a latitude difference and a longitude difference. A
point located in three pictures produces six observables. In
general, the number of observables for a given set of overlap-
ping pictures is

where F, is the number of features chosen which appear in P
pictures, within overlap ¢, and @ is the total number of overlap
regions considered.

One result of using longitude differences is the uncoupling
of the right ascension and declination of the Mars pole from
longitude coordinates of the features, which are dependent on
the hour angle of the Mars equinox. Longitude differences,
however, are independent of the hour angle, which is changed
by a correction to the spin axis declination or right ascension.

The (spherical) radius of the planet was fixed, hence only
two degrees of freedom have been allowed for the surface
points. The estimation of local surface elevations requires
the use of stereoscopic feature measuring equipment, which
was not available for this preliminary effort. The neglect of
these elevation variations is estimated to have only small
effects on feature location measurements.

Estimation Equations

A standard nonrecursive weighted-least-squares estimation
scheme is used to estimate the parameters. The equations
defining the weighted-least-squares estimation technique can
be summarized as follows:

Given the linear matrix equation

y =A% + €

the best estimate, in the weighted-least-squares sense, for the
corrections to the nominal parameter set is?

4 = (ATWA + T,)tATWE

where § = the n X 1 known data vector, X = the m X 1
vector of solve-for parameters, € = the n X 1 unknown ob-
servation error vector, A = the n X m known matrix of co-
efficients with n > m, @ = the m X 1 estimated correction
vector, = the n X 1 residual vector, W = the n X = dia-
gonal matrix of data weighting coefficients, and T'. = the m
X m diagonal matrix of parameter weighting coefficients.
The columns of A represent the partial derivatives of the
observables with respect to each independent variable.
These partials were computed by numerical differencing.

Characterization of Equations

The Residual Vector

The residual vector  is defined to be the n X 1 vector of
observed-minus-computed values of the dependent variables.
This vector is non-zero because of the presence of errors in
estimating the nominal parameter set, and measurement
errors in the picture coordinates. However, because of the
definition of the observables as the latitude and longitude dif-
ferences between assumed common features, the ‘“observed”
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component of ¥ is identically zero. (Since one is observing
assumed common surface features in several pictures, by
definition one observes the surface coordinates of the common
features to be identical.) Thus, the £ vector is the negative
of the computed latitude and longitude differences between
the common features.

Computation of Weighting Matrix W

The diagonal elements of W are taken to be the inverse of
the squared error or standard deviation on each observable.
The off-diagonal terms are dropped because of the small cor-
relation coefficients; hence the W matrix is diagonal.

The elements of W are computed by mapping the uncor-
related feature measurement errors into errors in the latitude
and longitude differences for each overlapping picture. For
a feature in a single picture, the covariance matrix of 1-¢
latitude and longitude errors is

A = MA.MT

where Ay is the diagonal matrix of 1-o0 measurement errors
and M is the mapping matrix. The errors in the overlapping
picture are independent, so that the error in the latitude and
longitude differences is obtained by combining the latitude
and longitude errors from each picture. Thus, the 1-¢ error
made in estimating the latitude difference between overlap-
ping pictures A and B is

Olar = Onl(01a0? + (1ae8) 2 ]M2

and the longitude difference error is

Tlong = Om[(T1ongs)? + (T10ngm) 212

where o, is the standard deviation of the feature measure-
ment error.
The mapping matrix M is defined by

= [Mz(ﬁ-fo My[a?:-y)}
M.(N-9) M, [R-$)

where BN = unit vectors to local east, north directions, pro-
jected onto the image plane, £,§ = unit vectors defining the
feature measurement reference directions, and M, M, =
coefficients relating unit distances in 2,y directions to the cor-
responding angle at the planet surface.

The vectors E,N are computed by

. PXxR . »
E=¢€x [‘f’ <R Xle, unitized

" . PxR .
N==¢ X[(R X m) X PJ, unitized

where ¢ = unit vector along the optic axis, P = unit vector
along the optic path which intercepts the measured feature
at the planet surface, R = unit vector along the planet-
centered direction to the measured feature, and P = unit
vector in the direction of the Mars north pole.

The coefficients M.,M, are computed by

M. = [Rs(p-C)/F(B-R)|(B X %) X RI(k/R,)
My = [Rs(®-C)/FB-R)(B X 9 X Rl(k/R,)
where Rs = range to the surface along the optic path to the

measured feature, B, = (spherical) radius of planet, F =
camera focal length and ¥ = radians-to-degrees factor.
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Fig.3 Globe with mosaics of Mariner VI and Mariner VII
wide-angle TV pictures.

The Parameter Weighting Matrix T,

The diagonal elements of T', are the inverse of the 1-¢ un-
certainties in each independent variable. The parameters
are assumed to be uncorrelated; hence I', is diagonal. The
uncertainties are estimated from the consideration of radio-
tracking orbit estimates in the case of B-T and B-R; from
consideration of telemetry measurement and resolution errors
in the platform angles CA, KA, TA; and from consideration
of various previous estimates for the spin axis coordinates
a,f.

