
981695

Sojourneron M ars and Lessons Learned f orFut ure Pl anet ary
Rovers

Bri an W ilcox and Tam Nguyen
NASA's JetPr opul sion Labor atory

Copyright© 1997 Soci ety ofAut om otive Engi neer s,I nc.

ABSTRACT

O n July 4, 1997, t he M ars Pathfinder spacecr aft
successf ully landed on M ars in the Ares Val lis landi ng
site and depl oyed an 11. 5-ki logram m icrorover nam ed
Sojourner. Thi s m icrorover accom pl ished i ts pr im ary
m issi on obj ect ives i n the f irst7 days,and cont inued t o
oper ate fora t otalof83 sol s (1 sol= M ar s day = 1 Ear th
day + ~24 m ins)unt ilt he landerl ostcom m uni cat ion with
Earth, pr obabl y due t o lander bat tery failure. The
m icrorover navi gated to m any sites sur roundi ng the
lander , and conduct ed var ious sci ence and t echnol ogy
exper im ents usi ng its on- boar d inst rum ents.

In this paper , t he rover navi gation per form ance is
anal yzed on t he basi s of r ecei ved r overt elem etry,r over
uplink com m ands and st ereo im ages capt ured by t he
lander cam er as. I ts physi calt raver salpat h is redrawn
from the st ereo im ages cont aining tracks and i s
com pared with the rover -recor ded pat h and t he dr iver -
planned pat h. I m plicat ions f ornext -gener ation pl anet ary
rover s ar e descr ibed,i ncl uding the sub- 1-Kg Nanorover
being bui ltby NASA t o conductast eroid expl oration as
part of t he Japanese M USES-C sam ple return m issi on
and t he large roverwi th the Athena payl oad which willbe
used as par toft he M ars sam ple return program .

INTRO DUCTIO N

The Pathfinder spacecr aft l anded on M ars on Jul y 4,
1997,and t he nextday t he Sojournerr overr olled down a
ram p onto the sur face and began i ts expl oration of t he
M ars envi ronm entnear t he lander . The m i ssi on cal led
fort he rovert o m ove to si tes ofi nterestnear ly ever y sol
to conduct sci ence and engi neer ing exper im ents.
Equipped with navi gation and ar ticul ation sensor s and
vision cam eras,t he rover car ried outi ts dai ly traver sal s
autonom ously based on set s of dr iver com m ands sent
from Earth. O ne oft he technol ogy exper im ents pl anned
for t he Sojourner m issi on was the reconst ruct ion oft he
act ualpat h oft he roveras com par ed to it's com m anded
path,so as t o give i nsi ghtf ort he desi gn and oper ation of
future planet ary rover s. Thi s paperpr esent s som e oft he
resul ts oft hatt echnol ogy exper im ent.

The si te locat ions were desi gnat ed by a hum an oper ator
usi ng engi neer ing dat a col lect ed dur ing pr evi ous
traver sal s and end- of-solst ereo im ages capt ured by t he
lander I M P (Im ager f or M ar s Pathfinder ) cam er as.
During the traver sal s the rover aut onom ously avoi ded
rock,dr op-off,and sl ope hazar ds. I tchanged i ts cour se
to avoi d these hazar ds and t urned back t oward its goal s
whenever t he hazar ds were no l onger i n its way. The
rover used " dead r eckoni ng" count ing wheelt urns and
usi ng on- boar d rate sensor s est im ate posi tion. Al though
the rover t elem etry recor ded i ts responses t o hum an
drivercom m ands i n det ail,t he vehi cle's act ualposi tions
were not known unt ilexam i nation of t he lander st ereo
im ages at t he end of t he sol . A col lect ion of st ereo
im ages cont aining rover t racks al lows reconst ruct ion of
the rover physi calt raver salpat h thoughoutt he m issi on.
Since t he pr im ary pur pose f or a r obot ic vehi cle on
anot herpl aneti s to m ove preci sel y to targets ofsci entific
interest ,t he abi lity oft he vehi cle to sense and navi gate to
preci se l ocat ions i s im portantt o gauge. The accur acy of
navi gation of Soj ourner and i ts im plicat ions f or f uture
planet ary rover s is the subj ectoft his paper .

