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ABSTRACT

On July 4, 1997, t he Mars Pathfinder spacecr aft
successf ully landed on M ars in the Ares Vallis landing
site and depl oyed an 11. 5-kilogram madrorover nam ed
Sojourner. Thi s microrover accom pl ished its prim ary
m Bsi on obj ectives in the first7 days,and cont inued to
operate forat otalof83 sol s (1 sol=Mar sday=1Ear th
day + ~24 m ins)unt ilt he landerl ostcom m uni cation with
Earth, pr obably due to lander bat tery failure. The
m crorover navi gated to many sites surrounding the
lander ,and conduct ed various sci ence and t echnol ogy
exper im enfs usi ng its on- boar d instrum ents.

In this paper, t he rover navi gation perform ance is
analyzed on t he basi s of r eceived rovert elem etry,r over
uplink com m ands and st ereo im ages captured by the
lander cam er as. | ts physi calt raversalpat h is redrawn
from the stereo images containing tracks and i s
com pared with the rowver-recor ded path and the driver-
planned pat h. | m pications f ornext -gener ation planetary
rover s are descr ibed,i nduding the sub- 1-Kg N anorover
being builtby NASA to conductast eroid expl oration as
partoft he Japanese M USES-C sam pk return m Bsion
and the large roverwi th the Athena payl oad which willbe
used as par toft he M ars sam ple return program .

INTRODUCTN

The Pathfinder spacecr aftl anded on Mars on July 4,
1997,and t he nextdayt he Sojournerr overr olled down a
ram p onto the sur face and began i ts expl oration oft he
M ars envi ronm entneart he lander. The mission cal led
fort he rovert o m ove to sites ofi nterestnear ly ever y sol
to conduct s ence and engi neering exper im ents.
Equipped with navi gation and ar ticul ation sensor s and
vision cam eras,t he rovercar ried outi ts daily traver sals
autonom ously based on set s ofdr iver com m ands sent

from Eath. O ne oft he technol ogy exper im ents planned
fort he Sojournerm ission was the reconst ruction oft he
actualpat h oft he roveras com par ed to it's com m anded
path,so ast o give insightf ort he desi gn and oper ation of
future planetaryrovers. Thi s paperpr esent s som e oft he
resul ts oft hatt echnol ogy exper im ent
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The site locations were desi gnated by a hum an oper ator
using engineering data collected during previous
traver sals and end- of-solst ereo im ages capt ured by t he
lander | MP (mager for Mars Pathfinder) cam er as.
During the traversals the rover aut onom ously avoi ded
rock,dr op-off,and sl ope hazar ds. | tchanged i ts cour se
to avoi d these hazar ds and t urned back t oward its goal s
whenevert he hazar ds were no longeri n its way. The

rover used " dead reckoni ng" count ing wheelt urns and
using on- board rate sensor s estim ae posi tion. Al though
the rover t elem ety recorded its responses t o hum an
drivercom m ands i n detail,t he vehi cle's act ualposi tions
were notknown unt ilexam i nation oft he lander st ereo
im ages att he end oft he sol. A col lection of st ereo
im ages containing rovert racks al lows reconst ruction of
the roverphysi calt raver salpat h thoughoutt he m &sion.
Since the primay purpose for a r obotic vehicde on
anotherpl aneti sto m ove preciselyto targets ofsci entific
interest,t he ability oft he vehi ce to sense and navi gate to
precise locationsisim portantt o gauge. The accur acy of
navi gation of Soj ourner and i ts im plcations for f uture
planetaryrover sisthe subj ectoft his paper .

THE ROVER

Sojourner( Figures 1 & 2)i s a si x-wheeled vehi de 68 cm
long,48 cm wi de,and 28 cm hi gh (with 17 cm ground
clearance) . The bodyi s builtont he rocker -bogie chassi s
which,by use ofpassi  ve pivotar m s,al lows the vehi de to
m antain an alm ostconst antwei ghtdi stribution on each
wheelon ver y irregulart errain. As a r esult, Soj ourner
was able to traver se obst ad es aboutl. 5 tim es as big as
the wheels,si nce the rearwheel s are able to m antain
traction even while pushi ng the frontwheel s into ver tical
steps har d enough t o getl ifting traction. Thi s consi sts of
linkages, si x m otorized wheels, and f our m otorized-
steering m echanism s. The vehi ce's m axim um speed &
about 0. 7 cm/sec. Mor e details of t he design and
im pkem entation can be f ound in [1],[ 2],[ 3].

