
ALIIC)IIOIIIOUS  l{otwtics,  ?’!, 1:~’? (’??)
@) ‘?’! Klu)v{,t A(a(l(IIIic  l’(ll)lisll(,rs,  IIOS((III.  MaIIIIfact IIr(,(l ir[ ‘J’tlc Nctllcrl;,rl(ls.

An Autonomous Spacecraft Agent Prototy~)e

]) Cll(,’l )tolCll l~.t\lC,ll:lS:l ~()\

~(LdIIIIL ]{cs(:(trch (hjl[)l’(lti(lll,  NA ,9A A T\Lc<s ]{csmw}i C(:I1  t CT, A{,T 269/2,  ilfo~fct t Fid(l,  CA 94035.

l)()[JG1,AS 1;. II} H{ NAI{I),  SrJ’l;\’lt A. C1ll  EN,  F; I{AhTN  GK1’

NICO1,A  hlLJS(;lI;rl’’J’O1,  A, 1’. I’AN1)lJ1{ANG  NA\’AK

lll\v.l:ll(l$t  Illll)lall(t  ,((1111

~’btll’t}l  ~’l[tllct ITIC. , ~~~ M[lill Sfrc(’1, .$w’t [ 204, 1,().s A llos, C A  94022.

A b s t r a c t .
‘J’klis lMIKX descrilms tl]c A’cw Millcrtlliulrl  I{(,]ILotc  Agc,Ilt (h’ L’l I{A) :ilt”llit(f.t~ll(’fo] allto~lol[lolls  SIEICe

(’raft  control Systc’ltls. ‘J’llis arcllitccturc iiltqyatcs traditio]ml rca-til[lc Illollitori[q+  and corltrol Jvitll
cc)rlstrail]t-bas~’cl  l)lat]tlillg atld sclldulirlg, ml)lwt  lrltllti-tlll(’:1(1[’(1 cxwutio~l,  iltl(l Illml(’1-l)ascd d i a g n o s i s
and lc’co~lflg~lratioll.  IVc il[lI)lclllclitd  a  ~]tototyl]c  autorlolllous  slmcwraft agcllt Ivitllirl  tllc arcllitwturc
and dcnnollstratcxl tlic l)rototylm ill tllr co]ltcxt of a clmllmlgi]l.  g auto~lolliow  ]Ilissioll  scetlario ml a sit fl-
ulatd sl)acccraft. As a result of this S(ICCCSS, tile itltcgratml ar(llitcctllrc has lwcll  sclcctd to fly a s  all
al]tmim[ly cxlmritnmlt  ml I)cc])  SIMCC OIIC (1) S-1), tll(’ first fliglit  of N A S A ’ s  Nmv Millctllli(l[tl  l’rograll~
(NNI1’),  wllicli  ~vill lautlcll ill 1998. I t  ~vill lW tllc firsl  A l  systcttl to iIIItOIIOIIIC)IISly”  Control aII  acttml

s])acccrafl,
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K e y w o r d s : autmlcntlous  m})ots,  agctlt arcllit cctuws, act ic)ll s(,lcct  io][ and l)lallllill~, dia~[losisj it]t cgr:l-
tio!l atld coordillatioll of ]llllltil)lc activities, fault,  ])mlmtioll, olwratiolls, Iwll-tillic  systcl[ls, lllodclill~.

1. I N T R O D U C T I O N

‘J’llc future of  sIjacc ml)lolatioll c a l l s  for  cstal)-
lisllil]g  a “virtual ~)mcllcc” itl sl mu’. ‘J’llis \vill
IN acliimd \vitll  a larg(!  IILIIIII)(’1 o f  s~ilart,  clIcal)
s[mccctaft, conductillg lnissio~w  a s  altll)it,ious  a s
lol)otic mmrs, l)alloo]ls for cxt mldcd  at Itlos])llcric
cxl)lorations ad rolmtic sul)lllalillcs. Ekwral lI(I\v
tccl]l]ologim lied t o  }w (Ic’ltic)l]stl:ltc(l  to wacll
t h i s  goal, and CHLC of tllc Itlost  crucial is 011-lmrd
S1 )awcraft iillt onoIlly.

111 tllc traditiolml al)pmac}l  to  s~mcccraft  olNr-
atimls llulnalls cauy out oll tjflc ground a  laq+c
~LIIIIIlWr of futldions illcludillg  ]datlrlitlg activit its,
scquwcitkg  sl)acccraft act iolwl tracking t IIc s]mc(’-
craft’s illtcllml lmr(lwaw stat c, c]lsurillg corrt,ct
f(lllctioliitlg,,  Kxovcri[ig itl casw of faillltc, aTLd sul)-
S[’qwlt,ly woIki Ilg atolllld faulty sul)systcllls. ‘1’llis
a])lmxicll will Ilotj m[llaiti vial)lc (Iuc to (a) mtl[l(l
t ril) lig,}lt t itnc cc)ltll[](ltlic:ltic)ll  delays w’llirll IIlak’
joystickit)g  a  dccl)  sl)acc lllissio~l illilmssil)lc all(l
(1,) a desire to li*nit  tllc o~wrat i{,lls  tca*,l all(l cl(Kl,-

slmcc cc)lrllllllllicfltic)]ls  costs.

]11 tll(! lK!W’  llld[!l Of ()])(’liitioIIS, tll(’ S(”i(’lltiSt S

~vill co~nlllu]licat  c lli~}]-level scic]]cc  goals diwct Iy
t () Lllc’ sl)ac(uaft. ‘1’lIc s]mcwraft  will t lLCII I)u-
forlll i t s  own  scimkcc ljlatltlitlg  a]l(l sclldulirlg,
traldatc tllosc SCIICYIUICS  ilito sm]ucIIccs,  vmify
t  Ilat tllCJ’ will  IIOt CliiIllii~(’  t  11(’ Sl):lCC(’1’:lft  ,  aIl(l

ultilnatcly exccut(! tllclll ~vitllout  lolltirlc llLIIllil Il

itltc’llrt’~lt,io~l.  III tllc c a s e  o f  cllor wcovcry, tllc
sl)acccraft ~vill llavc to utldcrstall(l tllc it[]Imct  o f
tllc crrm 011 i t s  I)mviously l)lalilIcd  Scq(lcllcc  and
tllcll mdlcdulc itl l i g h t  o f  tflc ~lclv illforltlatioll
aIId  l)otc’llt)ially  dcgradd ca~ml)ilitiw.

‘1’0 l)lidgc t,llc gal)  }wtww’11 tll(! old  olK’rat iotls
]l~od(,l  and tllc ~ICJY mlc, uc co]ld(lct  cd a ralji(l-
Im3toty1)i11g  effort ill ~vllicll w’( (lclno]lstrat  C(1 coltl-
])lctc autcnloltlous  oImatiorw  ill a ~rcly cllallml~ill~
cmlt  cxtj: silllulatd ilmrt ion of a wa]ist ic sl):Icc-
crafb  illto oll)it,  around Sat, unl. ‘1’llc Itlissio]l  scc-
Ilar.io illcludd t raditlg of[ scic]lcc iltl(l [’llgirlwri]lg
goals  and ac}iicvill~  tllc l[lissio~l irl tllc face of ally
sitl~l(~ ])oirlt o f  lmdw’am faillirc. ‘1’liis Satlll’tl  01’-
l)it IIismtioll (S01)  scmmrio, altllouglt  siltll)lifid,

still cotltaitld tl]c  Iilost  itlllmrtallt collstlaillts ali(l
sOIIM.(,S of coltll)lcxitics  of a real Itlissio]l,  ]Iiakillg
i t  tllc ltl(wt (lifficl[lt  clmllcllg(,  ill tl]c colltcxt  o f
tl]c rtlost  cc)tlll)licatcd  lllissioll I)llasc  o f  tllc I[lost
:I(lvarl(”( ’(1 Sl)ac(ll’ aft to dat (’.

‘J’llc ulli(ltlc  wquirclllclits of t Ilis (Iol[mill  1(YI us
to tllc N(WV  Nlillmllliilr[l  I{ct[)ot( Agerlt  (iYMl{A)
arcllit cd uw. ‘I’l Ic awllitcct uw illtcgrat m t ra(li-
t iotml  r(w-t ittlc  Illo!lit  orillg aII(l cottt  ml \vit 11 ( a )
co[lst  raillt -Iwml I)lallilillg  all(l  sclldulitl~, to clL-
SIIW  acllicv(,l[ic[it of loll,f-tclItl Illissiml  o})jcd ivcs
:IIId cffwtiwly Ilmflag(’ allocat iml of scam, syst  c]ll
wsollw’s; (1)) ml)llst ~lllllt i-tllwadcd mccut iorl, t o
l’(’liill)l~ (’x(’(”llt(’ ~)1:11111(’(1 S(’(1(1(’11(’(’S  1111( 1( ’1’ co]lcli-
tiotw  of 1111(  ’( ’I’tili Ilt J’, t o  ral)idly  ICSIm IId to  1111-
(’xI](’(”t (’(l (’v(’Ilt  S  SllCll 21S  CC)lll])oll(’llt filillll’(W, and
t () lll;lllii~(’ (“O1lC{lIT(’Ilt l(’ill-t  ilr]c act i~it  its; and (C)
lll(l(l(’l-l )iiS[’(l  (liil~llo SiS, t o  col]firltl  sllcccssf(ll I)larl
cxc((ltiorl  illl(l tO illfct tll[’ 11( ’altll of all syst(’111
(Ollll)O1lmlts l)ilS(’(1  011  i]lllm,]~tly lil[litc(l scrwol  ill-
ft)rl[l:lt  ion.

