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Application of Sequential Filtering to Estimation of the
Interplanetary Orbit of Mariner 9

KENNETH H. ROURKE* AND JAMES F. JORDANY
Jet Propulsion Laboratory, Pasadena, Calif.

This paper presents the results of the application of sequential filtering to the determination of the inter-
planetary orbit of the Mariner 9 spacecraft. The technique is a specific extension of the Kalman filter. The
special problems associated with applying this technique are discussed and the particular algorithmic imple-
mentations are outlined. The method is compared against the weighted least squares filters of conventional
application. The results reveal that relatively simple sequential filter configurations yield solutions superior
to those of the conventional method when applied to radio measurements of Mariner 9.

Nomenclature

X = spacecraft position vector

| 4 = spacecraft velocity vector

u = spacecraft nongravitational accelerations

zZ = F(X, V,t), observational data vector

& = observation error

x = [(X — Xpomina1)"> (V¥ — Vaomina)T}* position and ve-
locity, i.e., “‘state” deviation vector

z = Z — Zomina1, Observational data deviation vector
)T = transpose operation

T = filter batch break times

X . = x(T}), discretized state

D(Ty 11, T) = Ox141/0x4, state transition matrix

(T 41, Ti) = 0x41/0uy, acceleration transition matrix

Z =[T¢), ..., 2 ), T <ty ...y by < Tisy, data
-vector for data in batch [T}, Ti+1]

Ay = 9z,/dx,, state data partial derivatives

B, = 0z,/9uy, acceleration data partial derivatives

Av = velocity increment vector

BT = component of spacecraft asymptotic miss vector in

the ecliptic plane

Presented as Paper 72-906 at the AIAA/AAS Astrodynamics
Conference, Palo Alto, Calif., September -11-12, 1972; submitted
October 30, 1972; revision received July 27, 1973. This paper
presents one phase of research carried out at the Jet Propulsion
Laboratory, California Institute of Technology, under NASA
Contract NAS7-100.

Index categories: Spacecraft Navigation, Guidance, and Flight-
Path Control Systems; Spacecraft Tracking; Navigation, Control,
and Guidance Theory.

* Senior Research Engineer, Interplanetary Orbit Determination
Group.

¥ Group Supervisor, Satellite Orbit Determination and Planet-
ology Group.

B-R = component of spacecraft asymptotic miss vector
normal to the ecliptic plane
Aa = spacecraft acceleration correction model
Introduction

VER the past decade the navigation of the United States’

interplanetary spacecraft has relied almost exclusively
on Earth based radio orbit determination. Radio orbit deter-
mination accuracies have improved by more than an order of
magnitude during the last 10 years; from the errors of 1300
km encountered during the Mariner 2 mission to Venus in
1962, to the 50-km errors experienced in navigating Mariner
9 to Mars in 1971.

These performance - improvements have been brought
about by the concurrent improvements made in the quality
of the basic radio orbit determination data types, range and
range rate, now accurate to 15m and 1 mmy/sec, respectively.

The remaining errors which affect the accuracy of inter-
planetary orbit determination are uncertainties in the meas-
urement and spacecraft dynamics models which produce
range change errors when matching passes of tracking data
to estimated orbits.

A major error arises from the diurnal range change due to
uncertainties in the tracking stations’ Earth-fixed coordinates.
Indeed, uncertainties in the locations of the tracking stations
are the principal limitation to determination of spacecraft
geocentric angles from single passes of tracking data. Cur-
rent station location errors of 3-7 m, which include the equiva-
lent effects of both charged and neutral particles on the radio
signal, can produce orbit estimate errors of approximately
100-200 km at typical Earth-Mars encounter distances.*
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The principal dynamic model errors arise from small
forces due to spacecraft attitude control system and propul-
sion system leaks, as well as errors in the spacecraft solar
radiation force model. The direct effect of the spacecraft
acceleration errors on the physical motion of the spacecraft
is usually small; although acceleration errors can severely
limit the capability of solving for the orbit using Earth based
radio measurements. Indeed, spacecraft movements of
approximately 6 m over 12 hr, which are comparable to station
location errors, can arise from spacecraft accelerations on
the order of 10-!! km/sec?.

