
“.

Operations and Autonomy of the Mars Pathfinder
Microrover

AIKIICW }1. Mishkin Jack [’. h~c)rlisc)n Tat]) ‘1’. Ngu}cI~

JCL  Propulsion  1.atxmtmy JCL  l’lt)pulsi(~n 1.iIlxwa((my Jet I’repulsion 1.ahmtor-y

~a]if’twni:~  Instituk ofrl’cchnt)lo.gy Culif’ornid II]s[itutt tI1’TculIn(~logy Cdli((mli:l  Im[i[uk of” ‘1’ccht~o[ogy

4800” Oak [iro~c  l)tivc 4800” oak  GILIYC I)rivc 4800 Odk CiIovc  1 )Iivc

l’adcna,  [’A 9 I I 09 1’LIVKICII;I> (’A 9 I 109 l)~iwktm,  CA 9 I I 09

818-354-09X6 81X-354-7782 81$354-7296

AIKIIc\v }1. hfisl]kil~ @jl~l.l]:~s:l.gtJ\ J:ick.(’.hlor[  is(~t]@j[ll.l~:t\ii.gov ‘I’atll. NgLlyeIl@j[}l. []:is:L.gov

llcnr’y w. Stone
Jc(l]mpulsion l.atx)m(()]y

Czllit’ornia  IrlstitLltc of ‘1’cchnology

4800 Oak (itow I)ri\c
Pawtcna, CA 91 I 09

N 18-354-9[)51
I1cllry.M’.Slorlc@ jlll. r]as;l. g~~\

Abs[racI-- ‘Ik Micr{)ro\cr}ligllt Iixpcrinwn(  (M141X) is a
N A S A  OAC’I’ (01’1’icc of AdVM~CLXl  coI~ccp~~ WKI

‘1’cchno)ogy) flight cxpcrimcnt which, intc:ratcd  lvilh  Ilw
h4;it-s l':l[t]f`it~clct- (M}'I;) lii[]clcr:~ll(l s[>~~cccl:llt  systcm, Imlcd
011  hlars on  July 4, 1997, In [hc succcding  30 M)ls (1 sol =

1 M:u(inr] day), the Sojoumct micrtm)vct- iwc(mplishd all
01’  its p r i m a r y  and  cxtcndd missi[)n  ot)jccti\’cs. At’kI
cx)mplclion {J(’ lhc originally  plmmxt Cxlcndcxl  lnission,

hll~IiX  has c o n t i n u e d  to Lxmduct a setics  of” (ccllt]ology”
cxpcrimcn[sl deploy i t s  alpha ptoton” X-l”ily Spcc[l(m}c[cl”
(AI’XS) on KKkS and soil, and imdgc tx~ttl lct”rain k;ilut”cs
and ttlc lnndcr’.

'l'tlis ]])issi()l] \v21sc()t)ctLlclccl  Llr)clct-ttlc  col)s[min(s  ola (mcc-

pcr-s(,l opp(MILlni(y for” C(mlln:ln(t :11)(1 tctcmclry

t r a n s m i s s i o n s  bctwmn the kmdcr and cwth opmit~m.  As
such, thr h41~lX r’over W’:IS l“cq Llilcd total’l”y OLlt  ils mission,

incl Lding tcmin n a v i g a t i o n  :Il)clcoi)till:ci]cy response,  u n d e r

Sllpcwisd autonomous Conll”ol.” lJOI”  exillllptc,  goal

locations” WCIC spccilicd daily b y  human opcrx((m and lIIC

rover salcty Wavcrd  10 lhcse locations. ” I)uling ttilvctscs,

tt]crovcra  llt(~f~(~r]lc)llsly ctctcclccl  mla\oidd rock, slf~pc,  d
dl”ol>-of(”  hW211Lt\,  ChNl~iIl~ ih P;llh U S  Ildd bCkH’C  tLllllill$

tmk lowatds ils ~02L[. ‘1’his capability 10 operate in an
unmodckl  cnvironmcnl,  ct](x)sing actions in rcsponw 1 0

Scnsot  inp Llt  (() a c c o m p l i s h  l“U]LICStLYt  Objcctivcs, i s  LIIli(lLIC’

among  robotic space missions to d:llc.

In this p a p e r ,  t h e  tcclmiqucs implcmcntd on Ml; tiX t’LN
0pC121tiol)S d dLltol)OIllOLIS”  Colltlol”  WC dC5CIibCd  2111[1  ttW

pcrlormancc 01 this \ct)iclc  (m hfws is discussed.

1.
‘7
L.

3.

4.
5.
().
7.
X.