‘1’lIc Nmv Millrllrlilltll l{c[[l(~tc Agellt  (NMI{A)
:Ircltit  (M 111’(’ JVilS  SllC(’CSSfUlly (1[’IIloIISt I“at  (’(1  011  t}lC

Sillllllilt(ll SO I scctla]io ill OCt Ol)[’t  1995. ‘1’}tis
succcss wsult c(l ill tllc illcl(lsio[l  of NM!]  A as atl
il(ltollo]ii~” cxI)cri[tLetlt  ill tll(~ first  hTLII’  ~tlissioll,
1)(’(’]J S1):1(’(’  1 (1) S-1), Ivllicl] is S(’11(’(1111(’(1  to liiLlllCll
ill llli(l-1998.  ‘J’llis \vill lW tllc fllst A I  systm[l t o
illlt olloIllo  LISl~ (“OIlt  1 ’ 0 1  2111 a(”t (Iill Sl)ilC(’(”1’aft

2. SCENAI{IO

2.1.  lIL170(/(IclLIJ7L

‘J’11(,  (j:issilli $iat(lrll  orl)it IIlsc,rtioll  ( S 0 1 )  ~v:ls
11s(’(1  :1S t  11(’ SC(’Ilill’iO  foX (lcv(,loI)itlg  illl(l t(%t illg
tllc NT LII{A ]mototyl]c. ‘1’llis sce[ia]io lvas  clloserl
I)y slmc(vlaft ctlgill(ws at  .ll’Ij, lwcalw it rcI)w
S(’tlts otl(” of t 11(’ IIlost (“lliLll(’Ilgillg  :111(1 M’(’11-st (Idi(d
])rol)l(’ills ill S1)i\(’(’Cl”;lft ()~1(’r:lt io[ls. It Cllt ails IIlil-

Ilcuv(’ritl,q il (’01111 )1(’X S])a(’(’(’l’ilft  (Cassilli)  \vitll
lIllllt i])l~-I’(’(llll  l(lilllt S~St(’lll  S iflto orl)it il[()(l[l(l

S:itlltll, ~vllil( cal)tlltirl~  scimlcc  illli~g(’1’y o f  }Iotll
tll(’ 1’illgs illl(l tll(’ l)l:l[lCt i t s e l f  :Illd do~vli-loaditlg
s(,i(,rlcc alI(l c’llgillceri[ig  d a t a  t o  t}lc }’;altll.  ~’llc



sc(’llari(J  (X!llk’m  al’ou[ld  t 11(’ Illissiol[-([it ical  Nfair[
l~tlgill(’ bunl, lvllicll  slmvs  i 11(’ slm(Wlaft t () t 11(’
lJK)IJC1 v e l o c i t y  for  a(:}licvill~  Sat UIII o]l)i(. Atly
crror ill tllc start ti[[l(’, (Iurati(nl, (m v(’ctol  o f  tll(’
l)utll \vill l(!slllt  ill Illissio[l  failllw. [~olls(’(111(’lltly,
dutldatlt slmcccraft, syst(’ltls  ( ( ’ g .  s!vitcll(’s,  ~y-
ros, and CVCIL a lmckul)  Maill I;llgill(,)  II I(IS1 1)(, 1)1(1-

coIIfIgurcd aIId at tlIc NW(IY ill caw of arLy f a i l u r e .

A  sitlll)lificd  vcrsiml o f  Cassirli MWS us(d for
]llodclillg tll(! l)rok)tjyIw  sl)ac(uaft, arl(l t 11(’ S O I
sc(,llario mras colldc~lsd into a set, of g(mls ar[(l cOll-
strai[lts. AI I cxaIm)l(,  s(qtlc[icc satisfyir(g tll(~ g(mls
and c(mstmitltjs \vas  a l s o  ~)mvid(d  I)y tllc slM(x-
craft cllgillcms for  lcfcmlcc. ‘1’11(! (’Ilallulg(’ to tll(’
:Iut[)llolf lous syst(:lll W’as Tlotj to dlll)li(’ilt(’ th is  s(’-
(]lICII CC> but, ratllcr to ])laII aII(l cwcut(, t a s k s  itl
SUCII  a Itlallticr  tlmt,  all corwt  raillts tvcr(’ sat isfic(l.
17i1mlly, a sc!t of guid(’litl(w  was cstal)lisll(’(1  for  rllrL-
][illg tll[’ scctlatio 2111(1 llall(llillg Silll\llilt(’(1 filillll’(%.

.!?. ~. ~71iddiTl(5

‘lTllc followillg  guidclillcs  wuc cstal)lisll(’(]  for  tll(’
sccllario:

1.

2.

3.

Acllicw:  t,l]c lllissiolL goals CVC]L it! t ]IC (’~r(’[lt o f
aIIy sillglc l)oillt IIat(l]varc failuw.
Collsi(lcr tllc! Satulll orl)it ltis(’ltiotl I)(ltll  a
sImcial  c\’clLt, tflat, for  m})[lst 1][’ss, wq(iit(s
that all critical sul)syst ctns olwrat (’ ill t 11( ’it
ILigllcst I(:lia})ility  1110( 1( ’s.
Altllou~ll  lnultil)l(’  ill(l(:l)c~]l(l(’llt  sirtlllltall(wus
filillllCS- all!  Ilot, co~lsi(lcw(l  cmlil)lo, ]llllltil)l(’
scqucvltial failures S[)ac(d  fat’ (vmllgll  al)al’t

to :illow  wc(wmy of OILC lwfow cO1lsidc]itlg  t 11(’
11[’xt arc co~lsid(wd cmlil)l(, all(l  Illust  IN’ a(”-
coIllIllodat  (’(1.

2.3.  Gods

‘1’11(’ followill~  goals (Icfirlc tll(’ S01  s(crlario:

●

●

●

LJsc tllc  ~llaill (vl~illc  to ilwlt t}lc s]mc(vtaft
into Satutll cml)it.
Acquiw atl(l  rcturll sci(!llcc  il[iag(’s  o f  S:ltlti]l
durirlg al)l)macll.
Acquiw atl(l  Ietutll sci[ticc il[ia~(’s of Sat (ItII’s
rings llc’ar closcstj  al)])roa(l].

All A~ltO1lo]l\()[ls” S1)a((~liift  A~(’](t  l’~ototy[)(”  3

●  AssIiT(’  tha t  tllc (al]l(’ra is I)mt(vtc(l ft(nll ring
])ill’t i(’l(w (Itltillg rirlg-])lall( ctossill~.

2,~. c(J71$/r(/i7/fs

‘III(’ 111() (1(’lS  (If tll(’ Sl):l(’(’(’laft ii!+ lltl(l(’1’Stoo(l” 1)~ tll(’

])lilllIl(>l’  fol’[11 tll(’ (’(lllt(’Xt fol” a(lli(’villg tll(’ :11)01’(”
goals. ‘I’l ICSC lII(KI(ls co]lst  Iaitl t II( clloiccs t Ilat
1 }1(’  ~)liltltl(’[ Ill;l~ Illilli[’, f o r c e  c(Itaili t a s k s  to 1)(,
01’(1(’I’(’(l,  illl(l fol’(’(” tll(’ a(l(lit  ion Of t ?lSkS  tO :lllo\r
tllc goals to lw a(lli(wwl. ~’01 t]l(, S()] sr(,tlatio, tllc

foll(nvi[lg  (O1lst taints Sigllifica[]t  Iy affect t 11(’  wsult-
itlg  l)lal I:

●

●

●

●

Av:lilal)l( sl):\(wtaft e l e c t  Iic:il  I)(nvcr is lilll-
i t  (’(1; (,acl I o]mat ills lll(d(, of (WCIL ass(vtll)ly
w(ltlir(’s  a ])w(l(,fitl(d  ~)olv(’] allocat i(nl.
Avi(il:(l)l(  sci(’llcc  data stol:l~c is lilllitc(l; tll(’[(’
i s  ILOt (’i]ougll mol[l to :I((ol[lltlo(l:itc”  Imtl]  tllc
S a t  llf]( al)l)Nm(lI  all(l  Sat UMI rirlg  illlag(’s  si-
Illlllt arl(’ously
01 II% 0]1(’ slla(w”taft lmitlt  itl~ (Iiwct  ion ltlay
IW coltIIIIaIt(l(Kl at  a  tiltl(’. ‘J’llis C(NllkS  tll[’
s(,i(,tlc(’ iltla~illg il(’tivity, t 11(’ olf)it Cllallg(’ il(”-
tivity,  tll(, lkltll (()]lltlltltlic:tti()ll  activity, aII(l

tlI(~  Iillg s:lf(’t~’ :~(.livity  sillc(’ all w(luitc solIl(~
sl)a(w,r;lft ilXiS t () I)c ]K)itlt (’(I ill a Iml’t ic(llat

(Iiw(tioll ((’g., allt(’~lrla to\vad (wltl l).
A  ~t]ilill  ([l~itl(’  l)lirtl  wquiws  SCVCIal ~)r(l)aIa-

tory stc’])s ])rior  to (’tlgitl(’ i~[litioll.

A})]ml(lix  7 ])l”(n’i(los  il(l(ljt io]lill (I(}tails a~]out
tll(’ S01 sc(,llari(].

3. I )  OMAIN AND REQ[JIREN4ENTS

‘1’11(’  S1):l(”(’(”l”ilft  (Iolllaill  l)lil(”(Y ii Illlltll)ol  of I (’(]llirc-
111( ’llts 011 t 11(’ Soft \Vill’(’ ar(llit Cct uw t Ilat di[liw’ll-
t  i a t  (,s it frol[l  (Iolllaills  COIISi(lol(’(l”  I)y ot her r(’-
S(’:IIXIICIS.  III this s(xtiO1i, WKI (Iis((lss  tllc rcq(lirc’-
ltl(,llts  of t 11(’ S1);l(’(’(’l’:lft  (loItlaiIl  iltl(l COllt  l~lSt t 11P
(lo Illilill ]vitl( tll(’ Itlol)ilc  ml)ots (Illol)[)ts)  (Ic)][miti
~vlli(’11 lms I)(TII tllc foc(ls  of ]Ilu(”l I of tllc Ivork  itl
illltollo I[loll S ml)otics.

:{. 1.  S])(L(WVOJ[ I)oTrL[ti7/

‘J’11(’1(1  arc t 111(’(,  II I;IjOr l)rol)(,rt ics of t II(’ doltlaitl
tll:lt  (11’OV(’  tll(’ ill’(’llit (’(”tllf’(’ (1( ’sign.
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‘1’lIC m]uiwltlcllt for  auto~lo]tious  (J]wratio]ls
over lol Lg, l]ctio(ls is furt llcr c(]l[ll)lical  (,(1 I)y t !v()
addi t ional  f(!atur(!s  of tll(! dolnai]j tighi 9’c<’io119”(T
co? MtJ’(L?Ttt. s and had deodli?ws.  A slmc(’(’raf( US(IS
variolls m+our(:cs,  illclll(lillg ol)vious  olIcs  lilw ftl(’1
alicl (’lcctrical ]mvm, all(l  1(sss ol)vio(ls  011(’s lilw
tllc lIulIllK’t of tilllcs a Imttmy CaII I)(, wlial)ly (lis-
cllal.gcd  and mcllargd. SOIIIC of t lI(W(’  )’(,s0111’(”(%
al’c’ r(!IK’W’alk!,  l)llt l[lost  o f  tfl(!lll al’(’ Ilot 11( ’11( ’C,
autormrt  lous oi](! ration wquiws sigl]ifi(”allt  (’ItJ1)lJ:I-
sis o[l tll(: careful utilizatio~l of 11011-lCII(’JY:I1)I(” 1(’-
S0111’(’(3S  ?Illd 011  pklllllitl~  foX t}l(’ l(~])h  CCIll(Vlt O f

wllc\val )1(: msouwcs lmfom  they 1(111 dallg(w)usly
low.  Sl)ac(’maft o~)cratio]ls  aw also clmract criml
})y t,llc I)rcscllcc o f  had d(:adlitl(s,  e.g., t IL( (fli -
cimlcy  of or})it,  cllatlg(!  ]rm~lcllvetx  is a Stlo]lg  flltlc-
tiorl  of ttic ]ocatiorl o f  tfw  slmc(waft it{ its orl)it,
so t]lat t lkc t ilnc at lvllicll  SOI ltll]st IN’ aclli(’v(’(1 is
colmtrairlcd to  lic witl]il[  a two  lIOUI }vill(l(n~r.  S()-
l)llist, i(.atd lLillllitlg alld sclldulillg syst(vtls arc
li(d(d (0 ]fl(x:t this wq(liwltl(~rlt