THE RO VER

Sojourner( Figures 1 & 2)i s a si x-wheeled vehi cle 68 cm
long,48 cm wi de,and 28 cm hi gh (with 17 cm ground
clearance) . The body i s bui lton t he rocker -bogi e chassi s
which,by use ofpassi ve pi votar m s,al lows the vehi cle to
m aintain an al m ostconst antwei ghtdi stribution on each
wheelon ver y irregul ar t errain. As a r esul t, Soj ourner
was able to traver se obst acl es about1. 5 tim es as big as
the wheels,si nce t he rear wheel s ar e abl e to m aintain
tract ion even whi le pushi ng the frontwheel s into ver tical
steps har d enough t o getl ifting tract ion. Thi s consi sts of
linkages, si x m otorized wheel s, and f our m ot orized-
steering m echanism s. The vehi cle's m axim um speed is
about 0. 7 cm /sec. M or e det ails of t he desi gn and
im plem entation can be f ound i n [1],[ 2],[ 3].

The roveri s cont rolled by an I ntel-8085 CPU operating at
2M Hz (100KIPS). The on- boar d m em ory,addr essabl e in
16 Kbyt e pages,i ncl udes 16 Kbyt e rad-hard PRO M ,176
Kbyte EEPRO M ,64 Kbyte rad-hard RAM and 512 Kbyte
RAM . The navi gation sensor s consi stofa r ate gyr o,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
incl ude di fferential and l eft and r ight bogey
potentiom eters. W heel st eering and APXS (Alpha-
Proton X-Ray Spect rom eter) posi tions ar e m onitored by
5 pot entiom eters. Al l m ot or cur rents and t he
tem peratures ofvi talcom ponent s ar e also m onitored.

Figure 1:The Soj ournerRover

Figure 2:The r overassem bl y

The two frontbl ack and whi te CCD cam eras ( 768 x 484
pixel s) pr ovi de hazar d det ect ion and sci ence/ oper ation
im aging. The r earcol orCCD cam era is used f orsci ence
im aging and APXS target ver ificat ion. A sui te of f ive
infrared laser st ripe pr oject ors, coupl ed with the front
CCD cam eras,pr ovi de the pr oxi m ity sensi ng and hazar d
detect ion capabi lity fort he vehi cle. Thi s syst em operates
by l ocat ing the im age of t he laser st ripes on a f ew
sel ect ed scan l ines oft he cam era im ages. Devi ations of
the det ect ed locat ions f rom the nom inal f lat-terrain
val ues i ndicat e that t he terrain is uneven. An ar ray of
elevat ion val ues i s cr eated from the st ripe-cam era
intercept s. Pr oxi m ity hazar ds ar e det ect ed when
elevat ion di fferences bet ween adjacent poi nts in the
array exceed a t hreshol d, or when t he di fference
between the hi ghest and l owest poi nt i n the ar ray
exceeds a t hreshol d. O t her hazar ds i ncl ude excessi ve
rollor pi tch,or excessi ve ar ticul ation of t he chassi s,or
cont act wi th bum p sensor s on t he front or r ear of t he
vehi cle.

A bidirect ional UHF r adio m odem (9600 bi ts/second)
allows the vehi cle to transm it t elem etry and t o recei ve
com m ands from earth vi a the lander . O n- boar d sci ence
inst rum ents incl ude an Al pha Proton X-Ray
Spect rom eter ( APXS) , t he W AE (W heel Abr asi on
Exper im ent), and t he M AE (M aterial Adher ence
Exper im ent). The vehi cle is powered by a 15- wattG aAs
sol ar 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 operations.