The roveri s cont rolled by an | ntel-8085 CPU operating at
2M Hz @lOOKIPS). The on- board m em oy,addr essabl e in
16 Kbyte pages,i ndudes 16 Kbyt e rad-hard PRO M ,176
Kbyte EEPRO M ,64 Kbye rad-hard RAM and 512 Kbyte
RAM . The navigation sensor s consi stofa r ate gyro,3

accel erom eters forsensi ng the X,Y,and Z axi s m otion,



and 6 wheelencoder s forodom et ry. Ar ticul ation sensor s
indude differential and | eft and r ight bogey
potentiom eters. W heel st eering and APXS (Alpha-
Proton X-Ray Spectrom eter) posi tions ar e m onitored by
5 potentiom eters. All motor cur rents and the
tem peratures ofvi talcom ponent s are also m onitored.
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Figuré 1:The Soj ournerR over
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Figure 2.The r overassem bl y

The two frontbl ack and white CCD cam eas (768 x 484
pixels) pr ovide hazar d detection and sci ence/ oper ation
im aghg. The r earcol orCCD cam eraisused f orsci ence
imagng and APXS targetver ification. A sui te off ive
infrared laser st ripe projectors, coupl ed with the front
CCD cam eas,pr ovide the proxim ty sensi ng and hazar d
detection capabi lity fort he vehi cdle. Thi s syst em operates
by locating the image of the laser st ripes on a few
selected scan | ines oft he cam era im ages. D evi ations of
the detected locations from the nominal f lat-terrain
values indicate thatt he terrain is uneven. An ar ray of
elevation values is created from the stripe-cam era
intercepts. Proximty hazar ds are detected when
elevation differences bet ween adjacent poi nts in the
array exceed a t hreshold, or when t he difference
between the highest and | owest poi nt i n the array
exceeds a t hreshold. Otherhazar ds include excessi ve
rollorpi tch,orexcessi e articulation oft he chassi s,or
contactwi th bum p sensor s on the frontorr earoft he
vehicle.

A bidirectional UHF radio modem @600 bits/ second)

allows the vehi de to transmitt elem ety and t o receive
com m ands from earth via the lander. O n-boar d sci ence
instruments indude an Alpha Proton X-Ray
Spectrom eter (APXS) , the W AE YW heel Abrasion
Experimenf), and t he MAE Matrial Adher ence
Experim enf). The vehi cde is powered by a 15- wattG aAs
solar panel backed up i n case of f ailure by a non-

rechar geabl e Lithium battery, whi ch was al so used f or
nightt im e APXS opeations.

The rover i s operated on the basis ofa f ixed local
coor dinate fram e wth origin att he cent eroft he lander
base and t he X and Y axes poi nted to M attian N orth and
East ( right-hand rule), r espect ively (M atian North is
defined by t he Lander sun f inder). The wehi de's X,Y
posi tions ar e cal culated (at~2 Hz r ate)by i ntegrating its
odom eter( aver age oft he six wheelencodercount  s)wi th
the headi ng changes pr oduced byt he rate gyro. Duet o
the low processor speed and | ack of f loating point
arithmeic, milimeer (mm) and Bhary Angle
M easurem ent (BAM) are used as di stance and t urn
angle units respect ively (1 Deg = 182 BAM 0r360 Degs
= 65,536 BAM ) W hile m oving,t he vehi cle m onitored its
inclination, ar ticulation, cont act sensi ng, motor and
powercur rents,and t em peratures to be sur e they di d not
exceed | imt condi tions based on r isk |ewel set tings.
Being too cdose and headi ng toward lander condi tions
are also monitored. The r over per iodically sends a
heartbeat si gnalt o the lander at one vehi de-length
intervals.| n the absence oft his com m unication signal,
the vehi cle is aut onom ously backed up hal fofi tslength
and a com munication retry takes pl ace. The r over
moion is commanded by one of t he following
com m ands: Turn,Mowe,Go t o W aypoint, Fi nd Rock ,
and Position APXS.