‘J’tlc sccoIId mitral I(quiwlll([lt of sl)a((ctaft
01)(, Iat ion is }LiglL 7chb2Pi/.y.  Sill( .(’  a S1)il(,(,(.1’~lft is
cxl)ulsivc and oft(’11 utliquc, it is (’SS(’llt  iill that it
acliicvc its lnissioll Ivitli  a lligll  level of wlial] ilit y.
l’art of this l]igll  Iclial)ility is aclli(’v(,(l tlllollgll tll(’
IISC  of mlial)k IMd}vaw.  IJo\v(,\’(’r, tll(~ }Jalsl] (~Jl-
vim]lltlcllt of sIMcc all(l  tllc illal)ility to t(st ill all
fli.@lt co]lditiolls  c:ilL s t i l l  calm ull(xlwct(xl  llar(l-

lvatc failures, so t 1)(:  soft, wam atcllit (’d (lf(’ is r(’-
quiwd t () col[l]](’[lsat  c for  sll(”ll collt illg,(’[l(i(’s. ‘1’llis
I (yuiw]nmlt (licLates  the uw of atL (’xc’c(It  ion sys-
tmtl  ~vitll clabolatc Syst(,lr]-1(’v(’l  fault,  l)wt cct iotl
ca]ml)i]it  i(’s. S11(1) aTI (xcmlt iw: ca[l  ]a])i(lly  r($-
act  to colltil+yltcics }y mt ryillg failwl actions, 1( ’-
co]lfi~ulin~ slmcccraft su})systmrls,  [)] ])llt t iflg t 1)(’
slmcw;raft into a safe stat,(~ to IJt(~v(,llt f(lrtll(,r, ~m
t(vltially itwtticval)lej dattm~c.

‘J’11(1 Ic:clllir(’rtl(:xlt o f  lligll  wlial]ility i s  fllltll(’]
(wtfll)licatcd l)y tllc f a c t  that tll(w is h///itcd ok
.sc7wLbzhty ir)to  tflc slm(ccraft’s stat(’ (lu(’ to tll(’
a~r+iilal)ility of O]lly a lil[lit(d II1]TII1)(’1.  of s(’lls (m.
‘1’llc a d d i t i o n  o f  sctlsms iltll)li(s a(l(l(I(l ltlass’,
]mwcr, cal)ling, alid u])-fro~lt cllgil](KliTl~ t ittl(’ all(l

cff’oI’t . l’llcll  S(’llsol Illllst  a(l(l (“1(’al’ l’alu(~ t  o  tll(’
]Ilissi(nl  to I)(’ jtlstific(l for illclllsiO1l. l’(lltll(~[l[l[)l(~,
S(IIIS()]S arc tyl)ically 110 rt]ow  rclial)l(,  tllall tlic as-
sociated Sl)a(’(’(’l’aft llill’(l\t’/ll’(’, IIlilkillg i t  t h a t  111(1(’11

II Ior(, (Ii fii(”lllt t () (l(d(lcc t 110 t ruc st atc of tll(’ s]mc(~-
claft lIaI(lu21w. ‘I’l L(w’ collst Iaitlts diet atc tllc use
o f  lII(Kl(’1-lmscd (liagtlosis l[lctllo(ls for  i(l(ultifyitlg
t 11(’  t I’llc Stat (’ of t 11(’ Sl)a(”(’cl”aft llal’d~val”(’. ‘I’l I(W’
1[1(’tll(ds I)mlict lll]ol)s(’l~r:il)l(” s t a t e  vatial)lw IM-
it]~ a s])a(((r:lft 111()(1(11,  aII(l earl  (’fikct ivcly  lIaII(ll(I
S(,11S01” filillll’( ’s,

1’11( t l[it(l  (([it tal 1(’(ltlit(’lli(’]lt of s]mcccraft o]l-
(~1’ilt iorl i s  t  ll:it o f  (’07/C ?/7’7’C7/f f7ctil)ity.  ‘1’11(’ SI1a(”[’-

(’l”iift lIa S a IIu II I1)(’1’ of difii’t’cllt Sll}JS~St(’IllS, :111

of lvl]icll  ol)(’t’ilt(”  (“OIICllll’(’l  ltly. 11( ’] I(”C, waso]litlg
:Il)(lllt tll(’ Sl)~l(’C(’l’ilft  11( ’(’(1S to 1( ’fl(’(’t its Coil C(lI’-

1(’tlt Ilatltr(,. 111 ])articlllar, tll(’ 1)1:11111  (’1/s(’1l(’(llll  (’1”
II(wls  t () I)(I al)lc  to Sclldul(, co]lcurwtlt  act ivit i(’s
ill (Iiff(’writ lx[tts of t }1(’ s~mc(’(’taf(, itt(.llldiitg  col(-
st Iai[lts lwt tv(,(’11 coll(’lltwllt act ivit i(,s. ‘1’11(1  cxT-
Ilt iv(’ llw(ls to llavc (Wllcurmlt t Ilwads act ivc t o
11:111(11(1  corl(lllwtlt (( IItllIlaII(ls to (liflkm(t ]mrts o f
t 11(’ Sl):l(’(’(”1’:lft ‘~’il(’ 11)()  (1( ’1-1 ):( S(’(1  (ljilgIloSjS SJ’St (’111

II(WIS t () lIa II(ll(~ coll(llrwllt cliatlp;cs  ill t II(I sJ)ac(’-
(’l:lft Stilt (’, citll(,  r (111(’ to S(’li(’(1111(’[1  CV(’llt  S 01’ {111(’
10 filillll’( ’S.

~{. 2. {~c)7[tl!c17i.5t)r)  to t  lLC If Lobol (107tl(/  i7L

‘J’tlc sIm(x,  claft (Ioltlaill  sllar(,s l[]ally  il[llmrt ant
f(at(lr(s \vitll  tli(’ lllol)ot  (Iolt)ai]l,  tlloll~ll tllc silll-
il:[titiw s(nll(’tit]](’s ]I]al]if(’st tll(’~ns(’1~’(’s ill IIt L(SX-
])(’ct (’(1 \YilJ’S.  ‘1’11(’1”(’  :11’(’  also S0111(” iflllK)lt  ant dif-
f(’1’(’tl(”(’S,  1)()( II fllll(lillll(’Ilt illl~ ~lS \!’(,11 i\S flolll :1

II(or(” ])ra~ttlatic  l)oillt  of vi(’\v.

Il(]tll  I[l(]lmts  :111(1  s[m(xxtafl al(, artifacts itltm-
a(’till~  ~vitll atl ~ltl(~;lgill(’c~t(~cl  (’llvim~lttl(’tlt.  Ilotll
lIav( t () 1)( al)l(’ t () (1( ’al \vit 11 ull(xl)cctd  coIlt illg(tl-
ciw, cl(mdlitl (’s,  l]rt(wtailit~’,  al[(l lilr]it(d msmltccs
\Vll(’11 0])(’l;tt ill~ illlt ()!l()lllOtlSl~.

‘I’1l (1(, is also all almloxy lwt ~v(v[l t 11( f(lll(laltl(,ll-
tal ()])(’rati()lls  ]mforllk(d I)y IIlo}mts  ati(l  slmc(’-
cl’aft A  I[]olmi’s  f(lll(lattlctltal  o]wrati(~li  i s  to
)[l(nx, fu(jlll OIIC I]osit io]l to aliotll(~[.  ‘J’11(~ atlalogous
()~)(’1’ilt iO1l (111 {1 s]):l(”(’(’t’aft  is t () (’llallg(’ its oli(,llt  iL-
t  ion, ‘J’J[(I t i[[t(’ scal(’sj  (1(’gl”((% o f  ftdollt,  ;III(I
(l(~&I(I(Is of collt  ml  aw sil[lilar, t llougll  t 11(’ g,(’olll-
(’t ty is (Iifl’(’wilt. ltv(’ti ol)st acl(’ avoidance lm all
ilIl~llo#,ollS” f(’:lt (11’(, ill Sl);l(’(’(’l”:lft ilt t itudc (’OIlt 1 ’01 :
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lJoillt  ing  cmlsttail)ts to ]]lcvcllt scllsit iv(, itlst  ru-
IIlc[lts  fmn poitlti~lg  towards tllc SUII. Al~(Jrit}llr)s
for  colnl)utillg  attitude trajcctorim aT(’ (’ss(’111 iilllJ’

l):it,ll-I)ltllltlillg  algoritlllns ill sl)ll(:ri(:al  c(mditmtcs.
A  sl)acccraft also H1OVCS  fmt~ I)la(c to IIlam, l)llt
t Ilc ~latute of I)allistic Lrajcctmics altd 111(’ mw)urc(’
co~ist raillts of realistic sljaccctaft,  Tllalw at tit u(I(,
colltto]  a l)(!ttw aIIalogy to ltlolmt Imitio!l colltwl.
A slmcccraft exercises lit t I(: direct co] Itml over its
lmsitioll  in space. It is lil!iit(d to I[mkirlg  very tiny
a(ljustlncllts tc) its velocity  v(’ctot.  ‘1’1)(’ Cvolllt iO1l
of tllc v e l o c i t y  vector alLd, tlllls, tflc slmcccraft’s
slmt  ial dcst, ilmtioll ,  ale IIlostly  (I(!tcrlilillc(l  lvIICII
t}lc slmcccraft is desig[d and laut Icl)c(l.

‘J’llcsc sitnilaritics am dlcctcd ill t 11(’  st ruct ulc
of tllc NTM1{A awllitcctute, ~vllicll SII:lWS  ~i)iill~ f(~a-
tUICS Of tllC catlmlical  “till’C’C-lil~(’t’” IIlol)(lt (“oll-
1 ml arcllit,ccture [2, 1 5]. ‘J’licm is a t ol]-1cw’1 al-
cllitkctural sqmratio~!  l)ctwmvl  d(,lilmat  i~rc co]li-
l)utat,i(nls, i.e., }Jlallllitl~  aILd scl]c(l(llirl.g (1’S) ,  a
r(’activ(:  (1(’cisic)ll-~llt~ki[lg  cxc’c(itivc  (lI;XII;(~), all(l
cl(md-l(ml)  lcal-titn(! colltml (1{ ’1’).

‘I1l LCW arc tlltcc sigllifi(allt, diff(tcllccs l)ct~vccll
tflc slmcccraft (lol[laitl ali(l  tflc lIlol)ot” (lolllaill,
(WCII of ~vllicll is lw~tlif(:stcd  ill a Imtt  i(”(llar awlli-
tcrt 111’al feat 111(’.