The rover i s oper ated on t he basi s of a f ixed l ocal
coor dinate fram e with origin at t he cent er of t he lander
base and t he X and Y axes poi nted to M artian North and
East ( right-hand r ule), r espect ivel y (M artian North is
def ined by t he Lander sun f inder ). The vehi cle's X,Y
posi tions ar e cal cul ated (at~2 Hz r ate)by i ntegrating its
odom eter( aver age oft he si x wheelencodercount s)wi th
the headi ng changes pr oduced by t he rate gyr o. Due t o
the low processor speed and l ack of f loating poi nt
arithm etic, m i llim eter ( m m ) and Binary Angle
M easurem ent ( BAM ) are used as di stance and t urn
angl e uni ts respect ivel y (1 Deg = 182 BAM or360 Degs
= 65,536 BAM ). W hile m oving,t he vehi cle m onitored its
incl ination, ar ticul ation, cont act sensi ng, m ot or and
powercur rents,and t em peratures t o be sur e they di d not
exceed l im it condi tions based on r isk l evel set tings.
Being too cl ose and headi ng toward lander condi tions
are also m onitored. The r over per iodical ly sends a
hear tbeat si gnal t o the lander at one vehi cle-lengt h
interval s. I n the absence of t his com m unicat ion si gnal ,
the vehi cle is aut onom ously backed up hal fofi ts lengt h
and a com m unicat ion retry takes pl ace. The r over
m otion is com m anded by one of t he following
com m ands: Tur n, M ove, G o t o W aypoint, Fi nd Rock ,
and Posi tion APXS.

The Turn com m and in gener al causes t he vehi cle to
change i ts headi ng in place. The f our st eered wheels
are adj ust ed into their appr opriate posi tions, t hen t he
vehi cle wheels ar e turned unt il t he desi red headi ng,
indicat ed by i ntegrating the rate gyr o,i s m et. I n case t he
gyr o is di sabl ed, t he odom etry is used t o cal cul ate the
headi ng changes; i f bot h the gyr o and odom eter ar e
disabl ed,t im ing is used i n the cal cul ation. The Tur n To
com m and causes t he vehi cle to turn to a speci fic
headi ng,whi le the Tur n By com m and causes t he vehi cle
to turn to a relative headi ng. The Tur n At com m and
causes t he vehi cle to turn so as t o poi ntt o a speci fic X,Y
posi tion.

The M ove com m and enables t he vehi cle to m ove for a
speci fied di stance, usi ng onl y odom etry and no hazar d
avoi dance. Thi s "blind m ove" i s usef ulwhen t he terrain
is cl early seen by t he oper ator ( in im ages from the
lander ) and t he m ove is a shor tone. The SetSt eering
Position par am eter of t he M ove com m and determ ines
the ar c radius oft he m ove.

The G o to W aypoint com m and causes t he vehi cle to
traver se t o a speci fied X,Y locat ion. The vehi cle drives
forward a di stance of one wheel r adius and st ops f or
laser pr oxi m ity scanni ng. A t errain hei ght m ap i s



const ruct ed internally f rom the inform ation pr ovi ded by
the laser s and CCD im agers. I fan obst acl e is det ect ed
on the left,t he vehi cle willt urn right,and vi sa ver sa. A
flag is setwhi ch i ndicat es t he di rect ion oft he turn,and
the vehi cle will cont inue t urning by i ncr em ents unt il a
hazar d-free zone at l east as wi de as t he vehi cle is
detect ed by t he laserscanni ng syst em . I ft he cl earzone
is wider t han t he vehi cle turning ci rcle, t hen t he rover
drives st raight ahead f ar enough t o bring the obst acl e
alongsi de. Then t he roverbegi ns an ar c toward the goal
point, cl ears al l m em ory of t he hazar d avoi dance
m aneuver,and cont inues. I ft he cl earzone i s nar rower
than t he vehi cle turning ci rcle (butwi dert han t he vehi cle)
then a " thread- the-needl e"m aneuveri s at tem pted. Thi s
m aneuver cent ers the rover on t he per pendi cul ar
bisect or bet ween the two hazar ds, and m oves st raight
ahead al ong t hat l ine unt il a zone bi g enough t o turn
around i s det ect ed. O nce such a zone i s det ect ed,al l
m em ory oft he m aneuveri s del eted and t he roverbegi ns
an ar c toward the goal . I f an obst acl e is encount ered
prior t o det ect ion ofa f ree turning ci rcle,t hen t he rover
backs st raight out t o the poi nt wher e the thread- the-
needl e m aneuverbegan,and t he rovercont inues t o turn
untilanot herhazar d-free zone i s det ect ed. Ar cs t oward
the goalar e cal cul ated to three val ues: i f t he rover i s
already poi nted toward the goal ( within a sm all
deadband) t hen t he rover goes st raight, i f t he rover
headi ng is out side thatdeadband butl ess t han about1
radian, t hen a l arge-radius t urn (about 2 m et ers) i s
begun whi ch t urns t oward the goal ,and i ft he headi ng is
m ore than 1 r adian from the goaldi rect ion,t hen a shor t
radius t urn (about1 m et er) i s begun whi ch t urns t oward
the goal . Not e than a t urn in place m aneuveri s notused
here, si nce t hat woul d cause t he rover t o becom e
trapped i n "box canyons"wher eas t he pr esental gorithm
does not .