‘] ’AIIIE  O}; COS’[’I;NI’S

1~”1  Kol)ll[’1  ION

~()\’I:K  h41SS!ON  ~)t{J[:C’ I l\t,S

~OVI{R])I:SCRIl”I  ION

SLIRIAI’t;C )I’I:KAI”IONS Sc’tiNARI()
CC)hIhIANI) SIiQLIl:NC’[. GI,M:KAIION

AL I’IONONI(NIS”  ROVI:R CAPAIIII.I’III,S
VI;tlwl.li 1’t;KFOKhIANCI:  ON h4AKS

~’ONI’l. USloNS”

1. lN’I’ROI)UCI’ION

[h J u l y  4 ,  1997, t h e  IUltt)lindcl-  sp:icccwf’[  sLIcccsst’ully

l:udcd in t h e  Ares Vallis  tcgioll  01 MNS. ON sol 2 ,  t h e
SCC(IIKI  hlwi; ln d:iy :IIICI  Iilmling.  ;I1’[cr ovcrcwming aII initi:il

pl O1)lCIII \vilh p o o r ” I: IIKICI”-I(lVCI’ cot]]t]]Llr]icatiorl,” the
sojourner” Iovcl” Iollcd d(m’il  lhc real” I:IIKICI’ Iilmp 01)[() the
sLlrl’ace.  lflor(lcllo  c;lrtyoLlt i[sll)issiorl, tr-l]vcrsir)g(  ositcs”

01” scicnlil’lc inlcrrsl, tllc Iol’cr” design incorporated”

:iLIt(m(moLIs cap:\  bilities mlt applitd in prc~ious p l a n e t a r y

cxplomlion” m i s s i o n s . ‘1’hc  mission caltccl i ’ot-rover” traverses

t o  t)c pCI-limnCd ncdy cvct-s M)l, rcct Lliril)g scqLwr)ce

tLlrt]:lr ()llt\cl  t)yl;:lr(t]-t):lsccl  ()[)cr;i[()rs  irlll()Llrs,  r;ltt]cr t h a n  t h e

d:iys rwcss:wy  duling Viking, [k previous U. S.-c(mduclcd
t;lldcd  n]ission.

‘1’his  pq)cr p r o v i d e s  a n ovc’rvicw  of lhc rover mission
ol)jc.c(i  Yes, and the irl)l)lcll)cr}(:ltior) 01 t h e  rover- ir][cndcd to

Illcct [how” .ohlcclives. V’C dlSCLl\S how d a y - t o - d a y

[)pcwli(ms wm Lxm(tuctccl to cmy OLlt  the m i s s i o n . ‘1’()

lm)~idc c(mlcxl for (k ;Iutor]olrlous cqlabililics of t h e
Soj(Jur-mr- r{)vcr, \vc dcscritw the steps Pcrf’(mncd  try the
l~untar) (pmtims, dd’illill~ \dKTC  ;[Lltoll(Ml)~  M’:Is lld d



2. . ROVI:R  MISSION CMrrlwis

A s  of this wt-iting, all rover nlissiotl objcc[ivcs  Imvc km
Inc( or cxcccdcd,  ‘1’hwc ohjcclivcs  includccl:

C(),vl {III(1 .S[ll[’(llllc

M[l.ss

‘1’hc  HIass  allocation]” for the f-LIVCr d ils l;llIclcI-rlloLllllc(l
sLIppoIt equiptnclll  (iic-downs,  rtti[s, t-amps, and LJI1l~ r,dic)
link)  was 16 kilograms, while (Itc aLILlal  c(mlbimd mass (f

ail rovuclcmcn(s is 1 5 . 2  kilogmrns. ‘1’hc mass of’ [IIC IOVCI

ihclf is 10.5 kilograms,

‘1’tw r~wcr had 10 sulvi\’c  the ldunch, cru ise,  Idnding, WK[

M:ws  surfw’c cn\rir(mmmls 10 \vhich it \YOLll(l  bc suhjccld,

Kmcr mission SLICCCSS  wa~ dc.l ined primtuily hy IIIC
;lcc(}lll~>lislllllcllt  of Ihr  surfwx opcritliorls”  objcclivcs, (h’
L’otllplclc sc( of lcchm)logy expcrimmts,  including soil
mechanics, malcl-ial adllcrcncc,  and w’heel atmi\ioll,  tt)gdwr
\vi[h OIIC APXS rock dN:I collcc(ionl  d [III ilullgc O( (hc
liLrlcicr l()a\scss i[s[J()sl-l:lrlcli  rlgc(}tlcli[i() tl, ll:lvc hccn dclincd
lc)ct)llslitutc  M)% of mission  SUCCCSS, ‘1’hc rclnainiflg  10%
i s  uchicvccl  by cwmplc[ing addili(mal SC(S of” lL~c.hr~ol(Igy
cxpciimcilts,  APXS ~lat:lcollccliorls,” and imaging tic[ivi(ics.

