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Abstract STARDUST is a mission to {flyby the comet
Wild-2 in carly 2004 andreturn sainples of the coma to
Earth. During its 120-150 kin flyby of the comnet nu-
cleus, a sccondary science goal 1s to obtain iimages of
the nucleus using the onboard navigation camera, Due
to the 40 minute round-trip light time, ground process-
ing of navigation data toupdate pointing inforination to
maintain the nucleus in the camera ficld-of-view is -
practical. ‘J bus, a stnple, reliable, and fast algorithin
was developedto close the navigation loop onboard dus-
ing encounter. The algorithin uses images of the nucleus
during approach to update target relative state inforina-
tion. This involves centroiding ontheimage to obtainnu-
cleus center-of-figure data and then processing the data
through a Kaliman filter to update the spacecraft posi-
tion and attitude. Monte Carlo sinrulations were then
performed to test the algorithm. These simulations iu-
corporated errors inspacecraft initial position and in at-
titude knowlede to provide a “tru th” model which the
filter mustrecover from. The results of the siinulations
proved that the algorithm was successful in maiuntaining
the nucleus in the camera field-of-view assuming nominal
values for the error sources. Iiven with worst case errors,
the algorithm performed successfully in over 90% of the
cases.
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1 INTRODUCTION

STARDUST, the fourth mission in NA SA’ s Discovery
program, is amission to belaunchedin early 1999, per-
forma relatively low velocity flyby of the comet P/Wild-2
inJanuary, 2004, aundreturn to Barthin 2006. Its primary
science goal is to collect 1000 particles of cometary dust
of greater than 15 wmicronus during the flyby and return
them to Barthin a sample return capsule. As secondary
scicnce goals, the spacecraft will also collect. interstellar
dust particles and obtain Wild-2 coma and nucleus im-
ages during the encounter. Due to the size of the navi -
gationuncertainties a the time of the final uplink of the
cncounter sequetice to the spacecraft, the tracking of the
nucle us during the encounter using the onboard camera
cannot be perforined open-loop. In addition, the large
(~40 minute roun d-trip light-tine) precludes ground in-
tervention during the encounter time period to update
navigation information. Instead, images taken with the
camera starting around 20 minutes prior to closest ap-
proachwillbe used to refine the coinct-relative spacecraft
st ate, andt herefore the camera boresight point ing direc-
tion to t he cotnet, ouboard the spacecraft itself. Because



of the tight turnaround neceded to maintain lock, the on
board algorithm has to be simple, reliable, and fast. It
performs centroiding to determine tile center of the conmet
nucleus, and incorporates this information into Kalinan
filter to update state information. This paper describes in
detail the algorithms used, and the results of simulations
to verify thecode.

2 T'1115 MISSION

STARDUST is the fourthnission of NASA’s Discovery
program, following Mars Pathfinder, Near Ilarth Asteroid
Rendezvous, and Lunar Prospector. The misston is a col-
laborative effort, with J 1'1, providing the project manage-
ment, navigat ion, and mission design capabilit ics, Lock -
Leed Martin Astronautics in Denver, CO providing the
spacecraft and most mission operations, and the Univer-
sity of Washington, where the Principal Investigator is lo-
cated. Thespacecraft will belaunched inmid-February,
1999 aboard a Delta 7436 launch vehicle. During its 5
year cruisc to the comet P/Wild-2,it will perform one
gravity assist using the Earth to give il enough cnergy
to rendezvous with the comet. Comet flyby will occuron
January 1, 2004 at a colnct-relative velocity of a little over
6 km/s. During this flyby, a unique substance known as
acrogel, developed at the Jet Propulsion Laboratory, will
be deployed to collect coma dust particles. The vehicle
itself will be protected from the hypervelocity impacts of
these particles using a forward facing shield (termed the
“Whipple” shield, in honor of astronomer Fred Whip-
ple).  The primary science requirement is to collect at
least 1000 particles of greater thanl1binicron size which
imbed themselves in the acrogel as the spacecraft flies by
the comet. Due to tile uncertainty in the models which
describe the density of dust surrounding the nucleus, the
actual flyby distance is still sornewhat uncertain, andin-
volves a trade-ofl between spacecraft safety and meeting
the 1000 particle requirement. With current comamod-
cls, the distance is set between 120 and 150 ki, but the
uncertainly inthe models is roughly a factor or ‘2 or 3.
Also duringthe flyby, coma andunucleus images will be
taken by the onboard camera through color filters and
downlintkedin real-time to the ground, except for a +4
minute period surrou nding encounter wh en the images
will bestored for later playback.

‘1’0 maintainthe comet inthe camera field-of-view (FOV)
during approach, encounter, and departure, the boresight
of thecamera must sweep through nearly 180° inangle.
Rather than mount the camera on a scan platform (anex-
pensive solution both in cost, complexity, and mass), this
task is accomplished by incans of a mirror which is free
to rotate about one axis such that it rotates inthe orbital
planc of the flyby. At 180 seconds prior to encounter, the
spacecralt perforins a roll maneuver to place the comet
in the mirror plane of rotation. In additionto scethe

coinet (luring ap])roach when it is hidden from view by
the Whipple shield, a periscope is mounted which peers
around the shield. This camera/mirror/periscope combi-
nation forms the imaging system which doubles as both
the science and optical navigation instrument.