Description of Pictures and Measurements

The nominal TV picture map* for each encounter is shown
in Fig. 3. The Mariner VI pictures are in the upper two rows
of the figure. (Initial portions of the mosaic are shown lined
in to avoid confusion.) Mariner VI took 24 close-range
photos of the surface, 12 narrow-angle (nested within overlap
regions, and not shown) and 12 wide-angle pictures. The
25th picture was taken on the night side of the day/night
terminator. Photo 21 was taken at nearly the closest range,
3428 km. Mariner VII took 17 wide-angle and 16 narrow-
angle pictures during its close passage of Mars. Picture 30
was taken at nearly the closest range, 3440 km. The pic-
tures were shuttered with the instrument platform in several
different orientations during the flybys, with cone angle set-
tings ranging from 100°-145° and clock angles settings from
about 215°-270° for both platforms. The pictures were
shuttered on 42.2-s centers, with the wide-angle picture, shut-
tered every 84.4 s,

The Mariner VI TV pictures which were used (Fig. 4)
generally are photographs of desert areas. Craters are clearly
visible in the areas of Margaritifer Sinus (top left), Meridiani
Sinus (top center), and Decucalionis Regio (lower strip).
Locations of three narrow-angle pictures are marked by ree-
tangles. North is approximately toward the top, and the
sunset terminator lies near the right edge of frame 6N23.
Common feature identification in the Mariner VI pictures
was more difficult than in the Mariner VII pictures used (Fig.
5), which contain many features at the boundary of the south
polar cap.5 The south pole lies near the parallel streaks in the
lower right corner of frame 7N17.
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The wide-angle TV pictures were used to obtain common
surface features. The nature of the selected features is of no
consequence, so long as they remain planet-fixed during the
picture-taking sequence and can be accurately identified in
each overlapping picture. In general, the common features
were chosen to be small portions of crater ridges and other
easily recognizable areas. One must be careful not to choose
features which may actually be, for example, atmospheric
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Fig. 4 Mosaic of
ten Mariner VI
pictures.

clouds, surface shadows, or electronic distortions. Twenty
surface features were identified and measured in the Mariner
VI pictures and fifteen in the Mariner VII pictures.

The locations of the common features were then measured
in each TV picture. The measurements are made in picture
coordinates, which may generally be defined by any conveni-
ent unit that relates the picture coordinates with the camera
foeal length, in order to calculate the optic ray which inter-

Fig. 5 Mosaic of eleven
Mariner VII polar cap
pictures.
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Table 1 Average residuals for Mariner VI and VII
overlap regions

Latitude residual, deg Longitude residual, deg

Overlap

region Pictures A priori Corrected A priori Corrected
6A 9,11 +0.19 +0.25 —0.24 +0.20
6B 11,13 —0.53 —0.47 —0.07 —~0.06
6C 19,21 —0.16 —0.01 —0.002 —0.01
6D 21,23 —0.16 —0.01 +0.01 —0.01
7A 11,13 +0.13 —0.02 +0.20 +0.29
7A 11,15 40.36 +0.06 +0.21 +0.29
7A 13,15 +0.23 —~0.09 —0.08 —0.19
7B 13,15 +0.25 —0.02 ~0.06 —~0.04
7B 13,17 +0.09 —0.04 —0.01 —0.002
7B 15,17 ~0.16 —0.19 +0.03 +0.04
7C 15,17 —0.14 —0.20 +0.49 +0.38
7C 15,19 —0.22 —~0.35 +0.25 +0.13
7C 17,19 —0.08 —0.15 —0.24 —0.25

ceptsthe feature. The pictures have a grid superimposed dur-

ing processing, with the grid unit of 5 pixels, where a pixel is
a picture element.® The grid size for each wide-angle frame
is approximately 1000 X 775 pixels, and the field of view is
about 14° X 11°. The focal length of each wide-angle
camera was approximately 52 mm. Calibration and reduc-
tion of appropriate TV test data® produced the pixel/millime-
ter factor necessary to express the camera focal length in pic-
ture coordinate units. The coordinates are referenced to the
nominal optic axis intercept on the focal plane, that is, the
optical center of the picture frame.

Results

The essential results of the estimation scheme are shown in
Tables 1 and 2. The results have been summarized from
analysis and interpretation of the a posteriori residuals listed
in Table 1, and the stability and sensitivity of the solutions
when the data and data weights are varied. The absence of
an entry in Table 2 indicates that a poor solution was obtained
for that overlap region. Note that in all solutions for the
Mars spin axis coordinates («,6), the a prioriuncertainty was
not improved. Also note that the corrections to the orbit
parameters (B-T, B-R) are of the same order of magnitude
as their esmmated uncertainties.