‘1’hc nlissi~)n pl:ln calIcd Iol the r<)vcr 10 opcrak p r i m a r i l y
\\i[llir] 1 0  Illc[crs 01 (11C Imdcr; th is  is  c(msidctcd dw
cflticli\c limil of” wwt’ulncss  of [hc Iardcr SICIC() in]agcs  for
ditc’c[ing (tic I-over and idcnlil>ing  sites of’ scicn[it’ic inlcrcst.
If dcsirahlc dcstina[iotls  for t h e  rover arc idct~(itid  fur~hcl
flLIIIl the I;mdcr(in  ]3:lrlicLlInr clLlrirlg Ihc cxkmdcd mission),
then (he r~lvct- III:Ly hc COIIIIMIKICXI tc) t r a v e l  a~ ftw a\ the
landL’r’s  hc)tilon, ‘1’tl~ r~l\~r’\  CIcsigtl  all(~\vs it to d r i v e

scvc>r:ll hLIndIcd II ICIL’I’S  fr{]m Ihc I; IIKICI  hcf(mc pdssing  (ILI( of’
c’~)tllit~Lltlic:lliotls  mngc. ‘l’IIC sof(\\ilrc  design tvill ct~:iblc it

10 t-~’sp{)rd to colllrllLlrlicaticlIls Ims in  onc olt\vo spccilicd
w’dys: ] )  slop and h:~ck Up 10 rc-cstah]ish cc)tl}lllLlrlictitiot~,
(w 2) cc)lltitlLlc  cxcclllirlg  ils SCq LICIIC.C, w’hict]  \vill btirlg  [hc
I-LIVCl  hack  inlo C())])l])llllicati()fls  hclorc il complelcs. (1(’
Ilunlarl  Cl’lot ICSLII(S  i n  a  SCC]LICIKY  lhai ends with  ttlc’ Iovcl”
ou[sidc of’ collltllLltlic;\lioIls” rdngcl an onh(md c(m(ingcncy

sc~qLlcllcc  \\, ill tx [riggcrccl,  c:  LLlsi[lg  (I]c rover [() ~riyc (()\v:LrLl

Ihc (migin (If i t s  I;lrl(lcr-cc[j[ctccl  Lxwdinale  t“I-WnC.) J$rhilc
t h i s  long  distance driving i s  l’c:i\ihlc duc 10 lhc r o v e r ’ s

m+itcclutd, Ihc tt)vct’s hatdwwr tms  hccn  qwdificd (()
supp(wt  up i{) 100” meters of trtLvcrsc  on the Mar(ian  SUI(:ICC.

‘1’t)~ rover’s pritl]c  I]lissiof) has I)ccil dcsigmxl [() allol! the
rovci 10 a c c o m p l i s h  i t s  surldcc opcratims  ohjwtivcs  ill t h e
flrs(scvcil  solsofcJ ~>cr2\ti[)lls.” Ill:lclLlitioll, Il{)clctl~cr)tof” (tic
roVC1’S dCSigf] stloLLki pI”cL’[LI& itsopcrllti(m  fol a t’utl 30 s o ]
cxlcndcd tnission, during which gwakr  risks may hc talwn.
‘1’hc OIIiy cxll:ius[ihlc  rcsourcc ((jthcr than normal \vcar) i s
(Ilc r)oll-rccl):ilgc:lhlc  Ixu[cvy; lhc r[)vc[ i s cq>at)k ()!’
pcll”[mltling its entire mission, \vith [hc cxccption  of night
tinw AI’XS data collcc[ion,” cvcn i f  t h e  hat(crics arc
un:iv:iilahk  at’kr Imdin:.

? R[)vIiR DI;S(IUWC)N. .

‘1’hc Illohitity subsystcm  cx~nsists  o f  a  6-w’}lccI  driw, 4-
\VIICCl  s(cct~[hlc,  rilckcr-hogic Illohility  c}l:lssis. ‘1’his
cof]f’igLtlit(iot]”  alto\vs t h e  v e h i c l e  to surmounl  obslwles  1 , 5
\vlk’cl dianwtcrs in height. ‘1’tlc t“()\’U’s  Spwd is
:l[llll~)xilll;t[cly  ().4 tnclct/lllitlu[c  in nomirl~ll  lcrra in.

‘]hcrc)vct cottlllL!tcl[>  osscsscs:is itlglcCI’lJ,;ir~” IIIICI XOC’X5
opclating at 2 hlh/, pt-~)ccssit~g  100” KI}’S.  I;our types of
IIlclll(ll’y  WC imxwp(wdtcd into Il]c clcctrl)nics  hods;  ]6
Khytc })ROM, 64 Kby(c radia[i<)ll  hml R A M ,  176 Khyw
I.l; l”ROhl, and 512 Khytc R A M ,  dd[cssah]c  in 16 Khy(c
[l;l&!L>S. ‘1’\vo d(luhlc-sided b{mds illlplcment  all pt~mssing
and po\\’L!I” cot){ litiotlir lg/clts tiihLltic)r l.”