The Find Rock com m and is ver y si m ilar t o the G o to
W aypoint com m and, except t hat af ter a hazar d is
detect ed at appr oxi m ately the X,Y posi tion of t he
waypoint,t hen t he rovercent ers i t's headi ng bet ween the
edges of t he rock usi ng pr oxi m ity sensi ng. I f t he
dest ination coor dinates ar e reached wi thoutany r ocks
found al ong t he way,a spi ralsear ch i s per form ed until
the rock i s found. G o t o W aypoint and Fi nd Rock
com m ands also cont ain a m axim um tim e duration for
execut ion. I f t hatt im e is exceeded t hen t he com m and
term inates.

The Posi tion APXS com m and enables t he vehi cle to
m ove backwar d unt ilt he APXS sensorhead cont act s the
rock t hathas been f ound orunt ilt he m axim um allowable
distance has been r eached wi thoutcont actort im e-out.

For ever y upl ink com m and,t he vehi cle sends ei ther an
acknowl edge m essage or t he telem etry col lect ed dur ing
execut ion of t he com m ands, i ncl uding any er ror
m essages. Navi gation telem etry in gener alcont ains t he
tim e tag, t he com m and sequence num ber , t he cur rent
X,Y and headi ng val ues, st eering posi tions, i ncl ination
and ar ticul ation val ues, m ot or cur rents, t em peratures,
and cont actand encoderi nform ation. I n addi tion,t he G o
to W aypoint and Rock Fi nding telem etry dat a also

incl ude t he obst acl e hei ght m ap pr ovi ded by t he
proxi m ity and hazar d avoi dance m echani sm forever y 6. 5
cm oft raver se.

The heal th check t elem etry pr ovi des a snapshotof t he
cur rentst atus oft he vehi cle. I n addi tion to alm ostal lof
the navi gation inform ation,t he powersuppl y cur rentand
vol tage st atus, i ndividual wheel odom et er r eadi ngs,
com m unicat ion er rorcount s,devi ce f ailcount s,m i n/m ax
accel erom eterval ues,m ot orcur rentval ues,and aver age
m otor cur rents of t he last t raver salar e repor ted her e.
O ther r over t elem etry dat a is desi gned t o repor t dat a
from science, engi neer ing exper im ents and r over
housekeepi ng ut ilities.

In a Turn com m and,t he rovercom pl etes a t urn when the
gyr o headi ng is in within +/- 1. 5 degr ees oft he desi red
headi ng. I n a M ove com m and, t he rover com pl etes a
m ove once t he aver age si x wheel encoder count
exceeds t he desi red encodercount . Par toft he di stance
errors ar e due t o the wheelsl ippage,and t hey depend on
the terrain the vehi cle traver ses.
'
In G o to W aypoint and Rock Fi nding com m ands, t he
rover r eaches i ts dest ination when dX * dY < 100 m m 2;
dX and dY ar e distances f rom the vehi cle to its target
posi tion in X and Y respect ivel y. I n case t he rovercan
not get t o its dest ination due t o an obst acl e at t he
dest ination, t he rover decl ares a successf ulcom m and
com pletion when itcom es wi thin 500 m m2 oft he target
dest ination. The vehi cle m onitors the pr ogress of t he
G oTo W aypointand Fi nd Rock com m ands and enf orces
a tim e lim it( which i s a par am eteroft he com m and).