Central to the data processing software is the data filter,
the basic algorithm used to produce accurate orbit estimates
from redundant navigational observations. The filters that
have been used in navigating the past interplanetary missions
are fundamentally equivalent to the well-known least squares
orbit determination methods developed by Gauss more than
100 years ago. These traditional methods have been retained
despite the considerable theoretical and practical filter
developments of the past decade. Theoretically antiquated,
the least squares filter has, nevertheless, proved itself a simple
yet accurate means for providing interplanetary orbit esti-
mates. The favorable performance of the least squares
techniques results largely from the extreme precision afforded
by the dynamic models of interplanetary ballistic spacecraft
motion. However, the increased demands on radio orbit
determination have recently elevated the spacecraft dynamics
errors to the status of a major error source.

This paper presents the results of an application of a batch-
sequential filter to determining the interplanetary orbit of
Mariner 9 from actual tracking data obtained during the
approach phase, where the term batch-sequential filter refers
to a particular extension of the Kalman filter described in
the following. Mariner 9 provides a special opportunity for
testing the batch-sequential filtering since, during the two
months prior to Mars encounter, the spacecraft experienced
a series of attitude control leaks, and the resulting small
forces acting on the spacecraft were of sufficient magnitude
to introduce sizable errors in particular orbit estimates.
The objective of this paper is to demonstrate the effectiveness
of the sequential filter to reduce orbit estimate sensitivities to
small spacecraft forces by comparing the sequential and con-
ventional estimates of the Mariner 9 interplanetary orbit.

The motivation for applying a batch-sequential filter to
spacecraft tracking data lies in the fact that due to the random
nature of the spacecraft acceleration errors, their effect—
with proper data filtering—can be distinguished to some
degree from the station location errors that so strongly affect
the orbit estimates. Proper filtering can be expected to
result from proper descriptions of the spacecraft dynamical
errors, descriptions best provided by sequential orbit deter-
mination filtering techniques.

The Orbit Determination Data Filter

The specific filter algorithm adopted for this study has been
selected to treat spacecraft acceleration errors. Although
this is a limited point of view, it is adequate here. More
general sequential filter development is covered in a multitude
of sources (including Refs. 2-4).

Consider then a spacecraft with Cartesian position and
velocity vectors X, V, respectively. The spacecraft motion
is represented in terms of a system of differential equations:

X=V
V=GX)+u(t) t>t ¢))]
X(to) =X, and V(to) =Vo

where G(X) represents gravitational accelerations and u(t)
represent spacecraft generated accelerations. The spacecraft’s
motion is observed via data equations

Zt)y=FX,V,t,(t)+¢€) i=1,...,N ¥3)
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where F(X,V,t) expresses observables, e.g., doppler and range
data, in terms of the spacecraft ““state.” The &(¢) represents
data errors.

The problem in orbit determination is to estimate x(¢) given
z(t;) for t; <t, where x(¢) and z(¢;) are deviations from a
nominal state (position and velocity) history and data history.

If w(t}=0, or can be represented in. terms of a limited
number of parameters, then estimating x(z) reduces to esti-
mating x, and the u-parameters; a set of fixed quantities.
This problem can be accomplished with conventional least
squares or “batch” filtering algorithms. However, if u(t) is
too complex in structure to permit representation by a limited
set of parameters, an alternate approach is required. Assume
then that u(z) is representable as a piecewise constant function;
that is, for a sequence of break times T, ..., T, u(t) satisfies

) =u, if To<t<Tes: k=1,...,M

where ulk =1,..., M) is a sequence of constant vectors.
The linearized system can be then recast into a sequential
form as follows:

Xk+1 = O(Ths1,T)xk + DTt 1, Tt (3)
zy = AwXi + Bt + & (4)

where x, = x(T,) and zx is a vector which contains all data
acquired between T, and Ti.1. @, T, A and B are the appro-
priate state transition and data partial derivative matrices,
respectively.

The linearized model expressed in Egs. (3) and (4) is referred
to as the batch sequential dynamic model. It provides a
basis for applying any one of the numerous sequential filter
formulations that arise from the basic Kalman algorithm.?
The dynamical evolvement associated with spacecraft motion
is typically slowly varying, with respect to data rate, implying
that the batches just described can contain many data points.
This is the prime motivation for the batch sequential form:
allowing improved filter models without undergoing the
decrease in data processing efficiency associated with a “poin’\t
sequential”” model, for which each batch break time is an
observation time.® Algorithms for constructing an estimate
of x, given z; (j=1,..., k) require specification of a priori
statistical properties of the initial state x,, the data noise &,
and the process noise ux. These specifications along with the
batch structure, T3, ..., Tyu; can be considered as the design
parameters for the sequential filter. There exist several
options for treating the acceleration error sequence u;. In
this application, the u’s are not directly estimated but are
accounted for by uncorrelated velocity impulses in the
dynamics. Thus