‘J’l]c fitst (Iiffmxxlcc is tlmt tllc so(lm” of Iullt iltlc
c(nlting(’l~cics  ill slmccclaft i s  usual ly  tllc failuw
o f  liatdwawl lvllcmas itl Illoljots it is Itslmlly  ulL-
CX1)CCLU1  iiltcractio~ls  vritll  tllc cllvim~itllcrlt.  ‘1’llis
has two iltl~wrhlllt  cO1ls(’(l~I([i((’s  for  t 11(, alcllit c(-
tlll(’.

l~imt,  it] ordcn to l)rqm]y Kwl)olI(l  to lIar(lwar(’
failutw it is ilnl)ortallt,  to kIIOJV NIIaL lIaId\vaIc  lIas
failed, a~ld this is ]Iot  always iltll[lcdiatcly  oln’ious”
fmn law sensor data (sit Ice t 11(I set ls(m tllct t Isclvcs
lllay llii~’[’ f a i l e d ) .  1’11(1S  1!’(’ illtlo(lll(’(”  a s(’~)al’:lt(’
to l ) - level  colillmllcrlt  dc~rot(!(l to (lc(lllcitlg  tllc a(”-
t ual state of the lladwraw fmn olmtval)lcs.  ‘1’llis
is allalogpus  to llavillg a coltllmllclltj  dedicated to
wwrl(l IIlo(lclit].g itl a  Illol)ot, cxcc])t  tlmt a  sigtlif-
icalltj  ~)alt of tflc %)11(  1’) l)cillg  ]]10(1(’1(’(1 i s  tlic
sl)a(w:raft, itself. 111 this SO ILS(!, a Slmccclaft  (.:111 I)(’
vi(:~ved  a s  a  I(lix  l)ct,wwII a  ~tlol)i]c ro})ot aII(l aTI

“itlllllol)ilc  mlmt” or “iltllllo}mt”  a s  (Icsclil]c(l  l)Y
\~’illiallls all(l  Nayak [43].

‘1’lIc sccmld awllitcctural l(:sult of t h i s  (lifl’cr-
(,]LCC  is that t}lc cxccutiv(: is st rllct  (Ite(l atouri(l a
sillglc TLo7ni7Ld  cllai[l  o f  cvcllts  all(l  atiy  (I(wiat io!l

ftolll ~lol[lillal i s  collsi(l(w(l a  j((i~vw fmlll Jvllicll
i t  i s  ll(uwwry t o 7cc07M’7. ‘J’llis i s  ill co[itrast
to IIIaILy  ~llolx)t awllitcctllrcs itl Ivlliclt  a l l  lmssi-
lJIC ollt  col[lcs  of aII ad io~l arc t fcatcd c(lllivalcllt ly
l]y t II( cxc((lt iv(, fv}kicll us(mlly jllst ass(’ss(s tllc
c(lrt(’llt  sit uat io!l \vit I lout l)rcjll(licc Icgaditlg t llc
(jilt cotllc  (If t II(’ l)wviolw  action t o (Icci(lc  ~vliat t o
(lo. ‘J’llis all(m+  soltlc  IIlolmt  al cllitcct  UK’S to t akc
a(lwillt  age of scr(,ll(lil)itom collt irl~crlcics.  It is a
significant structural f(wt urc of Cllrmlt sImcccraft
(lcsigtl  tl~at Itll(,xl)cctcd  co]ltillgcllcics ar(,  ~l(,vcr
scwti(lil)it 011s,  t llollgll  t Ilis lllil~ CllaIigC ill t 11(’  fil-
t  III(,. If it (10(’s,  it lILay lc(luiw cllallg(w  t o our
awllit cct Ilr(’.

‘1’llc s(mtl(l (Ii flkmlcc lwt \vcclL lllolmts ali(l
sjm(,(vtaft i s  t}lc (Icgrcc  o f  constraint atl(l  coll-
l)lillg  illll]osc(l  })y li[llit  c(l K’solllccs.  ‘1’crlcst Iial
lliolmts  IISIUIIIY lIavc  cIIOLI&lI e l e c t r i c a l  aII(l colII -
I)lltitlg  ~)()~;’(r tlmt tllcsc do not lIavc  to l)c cxl)lic-
it ly II Ial Iag(xl. lly Collt Iast, olI a sl)a(w”laf[ cvcry -
ttlill~ is co(ll)lc(l  to cv(rytllill~ else tllwuxll  lrllllti-
l)Ic Illccliallisltls ((,. R., l)(mv(,r,  tl~cllllalj all(l  vil)l:k
t iO1)al).  hlot(ov(v,”  t lie costs of slm(wraf(  (Iict at c
t IIat all l(w)~lms  atc lit ilit izc(l to t llc &K,at  cst cx-
t([lt l]ossil)l(, (’v(’tt at tllc cost of a(l(lc(l  collll)l(’xity
(1(1( to i[l(wasc(l illt(lacti[~lls.  ‘J’lllls Cvc[l ll~~llL-
(Iallc  (Ic(”isi(nlsl l ike  slvit cllillg  011 a Calllcta, llii~r(’
t () Ill:ldC ill t 11(’ COtlt  CXt Of tll(’ S]l:l(’CCl:lft  ‘S @}):ll
sitlliltiO1l.  ‘1’llis f(’attlt’(’ Illallifcsts  i t s e l f  ill 0111’ al-
cllit (’(’t (11(~ ill t ~vo ~~ilys. l’irst , NTIII{  A II IalWS IISC  of
;( coll(”llttc[lt,  t(,rlll)oral  l)laliIicI all(l  scllc(lulcr tha t
(+111 r(~sol~(”  lmtclltial[y llill’lllflll ilitcra(tiolls I)y
allocat  itig Icso(lm’s t o (011(’llimlt  act ivit ics over
slwcific(l  tilllc lx’rimls.  S0111(” lll(~lmt awllitcctuws
:IIs() Imvc I)laTLIL(m t Ilat coor(lilmt c systc[ti act i\r-
ity all(l  mw(lt(cs, I)llt ltlaTIy do lid. Sortlc,  like 3’J’
[2] al,(l  N1’I,AN’IIS  [15] usc ttlc l)latlll(r strictly to
a(lvisc t 11(’ cx(’c(lt ivc, lvllil(, ot 11(’1s,  like StIIJsIiI[lI)-
t iO1l [4], (lislwllsc  \vitll  t Ilc l)lal  IIIcr altogct llcr. IIL
a  doltlai[l  lvII(*Ic’ aTi illcorw(t  action can l e a d  to
[I(issioll  failure far itlt o t llc fut  (Ire, t llc ~)lalill(’r as-
S(IILICS  a  IliIIClL greater illllmrtallcc. SccoIId,  lllatly
[Ilollot” awllit  (’(t (Ircs r(%olvc act ilrit y failules l)r(J-
(lo!llilliltltl~  i)y l[lakillg local 1(s1)011s(%  (Iik(, t[yitl~
allotllcr Illctl]()(l  \YIIcli tllc fLIsl ollc  f a i l s ) .  Ilo\v-
c!rct,  as  Ilotc(l  al)(m’(’,  cvcv L st~it(llillg  0 1 1  a  (Icvicc
fllay  llavc llcgat i~’c illt(vact iolci \vit 11 ot II(’I. col I(”ur-

](’Ilt act ivit i(,s. ‘1’1](1s, a  fa i lure  I(wn’cly  S(’(111(’IIM’
IIlil~ 11( ’(’(1 to 1)(’  g,(’1l(’liit (’(1 1):1 S(’(1  011  p,lol):il collsi(l-
crat ions.  ‘1’() a(l(lwss t l~is iss(lc,  hThl IiA’s cxecut ivc
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draws oIl tfIc cxlmt isc of a ]no(lc-1  EM(K1  rccol’-
wy cxl)(’rt, ill a(lditio~l  to tll(’ l)mc(dural krLo\vl-
d.gc (!llco(lcd  into traditiolkal  ~l)ol)ot (x( ’cuti~(’s.
~’llis llyl)rid l)lc)c(’cltlr;il /(1(’(ltlct iv(’ (x(’((11 ivc t Il\ls
(xt cll(ls  tllc st terlgtlls of ]I~ol)ot  (’x(’(’(It  i\r(x to II(JIV
(Iolnaitls of col[ll)(’tcllcc.

T’lle t,flid diff’ctcnlcc 1)(’tww’[1  Illol)ots” all(l s})ac(’-
craft is t 11(: dc’gwc o f  K’lial)ility  all(l  lo})llst  II(WS
t]mt is wquitd. 2’11(1  o~)~mrtu[lit  ics for  ]IEiIIIial itl-
t crvctltio~l  oll a sl)accnaft am s(’\Kvrly  wst rict  d
\YIIcll coltI1)auxl  to a telwst rial I[lol)ilc  lol)ot. ‘J’yl)-
ically, t Ilc only  Iilecllallisltl for  irltc[act irl~ \vit II a
sl)acccraft is its radio col[i~[lllt)icatic)lls  litik.  ‘J’l ICSC
links lmvc  fairly lmv l):il)(lwi(ltfw  all(l,  f o r  dwl)-
s]mu!  l[lissiolls ,  sul  HtaIitial routl(l-t,ri]]  latmlcics.
l“ll~tllCllllO~(’, a lllol)C)t C~lll 2111110St  ;ll\V;lJ’S  Silf(’lJ’
stol) \vl Icrc  it is if it ]I(wls  k) l)crfot[ll a l(vlgt}ly
colll~)utatioll to dccid(:  OIL i t s  ~l(wt actio~l.  A
sl)acm.rafL  can altnmt n(!vm buy tiltlc itl tliis lvay.
1’;v(’11 durillg muisc wII(’11 tllclc al c fcw (xt crllally
i]tllmsd dcadlillcs, tll(! Si)ilC(’C1’aft’S  a t t i tude  CO1l-
tml loo~)s” Illust still ol)(:ratc and 1)(:  I)ml)mfy  coil -
trolld ill odm to ~)wvctlt  scllsit ivc illst  tull((v(ts
fm[l I)c)intillg  at tllc sun and k(x:I) tllc al)tclilm
ali~lld wit, fi Fhrtll.  AI IcI, of coumc, (I(w(llillcs  itll-
1)0s($(1  1 )y t II(, slmcwraft,’s I)allistic t r:ljwt ory al)so-
lllk!ly  (’allllot  1)(! postl)on(d. Sl)a(”(’claft  a l s o  tcll(l
to cost sul)statltially lJIOW tliall ~!lol)ots.  IJ(II t lI(ISC
K’asolls,  alltmlm[ly  soft u’aI’c for a Sl)ac(’cl’aft Illllst
lllc(’t  a ]Ilucll  lligllcr stall(lald of mlial)ility  illl(l 1’()-
I)(lstrlcss  tl[atl has })cmi tll(: case for rllol)ilo  d)ots.