A strong positive twist angle bias appears to exist in the
nominal Mariner VI platform angles. Davies and Berg” have
confirmed this finding, using both full-disk and closeup pic-
tures. Their analysis was cartography-oriented and was
based on the use of many more surface features and a refined
measuring technique. They explain this bias as being due to
a small angle between the TV scan lines and the reference grid
on the face of the vidicon. The scan lines were used to align
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the picture coordinate grid and thus implicitly define the
camera twist angle, whereas the reference grid was used to
calibrate the camera twist angle.

An independent technique used by the author infers the
same platform angle corrections as those reported in Table 2.
In a nominal set of computer-drawn encounter pictures,? plat-
form angle corrections were calculated to match the planet
limbs with the limbs in the actual pictures.® The caleulated
corrections verified the platform angle corrections listed in
Table 2.

Summary

The results for the platform angle corrections were encour-
aging for both spacecraft. Note that the corrections that were
solved for are for bias corrections which essentially shift the
pictures in a given overlap region in a uniform manner. A
much larger number of measured surface features would allow
a solution for the viewing direction of each picture relative to
the pictures with which it overlaps. An inertial viewing
direction for each picture could then be estimated using the
present scheme. The viewing directions would be indepen-
dent of the actual Mars-fixed coordinates of any surface fea-
ture.

The spin axis solutions were weak because of the small
planet and spacecraft angular motion during each of the pic-
ture sequences. Estimates for the spin axis are most accurate
when the planet rotates 90° between overlapping picture
shutterings. The periodic motion of the spacecraft due to
attitude control requires a relatively long areocentric trajec-
tory arc to effectively solve for the orbit parameters B-Tand
B-R. Generally speaking, an optimal set of soluticns for the
camera angles is obtained when the viewing angle between
pictures is approximately 90°.

The results of the preliminary effort discussed in this paper
indicate that the development of a general capability for
geometrically processing TV and other instrument data will
significantly enhance the scientific return from future inter-
planetary missions. Improved knowledge of the elements of
the Mars satellite orbits results from the use of photos which
contain the satellites.1
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Analytic Difficulties in Predicting Dynamic
Effects of Separated Flow
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The purpose of the paper is to demonstrate how a simple analytic theory that uses static ex-
perimental data as an input, can predict the observed large adverse effects of separated flow on
the vehicle dynamics of heat-sink type re-entry bodies and elastic launch vehicles. The
tlieory is based on quasi-steady-flow concepts in which the time history effects are lumped to
one discrete past time event. The analytic difficulties consist largely of insufficient capability
in predicting the composition of static loads in regions of separated flow, even when static ex-
perimental data are available. If more basic knowledge were available about nonsymmetric
stationary separated flow, very substantial improvement in existing capability to predict dy-

namic effects of separated flow would result.

Nomenclature
A = axial force, kg, coefficient Cx = A/(pU?/2)8
¢ = reference length, m (usually ¢ = d)
d = body caliber, m
N = normalforce, kg, coefficient Cy = N/(pU?/2)S
L = longitudinal wake source distance, m
M = Mach number
Mp = pitching moment, kg-m, coefficient C., = M»/(pU2/2)Sc
P = static pressure, kg/m?
C, = pressure coefficient C, = (p — po)/(pU%/2)
S = reference area, m? 8 = xc?/4
f{, At = time, and time lag, respectively, sec
U = freestream velocity, m/sec
U = mean convection velocity, m/sec
z,2 = horizontal and vertical coordinates, respectively, m
£ = dimensionless z coordinate, £ = z/¢
« = angle of attack, rad or deg
as = trim angle of attack, rad or deg
B = equivalent spike deflection angle, rad or deg
A = difference
ér = flarerotation angle, rad or deg
o = air density, kg-sec?/m*
© = pitching or bending frequency, rad /see
@ = reduced frequency, ® = wc/U
0 = body attitude, rad or deg
Subscripts
a = attached flow
C = cylinder
N = nose
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QS = quasi-steady

s = separated flow

© = undisturbed flow

Superscripts

7 = induced, e.g., A*Cy = separation induced normal force
! = induced by upstream communication, e.g., CNg:,

~ = generalized or effective value, e.g., &

Differential symbols

6ty = o6/ot
Cr, = 0Cn/de; Cmﬁ = 3Cn/08; Cny = 0Cn /00

Introduction

OTH ascent and re-entry vehicles exhibit large regions of
separated flow, especially in the transonic Mach number
range. Heat-sink type re-entry bodies and the Saturn-
Apollo launch vehicles exemplify cases where the aerodynamic
loading is generated by ‘‘separated flow with embedded re-
gions of attached flow.” Tt is a well-known fact that simula-
tion of boundary-layer separation and wake formation in a
wind tunnel is very difficult for stationary flow, and is prac-
tically impossible in many cases for unsteady separated flow.
As neither theory nor experiments alone ean provide a solu-
tion, using both in combination is the only realistic approach.

Analysis

Quasi-steady forces are essentially static forces modiﬁgq to
account for slow perturbations from the static condition.
The required slowness, @? « 1, to make quasi—stgady treat-
ment applicable is fulfilled for rigid body oscillations of
ascent and re-entry vehicles, and for elastic vehicle oscilla-