The Turn command n generalcauses t he vehide to
change i ts headi ng in place. The f ourst eered wheels
are adjusted into their appr opriate positions,t hen the
vehide wheels are turned untilt he desired heading,
indicated by i ntegrating the rate gyro,i smet | ncaset he
gyro is disabled,t he odom etry is used t o cal culate the
heading changes;i fbot h the gyro and odom eter ar e
disabl ed,t im hg is used i n the cal culation. The Tur n To
command causes the wvehicle to turn to a sped fic
headi ng,whi le the Turn By com m and causes t he vehi cle
to turn to a relative headi ng. The Tur n Atcom m and
causest he vehi detoturn so ast o pointt o a sped fic X,Y
posi tion.

The M ove com m and enables the vehi de to m ove fora
speci fied distance,usi ng only odom etry and no hazar d
avoi dance. Thi s "blind m owve"i s usef ulwhen t he terrain
is dearly seen by t he operator (in images from te
lander)and t he m ove is a shor tone. The SetSt eering
Position param etr oft he Move com m and determ hes
the arcradius oft he m ove.

The Go to W aypointcom m and causes t he wvehi cle to
traver se to a sped fied X,Y location. The vehi de drives
forward a distance of one wheelr adius and st ops for
laser pr oximty scanni ng. A terrain height map is



const ructed internally from te inform aion provided by
the lasers and CCD im agers. | fan obst ade is detected
on the left,t he vehi de willt urn right,and vi sa ver sa. A
flag is setwhi ch indicates the direction oft he turn,and
the vehi de willcont inue turning by increm ents untila
hazar d-free zone atl| eastas wi de as the wehide is
detected byt he laserscanni ng syst em . |ft he c earzone
is wider t han the vehi de turning circde,t hen the rover
drives st raightahead f ar enough t o bring the obst acle
alongsi de. Thent he roverbegi ns an ar c toward the goal
point, cl ears all memory of t he hazar d awoi dance
m aneuver,and cont inues. | ft he clearzone i s narrower
than the vehi de turning cirde (butwi dert han the vehi cle)
then a "thread- the-needl e"m aneuveri s attem pied. Thi s
m aneuver cent ers the rover on t he perpendicular
bisect or bet ween the two hazards,and m oves st raight
ahead al ong thatl ine untila zone bi g enough t o turn
around is detected. Once such a zone i s detected,al |
m em oy oft he m aneuveri s del eted and t he roverbegi ns
an arc toward the goal. | fan obst acle is encount ered
priort o detection ofa f ree turning cirde,t hen the rover
backs st raight outt o the pointwher e the thread-the-
needl e m aneuverbegan,and t he rovercont inuesto turn
untilanot herhazar d-free zone i s detected. Ar cs toward
the goalar e calculated to three values:i ft he roveri s
already poi nted toward the goal ( wihin a small
deadband) t hen the rover goes st raight, i ft he rover
heading is outside thatdeadband butl ess t han aboutl
radian, t hen a large-radius turn (about 2 meters)is
begun which turns toward the goal ,and i ft he headi ng is
m ore than 1 radian from te goaldi rection,t hen a shor t
radius turn (aboutl m et er)i s begun whi ch turns toward
the goal . Not e than a turn in place m aneuveri s notused
here, si nce that woul d cause t he rover t o becom e
trapped in "box canyons'wher eas the presental gorithm
does not .

The Find Rock comm and is very simlarto the Go to
W aypoint com m and, except t hat af ter a hazar d is
detected at appr oxim aely the X,Y position of t he
waypoint,t hen the rovercent ersit's headi ng between the
edges of t he rock using proximty sensing. |fthe
dest ination coor dinates ar e reached wi thoutanyr ocks
found al ong the way,a spi ralsear ch is perform ed until
the rock is found. Go to W aypointand Fi nd Rock
com m ands also cont ain a m axim um im e duration for
execut ion. | ft hatt im e 5 exceeded t hen the com m and
term nates.

The Position APXS com m and enabks the vehide to
m ove backwar d untilt he APXS sensorhead cont actsthe
rock t hathas been f ound orunt it he m axim um dbwable
distance has been r eached wi thoutcont actort im e-out.