After collecting the samples, the acrogel is stowed into a
sample return capsule equipped with anaeroshell where
it will remiain for the rest of the mission. The spacecraft
thenretargets its trajectory for anlarth return to oc-
cur 011 January 13, 2006. At k-1 days, the spacecraft
performs its final manecuver to target the SRC for a land-
ing withina 60 by 6.5 ki footprint atthe Air Force's
Utah Test and Training Range (U'I'T'R) facility. Several
hours prior to entry, the SRC is jettisoned from the main
spacecralt bus, which then perforins a divert mancuver to
keep it from also entering the Barth’s atmosphere. After
landing at UT'T'R, tile aecrogel with the samples is recov-
cred from the SRC and sent to a facility at the Johnson
Space Center for storage and dissemination to the sci-
ence team. For more information on the STARDUST
mission, sce its home page 011 the World Wide Web at
http://stardust.jpl.nasa.gov/.

3 NAVIGKI'1ON

The primary mode of navigation for the mission will be
standard X-band Doppler and ranging. Covariance anal -
ysis has shown that this is suflicient to meet the require-
ments for all deep-space manecuvers, Earth gravity assist,
and Barth return, For comet flyby however,the a-priori
uncertainties in the comet epheineris (around 1500 kin)
froin ground-based observations preclude using radio data
alone to navigate this phase of the mission. Therefore, the
onboard camera must be used to take images of the comet
prior to encounter to improve the comet ephemeris knowl-
edge suflicient to meet the 120-150 km flyby req uirement.
Starting a Wild-2 encou nter (W)-100 days, images will
be taken at the rate of once per week. These will in-
crease infrequency to twice per weck at W-50 days, once
per day at \W-7 days, and once pcr hour at W-1 day.
These optical navigation (OPNAV) images are used to
support four Trajectory Correction Mancuvers (TCMs),
occurring a W-30 days, W-10 days, W-2 clays, and M-
6 hours. Concurrent science images taken at the same
frequency arc also used to refine the coma model to de-
termine dust density. A final decision on the actual flyby
distance will be made and implemented at the W-2 day
TCM. With the combinat ion of radio and OPNAV data,
the delivery of the spacecraft to its aimnpoint at the final
Wild-2 targeting TCMwill be accurate to roughly 8 kin
inthe crosstrack direct ion, and 150 ki (or 24 seconds)
in tile downtrack, or time-to-go, direct ion, (all 1a).

These delivery accuracies are sufficient to maintain space-
craft safety and meet the pritnary science requirement



assuming the minimun encounter distance dots not go
below 120 km. However, they are not suflicient to sup-
port the secondary goal of encounter nucleusimaging.In
particular, the crosstrack uncertainly is not small enough
to determine the exact orbital plane to which the space-
craft must roll. Also, the down track uncertaiuty is too
large to determine which direction to point the mirror in
the minutes surrounding closest approach. OPNAV im-
ages Laken past the final targeting TCM wijll, of course,
provide very accurate information which canreduce both
uncertainties, but the 40 minute round-trip light-time ef-
fectively rules out controlling the roll angle and mirror
pointing angle from the ground. This is what necessi-
tates using closed-loop onboard navigation to maintain
visual lock onthe nucleus by the camnera to meet the
imaging science requirements. The procedure during en-
counter will be to initialize the onboard navigator with
comet-relative positionand velocity inforimation obtained
from standard ground navigation at 20 minutes prior to
the nominal encounter time. From this time onward, -
ages will betaken at 10 sccond intervals and processed by
the onboard navigator to update the spacecraft position.
This provides a new line-of-sight (LOS) pointing vector to
the comet which is passed back to the spacecraft Attitude
Control System (ACS). The pointing vector information
is then combined with current spacecraft attitude knowl-
edge by the ACS to determine the correct mirror angle
for the next image.In addition, the up dated spacecraft
ephemcris also provides information on the flyby orbital
plane; ACS will compute the roll angle needed to place
the camera/mirror in this plane and execute the turn at
the proper time. The entire process requires a tight loop
between the onboard navigator and the ACS. Theremain-
der of the paper will now describe in detail the algorithms
and tests used to verify thenavigationportion of the au-
tonomous nucleus tracking system.

4 IMAGING SYSTIM

There arc threc primary components to the imaging
systemm used on STARDUST: the camera, mirror, and
periscope. The camera is mounted such that the bore-
sight points straight down the spacecraft Y axis (sce
Figure 1). The mirror is then canted at a 45° angle to the
camera boresight and allowed to swivel around the space-
craft ¥ axis such that the effective camera boresight view
ing direction sweeps from the spacecraft +X° axis to the
— 7 axis and finally to the —X axis with the convention
that 0° mirror angle is +X, 90° is —Z,and 180° is —X.
During encounter, the spacecraft will be oriented such
that the spacecraft +X axis (where the Whipple shicld is
located) is along the comet-centered spacecraft velocity
vector, and the spacecraft X-Z plane is coincident with
the comet-centered orbital plane of the flyby. If the nav-
igation delivery were perfect then, the comet would be
located at exactly —7Z a encounter. The periscope is a

Periscope

Navigation Camera

+X

Figure 1: Spacecraft Configuration

two mirror system and is used Lo look at the approach-
ing comet around the Whipple shield, but (assuming no
misalignements) does not change the boresight viewing
direction of the camera.

The camera itself has a 200 mm focal lengthlens which
focuses light onto a 102421024 Charge Coupled-Device
(CCD) array. Theangular FOV of the camera is 3.5°.
For science purposes, the comet willbe imaged through
seven color filters mounted on a filter wheel. A ¢l ear filter
for maximum light transmission is aso provided for nav-
igation images. To control the ainount of light exposed
to the CCD, the camera is equipped with a shutter which
has a minimumn shutter speed of 5 ms and amaximum of
infinity. Analysis has shown that at encounter, the mini-
mumn speed sh ould be faSt enough to keep the com et from
being overexposed.