. .

(’ol)tilL’(  SCIISOI”S  :IIC l(K’d[fXt  0 1 1  bLllIl{WS 011 thC flO1lt id IC:U
of ttlc lo\’cr  solar pmct,  :11)(1  011  ltlc IOW’CI fl”ollt body of the
l~)vct. Additioml  cxm[act  scllsots arc itmqxwtd  ir}to t h e
AI’XS dcpl(~yiucn[  mccll;inism, which is I(K.:IICCI  al Ihc rear
of the rx)vct. II :111 obs tacle  in the lover’s path is not dctcctcd

hy tl)c prt]ximi[y  hwud  dclcclioll  systcm, triggct-ir]g any of
(k’ till IllllCICOIlt:lUt  SCI)SOIS \\’ilt}  e i t h e r  ahorl the t r : l ~ ’ e l s e  01

CNSC the IovcIlohwk” up,  tul-n, and avoi(t tl]c hward.

‘I’hc’”l; incl RocL’’uo ]])tll:irlcl:il lo\vstt]c  rovct t o  /cto in or) d

loCk tNl~Ct {it the Cl)d of ~ tl:l\’CISC,  ~LltOIK)llloLIS~~  LX)ltCCtill~

I’(]I p o s s i b l e  dw(l  reckoning mm. ‘1’hC USLl:\t  S(tL\tC~~  to

IC;ICII  a spcciflc’ rock for APXS dWL co]icctiot~”  i s  to first
lrdvcm to lhc v i c i n i t y  o l ’ t h e  t a r g e t  v i a  (me 01 more ‘G() to

W’aypoin  t’” COINIII:IIIC15.  O n c e  lt)cw, (1)c I - o v e r  i s  cotnmmclcd

to ckL1’ute a “-l’UIII ‘1’ovwd” t h e  cxpcctcd N)ck location,” s o

(t);lllllc ro\cri\Ilo\v” Idcin: in tt)cditcction Ihc rock i s  most

Iikcly  totm  kml)d. (“1’hc “Goto”  }f’ilyl}oitlt’’c otllll}:iilcl”  ks
not spccily the Iitl:ll hcaditlg of the Lx)vcf at the cd of a
tmvclw.) ‘1’lw r{)wr tlwn cxccutcs  a “t; iml Rock’” c(m~mrd
sp~~if’j’illg  C()(lILIII);IICS  bCyoId thC 10Ck’S :lCILltll  pclsi(io[}.

‘1’IIc  “l:iml  Rock’” exccLltcs i n  t h e  S: IIIIC v,ziy a \  a “ G ( )  t o

W:lypoint,’” ckccpt tlmt the firsl  litltc  a rock Iuwtd is fmmd
(luring its Irdvcrw, lhc ]t)vcr \vitl  s l o p ,  t h e n  tLlrn in phcc

\vllilc Llsin:  ils hwd dctccti(m scns(m (()  dctc{-ininc t h e



‘1’() pt(lvi(lc full ficxibili[y l o t  I()\JL’1  Conltd,  l o w ”  ICvc’1

m o t i o n  Lwmmancis  a]c  a\ailablc. ‘lllc “MOVC’”  Lx)llllll:lnd

dirccls [I)c  I[)vct-  1 0  dtiw f(wwd ot backwwd  ~vi(b fixd
w’heel slccrin:  angles k)r u spccificd nunlbci o(” ccn[itllc(crs.
Vati:llioms ot’ t h e  ““1’urm” C’(mllnand allow (Ipcl’alol”s 10

spwific circ’Lin}sl;lncc so in(licalcs.

E[ltlh to I[vd(’t  C()))/;)Ia)I(/  f./Ls.s-’Ihc htars I)tl[hlindcr
missit~n p lanners  prcpwd  for lbt possibi l i ty 01 I(NS 01
cf)llllilLtrlic:l(icJtls w i t h  Ibc sp:icwl-:tfi immdi:llcl} alkr
landing. (Ii)r-lLln2tcly, 10 dale, \vc ba\Jc cxpcticncd  no long