THE RO VER CO NTRO L W O RKSTATIO N

The rover i s indirect ly cont rolled by hum an oper ators
usi ng the Rover Cont rol W or kst ation (RCW ). The
RCW 's cust om ized gr aphi cal user i nterface sof tware
provi des t ools for t he oper ator t o gener ate com m ands
with par am eter checki ng capabi lities, and t o desi gnat e
waypoints in a 3- D im age displ ay. A com m and
sequence whi ch com prises m ultiple com m ands is bui lt
based on r equest s f rom the sci entists, vehi cle
engi neer ing telem etry,and t he end- of-solst ereo im ages
capt ured by t he lander cam er as. The r over 3- D icon
shown on t he RCW displ ay al lows the oper atort o assess
traver se abi lity by pl aci ng the icon over a 3- D M artian
terrain im age set at any posi tion and or ientation. The
rover 's cur rentposi tion and headi ng ar e also acqui red by
m atchi ng the icon with the rover 's physi calposi tion in the
stereo im ages. Thi s capabi lity al lows the oper atort o re-
initialize t he vehi cle's true posi tion and or ientation att he
begi nning ofa sol . I n G o to W aypointdesi gnat ion,t he
oper ator speci fies t he rover dest inations by pl aci ng the
rover 3- D cursor at each waypoi nt, t hen cl icki ng the
m ouse to ident ify these dest inations. The RCW recor ds
these waypoi nts and gener ates t he G o to W aypoint
com m ands autom atical ly. O t her com m ands ar e
gener ated from operator-speci fied par am eter val ues,
and t he com m and sequence f ile is cr eated. The
accur acy of t he desi gnat ion depends on t he di stance



between the st ereo cam eras, i m age resol ution, and
hum an desi gnat ion abi lity. The over allaccur acy of t he
desi gnat ion was est im ated at about 2 t o 3 per cent f or
cross and down r anges,and f orheadi ng.

THE RO VER NAVIG ATIO N PERFO RM ANCE
ANALYSIS

The rover t raver sed 49 sol s out of 83 act ive sol s on
M ars. I t vi si ted 16 di st inct si tes ( 9 rock and 7 soi l
locat ions) ,anal yzed t hem using its on- boar d inst rum ents,
and capt ured over500 i m ages [4]. The r overhad al m ost
circum navigated the lander i n its 100- m eter t raver sal .
Since t he terrain near t he lander wher e the rover had
been depl oyed i s near ly obst acl e-free [Figure 3],m ostof
the traver sal com m ands used dur ing the f irst 12 sol s
were low-levelcom m ands ( i.e.M ove, Tur n,and Posi tion
APXS com m ands). The com m ands wer e used
thereafterwhenevert he dr iverdet erm ined t hatt he rover
m ight have t o negot iate a rocky/ drop-off t errain. The
rover dem onst rated its abi lity to negot iate rocky/ drop-off
terrain on sol24 and sol 33 dur ing the execut ion ofG o
to W aypoint com m ands. To i ncr ease t he traver sal
accur acy, t he Tur n Atcom m ands wer e used t o adj ust
the rover headi ng toward its dest inations bef ore the G o
to W aypointorM ove com m ands wer e issued.

Figure 3:O bst acl e-free ar ea neart he ram p

Due to relativel y er ratic obser ved per form ance of t he
vehi cle in m aintaining it's headi ng knowl edge dur ing the
m issi on,t he gyr o was del iberately di sabl ed af tersol49.
Subsequent ly, al l t he turn-in-place t urns were then
determ ined by a vi rtual headi ng sensor based on t he
wheel odom et ers. The ar cing m ovem ent t oward
dest ination m echanism in the G o to W aypointcom m and
was autom atical ly replaced by st raight m ovem ent and
turn-in-place m echani sm s.