Forever y uplink com m and,t he vehi de sends ei theran

acknow| edge m essage ort he telem ety col lected during
execut ion of t he commands, induding any error
m essages. Navi gation telem ety in gener alcont ains the
tim e f&g,t he com m and sequence num ber ,t he cur rent
X,Y and headi ng val ues, st eering posi tions, i nclination
and articulation val ues, m ot or cur rents, t em peratures,
and cont actand encoderi  nform afon. | n addition,t he G o
to W aypoint and Rock Fi nding telemety data also

indude the obstace height map provided by the
proxim ty and hazar d avoi dance m echani sm forever y6.5
cm oft raver se.

The health check t elem ety provides a snapshotoft he
currentst atus oft he vehi de. |1 n addition to alm ostal lof
the navi gation inform afon,t he powersuppl y cur rentand
woltage status, i ndividual wheel odom et er r eadings,
com m uncation errorcount s,devi ce failcount s,m in/m ax
accel erom eterval ues,m ot orcur rentval ues,and aver age
m obr cur rents oft he lastt raversalar e reported here.
Oterr overt elem ety data is designed to reportdat a
from science, engi neering experiments and rover
housekeepi ng utilities.

In a Turn com m and,t he rovercom pl etes a turn when the
gyro heading is in within +/-1. 5 degr ees oft he desired
heading. 1 n a Mowe com m and,the rover com pl etes a
move once the awerage six wheel encoder count
exceedst he desi red encodercount . Par toft he distance
errors ar e due to the wheelsl ippage,andt hey depend on
the terrain the vehi cle traver ses.

In Go to W aypointand Rock Fi nding com m ands, t he
roverr eaches i ts dest ination when dX *dY < 100 m m?;
dX and dY are distances f rom the vehi de to its target
position in X and Y respect ively. | n case t he rovercan
notgett o its destination due to an obst ace att he
destination,t he rover dec ares a successf ulcom m and
com pletion when itcom es wi thin 500 m m’ oft he target
destination. The vehi ce m onitors the progress oft he
G oTo W aypontand Fi nd Rock com m ands and enf orces
atim e im t( which is a par am eteroft he com m and).

THE ROVER CONTROL W ORKSOANTI

The roveri s indirectly controlled by hum an oper ators
using the Rowver Cont rol W orkstation (RCW.) The

RCWSs' cust om zed graphical user i nterface sof tware
provides tools fort he operatort o gener ate com m ands
with param eter checki ng capabi lities,and t o designate
waypoints in a 3-D image display A com mand
sequence whi ch com prises m ultiple com m ands is bui It
based on requests from the sdentists, wehi de
engineering telem etry,and t he end- of-solst ereo im ages
captured by the lander cam er as. The r over 3- D icon
shown onthe RCW diplay al lows the oper atort 0 assess

traver se abi lity by pl acing the icon overa 3- D M atian
terrain im age setatany posi tion and or ientation. The

rover's cur rentposi tion and headi ng are also acqui red by
m athing the icon with the rover's physi calposi tion in the
stereo im ages. Thi s capabi lity allows the oper atort o re-
initialize the vehi de's true posi tion and or ientation att he
beginning ofa sol . I n Go to W aypointdesi gnation,t he
oper ator speci fies the roverdest inations by pl acing the
rover 3- D cursor at each waypoi nt, t hen dicking the
m ouse to identify these dest inations. The RCW recor ds
these waypoi nts and gener ates the Go to W aypoint
commands autom afcally Other commands are
generated from operator-speci fied param eter val ues,

and the command sequence file is created. The

accur acy oft he desi gnation depends on t he distance



between the stereo cam eras, i mage resolution, and
hum an designation ability. The over allaccur acy oft he
designation was estim aked atabout2 t o 3 percentf or
cross and down r anges,and f orheadi ng.