4. AltCIIITFZTURE OVEIWIEW

Sit Lcc our goal MWS to acliimw  cottll)lctc auto]loIlly
for i] COII1l)l(X  dolllail) ill a litt)itcd allloullt of til[lc,
\l’(’ Cllos(’ fl”olll  t 1)(! outset to 11s(’  a S(’t of 11(’1 (’1( )-
g(’tlcmls,  State-of-tll(?-alt, ~(’1l(’I’al-])ll l”l)os(” collll)()-
ll(vltjs t h a t  h a d  l)C(’11  al)~)licd to  solvitl~  sl)(J(’ifi(”
sul)tasks ill tfl(: dollmifl. llclLc(:, tlic ~llaill clial-
l(!ll~(! WaS tll(! illk!~latioll O f  tll(’SC (“01111 )011( ’lltS.
‘J’tlcsc ilkcludc  a tcvnl)oral  I)l:lILIi(’I/sclI((lIIl(,  a
ml)ust,  I]lult  i-tlltmdd s~[lart  (Jx(mt iv(,, all(l  a
ltlodcl-l)ascd  (liaglmsis atl(l  m(wllfig(lrat ion syst(,ll)
(s(( figure 1).

111 this scctio]l, we f i r s t ,  dcscrilw }IOW tllc 1{(-
]rlotc  Agcllt (l{A)  is (! III}mldcd  itl tllc ov(,rall  flight
soft\vaw.  “1’llen, \ve I)mvid(’  all owrvimv o f  t  1 I(’
col[llmncrlts of tllc NL’11{  A, dcscrilw t llc lligll  lc~rcl

olwrai  io]ml cycle, aIId  lIKKWYI to focus ill OII tlic
dct  ails of cacl  I Ii A col[llm]lmlt.  11’c mIIclIld(’  t Ilc
s(’ct io~l \vit Ii a (Iiscussiotl  of 11(’t (’m.g(’lI(Olls klmvl-
(’(IRC

~.1.

‘1’11(’

1(,1)1(’s(,llt:ttiolls iri tll(’ I{A.

flight  softlvarc ill Ivllicll  i t  i s  eIIll)ddcd i s  lml-
t ray(,cl ill figutc 1. \YIIcII vicwwl  as a I)lack-lmx,
I{A S(’11(1S ollt COllllllall(k  t o  t]l(’ l’col-ti?rl(! CO?tfT”Ol
soft Ivarc! (1{’1’). 1{”1’  l)rovidc,s  t lic l)lilnit ivc skills of
t II(, a(lt  orlo!tlolls  syst  (,t[l, \vllicll  t alw tllc forlll  o f
(liscwt (’ aTL(l  (01(1 itlllous  wa-t il[lc cst  illlat io!l aII(l
(x)lltml  tasfis. All cxaltl I)l(’ Of all Cstilliatioll  task is
t II(’ at t it II(lc (lot (’llllitlat ion 1001), ” \vllicll  l!ot w tllc
rca(litl~s fl(nll  a]~ at t it II(1(’ sc’IIsor asscltll)ly (a g,y -
r(molw or a  s t a r  cattlcra) arl(l mIlllJiIlcs  it \vitll
(wtlicr cstilllatcs to Il[)datc tllc cllrrc IIt estilllatd
S1)il(’(’(’l’?lft :It t it 11(1(’. All (xal[ll)l( collt  ml task is
at t it II(I(I collt  ICI], \\lti(}l  uses at t it udc (’flirt 01s (a
s(~t of tllrllst,(,rs or wactio!l \vl](’(Ils)  to cllatig(:  tlic
sl)a(.ccraft at t it u(lc ill a Tvay t o mducc t 11(’  crrol
I)(’t W’(’(’11  (“ottllllilrl(l(  ’(1 arl(l (’St irnatwl att it L1(I(’. 1{1’
1’CS])OII(IS  to lli~ll-1(’v(’l  (’Ollllllilll(lS l)y cliatl~illg tllc
IIlo(l(  o f  a ((]111101 100])” or stat(~ o f  :1 (l(,vicc  :111(1
s(~ll(li]lg a ~JI(,ss:Ig(, l)acli  to I{A u’lJ(~I] tllc coI]]TJ)a I](l
IIas coI[ll)k’t(  ’d.

lfi a(ldit  io~l, tllc status of all IU’ collt  rol 1001)s”
:it’(i l)ass(  ’(1 ~)a(’k t o  I{A thmt~}l ;] SC’t of 7n077Zt07s
(llloN). ‘1’1,( *[,o*,itors  discwt iw tl,~ co*,t i,i(lous
(I:lt a illt () a wt of qualit at ivc i(lt mvals l)asc(l  011
t fwl(ls  :111(1 t IIt’(%llol(ls,  arid 1):1ss  tll[’ Wslllts l)ack
to ltA. “1’11(~ :\l)st ra(t io]l I)1O(CSS is fiist aTL(l silnl)lc,
illw)l~ritlg disrret izi[lg  a co~it itl(lous  varial)lc  using
till’(’Sllol(lS 011:111 ill) SOlllt (’ 01” Wli]t iv(’ S(”;ll(’. 1~01 (’X-
:11111)1(,, tlic Ilulill ctl~i[l(’ tclll~)(’lat(lw l~lollitot  lias
a fixml tllrcsllol(l almvc ~vllicli it (lwlarw that tllc
t etrllwrat uw is too lii,qll, Ivl]ilc t Ilc illcrt ial rcfcl-
CIICC ~lrlit (ll{LJ) ~t)o[litor  has a  wlativc tllwsllol(l
t I lilt lllCaSlll’(% t 11(’  d(wiat  ion of t lIC ol)SC1\rC(l  :illgll-
Iar a(x”clmat  ioli fm[l t 11(’ cx~)c(t  (d atlgular a(ml-
(’lilt ion.

‘J’11( l{(lliot(, Agctlt  itself cO1lll)riscs tllwc co] Dl)()-
11( ’llt S: a l)lilllll(’l/S( ”ll(’(I\llC (l) S), a S1llal’t IJX(Tll -
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t ivc (1’;  Xl’; C), atLd a Lfod(’ 1(1(’llt ificat  ioll all(l  1{(’-
collfi~uratiorl  cO1llI)ollcllt (Ml  l{).

1’1(/7L7t(:7\Sc11 c(1711f:7  (1’S): 1’S is :111 illl cgtat (’(1
l)lilllll(>l ~11(1 SC1l(’(llll  C![’. III our :iIcllit((.t(lt(’, 1 ’ S

i s  activatd as a “lmtcll l)wc(’ss”  that t(’rlllitiat(’s
aft(’r  a Il(!$t’ Scll(’(lul(! has 11( ’(’11 g(vl(’lat  (d. It t :Ilws
as illl)ut a Ida7~-7cq7/csl tha t  d(%cti}ws t}lc c(llrctlt
state of cxccutiollj iticludi[lg act ivit ics still scllc(l-
ul(d for tll(’ fu ture .  1’S cc)]nl)il)cs tllc I)laII m](lcst
\vitll tll(’ goals for tllc curmlt l)llas(’ of tllc lllissio~l
iitl(l 1)1 O(IUCCS  ~S  Ollt~)llt ?I flcxil)lc,  Coil Cllll(’llt t(’lll -
]mal ~)la~l. All outlJllt I)kiII cwistraitls tllc activity
(If (mcll sl)ac(waft slll)syst(’rtl  (nKIt tll(’ (Ill fat iotl of
tllc l)latl, l)llt lcavw fl(xil)ility  for  (l(’t ails t () })(’ w-
sol\d dulitlg ex(’cutjioll. ‘1’11(’ l)lall  :11so colltairls
act ivi t ies  aTld iltfollmitioll  wqlliml to IIlo[litor” tllc
l)Ix)grcss  of tllc l)lall  as it is (x(cutc(l.

,$7)/(/7/  Emcvfivc (L’XEC): l~XIX i s  a  r(act iv(
l)lall  Cx(’c(ltioll  syst(’[11 with 1(’sl)ollsil)iliti(’s  for  co-
orditmtitl~ cxc’clltic)rl-tittl(’  activity.

I’;x EC l ’ (quests  a l)l?UI W’11(’11  llwmsal’y, l)y fol’-
lllulatillg a  ~)larl-mqu(’st  (lcsclil]illg tll(’ cllrwllt
l)lall  (vwc(ltiml  Colit cxt, and  t  11(’tl  Cx(’(wt (’s all(l
Illollitors  tll(’ g,cllcrat(~(l I)lalI. F:XI;C (’x(’(”lIt (’s

a  }JlalI })y dc(x)rlllmill~  lligll-1(’~r(,l activit i(~s ill
tll(,  l)lall  into l)ritnitiv(’  a c t i v i t i e s ,  v’]licli it tllcll

(,x(’(”(lt(,s I)y s(’Il(litlg ollt  col II II Iarlds,  IIstIally  to
tli(~ r(,al-tiltl(, control” sl’st(~ttl. J~XFK; (I(,tmliill(’s
\vtl(,t 11(’I  its ((JIIIItlafI(l(’(1  act ivit i(,s sli(uwl(xl  lmw(l
(’itll(’r OIL (Iiwct f(mllmck frO1ll  tllc wcil)i(’tlt  of tllc
(,otlltll:ltl(l  (JI OIL irlf(~wtl(.(’s dr:l~vll t Ii(’ hl(Kle  I(lcII-
t ificat  ion (M 1) Co[lll)oll(’llt of hi [Ii. lYIL(JII  sol Ll(’
111( ’tll(j(l to il(’}li(’v(’ a t:ls k fails, l;XIX att(llll)ts to

:l(mrllI]lisll tll(’ task  llsitl~  :(1L alt(’r[lat(’  111(’tll(d  ill
t}lat task’s (I(tilliti(nl or l)Y illvt)killg  tll(’ Mo(lc  1{(’-
collfig(lratio~i” (Ml{)  co~III]O1lcllt” of hll I{ as a mm-
crg cJjw7f. If hfl{ fill(ls  st(’IM to I(storc tllc failing
il(”tivily  \vitllollt illt(’rf(’ritl~  \vitll  otll(’1 cmlcul I(’llt
(’x(’(”(It illg act ivit its, }’)x}’:(; ~)wf(n’ills tll[)sc  St(’[)s
a]l(] ttlc!l  col[tillll(% 011 \vitll  tllc ori~illal (lcfillitioll
of tllc activity. If tll(, P;XIX;  is Iltl:ll)l(, to c’xf’(utc or

r(’l) air tllc curwllt I)la  II, i t  ill)ol’t S tll(’ 1)1+111,  (’lC:IIIS
III) all (x(((ltillg :l(ti\ritics, :111(1 I)llts  tllc colltroll(’(1”
syst  (,111  il~t o a St al)l(’ Silf(’ S t a t  (’ (call(d a sf(/7Ldb?/

7rLodo. I;XItC tllcli rc(lll(sts a  II(AV  1)1:111 ~vllilc
ItlailltaiIlitlg  t h i s  sLal Idl)y III(K1(’ u[ltil tll(’ l)laII i s
r(w’ilwl, alI(l fIr I:Illy Cx(ult (w t 11(’  11(’\v ~)lalI.