DATA ANALYSIS

Since t he true physi cal posi tion of t he vehi cle at any
m om entwas notknown unt ilend- of-soli m ages becam e
avai lable, t he vehi cle's response t o ever y si ngle

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 det erm ined f rom the end- of-solposi tion est im ate
m ade by the roveras i dent ified in the downlink t elem etry
as com par ed to the posi tion oft he roveras i nitialized by
the dr iver usi ng the end- of-solst ereo im ages from the
IM P. The traver saldi stance per sol i s def ined as t he
total di stances t he rover m oved dur ing its traver sal s,
both forward (+) and backwar d (-). The t raver sal
headi ng persoli s def ined as t he totalchange i n headi ng
which t he rover i ntegrated dur ing its traver sal ,bot h left
and r ightt urns,i n thatpar ticul arsol .

Extract ion oft he downlink navi gation telem etry ofever y
solr esul ts in the f inalvehi cle posi tion and headi ng,and
the totalt raver saldi stance and t otalt urn angl e per sol .
The Set Vehi cle Posi tion com m and in an upl ink
com m and oft he subsequentsoldef ines t he true posi tion
and headi ng oft he vehi cle att he end oft he pr evi ous sol .
This posi tion is det erm ined by t he dr ivert 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 i ts physi calheadi ng is the
headi ng er rorpersol . Fi gure 4 shows t he er rordi stance
as a f unct ion oft otaldi stance t ravel ed foreach sol .

Figure 4:Er rorD i stance vs.D i stance Tr avel ed toget her
with Linear -fitted Curve.

Based on t he gyr o dat a from turn-in-place t urns 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
gyr o and t he odom eter can be com par ed. Ther e are
only 55 t urns which cont ain bot h gyr o-based and
odom eter-based t urn inform ation. The gyr o turn error
percent age i s def ined as t he di fference bet ween the
absol utes of t he odom etry-based t urn and t he gyr o-
based t urn divided by t he absol ute of t he gyr o-based
turn. Fi gure 5 shows t he gyr o turn errors v. s.gyr o turn
angl es with the linear -fitting cur ve over laid. The t urn
errors ar e greater when t he vehi cle m akes r ight t urns;
these i ndicat e thatt he gyr o was dr ifting to the leftwhi le
turning.



Figure 5:G yr o Turn errors vs.G yr o Turn angl es with the
linear -fitting cur ve over laid.

PATH RECO NSTRUCTIO N

The st ereo im ages of t he rover capt ured by t he lander
IM P cam eras were used t o det erm ine the end- of-sol
physi calvehi cle posi tion and or ientation. By ext endi ng
the use oft hese i m ages the true vehi cle traver salpat hs

can be r econst ruct ed. O ut of m or e than 1000 st ereo
im ages, t here are 272 st ereo im ages cont aining the
rover t racks whi ch can be used f or pat h reconst ruct ion.
A cust om program was m odified and used t o trace al lt he
rovert racks,t hereby det erm ining the XYZ posi tion ofany
def ined poi nt i n the im age using triangul ation toget her
with the im age's cam era m odel.

Track posi tions were det erm ined and r ecor ded,and t he
rover physi calpat h over t he ent ire m issi on is pl otted in
Figure 6. The physi calpat h,whi ch has m any i ncom plete
sect ions due t o lack of st ereo im ages cont aining track
inform ation, i s dr awn on the navi gation telem etry pl ot
(rover 's internal-knowledge pl ot) f or com par ison. Even
with m issi ng of t rack dat a, t he com bined dr awing
dem onstrates t he accur acy oft he rover navi gation,and
how the vehi cle's internalknowl edge had per cei ved i ts
navi gation. Not e that f or som e sol s, t he redrawing of
vehi cle tracks cannotbe done cor rect ly,si nce som e of
the st ereo im ages cont ain m ultiple tracks wi th one
over laid the ot hers.