ICI-III  loss 01 col~~l~~Lltlic:\tiO1~s” dLlr-ing lbc mission.) II a t\vo-
\vay 10ss of cO1~lIl~Llrlic:lti(~rls  bad OCCLlll’Ld, (Ilcn 110 \Lld’X’C
mission \\’oLltd have been posSihl C ((M any ICSLIIIS (jt’ sllctl a
miss ion woLIld  ncwr’ bc known). }I(m’ever’, if only the
rcmiwr-  on Ihc Iandcr had (’aild,  then tclcnlctry  fr<ml t h e
spacmw(’1  \voLIld st i I ] bc nmivd on the gt’ound; o n l y  tbc

oppot-l”ni[y”  t o  commancl t h e  sp:mcrd’t  ( a n d  Iovcr) would

h a v e  b e e n  10s(. 1[1 O r d e r ’  10 pcl”t’om 2 USCfLll n]ission Ul)Lk7

SLICb  :1 “ c o m m a n d  10ss’” scctlar-io, n Back Llp  M i s s i o n  I  ,4xd

(BMI.) \vas dcsignd  and uplintd  to [be sp:icecmfi  du[ing
the o Llisc m i s s i o n  plmw. ‘1’hc  BMl , inclLdcs a set of
C(MlllWllld  SCq LICfK’CS  fol”  bo(tl tk’ kLIdCl :llld ltlC I“L)VC1 ‘I’t  IL’

~lhft ~ woLI]d bavc been activated  af’kr’ suf’ficicnl  Iirm’ (2 s()]s)
had clapsd  since the krndcl last wccid any scquenccs  t’r (m
ttlC f:~l[h. ‘1’hC ]W)dL’1’  W’OLl]d  tbCIl  b:lVC  lCkMWd SC(lUC[lL’CS  t o

lhc N)\ ’cl to stand u p ,  dcp]oy down lhc kmdcf  mtllp,  arKi

pcrfor-m  sLII1.wc o p e r a t i o n s . ‘1’bc lander \wIuld hnvc

Ir;lnstniltd t e l e m e t r y ,  \\’itb  t h e  h o p e  ltmt it \vill be  tcccivcd

by the I)SN,

Since, in this scenario, t h e  rover YvoLlld  still  rcgulady
rcceivc  new, sqLtcnccs,  il \v(JLlld cx)ntinuc to opcmtc i n  a
nornin:al m[dc. ‘1’hc BMl. would lmvc :tll(nvcd sornc
co(mlin:l[i(m 01” lardct  wd tLI\w acti\’itics  during IIle mly
parl 01” tbc nlission. I~or’ (k’ first k?w sols,  Llnlil  (kid

r e c k o n i n g  crrot aL’c LlnlLllatcd to signilic;  int l e v e l s ,  Ilw l:m(lcl

sboLIld have been able 10 point its carncrd to ilwgc the n)vcr
al i ts encl-ol:clay Iocdti on.” Wllcn Iovcr SLX]LICIK’C5  i  11 tllc

BMI, \\rOLIki no ]ong!c’r  bc LIwful (i.c,, wbcn tbc rover’s

loc:l{i~)n \viis cf(’ccliwly  unknown), the rx)vct- \voLtld h:lvc
been allo\vcd to transition to its owm onbowd” con(ingcncy

SCC]UMCC’.

B:ickup h4 ission  I ,wd scqLlcnws  \\cre I(xl(lcd (mtxmd the
}’:]tbflt]LICl”  lan(lcl”  to SLl[)polt  Collllll:lll(l-loss”  sLermios

triggcrd at [Iny tired bctlvccn landing and sol 60. With Ilw
SLKCCSS[U]  c(mptction  ()[” botb tbc kudct d r“~lvcr  prirnor”y

I[li>sions, IIwlc is n(I I[)n.gcr si:nit’lcan[  Ll[iliry  i n  d g e n e t i c

mission  pcrl(wind \i:i d set 01 “LW)IILXI” commml SIXJUCIICCS.

If ttw f;lilLtfc  of the lander-/l(nw link M been t>i-clilcclic)rlill,
IIlcn [bc only tclcmctry  documenting roller- aclil’itics  w(wld
tl:lvc bwn Imdcr imaging of ](wcr travel-ws. Iloivcvct,  if
only the corr]nmnd  ]ink bctwcclr the K)vct and ]mdct bd
f:lilLxl,  d(nvnlink of rover te lemetry  woLIld still have kn
p[)ssiblr,  althoLIgi)  coor’dinatiorl of activilic’s bc[wwn  tbe
t\vo sp:lccctilf  ’( w’ould no Iongcl bc f e a s i b l e , ‘1’tlc Iovcl
sof[wwtc  \v:ls dcsi:ncd to activate a Contingency sequence if
the IOVCI I:kils 10 rcccivc a complete C(MIIIIKIIKI scqucncc [(M
:I[l[lloxitll:(tely  tlvo sols. “1’hc p:wticulnr squcnct  1(J bc
ll-iggcrcd dcpmdi on (IIC miss ion phase of the rover (i.e.,
ptclaunch,  ctuisc, prcwlcaw, ptcdq)loy, pritnary,  or

cxtcndcd). I:or cx2\mplL2,  if the l-t>~cr kverc  still (m Ihc tmdct-
pc[lil Lvbcn the contingency mission aclivdtcd, tbc tt-iggcr-cd
SC(l UCllCC’ W’oll]d  C: ILISC i t  to St2iIK[ 111), ttlCrl  ll~lIISi(ioIl  to ttlC