5 KALMAN FILTER SKETUP
Introduction

T'he purpose of the Kalinan fitter is to use the onboard
data to correct the nominal comet relative spacecraft po-
sition so that the camera will be pointedin the right
dircction to capture the nucleus in future images. The
nominal comet relative spacecraft ephemeris is provided
by ground-based navigation. The sole datatype used by
the onboard navigator for nucleus tracking is the image
of the comet. By determining the center of the nucleus
in the 1image, the LOS direction of the comet fromn the
spacecraft can be computed. Fxplicitly though, the 1,08
to the nucleus is not actually computed from the image;
instead, the pixel and line (the 2 andy coordinates in the
CCDimage) location of the nucleus center is determined
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Figure 2: Camera I'rame

from the image and differenced with predicts of the cen-
terlocation to obtain data residuals. I'hese residuals are
then processed by the Kalman filter to get corrections to
the a-priori state.

Observable Generation

In order to compule predicts of the comet location in
the camera FOV, the transforimation of aninertial vector
into camera pixel andline coordinates is necded. This is
athrec step process; the first step is to rotate aninertial
vector into a camecra coordinate frame (the M-N-1 frame
shown in Figure 2), the second is to project these 3-D
coordinates into the 2-1) camera focal plane, and then
finally scale the result into values of pixel and line. In
the following derivation, the notation Ky(0), K2(0), and
R3(0) will be used todenote positive @ rotations about
the z, y, and 2 axes, respectively.

First, we need the inertial to spacecraft )ody-fixed rota-
tion matrix, Z7ygp. This is provided by the ACS system
using 1n formation froin the star tracker or gyroscopes.
The rotation to the camera M-N-I, coordinate system
requires several steps.Recall that the caincra borcsi.gilt,
L, is poimted in the spacecraft -}’ axis, which puts the
camera M-N plane inthe spacecraft X-Z plane. The ori-
entation of M-N is defined with M parallel to X and A’
parallel to 7. If the mirror angle, 0, is 0° (i.e, themirror
is pointed along the spacecraft X axis), thereflection el
fectively transforins M-N-L to M'-N'-1/ such that I’ is
now along X, M’ pointsin =Y, and N’ remains the same
(Figure 3). This transformation can be accomplished via

1y = 18, 15(90°) Ky (90°), @
where
-1 0 0
R, = 010 @)
[ 001,

The matrix, I2,, accounts for thenirror reflection about
the X-Z plane which flips M from Y to —Y with the re-

Camera

<

Spacecraft Body-Fixed Frame

Mirror

Effective Camera Frame

Figure 3: Spacecraft and Camera Coordinate Frames

suit that M- N’- 1" isno longer aright-handed coordinate
system.

Now, as themirror swivels abouttheY axis with angle 8,
L' will sweep through the X-Z plane. In addition, since
the camera is fixed while the mirror swivels, theimage
willappear to rotate shout the boresight. This rotation
is applied as,

Ty = Ry(0) Ry (0), &)

where the second terin is a positive rotation about —M’
(since t he coordinate system is not right-handed) to align
the boresight, and the first termn rotates around the bore-
sight. The total transformation]] frominertial to the cam-
cra frame, 7} 1s then

(4)

An inertial LOS vector, V, can then be rotatated into a
vector in the camera coordinates, Ve by

Tie =1 1py.

Vc 1
®)

I'or a different orient ation of the caimnera mounting) the
procedure followed would be the same except that +90°
or 4180° would necded to be added to the K3 rotation



in BKq. (1), and a different reflection matrix would be
necded.

Once \70, a 1.OS vector in camera M-N-1 coordinates is
obtained, it needs to be transformed into the 2-1) camera
focal planc. A detailed description of this processcanbe
found in (1; a brief synopsis Will be given here. First,
apply the gnomonic projection,

SR
Yy ~Vc:; Vez

f = the camecra focal length,inmm
vcl ’ ‘/Cﬂa ‘/03

(@)

where

== the components of the line-of-sigllt,
vector in M-N-1I. coordinates

2,y = 1ihe projection of the 1,0S vector

into foca planc coordinates,

measured in 1.

Next, findthe hiss to z and y, Az and Ay, caused by
optical distortions by:

Vi
1473
Ax V3
= : 7
[Ay] Q| ™
Vg
Ve
with
e er?  —yr® et 2y 2? (8)
- aroyr? 2rd ot Yyt a2y

where 1 = 22 4 3%, and the v’s are the optical distort jon
coeflicients. The corrected image locations, 2’ and y', are

then
2!
[ v ] N [

Finally, the conversion from the rectangular coordinates
to pixel and line is:

4+ Az } . )

y1 Ay

. . . 2’
'y K. Aa‘y ]‘:ra'y ’ Do :l
- B zy K - (10
[ ! ] [ Kyr Ky  Kyay a:!,/U/ 00

where IL” s a translormation matrix frommmn to pixel/line
space, and p, and [, arc the center pixel and line Of the
CCD. Currently |, the v’sin Iiq. (7) and all cross terms in
the K matrix in Eq. (10) are set to zero. During flight,
calibration images of dense star fields will be taken and
used to accurately determine these parameters. X, and
Ky for the STARDUST camera is 83.8 pixels/mm.

Cenlerfinding

Centerfinding is the process of obtaining the center of the
target object in the iinage for use by the filter. Histori-
cally, this process has been refined throughthe Voyager
cncounters with Neptune and Uranus such that accura-
cies of muchless than a pixel are possible [2], [3]. The
pictures taken by the spacecraft of planetary satellites
were senit to the ground for processing. Here, an analy st
would first determine a rough center by eye; computer
algorithins which model the ellipsoidal shape of the tar-
get with correct lighting due to phase angles and albedo
variations could then refine the center location guess to a
high accuracy. For STARDUST however, the centroiding
must be done onboard without human intervent ion on an
object with unknown size, shape and albedo properties,
and with the additional complexity of random bright ar-
cas appearing due to comet outgassing.