Afo(l(:  ldr7Ltijkatio7/ (IIL(l  I{cc07/jiq117(Itio7[  (MI1{):
I,ilw ltX IX;,  h i l l {  11111s as a collcllll(’llt r(’act  ivc
l) MKXSSS.  Llll{  itself colltaitls t\vo  coIlllx)llcllts, OII(J
for Ilf(d( l(lc)lfijiw f i(~?t (hfl ) a] 1(1 01)( for flfo(lc l{c-
{(~7/jif///7(i(~7~7/  (h  I I { ) .  Nll is ws~)O1lsil)l(” for  l)m~’i(l-
illf+ :1 l(Iv(II of al)st  ldct io!l t () t 1](’ cxcmt i~r(’ ~vllicl~
(*t Ial)l(+ l{;XIK  to waso!l alm(lt s])ac(’craft  s ta te  itl
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k) If I;XEC rurivcs all ul)datc frmn Ml illdi-
cat  illg that a~l act, ivity has failc(l,  it, t rics
alt(:rllative ltlctllods to a(”llicvc tllc a c t i v -
ity. 011[” such In(’tflod  is to il(vok(” Ml{ as
a r(w)v(’ty  (wl)crt. 111 tltis cas(~, t II(’ (yclc is
as follow%:

i. 12X1’X s(vlds  h’11{ a rwov(:ty  r(qll(’st  t o
r(w)vcr for atly fail(d act, ivit  its.

ii. NT]{  p,cll[’rates a Wcmr(’ry lJlall  (Jvll(’rl
])ossibl(’)  collsistc!llt  \vitfl  tll(’ cullcllt
stntc itlfud Ijy hfl atl(l  s(’tlds tllc l)lalL
t o EXEC.

i i i .  Y)XEC twats tltc mcov(:ry  l)lall  a s  a
II(:W ~[1(’tllod  to aclli(!vc  Lllc c(lmvlt a(’-
tivity aII(l 11(:[1(:(1  ~)m(”(ds to (kw)lII-
lmsc it, ill tll(: saltl(:  llmllllcl  a s  Otllct
activit its.

4 .  Ilad co]t)ltmlld  cx(v(ltioll failuws lIlay  r(’-
quirc tllc Illodificatiwl  of tflc scllc(llll(’  itl \vllicll
c a s e  tllc mecuti\r(:  \vill coot(litlat(~  tll(’ actio]ls
IICN1(X1 t o k(q) tile slmcccraf( il L a “safe st at c“
afld  wquest tllc g(:~lcratioll  o f  a 11(’\v  scll(dulc
fl’oil) tllC’ l)liltlll( ’1’.

5. l{cpc!at  tllc Cyck’ fI’oil) StCl) 1 W’llcll 011(” of  tll(’

follm’it LX cmldit iwls al)I)ly:
(a)

(1))

k;xccutio~} (r(’al)  time lm Icaclic(l tll(’ (’lld
of ttl(> scllcdulillg  Iloriz<)ll lllilllls 111(. (wli -
~Imtc(l tilnc Ilc(d(d for  tll(’ I)latiIIcr  to g(lII-
(:ratc a scllcdulc for  tllc follmvillg  scll(’(lu-
ill~ llorizml;
“1’11(’ mccutivc llW 1(’(JllCSt(’d  ii 11( ’U’ S(”ll(’(l-
IIIC  iiS  ~ I’(!SUlt Of  a ll?ll’d filil U1’(’.

~$’(’  IIOJV  diSCUSS tll(i ill(]iVi(]Ual CO1lll)OIICIltS”  O f
tll(’ l{A ill ][IOK: deta i l .

~.~. I’l(ZTLTLCI

‘1’11( ~[Ml  of tll( NL!I1{A ])liit)ll(l/s(ll(!(l(ll(l [ 2 7 ]  i s
t o  gcllcrat(’ a s(’t of syllcllmlliz(,(l lligll-1(w(’1  cottl -
lfmII(ls  tklat oIIc(’ (xccutcd \vill acllicvc Illissio]l
~oak. ‘J’l Lc hTM1{  A  lkmIK,r ]m’sc’l~t S S(’\’(’l”ill  f(v-
tums that distinguish it fmtl otllet Art i f ic ia l  III-
tclligmlcc aTId OImati(Jlls I{m(vitc}l al)l)macll(’s  to
tllc l)lO1)ICIII. 111 tllc Sl)accclaft (lol[laill  I)lilIIIliI[~

aII(l sclldulillg aslmtjs of Lllc l)rol)l(v~l IICC(I to lW
t i~lltly illtqyat d. 1’11(!  ])latlm’ 11( ’(’(is to 1’(’(”(11’-
sivdy sclcd all(l  scllcdulc al)I)ml)riat(’ act ivitjics t o
a(.lli(, ve l[lissio~l goals a~ld any otllcr sul)g(mls  .g(It L-
(~ratd l)Y tflcsc activitim. It also llc(’(ls to sylI(lIto-

titll(’ ( ( g . ,  lK)\Ycr all(l  (Iata storafy”  calmcity), ltl
t h i s  (Iol[lilill  (:111(1  ir[ ~(’11(’l’al) Slll)p,(mls Itlay  211s0 lK’
~(,[1(’ratc(l (lLI(’ to lilllit(’(1 availal)ility o f  r(wIIrccs
(nKII lil[i(’. 1“01  (’xalll])lc, iTl ii Itlissioll  i t  vwul(l
lKI l)wf(’ral)l(’  to k((II) sciclitific illstrulti(ults 011 a s
10IIx a s  lmssil)l( (to 111axiTlli7( tll(’ alllolltlt of sci-
(ItLc(’  gatll(w’(1).  llmv(’~vr  littiitc(l ~mvcr  awiilal)il-
ity Illay  fol’(”(” ii t(’lll])ol’:ily  illstrlllll(,tlt Sllllt-(lo\YIl

\YII(~II ot llcr 11101(1  ~llissioll critical su})syst  cltls  II(KY1
to l~c full(ti(jllillg. I II this cas(’ tllc a l l o c a t i o n  o f
lXNV(l to critical s(ll)syst(’tlls  (tll(’ lrlaitl  ms(llt o f
a  scll(xlulitlf+ stq)) g(’11(’lat (’s t II(’ slll)g(ml  “itlsttll-
lrl(J1lt Illust  1)(’ off’’”  (\VlliCll I(q(liws tllc al)l)licati(nl
(If a  ljlallllitlg st(’1)). Collsi(l(,l  itlg sittllllt:ill(’otlsly
t IL(’ (()]Is((lIIcIL((’s of ~)lallrlitlg  act io~ls aIL(l scll(Idul-
itl~ r(w)(ir((~s  (,llal)lcs  t Ilc NTLII{ A l)lal]llm to lwt -
t  (’1’ t 1111(’ t 11(’ 01(1(’1 ill ~vllicll  (Iccisi(nls  arc lIL:I(IC
to tllc cll:ll:l(t(’tistics o f  tllv  (lO1lulilL and tll(’w-
f(jw  call  11(11)  itl k(’(~)illg sw~rcli col(l~)l(wity  utI(l(Ir
(.(lllt ml. ‘1’llis i s  a  sig,llifi(”:lllt (Iif[(,wll(x’ \vit Ii w-
sl)[’(,t  to classical al)l)m(cl[(~s  lmtll itl Artificial Ill-
t(,lligc[lcc  all(l  ol)crat imls  Il(wwwlL  ~vll(w’  act ion
l)l:lllllillg  aIL(l r(xwuwc  scllcdulitlg arc tyl)ically a(l-
(11(’ss(’(1 ill t\vo su}mqll(’~lt  1)101)1(’111  solvillf+ stag(’s
(~ftctl l)Y (Iistillct soft\ \raw systellls. Allotll(jr illl-
I)(J1 (:ilit (Iistirl(. tiolt l)c,t\v(,(.tl  tl)(, hTNTI{A  I) I; IT II ICI

il!l(l  Ottlcl’  class icfil [ll)j)I’oacll[’s to l)lallllillg is that
I)(wi(l(w  a(’(  ivit i(s, t 11(’ ])lalllm :11S0  %’llCdll][’S” t 11(’

()( ’(”(11’I’(’[1(”(’  o f  S t a t  (% iltl(l co Il(lit io]ls. S11(’11  St:it CS
;III(I (,() [l(lit iO1ls  l[lay  11(W1 to Iw I[lmlitowd t o  (’II-
SIII(I  that ltip,ll lCVC1  slmc( ’craft (xjll(litio~ls  atc cor -
r(’(t for  g(MIls (sucli  as sIm(x’cf aft lmiflt  illg states,
slm(x~claft  tl(’(.(’1(’l:itioll  alL(l stak)ility 1(’(lllit(’rtl(’llts,
(’t c.). ‘1’11(’s(’ Stat (% (’all also CO II SIIIII(” r(%olll(”(% atld
}Lav(, fit lit c (Illtat ions  all(l  t 11(’wfolc lIav(I very sil[l-
ilar (ll:lr:\(’t(’listi(.s  to otll(’u act ivi t ies  il~ tllc l)lalL.
‘111(’  N~fi{  A ljlaILII(’r  (’xljlicit  Iy a(”fit Imvl(’(lg(’s t }Iis
siltlilality t)y usitlf+ il llllifyill~  collc(’l)tual  l)rilll-
i t  ivc, t  }1(’  lok(l~j to 1’(’lll(Wllt I)otll  a(”t ions  all(l
s t a t e s  tliat (x.clll OY(’r ti[ll(’ illt(,rvals of  fillit(’ (’x–
t(tciioll.

‘1’11(’  l)laIIII(r  USC(I  irl t II( NT LII{A awl lit cd Iiw
consists  of a 11(’llrist ic scarcll er]gill(’ that olwrat (’s
itl t 11(, slmc(’ o f  i[l(()!lll)l(t( 01 ~mrt ial I)lalls  [38].
Sitl((,  tlic l)lalls  ml)li(itly wl)wsclLt  ltl(4ric tiltlc,
tll(’ })lallll(’r Illalws  11s(’  o f  a  t(’Ifllm’al  datal)asc’.
A s  \vitli  l[iost  c a u s a l  l)laIIII(M,  1 ’S  l)c~itls  ~vitll
all itlcollll)l(’t(” ~)lali all(l  att(’ttll)ts  to (WIMII(I i t
into a  colL11)l(4(”  l)la II l)Y lmstillg ad(litiolkll  coII-
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s(rairit,  s ill t,hc data} jasc. ‘J’}](w) (01[s1 raittts Origi-
IIatc frO1ll (xt(:rllal goals and fr(ntl  cOtlstraillt t(’ltl-
~)latos stxnwl  it] a ]IIOCICI  o f  tllc sl)acccrafl. ‘1’11(,
t(’tn~mal  datal)asc al]d  tllc faci l i t ies  for (1( ’fitlitlg
all(l  acccssitl,q  ItIOdcl iIlfOrltlat,iOll duritl~ scarcll ar(,
l)rovidccl  I)y tllc }IST’S systclll [26].