THE ROVER NAGIATON PERFORMANCE
ANALYSS

The rovert raversed 49 sol s outof 83 act ive sols on
Mars. | tvisited 16 distinctsi tes (9 rock and 7 soi |
locations) ,anal yzed t hem using its on- board instrum ents,
and capt ured over500i m ages [4]. The r overhad al m ost
circum navigated the lander i n its 100- m eer t raver sal.
Since the terrain neart he landerwher e the rover had
been depl oyed i s near ly obst ad e-free [Figure 3],m ostof
the traver salcom m ands used dur ing the first12 sol s
were low-levelcom m ands ( i.e.M ove, Tur n,and Posi tion
APXS commands) The commands were used
thereafterwhenevert he driverdet erm ned thatt he rover
m ghthave t o negotiate a rocky/ drop-offt errain. The
rover dem onst rated its ability to negot iate rocky/ drop- off
terrain on sol24 and sol 33 dur  ing the execut ion ofG o
to W aypoint commands. To i ncrease the traversal
accur acy, t he Turn Atcom m ands were used t o adjust
the roverheadi ng toward its dest inations bef ore the G o
to W aypointorM ove com m ands wer e issued.

Figure 3:0 bst ad e-free area neart he ram p

Due to relatively erratic obser ved per form ance of t he
vehide in m antaining it's headi ng knowledge dur ing the
m &si on,t he gyr o was deliberately disabl ed af ter sol49.
Subsequent ly, al | t he turn-in-place turns were then
determ hed by a Vi rtualheadi ng sensor based on t he
wheel odom et ers. The ar cing movement toward
dest ination m echanism i the G o to W aypointcom m and
was autom aically replaced by st raight m ovem ent and
turn-in-place m echani sm s.

DATA ANALYS
Since the true physi calposi tion oft he vehice atany

m om entwas notknown unt ilend- of-soli m ages becam e
available, t he wehide's response to ewery single

navi gation com m and could notbe m easur ed. Ther efore,
in this anal ysi s;t he headi ng and di stance er rors forever y
solar e determ ned from te end- of-solposi tion estim ae
m ade by the roverasi dentified in the downlink telem ety
as com par ed to the posi tion oft he roverasi nitialized by
the driverusi ng the end- of-solst ereo im ages from te
IMP. The traversaldi stance persoli s defined as t he
total di stances t he rover moved dur ing its traversals,
both forward (+) and backwar d (-). The t raversal
heading persoli s defined ast he totalchange i n headi ng
which the roveri ntegrated during its traver sal,bot h left
and rightt urns,i n thatpar ticularsol .

Extraction oft he downlink navi gation telem ety ofever y
solr esults in the finalvehi cle position and headi ng,and
the totalt raver saldi stance and t otalt urn angle persol .
The Set Vehi de Position command in an uplink
com m and oft he subsequentsoldef  inest he true posi tion
and headi ng oft he vehi de att he end oft he previous sol .
This posi tion is det erm hed byt he drivert hrough t he end-
of-solst ereo im ages. The di stance bet ween the end- of-
solt elem etry posi tion and physi calposi tion is the rover
distance er rorpersol . The di fference bet ween the end-
of-solt elem etry headi ng and its physi calheadi ng is the
headi ng errorpersol . Fi gure 4 showst he errordi stance
asafunction oft otaldi stance travel ed foreach sol .
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with Linear -fitted Curve.

Based on t he gyr o data from wrn-in-place turns and t he
odom etry dat a from health checks bef ore and af tereach
turn was per form ed,t he turns account ed forby bot h the
gyro and the odom eter can be com par ed. Ther e are
only 55 turns which contain both gyro-based and
odom eter-based t urn inform afon. The gyr o turn error
percentage is defined as t he difference bet ween the
absol utes of t he odom etry-based turn and the gy o-
based turn divided by t he absol ute oft he gyr o-based
turn. Fi gure 5 shows t he gyr o turn errors v.s.gyr o turn
angles with the linear-fitting cur ve over laid. The t urn
errors are greaterwhen t he vehi de m akes rightt urns;
these indicate thatt he gyr o was drifting to the leftwhile
turning.



Mars Rover - - Percentage Gyro Ervor —— 3/24/98 can be reconst ructed. Outofmor e than 1000 st ereo
60 im ages, t here are 272 stereo images containing the
70 3 ° rovert racks which can be used f orpat h reconst ruction.
] A custom program was m odiied and used t o trace al It he
rovert racks,t hereby det erm hing the XY Z position ofany
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i 5"_5 ° defined pointi n the im age using triangul ation toget her
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Tum Angles (Deg) with mising of t rack data, t he com bined drawing
Figure 5:G yr o Turn errors vs.G yr o Turn angl es with the dem onstrates the accur acy oft he rovernavi gation,and

how the vehi de's internalknow!| edge had per ceived its
navigation. Not e thatf orsome sol s,t he redrawing of
PATH RECONSTRUGIN vehicle tracks cannotbe done cor  rectly,si nce som e of
the stereo images contain m utiple tracks with one
over laid the others.

linear -fitting cur ve over laid.