Currently, the only closeup images of a comet from a
spacecraft were taken by the Giotto spacecraft as it flew
by Halley in 1986. The images show multip le, large bright
jets emanating from the comet and a dark nucleus barely
visible, “1’0 the huwinman eye at least, it appears that a
brightness centroiding algorithim would pick a location
outside of the nucleus, which would require a much more
complicatedalgorithin to locate the nucleus. Fortunately,
Wild-2 should be considerably less active than Halley was
with the result that, when the spacecraft is inside the
comna, the nucleus should be the brightest objectin the
image. In addition, outgassing activity shiould also be less
frequent over the encounter titne span and over a smaller
spatial extent around the nucleus.

For these reasons, it was decided to use a simple bright-
ness moment algorithm as the first step in the centerfind-
g process,

N N N N
- . T,

9> SN 55 3110

j=1id=1 j=1i=1

P = TN e =T (11)

N -

SIS 9 99

j=11i=1 j=1i=1

where /%5 is the brightness value at pixel7 and line j,
A’ is 1024, and pebandler are the computed brightness
centers. Inaddition, the F;;s are chosen such that

Ilmin S ]Jij S ])ntar

(12)

where F3nin is the minimum background noise value and
Pyiar is the limit beyond which the brightness probably
represents unusual outgassing activity. The actual val-
ucs for these boundarics will dependon calibrations done
during flight and far encounter when comet models will
be 1mproved.

I'his algorithim produces a center-of- brightness estimate
(COB); what is needed isthe ce~lter-of-figure (COIY). If



the object were spherical, a simple correction factor con-
puted ‘as a function of the solar phase would suflice to
obtain the COB-COY offset and the resulting COI" esti-
mate would be accurate to the pixel level. Although it
is highly unlikely that Wild-2’s nucleus is spherical, the
off’set is stillapplied to remove gross errors in the COB
to COY offset. The formula is

LA
716 (

Ldﬂfrsing(] + cosa) (13)

—a)cosa+sina

wlere the offset factor, 7 cantake values between 0 and
1 to represent the offset as a fraction of the assumed ob-
ject radius, K. a is the phase angle, which, during en-
counter, will vary between 70° during approach to 10° at
encounter. To apply the correction then, first find the
direction of thesuninthe camera coordinates by rotat-
ing the inertial LOS vector to the sun, A using 77¢ from
above, i.e., A, = T1c A. Then, compute the sun direc-
tion in the image, ¢, measured clockwise from 0° inthe
positive pixel direction, as

¢ =lan" Ay /Acr). (14)

The observed nucleus center is then:

Po = poy — YHccos ¢
lo =l — yHcsing.

(15)
(16)

where /¢, is the size of the nucleus transformed into pixel
units. Given the range to the nucleus, p,from the nominal
ephemeris, /¢, canbe computed as

a7

Because the true size and shape of thenucleus is un-
known, the accuracy of the COY estimate is diflicult to
establish. For use inthe Kalman filter, the COl* data
was weighted fairly conservatively, as will be described
below. Loose weighting of the data also mitigates the ef-
fects of systematic biases introduced by using brightness
centroids.

To minimize the possibility that brightness centroiding
was perforined on empty space or random unoise, the
search area to perform the centroiding is narrowed down
by boxing aregion around the a-priori guess at thecenter
location. The box size is set by projecting the position
uncertainty ellipsoid into the camera plane, taking the
largest dimmension of the ellipse andadding tile size of
the nucleus (a 2.50 cllipse is used). Inaddition, the inte-
grated brightuess in the centroided region must be above
a certain threshold for the image to be vaid. The value of
the threshold is still to be deterinined and will dependon
the observed sensitivities of thecamera {rom calibration
nnages taken in flight.

‘I'able 1: 1 6 Values for Gyro Frror Model Parameters

Initial Attitude Error
Random Attitude Noise
Gyro Drift Rate

Gyro Random Walk

0.1 deg.
1.9X10-4 deg.
0.0033 deg/hour,

0.025 deg/Vhour

Dynamnics Model

The time frame during which the onboard navigation pro-
cessing will be active is shout the 20 minutes surrounding
closest approach. Because the flyby distance is fairly large
(> 100 km)andthemass of thecomnet is fairly small, the
trajectory during this time is essentially linear (perturba-
tions causced by iinpacts with comet dust particles is also
negligible). Thus, the trajectory model used by tile filter
can safely assumed to be a straight line,

(18)

);:t() -+ AE:!(i ‘10)
¥ (19)

Xi().

where X is thcpositionandf is the velocity, expressed
in the comet-centered, J2000 Earth Mean Equatorial in-
crtial coordinate system. The initial conditions, X0 and

N1 when onboard navigation is started arc provided by
the results from ground-based navigation. The uncer-
tainties in these initial conditious is largely inthe posi-
tion (around 8 km in the crosstrack directions, 150 kmn
indowntrack), whereas the velocity is well determined
from Doppler data to better than 10 cin/s. For this rea-
son, the onboard filter only nceds to update tile posi-
tion; the velocity is assumed to be perfect and is not up-
dated. Thus, corrections to the comet-centered position,
AX = [Az Ay Az]T, form the first three components
of the estimate vector.

It was recognized fairly early that the knowledge of the
spacccraft attitude was a major error source during en-
counter. During cruise, ACS determines the spacecraft
attitude using a star tracker. During encounter, however,
there is no guarantec that stars will be visible through
the comma, so gyroscopes are used to obtain spacecraft at-
titude.