Av

T(Terr, TOu = [F] (5)

and

It should be noted that a square root formulation* of the
standard Kalman algorithm has been used to generate the
results here. Estimation problems for interplanetary orbit
determination based on Earth-based radio measurements are
characteristically ill-conditioned, with covariance matrices
whose eigenvalues range in magnitude by 10'® or 10?°. The
square root formulation reduces the problem of ill-condi-
tioning by reducing the spread of eigenvalues to less than 10*°.

The Filter Evaluation Test-Bed, Mariner 9

Mariner 9 was launched by NASA in May 1971. Contin-
uous doppler and range data were acquired by DSN Stations
until a few days before Martian encounter on Nov. 14, when
the burn parameters for a large retro maneuver were loaded
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into the spacecraft computer. The resulting maneuver,
executed near the close approach, reduced the aerocentric
velocity of the spacecraft such that the probe then orbited
Mars with a period of 12 hr 37 min. Subsequent trim man-
euvers reduced the orbital period to 11 hr 59 min.

All of the maneuvers which were executed on the Mariner 9
rhission and on all previous Mariner missions have been
planned and commanded on the basis of orbits detérmined
from DSN tracking data. The large retro maneuver, per-
formed at the Martian encounter of Mariner 9, was planned
on the basis of a cruise orbit determined from 160 days of
tracking. This long-arc of tracking data, covering almost the
entire cruise phase of the mission, was available for determin-

ation of the spacecraft encounter orbit since a midcourse .

maneuver, originally scheduled 30 days before Martian en-
counter, was not performed. The target parameters from the
estimated trajectory based on data to encounter minus 30 days
were close enough to the desired target parameters to preclude
the execution of the maneuver. If a pre-encounter midcourse
maneuver had been performed, then the retro-maneuver at
encounter would have been planned on the basis of an orbit
estiinated from data taken from the time of the midcourse
until a few days before encounter, the “approach’ portion
of the cruise phase.

It is over just such an approach portion of the Mariner 9
orbit that the sequential filter has been tested. Results of
the comparisons of the least squares or batch filter, and
batch-sequential filter are given in terms of the asymptotic
miss distance parameters in the plane which lies perpendicular
to the aerocentric incoming asymptote of the spacecraft
approach trajectory.! In that plane, the B-T coordinate lies
in the ecliptic plane and the B- R coordinate lies perpendicular
to the plane, thus unit vectors alorg the coordinates B-R, BT,
arid the direction of. the incoming aerocentric asymptote,
form a right handed orthogonal system. Solutions are
compared against the current best estimate of the target
parameters, which have been determined from DSN data
taken over the last few days of the cruise phase of the mission,
which extends until 45 min before the terminal retro-maneuver.
The current best values of the aerocentric miss coordinates
and associated current uncertainties are given as

B-T =15588 + 10 km, B-R=6085+10km

The high degree of accuracy of the current estimates resuilts
from the large degree of bending on the trajectory during the
last few hours of data, enabling an accurate tie of the orbit
estimate to the Martian center of mass.

The data span used in the filter evaluation test cases begins
on Oct. 4, 06 hr, and ends on Nov. 6, 06 hr, which is approx-
imately 8 days before encounter. The date Oct. 4 is chosen
as a representative starting date (encounter—41 days) to relate
to short arc orbit determination analysis for possible future
Mars missions. The 8-day gap between the termination of
data and the time of encounter allows time for a second mid-
course maneuver, if required. ‘

Throughout the testbed tracking span, two-way. doppler
and ranging data was obtained from tracking stations DSS
12, 14, 41, 51 and 62. The values of the observed data are,
of course, dependent of the particular station’s longitude and
distance from the Earth’s spin axis. Station location model
values are obtained from processing data from the encounter
portions of planetary missions. In this study two sets of
station location values are used. The first set, which will be
referred to as Set 1, was obtained from processing the Mars
encounter data from Mariner 6 (Aug. 1969).° Since the
solutions for the station locations are tied to the spacecraft
position, and the spacecraft position is tied to the planet
during the encounter phase of the mission, the errors in a
particular station location solution set are correlated strongly
with the errors in the currently employed ephemeris specifica-
tion of the planet’s position, at the time of the spacecraft
encounter. Hence the station location values in Set 1 are