The stereo im ages oft he rovercapt ured by t he lander
IMP cameas were used to determ e the end- of-sol
physi calvehi de position and or ientation. By ext ending
the use oft hese i m ages the true vehi cle traver salpat hs

Pathfinder Rover Traverse, Sol 2-74
TamNguyen 41398
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Figure 6:shows Rover 's Physi calPat h (dark col orno st raightl ines)and Rover 's Internal-knowledge Path (lightcol or)oft he
entiremesion (Glidsize=1m 2)
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Figure 7:shows Rowver 's Driver-planned Pat h (dark & narrow with lines,connect ed desi gnated dest inations)and R over

S

Internal-knowledge Path (widerwi dth lines)oft he entire mssion (Glidsize=1m 2)

M ostofvehi cde end- of-solposi tions were found to be to
the rightofi tsinternalknow! edge pat hsasseeni n Figure
6; t his obser vation agrees with the gyro left-drifted
behavi ordi scussed above. Al It he navi gation com m ands
were extracted from te uplink com m and sequences,
and the nav gation planned by t he driverf ort he entire
m ssion is plotted together with the rowver's internal-
knowledge plotin Figure 7. Thi s shows the driver-
expect ation dest ination posi tions ofr overf orever ysingle
navi gationalcom m and.These dest inations cl osel y m atch
the rover's internal-knowledge,si nce iti s ser voing to it's
internalr epresent ation oft he com m anded path.

DISCUSSON

Autonom ous navi gation oft he Sojournerr over ,com bi ned
with hum an assistance through the Rowver Cont rol
W okst ation,has pr oven t he rover's capabi lity to traver se
to designated sites for sci ence and engi neering
exper im ents. The aver age headi ng errorwas about6. 8
percent ,chi efly due t o gyro inaccur acy. Test ing with the
sam e type ofgyr o subsequentt o the m ision indicates
thatswi tching noise from the DC-DC converters probably
cont ributed greatly to the m agnitude oft he gyr o drift,and

thatwith clean powert he m anufacturers spedi fications
for dr ift ar e achieved (0.01 deg/sec-root(Hz). The

heading erroral so influenced t he distance er ror,def ined
as the ratio oft he vehi cle errordi stance t o the traver sed
distance. The di stance errorincudes the cross and

down range er rorcom ponent s,whi ch were often difficul t
to disam biguate due to the com plex nat ure oft he rover
path and the m any turns invol ved. Foral m ostal Isol sin

Figure 4,i twas t he cross r ange er ror com ponentt hat
contributed most si gnificantly to the distance er ror.
Evaluating the cross and down range errors
m ahem atical ly would be inappr opriate since there were
no lander st ereo images att he end of ever y single
navigation command to be used i n determning the
physi cal posi tion and or ientation oft he wehi de. The

cross and down r ange er rors caused by gyr o driftwer e
noticed on Ear th during the testing phase,butt here was
no othermicro gyr o available on the m arketatt hatt im e
suitable fort he desi gn and space const raints. W heel

slippage might have cont ributed insignificantly to the
rover navi gation perform ance errorsi nce in som e early
mgsion sols (sol 4) wi th straight mowes, t he gyro
headi ng errorwas | ow,r esul ting in the a di stance er ror.

The owver allr over cont roland navi gation desi gn which
allows the drivert o resett he vehi de posi tion ever y si ngle
solhad el im hated rover cum ul ative navi gation errors.
The rover3D- cursori n the RCW enabks the drivert o
m easure the rowver posi tion and or ientation accur ately,
and directs the rovert o its dest ination.H owever ,with the
inaccur acy oft he gyr o,desi gnation ofr overdest inations
som etim es becam e cum bersom e and lengthy,especi  ally
when the APXS was o be placed on ar ock.