The gyros arcinitialized with values from the star tracker
several hours priorto encounter, depending on the ob-
served comaopacity. These initid values will have a bias
associated withthem. As time passes, the gyros will also
drift, and have random perturbat ions which affect the
mecasurcinents. The statistical nature of the biases and
drifts can be deterinined beforehand, and are given in
Table 1 [4].

I'he above values can be used to forin a model of space-
craft attitude knowledge errors. A randomsampling of



the values are taken and the gyro drift is computed as a
function of time for each of the three spacecraft axes (Fig-
ure 4). The drifts are taken to be rotations about each of
the spacecraft axes, that is, the true spacecraft attitude
is a rotation about the computed spacecraft XY, and 7
axes with the magnitude given by the plots in Figure 4.
The net eflect on the observed positions is shown in I'ig-
urc 5. Tlie plots show what the data residual would look
like if the trajectory knowledge and centerfinding ability
were perfect, and the only error is caused by spacecraft
attitude knowledge errors. It is clear thatthe effect on
the data due to this error source is large and must be
accounted for in the filter. Thus, in addition to correc-
tions to the position, the filter estiinates corrections to
three components of spacecraft attitude: the right ascen-
sion (A) and declination (6) of the body-fixed X-axis, and
twist (y), therotationabout this axis.

Filler Fquations

The filter used to provide a state update al the current
time, {; is a standard extended Kalman filter. Duc to the
fact that the translational equations of motions arc linear,
and only corrections to the nominal attitude arc needed,
numerical integration is not needed which greatly simpli-
fics the filter. First, the obscrvation partial derivatives
withrespect to the state, /;, is:

_ 91 1) B

H=—""

20
Az, Ay, A2, AX, A8 Ap) (20)

The partials arc computed numerically using central dil-
ferences. Yor example, the partial of pixel or line with
respect to one of the estimated paramcters, q, is:

) + bq) -- -6
Op _ plg +éq) - p(g- éq) | (21)
dq 26q
where p, 1 == f(X, A, 8, ¢, 0) and can be conp uted using
Fqgs. (1 )-(10). ‘JO get the dependence on A, &, and 9, note
that 7y in Fq. (4) can be computed as

7'11”- = Rl(<p)]fg(—6)]f] (A), (22)
where 12y, 9, and I3 arc rotations about the spacecraft
X, Y, and 7 axes, respectively.

Since the only estitnated parameters are the position and
constant attitudes, the state transition matrix to map
estimates from ;. 1to{; is the identity matrix. T'hus,
the a-priori covariance at t; is the same as for ¢;-1, that
is, 7 )
y=Flioa. (23)
The standard form of the Kalman gain matrix can then
be written as:
K; =

a4 ) (24)

(a) Rotation aboutspacecralt X-axis
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Here, I; is a diagonal weighting matrix,

2 0
- P g
w=l% )
whe re o2 2

- and o/ arc the weights ou pixel and line, re-
spectively, The data weight is the square of the assumed
radius of the nucleusin pixel space, which,assuming a
2 ki nucleus radius, varies from minimun of 4 pixels at
W-20 minutes to a maximum of about 220 pixels at en-
counter. The updated estimmate of the state, &, is then
given by:

(25)

Ax
Ay
Az
AX
Aéb
Agp

(26)

= ]\"1’ [

where the observed centers, p, aud I, are obtained from
the centroidi ng process, and p. and [ are computed using
Egs. (1)-(10) aud the nominal value for X. Finally, the
updated covariance at {; is calculated as:

Po — Pe
l,—1. |’

Pi— (1 - Kil) P 27

Given the equations for the Kalman filter, the centroid-
ing process, aud the inertial to camera transformations,
the algorithm to do the updates can be described. Prior
to starting the autonomous tracking, the software is ini-
tialized with the current camera model, predicted nucleus
size, aud the spacecraft state (positionand velocity) as
determined from ground-based navigation at the start
time. The covariance on the initial position is also pro-
vialed. As cachimageistakenby the camera (a a nominal
frequency of one every 10 seconds), the tracking software
is run to u pdate pointing predicts for the next image. The
inputs to the process as it is running arc:

o The shutter open time for the current image.

o The 323 inertial to spacecraft body-fixed rotation
matrix, 7ypy, at the time the image was shuttered.

« Themirror angle, 8, at the time heimage was shut-
tered.

o The image itself.
The algorithin used to generate a p edict. for the next

picture opportunity when provided the above information
with each picture is as follows.

1. Compute the current spacecraft rignt ascension,
declination, and twist by decomposing the 77p

matrix using the equations:

_1 (Tisr(1,2)
_ 1 (],
A= tan (Juu(l,l)) SR
-1 (Tisr(1,3)
B 1
6 = tan ( A e
Tipr(2, 3))
= t
14 an- <7””(3 3) B0 )
where
A = \/7'11;}‘-(],])24'7)Iff'(]a2)2' (3])

2. Add the previously filtered attitude corrcctions,
AMX Ab, and Ap to the ACS provided attitude in
Iigs. (28) to (30). For the first image that is pro-
cessed. these corrections are assumed to be zero.

3. Addpreviously filtered corrections to the nominal
position and propagate the position to the current
time. The corrections will bezero for the first 1n-

age

4. Process the picture to get the observed nucleus cen-
ter location, using the notninal current position to
start the search aud to get the range to the nucleus
to compute data weights.

5 Compute a corrected spacecraft attitude, 77y us-
ing the updated attitude from step (2), using Eq.
(22).

6. Usingthe current position and corrected attitude,
find new estimates for current position aud correc-
tions to the attitude with the filter equations shown
inkgs. (20) to (27). Only oneiteration is needed
for convergence.