1’11(’  dol]laill Illod(’1  contains all (xIjli(it (l(!(lil-
riltiOII of tllc sI)acccraft Sul)sys t ( ’ i l l s  011 wllicll  a
toli(!ll will 0(.( ’(11’.  111 tll(,  t[’t[ll)oral (l:ltal)aS(> (~il(,ll

s(ll)syst(~ltl  has aII associated tirll(~litlc o]l \vllicll  tll(’
l)lallllcr ills(,rts t Okctls corrcs~mll(lill~  to act ivit ics
atl(l  St, ~kS :111(1 r(’solves r(’source alloc:it io!l cOlL-
flicts. l’11(~ ]nodcl a lso  cO1itaitls  tllc (1( ’claratioll of
(Illrat ion co~lst,raillts  all(l  of t(’~ll~)lat(w  of t(’lIllmral
cOIlst raints Ix:twxul I,ofmls,  called ccJ71LI~(Ifi/~ilifi(I,s.

Sllcll  collst,raillts  llav(! to IK’ satisfic(l })y alLy sclI(&

(11(:  stc)rwl it]  t}ic t(~Itll)Oral (Iata}msc  for i t  to })(’
collsist,c~lt  with t,llc l)llysics  o f  tllc (Iolllaill.  ‘l’(vII-
] )oral cOIlst,  I’ai  Ilt  tcltq)latcs s(Jl\K, tllc rol(” Of g(~t lcl-
alize(l ~Jallllil)g o~)(~rators an(l  arc d~flll(,(l for ally
tok(’11 ill tllc [lo~llaill  wrll(t}lcr  it corr(,s~)o~i(ls to al]
activity or a st, at, c. I’llis is a sigtlificallt (Iiflcrc[l(.(,
v’itll  r(xlxW to c l a s s i c a l  a~)J)r(mclLcs to ~)lallllillg

(Define-Compatibility
((Engine Opstate) (Engine.lgnltion))
(AND

;; 1. Ignition  requires good engine pressure
(contained.by ((Engine_Tanks  Pressure)  Good)) )

;; 2 . E n g i n e  m u s t  h a v e  f i n i s h e d  b u r n  p r e p a r a t i o n

(met.by ( ( E n g i n e  Op-State) (Burn.Prep)))

;; 3 . E n g i n e  g o e s  i n t o  s u s t a i n e d  b u r n  s t a t e  n e x t

(meets  ((Engine Op-State) (Engine .Burn) ) )

;; 4. Injector temperature must be good throughout
(contained.by ((Engine.In’jector  Temp) G o o d ) )

;; 5. Formula to determine Power consumption

(equal ((Power.Mgmt Power)
( + (Lisp (compute-power ‘Engine_lgnition))

Power-Used))))

(DefineDuration.Spec

((Engine 0p5tate) (Engine-ignition))
; ; minimum duration

( L i s p  ( c o m p u t e - d u r a t i o n  ‘Engine.Ignition  :minimum))

; ; maximum duration
( L i s p  ( c o m p u t e - d u r a t i o n  ‘Engine_Ignition  :maximum)))

JVIICI(, (wtst railjt t (YllJ)lat (s (also r(’f(’rrc(l to as 01)-
(’1’:lt 01’S) :11’(’  tyl)i(aliy ilSS()(’iat  C(I  t () OIlly to act iolis

I)llt n o t  S t a t e s .  ‘1’11(,  t(’llll)m’al  (Iatal)aw a l s o  ~)1()-

vi(l(+ cO1lst raillt l)ro~)a~at  ion s(rviccs to v(’rify t llc
p,lol):ll collsist(’llcy  Of t 11(’ (’OIISt  ! aitlts l) OSt(’(1 so filI’.

‘1’11(’ collst  raillt t(vtl~)lat(’ itl ~~i~,ur(~ 2  (Icscrilmi

t }Ic coll(lit  iO1w 11(’(’(l(xl for  alL Cllgillc  })UIII  to illit  i-
at c corr(’ct  ly (act ivity J;7tgi7L(’..lg1 Litio7L  scl IdulNl

011 tll(’ (h’7Lgi7/c [)ll-L$’f(Lfr)  t il[l(’lillc).  [; Ollstraillt 5
1 (’[)1’(’S(’Ilt  S a I’(’(l(l(’St fol” l) OW’(’1  t hilt ill(.rcas(,s  t 11(’
I(v(I  of l’(juIcr-  [Jscd 011 t 11( t il[~(litlc (’1’ouw-lf~][~f
l’ommj  o f  afl allloullt K’t(lrllc(l  l)y tll(’ I,isl)  f(itl(-
t iO1l call ~c(J71Lf~71fc-~~(J711c7 ‘IC7LT/i7LC_l{ITLiti07L).  llh-
I)li(’it iIlt’(J(’atioIl Of(’Xt(’l’Ild] f(lllCtiO1l  Cal]S 1)1’O\’i(k’S
tll(’ 111(’ails for 111(’ l)hlllll(’1 to il)\rok(, “(’xl) (’l’t” 111[)(1-
111(’s to l)rovi(l(” llarr(nv I)llt (1[’(JI) levels  of (’xl)(’rt,is(’
it] t 1)(’ (“()!ll}]llt at ion of various ~)al alllct (’1s SUCII  as
(Illlat iollS or t  (’Ill INrat III(’ aIId l)oJv(’1” l(wrcls. Ac-
(.(’ss to SL1(IL (,xtcrlml ktL(nvlcdg(’ is a kcy  rc(lllire
]11(’~lt  for r(vil-~v(ml(l  al)l)licatio!ls of l)lallllillg sys-
t(’l[ls [28].

‘1’11(’ ])1;11111(’1 (J})(’rat(’s I)y i t e r a t i v e l y  lCl)ililillf+

“fla~vs”  ill t II(’ l)latL Illlt il all fl:l\vs arc (’lirllillat  c(1.



AI] A([t(IIIOIt]ous”  Slmc(waft Agc]lt  1’MO!YIK’  1 1

J Plan request
with goals

I Post goals on Timelines

~ Propagate constraints, find flaws
t

Use Heuristic Search Engine to
~ Planchoose flaw to resolve

Resolve flaws
-d~e “Post new constraints to Tmehnes

1,’i,q. J. A  IIl:Ir I f[agt,lctit  \villl a CO II II 11(, ((,IY s~itisfi(,(l  colltlmlil)ilily

‘J’lIcrc arc t ww l)ossil)l(:  kitlds of flaww:  1 ) u7w7d- z7tfI ti7nc/i71c:  a  T)latl]s t il[lclillc  does Ilot cII(l \vit II



12 I’cll ct al.

a tofWIl (for Wltllpk’, tll(! last lill(nvIl tofml 011 tll(’
(1;7tfyi7tc Op_Statc) tilllclitl( is l~71gi71c_l(llc I,ot tll(
lJlaII still allows fox a[l(litiollal  tok(vls  to l)c a(l(lc(l
after it); 2) open  c(J7tLJJ(~tibilzty: sornc  tclllIx)ral r(,-
lat,iO1l lcqucstcd })y a Coltll)atil)ilit,y  is still olwrl,
i.e., tllc ~)lanrler  has Tlot scl(xte(l arl (xl)licit to-
IWIL to satisfy it,. l:igure 3 sutnlllariz(%  tflc Imic
“flaw’ fixing”  1001) us(xl  l)y tllc l)lallll(’r.  ‘1’() a(l(lr(’ss
t,li(: t\vo  l)ossilk flaw’ tyI)cs, tllr l)lallil(,r  us(’s tfic
follow’illg resolutio]l s t r a t e g i e s .  lJOI’ iltl ?17tc7t(h7~g
ti7nclz7u7, i t  t a k e s  tllc last  tok(vl  ass(vt(’(1 011 tllc
tilli(’lillc  at](l trios to strctcll it utltil it (Wllll)l(t(’ly
c o v e r s  tllc rest of tllc tittlclitl(’.  If tflis is not  lK)s-
sil)l(’, tllc t,cn~lmral  [Iatal)asc \vill (lctcct a  t(’11110
rally inco~lsistc~lt  ~)lall atl(l  force l)ackt  ra(”kill~. 11’01
t 11(’ opf:7L  co?t@Mity  flaw, for (Vlcll t(’111]  )Ot’al r(’-
latio~l  in a com~)atil)ility tile l)lallllcr ~[lust i(l(lltify
or g(~llcrat(’ a tokcll that satisfies it. l~or (xiIIIl)l(J,
l’igllrc 4 sll(nvs  a l)laTl \vitll tlic C(nnlmtil)ility  o f
T’h7z/st(b, 200j coltlI)l(:L(:ly satisfic(l, i.(’., With a l l
t (nnlmral relations asso~iilt,(’(1 to t \vo toko~ls. If a
tcltllmral relatjio~l ill a colnlmtil)ility  is  OIKVI, tll(’
l)lalillcr call us(! ollc of three r(!solutio~l  stratcgi(w.
It call add a token to tllc I,laII  it) SUCII  a wwy tlmt it
satisfies tllc t(::nlmral  rclatioll; it catl Select all (’x-
i s t  i~lg tok(’11 alid il[llms(’  tllc t(’tll])oral  rclat ion otl
i t ;  (m it III:(Y lloticc that tllc II(wl(xl  tok(,ll  cat] fall
olltsi(lc of tllc titnc hori~otl  Cov(’r(’(1 l)y t  11(’ ])lilll

aIId tlI(w’fom  d(!cide  t o defer tllc satisfaction 1 of
t 11(’  rclat iotl.

A t  cacll lmillt  itl tlic scarcll tll( I)laIIII(r  IIlllst
CIIOOSC  }wtwc(vl  scwral alt (mlat iws. }Ikwll  clloicc
is tyl)ically lnacl(’ usitlg ll(wrist)ics  (e. g., “~ivc  lligll-
cst  l)riority atllolig tll(! flalvs  to l)c r(q)airc(l  to tllosc
ilsso~iat (’(1 to :111 h’7LLgi7L~.1~7177~ t ok(,]l’” ) atl(l,  \\’l L(’1]
llcllristic itlforltlatio~l i s  ~iot ]mrticularly strotl~,
usitlg a utliforln  rarl(lo~l]izc(l  s(,lcct  i(nl rtll(’. If t II(J
~vron~ (lccisioll  is lt~a(lc, l)S  \vill (’v(’tltllally  r(zi(”lL
a  (Icad  ctld, lmcktrack, ati(l  t ry a (lifl(~tctlt l)at  11.
OIIC(I  tfic ~)la~l is fr(:c of flaww, t}l(’ l)laIIII(r  US(IS all
i tera t ive  sallll)lillg a])l)roacl]  [24] to ll(vlristi(ally
itlll)rov(’  ml ccrtaitl aslwcts of scl](d(ll(’  quality, a-
tllougll it dots ]lot  guaralltcc (:vml local ol]tittlality
;ilotlg  this ~n(’tjric. ‘1’11(! gcllcratiotl of (w’11 a siliglc
I)latl  is costly (otl t,llc order of s(wval C] ’(J lllill-
Ilt (’s otl a SI’AI{C20  ~vorkstat  iotl) a]l(] t  l l (w’fore
t II(I l)lallII(’r  IIc(ds to })(I c a l l e d  itlftwlll(’llt  Iy atl(l
~ctlcrat,c I)laILs for  rclati~’cly lotlg  tclttlx)ral li(~ri-
7,011s ( f r o m  S[’v(!l’al  llollt’s to a W(’k)

l{lltltittl(’  ltlatlag(’ltl(’llt  of a l l  Systc[tl  activiti(% i s
lx,rf(mllul I)y a Ilyl)ri(l  of l)locc’(llltal/llic) (l(l-l):Lsc(l
(~x(Y”ut iotl cal)al)ilit ics [32]. ‘1’11( llyl)rid execut ivc’s
flltl(t ions  irlclu(lc  (Ixccut  iotl of t 11(’  t 01)-1(’v(,l  ol)(u-
a t  iollal  cy(lc, I)latl  cxccut io~l, llat(llvat(’ rwotlfig-

urat io]l ati(l  ~utlt itllc  r(wurcc ltlarla~(’lll(vlt,  l)lall
lllollitoritq+,  (Iiagllosis  all(l  fault r(wwcry.  ‘I’l L(’ lLy -
l]ri(l (vw(wtiw illtvfws tllc l)latlll(’1 to ltcll)  it lm-
forttl  tll(w full(tiorls. ‘1’lic (’x(((It  ivc also cotlt  rols
t 11(, 10 W-1 CV(’I  co~lt rol soft Jvarc I)y sot t ili~ its ltio(lrs,
s\lI)l)lyitl~  l)aralll(’t(’t’s  atl(i  l)y l(wlmll(litlg  to ltloll-
itorc(l (’\’(’l  Its.