FUTURE M3SIONS

Two currentr overm i ssions ar e underdevel opm ent:t he
Athena roverf orM arsand the MUSESEN mdsion to an
asteroid, which is a joint mission with the Japanese

space agency | SAS. The Athena roweri s the resul tof
an Announcem entofO ppor tunity issued by NASA in the
sum m er of 1997. Pr of. Stephen Squyr es of Cor nell



University is the Principall nvestigator f or t he sc ence
payl oad fort hatr over. The At henaroverwi lbe | arge (~1
m bng and ~50Kg)and go m uch f artherf rom te lander
than did Sojourner( perhaps Km instead of<10 m) . The

MUSESEN ower has been dubbed a nanor over[ 5],
since iti s much smallert han the m icrorover Soj ourner
(~15 cm long,<1Kg) ,and i twillnothave a | anderatal |,
butj ustf allbal listically ont o the ast eroid from an orbiter.
Thus nei ther At hena nor t he nanor over wi llhave t he
benefitoft he dose proximty ofa | anderwhi ch can be

used to provide a fixed obser vation platform and
coor dinate fram e. Thus,t he Sojournerm issi on st rategy
of usi ng the lander st ereo cam eras to reestablish the
preci se posi tion and or ientation oft he roveronce perday

is notappl icabl e.

Instead, t he rovers mustdet erm he their own posi tion
and orientation. As we have seen,t he Sojournervehi de
lostt rack ofi t's orientation relativel y qui ckl y due t o drifti n
its rate gyro. | n the case of bot h Athena and t he
nanor over ,som e sor tofcel estialnavi gation is required
to m antain headi ng knowledge. ( NeitherM ars nort he
asteroid is thoughtt o have a gl obalm agnet ic field which
would be usef uf orheadi ng m easurem ent.)

Athena willhave a sun sensor , which willal low the
direction vect ort o the sun t o be m easured with respect
to the vehi de coor dinate fram e. Accl erom eters willal low
m easurem ent of t he localgr avity vect ori n the same
coor dinates. Know! edge oft he precise tim e ofday wi ll
allow the prediction ofwher e the sun shoul d be in the sky
(assuming the latitude and | ongitude are known), and
thus al low com putation oft he rover's headi ng in global
coor dinates.

Iti s planned fort he nanor overt o im age the starfield
whenever t he absol ute orientation in space i s needed.

The cam era willbe abl e to im age stars as di m as about
the limtofhum an vi sion on a dar k night, whi ch gives
about4000 st arsin the cel estialf ield. Anyr andom field-
of-view oft he cam era wilhave appr oxim aely visible 7
stars expect ed. Because t he angl es bet ween stars can
be accur ately m easured in such an i m age,the angles
and relative brightness bet ween any two allow rapid and
predi se identification oft he starsin a starcat alog. Such

a catalog can be sor ted by st arbr ightness,and cont ain
the precise angl esand | D num bers oft he near by st ars.

By these t echni ques,t he rover headi ng knowledge will
be maintained owver t he long term. Howewer,itis
im practical t o continuously m ake stellar obser vations.
Thus Athena willal so have r ate gyr os (with betterpower
filtering than Sojourner), and t he nanor over wi ll use

odometry. Odometry on an ast eroid with only 10
m trogees ofsur face gravity m ay be suspect ,buti ft he
speed i s less t han about2 m m persecond,t hen rolling
contactwi llbe m ai ntained. Atspeeds hi ghert han this,
the m otion willbe i nterm ttentbal listic hoppi ng. Fort he
M USESEN msdsion,r olling atl ow speed willbe done f or
preci se navi gation to near by sci ence t argets,and bal listic
hopping will be at tem pted to reach distant t argets.
During ballistic hops, st ar finding willbe em pl oyed to
m antain the know|edge oft he vehi cle attitude. Al so,t he

appr oxim ae attitude can be i nferred from te distribution
ofpowerf rom te sol arpanel s which covert he exposed
faces oft he body oft he rover.

For t hese future misions, t he rover will r equire an
impoved navi gation syst em, induding reliable
accel erom efers, an accur ate gyro,and a sun sensor
togetherwi th terrain m apping capabi lity. Thi s m ustbe a

navi gation syst em wih m uch greateraccur acy,t o allow
the rover t o navigate autonom ously for hundr eds of

m eers persolwi th m uch less i ntervention from hum an
operators. The r overwi llhave t o reach its dest ination
precisely in ordert o perform science exper iments as
com m anded.
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