7. Store the updated position and attitude corrections
for use whenthe nextimage is obtained.

6 MONTE CARLO SIMULATION AND
RESULTS

Introduction

If the dynamic equations used in the filter precisely mod-
eled the true forces acting on the spacecraft, then the
covariance obtained after filtering would accurately repre-
sent the statistics of the estimated values. This is clearly
not the case however, as we have dcliberately used a re-
duced set of dynamics to keep the algorithm simple aud
fast. I'or this reason, Monte Carlo simulat ions are necded
to assess tile ability of the algorithm to maintain visual
lock on the nucleus. For the simulatons, a “truth” model
of the trajectory, spacecraft attitude,and observations
are generated and provided to the filter. For a givenrun,



the t ruth model represents a random sampling of the er-
ror sources which affect that model. One-h undred runs
are performed, and the results are evaluated by determin -
ing whether or not the nucleus was visible i the camera
POV at al times. The details of this process will now be
described.

Trajectory Model

The truth trajectory is integrated forward from the start-
ing conditions using numerical integration of the fall
t ranslational equations of motion of the spacecraft. These
equations include the central body force from the sun,
plus third body perturbations from the nine planets and
solar radiation pressure. The starting conditions are ob-
tained from arandom sampling of the position uncertain-
tics at time of initiation for autonomous tracking, which
is assumed to be 20 minutes prior to the nominalen -
counter tumne. ¥From tile latest ground-based navigation
studies, it hasbeen determined that the uncert ainties in
position at this time are 8 kminthe crosstrack direction
and 150 km in the downtrack (all la). For the simulation
then, independent random samples of these values with
a Gaussian distribution arc drawn for cachrun, rotated
into the comet-centered cartesian coordinate system, and
added to the nominal initial state. The posit ion and ve-
locity are propagated using a Runge-Kutta 4th order in-
tegrator. Since the truth trajectory is known, it canbe
compared to the filtered position estimatesto assess filter
perforinance.

Spacecraft Atlitude d fodel

During actual flight, the spacecraft atttitude will be main-
tainedusing a closed-loop ACS control system [5]. The
closed-loop system is necessary because it is expected that
particle impacts on the Whipple shield during flyby will
causc attitude excursions which the control system must
correct. Knowledge of thecurrent attitude is provided
by gyros which are initialized around 5 hours prior to en-
counter. The requirement is that the control system be
able t o recover from attitude hits of upto 2°. Excur-

sions this large, however, will resultin 10ss of theimage

because it takes time to return to the correct attitude.
The frequency of this happening is unknown a present,
and highly dependent on dust density models whichi are
currently t hought to be accurate only to an order of mag-
nitude.

Simulations of the ACS control systemn are being per-
formed a Lockheed Martin Astronautics; however fall
mtegration withthe navigation autonomous tracking will
not be accomplished until November of 1997. Thus, the
spacecraft attitude model in our current simnulation only
incorporates the gyro drift model described in Table 1

above, which assuines errors in attitude knowledge but
perfect control. Once again, Gaussian distributions o f
the initial bias and random noise are sampled for each of
the three axes, and atime history of therotations about
the axes are generated (Figure 4). Starting with the nom-
inalinertial to spacecraft body-fixed rotation matrix,in-
cremental rotations from the error sample are applied at
cachimage time ant] passed to the tracking algorithm to
mimic ACS’s attitude knowledge. The “truth” attit ude
inthis case is simply the nomninal, which can be compared
to the filtered estimates from the algorithin.

Obscrvation Model

The ability to compute anucleus centroid from the image
is a crucial component of the tracking algorithm. Inorder
to properly test this component, accurate representations
of the comet nucleus and coma arc needed. This is a dif-
ficult task however,and still a work in progress, partic-
ularly since parameters which describe the coma bright-
ness and dust densitics nave large uncertainties associated
with them. Nevertheless, some simple simulated images
hiave been generated and the centroiding algorithm does
perform fairly well in determining their centers.

Theuse of generatedimages for Monte Carlo simulations
i s necessarily limited, though, due to the large amount
of time needed to produce asingle 1024 square image.
Instead, the gencral characteristics of the observed cen-
troids can be deduced fromn a single run through one sam-
ple encounter scenario and applied empirically for others.
These general characteristics are a function of the size and
rotation rate of the nucleus, and the phase angle at which
it is obscrved. The procedurc used to produce simulated
obscrvabl es is as follows. Here, primes represent. “true”
values for the various quantities.

¢ Compute the true center of the nucleus, pf, I/, in
the camera 'OV by finding the relative spacecraft
to comet vector, using the integrated truth space-
craft trajectory, andthentransforming to pixel/line

coordinates using Fgs. (1)-(10).

o Compute simulated brightness offset by using Eq.
(15) and (16) in reverse,

P = ph A y(F R cosd 4 G e, (32)
Ly, =1, -t y(FR)sing + (FyR.)o,. (33)

Here, F, the multiplier to the true radius in Fas. (32)
and (33) is a scale factor to obtainbrightness shifts as a
percentage of the true radius, T'lhe parameter can be var-
iedto simulate the effects of different shapesand its effects
on the brightness centroid. The third termin (32) and
(33) is used to add random noise the simulated brightness
centroid, with amagnitude once again a percentage of the



true nucleus radius. o, is arandom sample of Gaussian
noise taken at each image withi a mean of zero and unit
standard deviation

Results

The results of a 100 sample Monte Carlo simulation to
test the nucleus tracking algorithin is shown in Figure 6.
For these runs, the truth state was sampled from the noin-
inal uncertainties of 8 km crosstrack aud 150 ki dowr 1-
track and the truth attitude was sampled fromthe gyro
error model inTable 1. The observations werc obtained
using values of Fsand F, of 1.0 and0.25,that is, the
brightness shift was 100% and random noise 25% of the
radius, respectively. The true target radius was set at
2.6 kin, whereas the filter assumed a 2.0 kin radius. Ob-
servations were taken starting at W-20 minutes to W42
minutes, with a 40 second gap starting at W-180 seconds
to account for the roll mancuver.IFigure G plots the differ-
ence between the true spacecraft position and estimated
position at each observation time inthe downtrack, out-
of-plane crosstrack, and in-planc crosstrack directions, for
al 100 samples.