next plmw for d r i v i n g  d(nvn the r - d r o p . 1 I t h e  rover W’cl”c

dlL’@’ pcrlor-ming SLl If21CC opcralions” w’t)cn ttlc

c(~ll~l]~Llr~ic:lriot~s  l ink  Iiiilcd,  the activa(cd  scq LIcncc  WOLIICI

c o n t i n u e  sLtd’;Icc opmtti(ms,  a t tempt ing to circLullnavigatc
(k landc’r :It a I-angd of appr~~kirnalcly  5  m e t e r s ,  v.fhik
flndlng  N)L’kS, Iaking Af’XS lllca\urcmcnts,  pcrfo[”ming
h’l A}i, VtrAli,  and s o i l  c.xpcr-ilncn[s,  and in~aging, I k-b
tclclllcl[’y  I“all)c gml-ml by the SLXILICIICC  \\’OU[d bC

tt’anslllitkd  t\vicc. Wittlout  hnndstdin.  g, lbc kmdcr- bn\ no
Illcctl:lnisln  to dclcilnine into \vtldt h i n d  of Iovcr pfictwt 10
lC:l\\Clllbk  thC tL’lCllKtL”~, S()  [ill tL’lClllCtI”y WOLll(t  bc

clnwit’k’(i :Is “Lll)l”Lw&!ni/cd  lo\ ’cl parkas” and fol”u’t~l”dccl t ()

tl]c gt(wncl  f(w r~.cor]strllcliorl.”  I I ’  Corllrlllltlic;ltiorls” were
I  c’csld)t  ishcd, tbc I(IVCI \Y(xlld r  csulnc  n(m]~al  opcrmtim
itllmdi:itcly W’llcn a Lx)mlnan(l SUILILV)CC  ~~’ils SLICCHfLl][J’

ILI’L’i VLd flol)l  tb~ lW)dCl”.

A \  h:i\ b e e n  (hc c:iw \vitb [k llwkLIp  Nlission 1.():KI, (I)c
n e e d  lot tllc ~’(~ntingcncy  hlission  1,(KKI  bas dwrcawl  ~vitb
tlw cxmtinucd SLICCCW  of the n)vcr’s mission  on M:m,  O n
sol X(), Ibc pritlldry cxmtingcncy cotllm:mcl scqLIcnLc wm
rLqktccd  wi lb a nc\v I(d, \vllicb is essentially a mLllti-sol
saling scq LIcn LT. If the rx)vci f:lils to rcccivc  a nciv conlnmnd
scqucncc  dflcr  SC VCI:II days  in cxmtingcncy  Iuodc, it \vill then
t r a n s i t i o n  to tlw cxlcndcd  mission pll:lw contingency
scq Llcncc, wlticb \vill  c: ILlsc il t o  atlcmpt to dtivc to W’:llL[  tbc

lilIldCt, LlrldCl ttlC il\sLllllpti(~ll  th:lt thC I’CIYCI 111;1)’  II:IYC driwn
OLI[ 01”  corll[llLlllic:lli(~rls  riinge 01 in~o a corllrlltlrliu:ltiorls” null
tc’~ion.
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7. Pt;lamiwiw’t;  ON M A R S

‘lhC OVC’I;I]  i IIcl”fo1llulllcc of S(!j(Nll”llCt 011  MNs t l:l\ MCWdCd

both d e s i g n  goals  and cxpccl:l[ions, as \vilrwssd  by Ilw
sLIcccssfLll  :Iccc)ttl[]lisll[llcrll  of all n)vcc m i s s i o n  ot)jectivcs,

and  [hc con[inu alien” of” ltw rL)vc I’s aclivilics twyond  even IIIC

plantd cx(cndcd  missior] duratior].  As of’ sol 8?, 16 dis(inc(
si(cs (9 r{~cks, “ /  so i l  localions) Id tmw andyd by [he
APXS;  ovct 1 2 0  MAIi ad 9 WAf~ cxpctimcnts Id tmw
pCL’follWXl; ad II1OIC  th~l) 500” iIllZlgCS U: I[)(LIILY.  ‘1’[IC IOVC[

M Imvcrscd owr I [W mctcm total inlc:[ tltd dislmcc,  ncmly

circ’Llt)}t~:l\iga(itl:  d)c landcI (l:iglLrc 4 )  A avcragil~g 2 . 7
mCtCI-S  pcr travctse day (f:igutc  5). (Sc\wfttl sOIS incl Ldcd no
tl”:~\’CISCS,  of[C1)  dLIC to CithCt  SChfXILlk’d  01” LIIISCt)CdLltCd  ]OSS  o f

Llplink o p p o r t u n i t i e s  bcl\vccn  1 kulh and the l;Indc I. ) “1’hc

rowr’s tm\wsc cqmbilitics have :Lll[)Yvcd LIS  1 0  both vie\\’

fc:I(LIIcs  at h i g h e r  r e s o l u t i o n  lhal] \voLIld bc possit)tc  from lhc

]:ll)dCt”’S  CZLlllClil,  d illlEIKC  i’c:ltlllL2S lh:L( C:lllllo[  t)C SCCll 21( :111.
from the Iillldct’s  \’:lll(:L& point (See l~igLllw  () and  7).