Figure 6:shows Rover 's Physi calPat h (dark col orno st raightl ines)and Rover 's Internal-knowledge Pat h (lightcol or)oft he
entire m issi on (G rid si ze = 1 m 2)



Figure 7:shows Rover 's Driver -planned Pat h (dark & nar row width lines,connect ed desi gnat ed dest inations)and Rover 's
Internal-knowledge Pat h (widerwi dth lines)oft he ent ire m issi on (G rid si ze = 1 m 2)

M ostofvehi cle end- of-solposi tions were found t o be t o
the rightofi ts internalknowl edge pat hs as seen i n Figure
6; t his obser vat ion agr ees with the gyr o left-drifted
behavi ordi scussed above. Al lt he navi gation com m ands
were ext ract ed from the upl ink com m and sequences,
and t he navi gation pl anned by t he dr iver f or t he ent ire
m issi on is pl otted toget her wi th the rover 's internal-
knowledge pl ot i n Figure 7. Thi s shows t he dr iver -
expect ation dest ination posi tions ofr overf orever y si ngle
navi gationalcom m and.These dest inations cl osel y m atch
the rover 's internal-knowledge,si nce i ti s ser voi ng to it's
internalr epresent ation oft he com m anded path.

DISCUSSIO N

Autonom ous navi gation oft he Sojournerr over ,com bi ned
with hum an assi stance t hrough t he Rover Cont rol
W orkst ation,has pr oven t he rover 's capabi lity to traver se
to desi gnat ed si tes f or sci ence and engi neer ing
exper im ents. The aver age headi ng er rorwas about6. 8
percent ,chi efly due t o gyr o inaccur acy. Test ing with the
sam e type ofgyr o subsequent t o the m issi on indicat es
thatswi tchi ng noi se f rom the DC-DC converters pr obabl y
cont ributed gr eatly to the m agnitude oft he gyr o drift,and
that wi th cl ean power t he m anufact urers speci ficat ions
for dr ift ar e achi eved ( 0.01 deg/ sec- root(Hz)). The
headi ng er roral so i nfluenced t he di stance er ror,def ined
as t he ratio oft he vehi cle errordi stance t o the traver sed
distance. The di stance er ror i ncl udes t he cr oss and
down range er rorcom ponent s,whi ch were often di fficul t
to disam biguat e due t o the com plex nat ure oft he rover
path and t he m any turns i nvol ved. Foral m ostal lsol s in

Figure 4, i t was t he cr oss r ange er ror com ponent t hat
cont ributed m ost si gnificant ly to the di stance er ror.
Evaluating the cr oss and down r ange er rors
m athem atical ly would be i nappr opriate si nce t here were
no lander st ereo im ages at t he end of ever y si ngle
navi gation com m and to be used i n det erm ining the
physi cal posi tion and or ientation of t he vehi cle. The
cross and down r ange er rors caused by gyr o driftwer e
noticed on Ear th dur ing the test ing phase,butt here was
no ot herm icro gyr o avai lable on t he m arketatt hatt im e
sui table for t he desi gn and space const raints. W heel
sl ippage m ight have cont ributed insi gnificant ly to the
rover navi gation per form ance error si nce i n som e early
m issi on sol s (sol 4) wi th st raight m oves, t he gyr o
headi ng er rorwas l ow,r esul ting in the a di stance er ror.

The over all r over cont rol and navi gation desi gn which
allows the dr ivert o resett he vehi cle posi tion ever y si ngle
sol had el im inated rover cum ul ative navi gation er rors.
The rover 3D- cur sor i n the RCW enables t he dr iver t o
m easure the rover posi tion and or ientation accur ately,
and di rect s the rovert o its dest ination.However ,wi th the
inaccur acy oft he gyr o,desi gnat ion ofr overdest inations
som etim es becam e cum bersom e and lengt hy,especi ally
when the APXS was to be pl aced on a r ock.

FUTURE M ISSIO NS

Two currentr overm i ssi ons ar e underdevel opm ent:t he
Athena r overf orM ar s and t he M USES-CN m issi on to an
ast eroid, whi ch i s a j oint m i ssi on with the Japanese
space agency I SAS. The At hena r over i s the resul tof
an Announcem entofO ppor tunity issued by NASA i n the
sum m er of 1997. Pr of. St ephen Squyr es of Cor nell