Qualitatively, il is clear from the plots that the initial
position error is being removed by the filter. Sorne sim-
ple quantitative checks can be made also. First, it can
tkc noted that the out-of-plane crosstrack error must be
roughly less thanhalf the cainera FOV (1 .75°) at the
time of the roll inanecuver initiation so that the nucleus
will sweep by in the correct mirror plane. Given a nom-
inal flyby distance of 150 kin, a 3o in-plane error places
the minimuinflyby a 125 km, so multiplying this value
by thetangent of 1.75° gives about 3.7 kin.Thus, if the
out-of-plane error at roll initiation is greater than 3.7 kin,
most of the nucleus will be logt,. T'he upper aud lower 3.7
kin boundary is marked as clashed lines inI'igure 6(b),
and it is seen that at W-180 seconds, the error in all 100
samiples is less than this amount.

The downtrack error behaves slightly differently. At a
far distance, the downtrack error has no effect on canera
pointing since the camera boresight is effectively paral-
lel to the downtrack direction. As the comet ap proaches,
the downtrack error rapidly rotates into the camera fo-
cal planc until encounter is reached, at which time the
maximum error that canbe tolerated is thesamme as for
the crosstrack, 3.7 km. The envelope described by the
maximum error is shown by the parabolic dashed lines
in Figure 6(a) (earlier than W-420 seconds, it is off the
scale). Again, al 100 samnple errors arc below the thresh-
old.

As a final check, a circle describing the projection of a
spherical nucleusinto the camera focal planc was com -
puted a eachimage.1f over 10% of this circle was out of
the camera FOV, the image was flagged badand it was
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assuimed the nucleus was lost. Given the nominal values
for’ theerror sources, only two of the 100 samplesrun lost
the nucleus according to this criterion.

This test assumed that al images were available and could
beproperly processed fOr centroid information. It is likely
though, that images will be lost, either due to the space-
craft attitude being knockedoff by particle iimpacts, noise
intheimages which throw off thecentroiding, or other
factors. Thus, a second sitnulation was performed where
approximately 40% of the images were deleted, where the
deleted images were distributed randomly through the
run. The results showed that evenin this case, the al-
gorithm performed successfully, wit honly 3 out of 100
failures as determined by the circle criterion.

A third variation to test the systetn was to double the
uncertainties on the gyro model given in T'able 1. In this
case, the amount of of loss duetothe circle criteria was
12 out of 100. However, the probability of getting at
least some part of the nucleus is still fairly high. This
can beseen graphically by examining tile histogram plots
in Figure 7 and Figure 8. These show tile spread of the
estimated errors inthe out-of-plane cross track direction
at the initiation of the roll mancuver (W-180 see), and
error spread of the downtrack direction at the nominal
encounter time, for the nominal case in (a) and degraded
attitude knowledgein (b). The vertical dashed lines show
the threshold error at which the nucleus is more than half
oul of the camera FOV.InFigure 6(b), it can be seen that
ouly oncsample was greater thanthethreshold, indicat-
ing that the correct orbital plane was deterinined 99% of
the time. Inthe downtrack direction, 4 or b samples were
above the threshold which means thatinthese cases, the
encounter images were lost. ‘1’bus, for about 94% cascs,
part of the nucleus was still inthe 'OV,

A final variation was o doublethe initial navigat ion po-
sitton uncertaintics. The results from thisrun arc plotted
inthe histograms inFigure 7(c) andPigure 8(c). Inthis
case, theroll mancuver was accurately determnined for all
cases, butthe downtrack distance was missed in about 8
of thein.T'his is reflected inthe circle test., with 8 out
100 1losscs. If, the ground-based navigationuncertaintics
arc really this high, however, it is likely that the flyby dis-
tance will be increased, making it easier for tile algorithm
to tort ect the downtrack error.

7 TIMING

Inaddition to being accurate, a prime considerationinthe
algorithim development is the timing needed to performn
all the tasks. The computer onboard STARDUST is a ra-
dial ionhardenend R6000 processor capable of running at
speeds of 5, 10, and 20 Mz (20 Mz will be used during
encounter for the tracking code). This processor is sini-
lar to the PowerPC processor and uses much of the same
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architecture and code set. Timing tests have beendone at
Lockheed Martin on a PPC 603 running at. 66 M1z to sce
how fast the algorithm perforins. These tests show that
the entire tracking code completes in approximately 2.7
seconds, with the majority of the time is taken up inthe
brightness centroiding portion [6]. Although the R6000
runs a aslower clock speed, it performs faster onfloating
point operations,so overall the timing degradation from
PPC 603 to R6000 should not be very uch.The 2.7
second time meets the requirement, but further speed-up
is still being looked into. One simple way to do this is
to centroid using every other, or every third pixel,inthe
brightness moment algorithm. This should not aflect the
centroid location at close distances when the nucleus will
fill up a substantial portion of the camera frame, but will
at far distances, so a range check would need to be made
before subsampling.