*

b

i

r

o f  Illc I()\cl 011

t)cl[cr [lull) t h e
pL’rl’omumcc otw?r\’cd  using lhc Ics(l)cd  I “ L ) \ ’ C l ’  dul”ill:

Opcldlions Rcxlincss ‘1’csk  otl [{ar(h,

]JIIc (()  [tIL’ IIL’NIY  otlSIKiC-flL’C lI:IILIIC  o f  tk kl’1’:Lill i l l  thC
imn~cclia(c  vicinity t)f Ihc lnndcr rdmp (see I;i#Ltw ‘8), initial
Iovcl  tlilvclscs wfcl”c c(mimmdcd as l~)~v-level m(J\cs, \vi[tl
no “G() 10 W:lypoint’> Comm:lrlds  LIscd. \\rc  also \vistvxl  (()

[l~oid  IC]IW  ICC 01) \\2~[loi  Il( (ltlVCISCS Llll(i I U’C  h:d C\dLl: [[d

both ([w IOVCI’S dd rcck(miny  Pci-ftmnancc  in (IIC hlwtian

lclt air], :Lnd  lhc ithi I i[y of  the l: IscI/c:LIIma Iwml d e t e c t i o n

Sllt)SJ’SIClll (() dC(CC(  (tW I:lsCI S(li[lCS LII1([CI  hf21-S itl Llllli  Ila[i OI]

and Zllt)cd[) condit  ions,”

Rovcl c211))CI:I  i  III+KS capurcd \vi(ll  lW:LIL1 dckxliot) t  ascts

po\vcrcll  or] (c,g., };igLlw 3) c o n f i r m e d  lhc visitlility of the
skipcs. ‘1’lw fllst “Cio 10 W’aypoinl’> colnlnmd \v21s  Wxlmxl

01) sol I 2,

I
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Our OVCMII expel-icncc ~vi(l) rolct navigaliorl  v,w~ [hat while \vLI\ ;Ipproxitl];llcly  13 dCg I-CC S/SOl  (JI tItIVCISC.  ‘1’l)c ICSUI[  Of

lhC dcd I-cckonir]g pcrfot-mancc wJ:Is poot,  t];v:itlj (Ic(cc(iol) Il)is dcdd I-c’ckoning pd’(ml]:ll)cc  tvas [hat ivtlcrl aLI[(IIIOmOLIS
and avoid:mcc world wcl i .  ~onsislcn(  w,i(h cd ify gIOLIIKl

Itavctw lv:is cndblccl, lhc “ G ( )  t o  Wr:lypoit]t’”  commands did
tcsling. p o s i t i o n e r r o r  \va\ r{) Llghly 5 -  10% of” CIist:lllcc n{)t alwf:iys kid [he rover  10 Ihc cxpcc(cd Iocn[iol),” hilt thel121vclcd, and avctdgc  drill of Ihc hcxling  Ickrcncc sut)syslct)) ro\cr IIc\cI[lIclcss  succcsslully :tvoidcd n(H-lri\vcrs21blc



. ’

l;urll)cr c o m p l i c a t i n g  tlilvcvsc opmlions”  \v;Is  the occ:L<ion;\l”

SpLlfio LIS ll)C:l\ll112111  CI)tS oht:lil)d i’tolll  o f  tW’()  OLI(  of thlCC

(mboml XCCICK)II)CICIS  UWXI  to dctc[-ulinc the whiclc’s

oricrlla lion, 011  SOII)C  SOIS  (tlCSC  XTCk’lollNICl”S  \’.’OLlid

inlerlnilten(ly gcnera[c spurious valLIcs in em)r by t e n s  01

dc.grccs. (’1’his hchavior 0[ (tic accclcIorIILwrs  hn(l n o t  bwn

Otwcr\ul  prior  10 l~inding, e i t h e r  ( m  (IIC tligh[  nwct (m lhc

WLlr~d t~st lll~it.) wtlil~ 111~ rowr’s SNSOI  polling sofiwurc

I;igurc  9. S(joumcr to lhc lcII ol’ lhc rock  “Wedge” (m Sol 35.
Par-t of Ihc “R(Kk Gatdcn” is visible in the LlppcI  right  of the image.
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(a)

(c)

(b)