Univer si ty is the Princi pal I nvest igator f or t he sci ence
payl oad f ort hatr over . The At hena r overwi llbe l arge (~1
m long and ~50Kg)and go m uch f artherf rom the lander
than di d Sojourner( perhaps Km inst ead of<10 m ) . The
M USES-CN rover has been dubbed a nanor over [ 5],
since i t i s m uch sm aller t han t he m icrorover Soj ourner
(~15 cm long,<1Kg) ,and i twi llnothave a l anderatal l,
butj ustf allbal list ical ly ont o the ast eroid from an orbiter.
Thus nei ther At hena nor t he nanor over wi ll have t he
benef itof t he cl ose pr oxi m ity ofa l ander whi ch can be
used t o provi de a f ixed obser vat ion pl atform and
coor dinate fram e. Thus,t he Sojournerm issi on st rategy
of usi ng the lander st ereo cam eras t o reest ablish t he
preci se posi tion and or ientation oft he roveronce perday
is notappl icabl e.

Inst ead, t he rover s m ust det erm ine their own posi tion
and or ientation. As we have seen,t he Sojournervehi cle
lostt rack ofi t's or ientation relativel y qui ckl y due t o drifti n
its rate gyr o. I n the case of bot h Athena and t he
nanor over ,som e sor tofcel est ialnavi gation is requi red
to m aintain headi ng knowl edge. ( Neither M ar s nor t he
ast eroid is thoughtt o have a gl obalm agnet ic f ield which
would be usef ulf orheadi ng m easurem ent.)

Athena will have a sun sensor , whi ch will al low the
direct ion vect or t o the sun t o be m easur ed with respect
to the vehi cle coor dinate fram e. Accl erom eters willal low
m easurem ent of t he local gr avi ty vect or i n the sam e
coor dinates. Knowl edge of t he pr eci se t im e ofday wi ll
allow the pr edict ion ofwher e the sun shoul d be i n the sky
(assum ing the latitude and l ongi tude ar e known) , and
thus al low com putation of t he rover 's headi ng in global
coor dinates.

It i s pl anned f or t he nanor over t o im age the st ar f ield
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 lim it of hum an vi sion on a dar k ni ght, whi ch gi ves
about4000 st ars in the cel est ialf ield. Any r andom field-
of-view of t he cam era willhave appr oxi m ately vi sible 7
stars expect ed. Because t he angl es bet ween stars can
be accur ately m easured in such an i m age, t he angl es
and r elative br ightness bet ween any t wo allow rapid and
preci se i dent ificat ion oft he st ars in a st arcat alog. Such
a cat alog can be sor ted by st ar br ightness,and cont ain
the pr eci se angl es and I D num bers oft he near by st ars.

By these t echni ques, t he rover headi ng knowl edge will
be m aintained over t he long t erm . However, i t i s
im pract ical t o cont inuousl y m ake st ellar obser vat ions.
Thus Athena willal so have r ate gyr os ( with bet terpower
filtering than Sojourner), and t he nanor over wi ll use
odom etry. O dom et ry on an ast eroid with onl y 10
m icrogees ofsur face gr avi ty m ay be suspect ,buti f t he
speed i s less t han about2 m m persecond,t hen r olling
cont actwi llbe m ai ntained. Atspeeds hi gher t han t his,
the m otion willbe i nterm ittentbal list ic hoppi ng. Fort he
M USES-CN m issi on,r olling atl ow speed willbe done f or
preci se navi gation to near by sci ence t argets,and bal list ic
hoppi ng will be at tem pted to reach di stant t argets.
During bal list ic hops, st ar f inding will be em pl oyed t o
m aintain the knowl edge oft he vehi cle attitude. Al so,t he

appr oxi m ate attitude can be i nferred from the di stribution
ofpowerf rom the sol arpanel s which covert he exposed
faces oft he body oft he rover .

For t hese f uture m issi ons, t he rover wi ll r equi re an
im proved navi gation syst em , i ncl uding reliable
accel erom eters, an accur ate gyr o, and a sun sensor ,
toget herwi th terrain m apping capabi lity. Thi s m ustbe a
navi gation syst em with m uch greater accur acy,t o allow
the rover t o navi gate aut onom ously for hundr eds of
m eters per solwi th m uch less i ntervent ion from hum an
oper ators. The r over wi llhave t o reach i ts dest ination
preci sel y in order t o per form science exper im ents as
com m anded.
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