INTERPLANETARY ORBIT OF MARINER 9 775

Table 1 Approximate station location values and differences
between Mariner 9 and Mariner 6 solutions

Spin axis radius Station location values Set 2—Set 1 differences

(km, degrees east) (meters)

DSS 12 5212.05 0.3
14 5203.99 0.3
41 5450.20 3.3
51 5742.94 —1.2
62 4860.82 2.7

Longitude

DSS 12 243.19 —6.6
14 243.11 7.0
M1 136.89 —6.4
51 27.69 —6.5
62 355.63 —6.3

effectively attached to the Martian position in the ephemeris
at the Aug. 1969 epoch. The Martian position error in 1969,
of course, need not coincide with the position error in Nov.
1971, hence the “equivalent” station location values which
are best for Mariner 6 are not necessarily best for Mariner 9.

A second set of station location values, Set 2, was obtained
by the authors from processing the last seven days of the
Mariner 9 cruise data, i.e., the encounter .phase. Approxi-
mate values of the DSN stations’ spin radii and longitudes,
as well as the differences between the Set 1 and Set 2 values
are given in Table 1. The primary differences between the
values of the two sets are the 7-m long differences between
solutions. This difference indicates an approximate differ-
ence between the respective errors in the Earth-Mars relative
ephemeris of Aug. 1969 and Nov. 1971 of 10~° rad or 0.3 sec
of arc in right ascension. It is difficult to say which of the
two sets is more absolutely accurate, since the ephemeris
errors at the two epochs are not known. However, the Set 2
values should be the more favorable set for testing filter
behavior on Mariner 9.

The Mariner 9 spacecraft was attitude stabilized by a sys-
tem which consists of sun and Canopus sensors, and coupled
pitch, roll, and yaw gas jets. The jets are positioned near
the ends of the solar panels as shown in Fig. 1. The pitch
and yaw jets are aligned perpendicular to the direction
from the jet to the center of the spacecraft, but the roll jets
are canted by 21°. In Sept. 1971, the roll jet along the minus
x axis began to develop occasional leaks. The leaks are
believed to be caused by particles from a corroding valve
stem that are caught in the valve during the closing of a
normal firing and forcing it it remain slightly open. The
leaks normally lasted several hours, or until the leak was

ACle
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YAW
51 * AXIS "Fx
PITCH JET

SPACECRAFT VIEW
ALONG ROLL AXIS
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L] g%‘p
vaw st —7 ( R
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ROLL JET

Fig. 1 Spacecraft view along roll axis (S/C-sun line).
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Fig. 2 Time history of accelerations due to gas leaks in the
roll jet during the last month of cruise.

detected and the valve was cleared, and produced spacecraft
accelerations with magnitudes above 10! km?/sec. Figure
2 iltustrates the time history of the accelerations due to leaks
in the roll valve over the last 40 days of the cruise phase of
the mission. The values of the leak magnitudes and duration
times were obtained from analysis of telemetered data of the
light intensity time history of the spacecraft sun and Canopus
sensors. The ability to obtain nonambiguous acceleration
estimates from the telemetry data depended on the special
center of mass and rotational inertia configuration that was
characteristic of the MM’71 spacecraft. It should be noted
that acceleration estimates of this type may not be generally
available for future missiofis.

Solutions given in the following sections are obtained with
the leak acceleration model of Fig. 2 both included and
excluded from the spacecraft equations of motion. The cases
in which the acceleration model is included correspond to a
situation in which spacecraft engineering data is made
available to the estimation process in near real-time. Cases
in which the model is not included correspond to the situation
where such data would not be available.

Batch Filter Results

Figure 3 illustrates the history of batch processing esti-
mates of B- T and B- R as a function of the time of the last data
point processed (in days past Oct. 4). The last solution, for
day 41, includes data to Nov. 13, 18 hr.  Station location Set 1
(from Mariner 6) is used in the observable model, and ‘no
acceleration model is included in the equations of motion.
Hence this figure represents a conservative, realistic solution
history.

Note that most of the movement of the solution, as more
data are included in the processing, is in the B- R direction.
The lack of orbit bending perpendicular to the ecliptic plane
results in large sensitivities in B-R to the prominent errors,
e.g., station location errors and acceleration errors. These
sensitivities, which can fluctuate in magnitude with the addi-
tion of data in the span, are primarily responsible for the
solution movement.