8 CONCLUSIONS

The simulations described arc a good first test of the algo-
rithm to assess its performance. By themselves, however,
they arc not suflicient to completely proveits reliablity.
Thetwomajor areas where further work necdstobe done
are in comet visualization modeling and spacecraft. atti-
tude modeling. For the former, work is continuing on
developing a realistic model of a comet, complete with
irregularly shaped nuclei and a coma. These new images
will then be provided to the centroider. Assuming dif-
ferent parameters for the dust density and other optical
properties, the ability of thecentroider to accurately find
the nucleus can be tested under different conditions. | f
the simple brightness centroiding is not robust enough
for themajority of cases, more complicated centerfinding
algorithms need to be developed.

The spacecraft attitude modeling issue is ninportaut be-
cause it is yet uncertain how particle inpacts will aflect
the tracking performance. Thisaspect was crudely sim-
ulated by randomnly deleting some percentage of the im-
ages. During flight however, the losses will probably not
be quite as random and may be concentrated in the min-
utcs surrounding encounter when the dust density will
be greatest. The onboard ACS will attempt to return
the attitude to the correct orientationafter impacts, but
without coupling an attitude control simulation with the
nucleus tracking algorithin, it is diflicult to determine if
the impacts will result in loss of tracking, and if so, at
what level ofimpacts thishappens. This test is currently
scheduled to be performed sometime late in 1997.

Finally, it should be noted that, although the nucleus

fiyby of an asteroid andcomet [7]. Since both these fly-
bys occur wellbefore STARDUST reaches its target, they
will provide a good realistic test of the systcin.

ACKNOWLEDGMENT

Thework described in this paper was carried out at the
Jet Propulsion Laboratory, California Institute of Tech-
nology, under contract with the National Aeronautics and
Space Administration.

REFERENCES

[1] W.M.Owenand R.M. Vaughan, “Optical Navigation
Program Mathemat ical Models” JPL Internal Document
JPL-EEM 314-513, August 9, 1991.

[2] J. Riedel, W. Owen, J. Stuve, S. Synnott, and R.
Vaughan, “Optical Navigation During the Voyager Nep-
tune Fncounter” Al AA/AAS Astrodynamics Specialist
Conference, Al AA-90-2877, Portland Oregon, August,
1990.

Bls.p. Synnott, A. J. Donegan, J. 1. Riedel, J. A. Stuve,
“Interplanetary Optical Navigation: Voyager Uranus En-
counter”, AIAA Conference, Williamsburg, Virginia, Au-
gust, 1986.

[4] E.P.Lander, Lockheed Martin astronauticsBDenver,
CO, personal communication.

[5] k. D). Lander and S. K. Hollar, “Attitude Control and
Survival of the STARDUST Spacecraft During the Coma
Passage of Wild-2", AA'S 97-005, AAS Guidance and
Control Conference, Breckenridge, CO, February, 1997.

[6] D). Gingerich, Lockheed Martin Astronautics, Denver,
CO, personal communication.

[7] J. K. Riedel, S. Bhaskaran, S. P. Synnott, S. D. De-
sat, W. L. Bollman, P. J. Dumont, C. A. Halsell, D.

Han, B. M. Kennedy, G. W. Null, W. M. Owen, R. A. 0
Werner, and B. G. Williams, “Navigation for the Ned |
Millennium: Autonomous Navigation for Deep-Space-17,
Proceedings 12th International Symposium on Flight Dy-
namics, Darmstadt, Germany, June, 1997.

tracking algorithim was developed for the STARDUST
mission, it can be easily applied to any mission that incor-
porates small body flyby. Current plaus cal for using a
nearly identical version of the tracking code for the New
Millennium Program’s Deep Space 1 mission during its



Shyam Bhaskaran is a Senior Enginecring Stafl mem-
ber of the Optical Navigation Group atthe Jet Propul-
sion Laboratory. His current tasks include the design,
development, and testing of the autonomous navigation
system for the New Millenniuim Deep Space 1 mission. In
addition, he is aso responsible for developing and testing
the autonomous nucleus tracking system for the STAR-
DUST mission. In the past six years at JPL, Le was
also a navigation teammember of the Galileo mission,
and has participatedin several advanced studies for ra-
dio and optical navigation systems for future missions.
Dr. Bhaskaran received his B. S. and M. S. at the Uni-
versity of Texas at Austin, and a Ph. ). at the University
of Colorado in Boulder, all in Acrospace Engineering.

Joseph E. Riedel received a B.S.in physics and as-
trophysics from the University of California, Irvine in
1978. Immediately joining the Voyager Navigation Team
a JPL, he participatedin al planetary encounters of both
spacecraft, and was the lead optical navigation engineer
for the Neptune flyby. After leading the opnav efforts for
the Galilco asteroid flybys and early Galilean tour, he be-
came the New Millennium Navigation Team chief, direct-
ing the development, of a completely autonomous optical
navigation system to guide the approach and flyby of DSI
pastan asteroid, Mars and a comet. He is an author of
nunierous papers on navigation, optical navigation and
navigat ion-rclated image processing technology.

Stephen Synnott received a Ph degree from the Aero-
nautics and Astronautics departiment at MI'l' in 1974 and
has beeninthe Navigation Scctionat JPL ever since. He
is currently supervisor of the optical navigation grou p in
that section. e was leader of optical navigation opera-
tions for both the Voyager and Galileo nissions, and has
been involved inmany studies of future planetary mis-
sions and the usc of radio tracking data for navigation
and planctary science purposes. Most recently he has su-
pervised the development of an autonomous optical nav-
igation system for interplanctary missions to be flown for
the first time or the New Millennium Deep Space 1 mis-
sion. Dr. Synnott has discovered 13 previously unknown
satellites of the outer planetsusing Voyager imaging data
He is a member of the American Astronoinical Society
and the International Astronomical Union.