(d),..,
}~igurc I (). Rover  IMVCISC  OVCI rock on Sol 24

8. @NCI .( ISIONS ‘1’llc :\Ll(orlotlloLls  ntlvig:lliol] capl)ilitics o f  the Sojourtlcr

CJnlikc IOVCI hdvc proven  sul’1’icicn[  to md lhr silts of inter-cst :1(Spaccmm dC\’ClopC(l  fot prc\’iou\  p][lr]c[:lly
(I)c I’:l(llfinclct landing site.cxplohl( ion” missions, SOjOlll-IICI”  opCI~IIC’s  ill :, ,lO1). “l’I-aVCISCS  in lhc SIII(IOIIKI  .arcw
\villlitl lhc si(c has twcn s[raigllllol  wind; navigdlion lhlo Llgt)dctmllinislic cr~vitontncrl(, in which t a c k  s(cp tnay y i e l d

tt)c rockict- ;Itcas, mosl n o t a b l y  t h e  region dLlhtx4 t h e  “RockUllcxpc’clcd  Iesulls (IUC 1 0  Llllk Ilo\\Il)  [ctmirl con(litioi)s. ”

AiI}KNtg-h  m(xlcst in capability d cc)mplcxi(y,  t h e (idtdcn, ” h:i\ been more []r~)tllclllrllzllic, quiting  scvctal  SOIS
10 LX)VCI  a ltimJ mclcrs  01” (h(:Iclc-s[rcv.,11 lcrmin,mict(m)vcr  is unique among  I-ok)lic  missions (() d:lle in ils While
Solllc c~f (IIC (ki-vcd di lTlcLlllics  arc Clcm’ly:Ibilily 10 opct.ale irl an unmodclcd  Ctlvil.orltnctll  and choose”
Iitllil:lli(]ns ill

dLIC t o

IIIL’ac[ions b:lvxl on scns(w input  10 accxmlplish  rcq  LIcslcd illl[llctlletlt~i(i<~[~ 01” llLl(OIK)lll OLls
obicclivcs. A s  s u c h ,  Soj(ILtrtIct is ptt~bal]ly [k mos[ Ildviga(iotl  (mt~(mr-cl [k vchiclc, mLKh  can bc d([rit}Lltccl  (()

Ihc caLlliotl of” the Iovcr t e a m  in cndbling  the l-over’s  ILIII:lLl[OI)olllo  Ll\ dCC[)  SP:ICC  @W ~Ct t21UI)Ctlc’d.



I; Lllutc planmd rover missions, SLICt)  ~l\ the M:IIS Survcyot
Pr(lgmm  2(K)1 mission, w i l l  not baw thr !ux Lll”y  (11

accomplishing (heir oblcctives  w’bile maintaining SLLCII  a
conscrvalivc  approach 10 risk, It) lhcsc  missions,  lIIC Nnw
\\’ill k rrquiml 10 Iravcrsc apprx)ximalcly 100” tnckts  pcr sol
ill olLfC~  t o  R?dl SitCS of sCiCl]tifiC il](cl CS[  [d L’()][CC[

s a m p l e s  for Cvcl)fllal Iclllr’n to Iial”(h. ‘1’his i s  cqLliv:ilcnt 10

pcrl’orming all o f  Ihc lr’a\’clscs ( ) {  (he &)joLltllCl  I-L)\cl dlll”illg
Ihc cn[itc }’:kthfinclcr  sLlrlwc m i s s i o n  t o  d;ltc in 2 single s o l .

W ’ b i l e  s u c h  long d i s t a n c e  Irawiscs \vill clcwly entail  a

signi f’icdt)t  incrrasc i n  ttqLlit-cd  aLltotmn]OLls”  c a p a b i l i t y  {’or

fLl(LlrC  rovcw, Sojourner  has already pIovm tbc fLd\ibili[y

and  VIIILIC  of nlobilc robots for planclary  sLlrfac’c Cxpl(wdlion.

‘1’hc work dcscribcd in [his publication wii< cm id OLit by Ibc
Jet I’[”opLl]SlO1)” I .:itwmtory, ~alifor-tlia  Ir~s(il Lltc of

‘1’ccbr~~)logy  under a contract \vith the National Aclon:lutics
and Sp:icc Acll~~ir~istr~~[i(lrl.

‘Ilm h4icmro\cr  l;ligh[ }{xpcrimw(  (MI; IX) is a N A S A
OAC’I’ (Ollicc  of AdvmLxd  C o n c e p t s  and ‘1’cct~nolo.gy)”
activ its,

We \JJ[)LIld  Iikc 10 zrcknow’ledge the cfkwls of Ihc cngiwcrs
and sc ient is ts  of’ lhc hlar-s Palhfindm Icwn, WI}10  Iogc(tlcr
made tbe mission a SLICWSS  beyond  oLlr” cxpccldtior~s.
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