The large sensitivity in the B- R direction to model errors is
also illustrated by Fig. 4, in which the aim plane parameters
of the batch solutions of Fig. 4 are compared at the end of
the approach phase (Nov. 6, 06 hr) to the parameters of the
current best orbit estimate. A 1-o dispersion ellipse for
each value is also presented. The dimensions of the disper-
sion ellipse for the approach solution is primarily due to the
ephemeris error associated station location uncertainties of
7 m (1) in longitude and 3 m (1o) in spin axis value. These
uncertainties map to a 200-km uncertainty in B*R and a
50-km uncertainty in B- T, a four to one ratio in magnitude.
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Fig. 3 Evolution of State estimate in the aim plane for the batch
filter (set 1). Solutions labeled in days past Oct. 4.
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Fig. 4. Comparison of approach solution in the aim plane to
current best estimate.

Since the salient solution behavior lies in the B* R direction,
the remaining solution time histories presented in the paper
are shown in terms of the behavior of B-R only. Figure 5
illustrates the time history of the B- R solution as a function
of the time of the last processed data point for station location
Set 1. The solution histories with and without the accelera-
tion model of Fig. 2, are shown on the figure. Note that
when the first leak occurs on Oct. 25, the solutions separate;

DATA TERMINATION TIME, days after Oct 4

12 15 18 21 24 27 30 33 36 39 41
6000 T T T T T T T T T—T
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o 6300 AMODELIN 4
o ,"
6400 A MODEL OU}/ . b
i o~ /”
6500 FIRST o e ENCOUNTER
6600 | ] LEA‘K 1 Il 1 ! 1 ! ]
Oct 16, 06 hs19 22 25 28 31 Nov3 6 9 12 14

DATE

Fig. 5 Time history of B- R solution for batch estimate (set 1).



DECEMBER 1973

DATA TERMINATION TIME, days after Oct 4
12 15 18 21 24 27 30 33 36 39 41
y "r-CURRENTBEST Esrlmw‘ T

: ]
7

6000

A MODEL IN -

£ e} Vd 2
> ,/ A MODEL
o 6300 ™ A o
@ M’ ENCOUNTER
6400 B
A
6500 JI:IRST ILEAKI 1 1 1 1

5 Ll
Oct1619 22 25 28 3INov3 & 9 12 14
DATE

Fig. 6 Time history of B- R solution for batch estimate (set 2).

the solution without the Ag model tends toward a larger B- R
error, while the solution containing the Aa model improves,
and remains more accurate for the duration of the approach
phase.

Figure 6 illustrates similar solution histories for station
location Set 2 (Mariner 9). The solutions are shifted from
the Set 1 solution in the minus B- R direction by approximately
200 km, which decreases the total error, and supports the
conclusion that the Mariner 9 determined station location
values (Set 2) are naturally more consistent with the ephe-
meris in 1971 than the Mariner 6 (Set 1) values. Again with
Set 2, as with Set 1, inclusion of the engineering data deter-
mined Aa model results in more accurate solution after the
commencement of the gas leaks. The salient characteristics
of the batch solutions are that the aim plane parameters are
extremely sensitive to both the values of the station locations
and the random accelerations. Station location differences
between Set 1 and Set 2 (7 m in longitude, and 3 m in spin
axis) map to a 200-km difference in B- R for data taken to
Nov. 6. The Aa-in, Aag-out difference in the equations of
motion results in a B- R change of more than 150 km with
either station location set. A batch solution with the Aa
included and using Set 2, naturally is more accurate than the
other solutions.

It should be noted, however, that the rapid solution im-
provement shortly after inclusion of the data in the vicinity
of the first gas leak (Oct. 25) is not predictable from the
sensitivity analysis performed to date. The time history of
perturbations in the solution of B- R, due to positive 7-m lon-
gitude and 3-m spin axis errorsin all of the tracking stations, are
given in Fig. 7. Although drop in sensitivity to spin axis on
Oct. 16 can explain the rapid solution change in Fig. 6 on or
around October 16, no such sensitivity change is evident in
Fig. 7 near Oct. 25. Thus either the estimate is strongly
sensitive to some model parameter other than the station lo-
cation, or the value for the leak magnitude is strongly over-
modelled. This problem has not yet been resolved, and is
currently under study.

Sequentiai Filter Results

The sequential filter used for comparison processed succes-
sive batches whose durations are all equal to 36 hr. While
processing each batch of data, the constraints imposed on the

12 15 18 21 .24 27 30 33 36 39 4
T T T

300 T T T T T T T
e 200 LONGITUDE
£ .
o 100f ~ 4
- SPIN AXIS gy
< 90
ENCOUNTER
A
~100 1 TR

L 1 1 1 Il L 1
Oct1619 22 25 28 31 Nov3 6 9 12 14
DATE

Fig. 7 Perturbation time history in B R due to +7 m long and
43 m spin radius errors for the batch estimate.
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Fig. 8 Time history of B- R solution for 10~? km/sec?
sequential estimate (set 1).

state solution by the data in previous batches is loosened by
the addition of instantaneous ““process noise’” on the velocities
at the beginning of the batch. The magnitude of this de-
grading Av is determined by integrating the values of an
assumed constant acceleration over the 36 hr duration of the
previous batch. Three magnitudes of assumed acceleration
are considered in this paper, 10-'2 km/sec?, 10~'* km/sec?
and 10-'° km/sec?, and the values of instantaneous process
noise are computed on the basis of these acceleration levels.

Figure 8 presents the B- R solution time history for the
sequential processor constructed with Av process noise corres-
ponding to an acceleration error of 10712 km/sec?. Station
location Set 1 is employed in the observable model, and curves
for the Aa model in, and out, of the equations of motion are
shown. Figure 9 illustrates the same sequential process or
results for station location Set 2.

The differences between the Aa-in and Aa-out solutions are
much smaller for the sequential processor than for the batch.
The terminal difference in B* R for both station location sets
is only a few kilometers. Thus the 10-12 km/sec? process
noise decreases markedly the sensitivities of the solution to
the use of gas leak model or absence of it. In addition, the
solutions are brought closer to the current best estimate by
the addition of process noise into the filter, and are indeed
within 50 km for the case of the Mariner 9 station location
values (Set 2). .

The trend continues as the process noise is increased to
correspond to accelerations of 10-*' kmy/sec?, as shown in
Figs. 10 and 11. The Aa model has little effect at all on the
solution behavior, and solutions are more accurate than those
with the smaller values of process noise.

The sensitivities of the sequential filter solutions to corre-
lated station location errors are presented in Fig. 12 and are
seen by comparison with Fig. 7 to have been decreased by
the addition of 10~** km/sec? process noise. These smaller
sensitivities are consistent with the smaller absolute B-R
errors occurring with the sequential processors.
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Fig. 9 Time history of B- R solution for 10~2? km/sec®
sequential estimate (set 2).
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. Fig. 10 Time history of B- R solution for 10~*! km/sec?
sequential estimate (set 1).
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Fig. 11 Time history of B- R solution for 10~** km/sec?

sequential estimate (set 2).
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Fig. 12 Perturbation time history in B-R due to +7 km long.
and |3 m spin radius errors for the 10~1! km/sec? sequential
estimate

Summary

The results of this paper are summearized in Fig. 13 where
the aim plane solutions at the end of the approach phase
(Nov. 6) are shown for the batch (B) and sequential filters,
(81, S2, Ss) with respective process noise values representing
acceleration errors of 10~12, 10-!, and 10-*° km/sec®. Both
Set 1 and Set 2 results are shown, with the Ag-in and Aa-out
solutions, respectively represented with the head and tail of
the arrows. ,

The following conclusions regarding the general behavior
of the filter solutions can be drawn:

1) The solutions of the sequential filter are markedly im-
proved over the batch solutions. The sensitivity of the Aa
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Fig. 13 Summary of approach solutions in the aim plane.

model is significantly diminished, indicating that the sequen-
tial filter does “filter out” the effects of random gas leaks.

2) The sequential filter alleviates the effects of station
location errors over the approach phase of Mariner 9. A
comparison of the sensitivity analysis plots in Figs. 7 and 12
bears this out. It should be cautioned that this phenomenon
is very possibly peculiar to Mariner 9 geometry and tracking
patterns, and may not occur in the general case.

3) The sequential filters appear to perform better than the
batch filter over a wide spread of process noise magnitude
assumiptions (10712 —10-'° km/sec?) hence performance
does not seem to be very sensitive to the users choice of
process noise. It should also be noted that the times of the
chosen batch separation points do not coincide with the
times of gas leaks. Thus the filter behavior is probably
not significantly degraded by the choice of any reasonable
batch-break structure.
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