III tcrttw  o f  rutltittlc l[mllii~(ntl(:tlt  o f  systclll
r(w)urccs, t 11(, IIyl)ri(l  (xwut iv( lwtfotllls sit(lilar
f(lllct  io]ls t o a t radit iollal Olwl at ilig syst  (’~n. T’llc
lLiai[l (Iiff(wtl(”c  is  that  Iv]](VI ull(’xl)wt(d collt  ill-
~(tl(i(w  omit, a t ra(lit iolml  olwrat i[lg syst  (vll CaII

otl]y  i s s u e  a  rq)ort a~id almt tlic of fc]l(liti,g l)ro-
(’(%s , r(’lyitlg  011 user irltcrvctlt ion to r(’(”o~w frotn
t 11(’ I]tol)l(’tll.  ollt (~xccllt ivc ~llllst I)(I al)lc t o t akc
c(mr(,ct iv(’ act ion ant otnat icall~’, for (’xaltll)le  ill or-
(I(v t o 111(~(’t a t igllt orl)it  al itls(’ttioll ~vill(lo~v.

ltl tll(’ (w’llt  of l)latl  failuw, t llc (,x(’(llt ivc ktl(nvs
II(m’  t () Nlt (’7 :1 St al)l(’ Stat c (Calld a St all(ll)y
111()  (1(,) l)lior to illvokilw tl~r l)l;illl](’r,  a!ld  it Iitl(nvs
II(NV to cxl)r(ss that sally IL)o(lc it] tllc a})sttact

la]l~uag( utl(l(wtoo(l I)y tli(’ l)lalLIIcr. It is illll)or-
tatlt to 110!(,  tha t  (wtal)lisllitlg  stalldl)y IIl(dcs fol-
l(nvitl~  l)latl  failutv is a costly activity, as it catws
(Is to itlt(’l”l”(ll)t t tlc (Jllgoitlg  l)laILII(d act i~’it ics atld
low ittllmtt  altt o~)l)ort unit  i(’s. l’or  (Jxatlll)lc,  a l)laTI
failure callsitl~ us to Cllt(’t’ stat~(lt)y  ltlodc dllrill~ a
colfl(’t Cllcollrlt(’r  Rwll(l  calls(’  10ss  of  a l l  t}lc (’11-

(,()(llltcr s(i(’11(’(’, :1S tll[’r(’ i s  II[)t  titil(’ t o  t’(’-l)klll

I)(for( tll( cottlct  i s  o u t  of si~~lt. SuclL cotl(ctlw
tllot i vat (, a st totig (lcsire f(n  I)I;III rol)ust 11(’ss, itl
w’lli(”ll tll(’ ~)lilIIS colltaill  (’tlollgll flcxil)ility,  atld tll(’
cxccut ivc lms t }Lc calml)ility, t () cotit  illu(’ Cx(’(ilt ioll
of t lL(’ l)latl  (Iri(lcr a ~vi(lc V:lri(’ty of cwcut iO1l ou-
(ot,l(w  [33].

olir cx(vutiv(  ca~i 1)(’ vic~v(xl  a s  a  llyl)rid sys-
t(’ttl that slmrcs cx(vutio~i  1(’slJO1\sil)iliti(’s lwttvwll
a clwsi(al l(~il~t ivc (x(c(It ion syst  (~111,  1{ AI’S [ ]4] ,
ilIl(l a  II(n’(’l Itlo(l(” i(l(’llt ificat  ioll atl(l  r(w)lifigllta-
tioli syst(’111, callc(l  Iji\rillgstoll(,  [44] .  hl(~t al)lIox-
ically,  t lw f(mtwr (’llilmdies  all ast rollallts al)ility
to (Illi(kly  aIL(l fl(,xil)ly ass(v[ll)l(’ t(~gctll(’r l)tocdw
lal sctil)ts illt o coll(,r(’llt collt JO I s(’qucrlc(%j !vllil(’



~11(’ kikl  (!lIl}JOdi(!S  iiIl [i[l~i[lN’l’S al)i]it~ t o  l’(’:i-

soll cxt(v)sivcly al)(mt IIardwar(! .aIl(l softlvarc a l  a

Coltltlloll-sc’lls(:  level froln first ~)rillcil)lcs.

J1’it,flitl NTNI1{A  a strikillg result of this llyl)ri(l
was  t h a t  tllc! sul)stantia] ovcrlal) ili IJivingst,mlc

aIId liAI’.S  i~l)ility to l)(>rfo~ltl  IX’COV(~Iy  :11((I liar(l -
]varc  co~Ifigurat,ioll  tasks  colitri})ut  c(1 cllorlllously
to tllc ex’cutive’s overall Iol)usttlcss. I’or cxatill)l(’,
\vit,hill  RA1’S  it was (luitc nat,llral t o  ~vrit(’ a s(’t
of llousck(~cj)illg  ~)roccclurcw that (: IIC(KIC st,ati(lar(l
lUICS of t,llul[ll) for rccovcry, SUCII  as “if its 1 )rok(,ll
r(wt it” or “if its 1101 lICCCICCI,  t ur[~ it of I’”.  hl(,alI-
\\liilc, rcasoni[lg t llt’oug}l t 11(: II1OCI(’I  ill low’c(l 1 ,i\’-
illgsto~lc  to (:x~)loit tllc collsidcral)l(’  l’(!(l(lll(lill l(’y itl
Cassilli’s har(lwarc, such as i(lcllt,ifyitlg  IIOVQI tvays
o f  (xl)loitillg ~mltially s tuck  t,llrustcrs  to a(.llicvc
attitu(lc a(ljusttnc[ltjs. ‘1’11(: .aI]ility of tllc colIllJitl(’(1
Syst(}rt)  to quickly (lis~mls(’  Wit,ll soft ware glit CILCS,

N cl(’Illc)listratc)r’s  nigllt][lar(:, l)rovi(l(,(l  a  cr(l(,ia]
turllirlg lmitlt  ill tll(: tcclltmlo,gy’s  a(c(:l)tatl(.(’.

task. l)roccssitlg a  ILigll-l(v(l  t;isk illvolv(w l]r(ak-
illg i t  II]) into sul)tasks, I]ossil)ly  (.lloositlg  aTI)o]Ig
IIllllt il)l(’ ~11(’t Ilo(ls,  ~vl](,r(’as l)r(mssi[lg a l)ril[litivc
t a s k  illvolvcs  s(ll(lirlg ~ll(wsag(~s to (Jxterllal s(Jft -
wv]rc Syst(’tlls.  A t  t]!is  l)[)illt, t]l(~ ag(’]l(]a is 111)-

(I:lt ( d ,  all(l t  II(’ I)asic r(’act ivc 1001)”  rcl)(’ats.

]{ Al’s C1l(’OUla~(% a (’1OSC a(l~l(wl!(’(’  t  ( )  a r(l-

:ictivc ~)rograrllrtlillg  ~)rirlcil)l(’ o f  Iil[lititlg d(’dllc-
t iO1ls  \vit Ilitl t II( sclm-a(t 1001)  to t Ilat  o f  colI-
st r(l(,tillg  task (l(~(ollll)osit  ions  usitlg a lilllit(~d folill
o f  I[]iit cllillg.  ‘J’l]is CIISUWS (lllick  r(wl)OIIs( t irlt(’,

lvlli(,l] is (w+crlt  ial t () t 1](’ stlrt’iv:ll of t llc sl)acccraft.
A’(vr(vtll(’less it l)laccs a l)llr(l(’tl ol] tllc ~) IograrII-

]11(’I  of (1(’(l(l(illg (/ p7i(~7i tll(’ Collscqucllccs  of fail-
ul(w all(l  I]latltii[lg  f o r  colltill~(’!lci(w.  ‘J’tlis is  (x-
a(”(’rlmt cd I)y su}]t 1(’ ltar(l\var(’  illtcract ions,  l~lult i-
1]1(’ al((l 1111111()(1(’1(’(1  fa i lures ,  tllc IIlixtur(,  of itltcr-
act iO1is  twt \v(’(’tl colll~)llt at ion,  (’1(’ct rollics and lty -
(Ira(llic  sul)syst(’l[ls,  al](] littlit(,(l  Olmrval)ility (lu(’
t o  SCIISOI  costs. ‘1’li(w COIIC(JIIM arc co~r(w(l  I)y tll(’
)LI()(l(,l-lms(d coltlJ)oll(vLt of tllc llyl)ti(l  c’xccutivc.

4.6.  l’?’ocedllml  E2Y!c71t  iw!

‘1’IIc first half of tllc llybri(l cx(,cuti~r(~,  I{ Al’S,
l]ro\ridcs  a sl)ccializc(l ~(~l)l(,s(~llt:itiO1l lallgua~(I  for
dcscril)itlg cc)l Lt, cxt-cI(, ~)[,ll(lc~llt collt itlg,(~llt r(Is IIo ILs(,
1)1’ONYIUI(’S, \~’it)fl  an (:\r(’tlt-(lti\’(:11  (~xccutio]l  s(’-

~)l:illtics.  ‘lTILC laIIguaRc  (vlsurcs react ivity,  is  lla-
uriil f o r  (lccoxnlmsill~  t a s k s  atl(l  corr(,slmll(li[lg
ln(~tllods,  and ~tlak(!s it, e a s y  t o  (xl)r(’ss  ~llollitor-
illg atl{l co~ltitlgcllt  act,ioll  Scl]cnnas. I ts  rulltitn(
systc~n  thcll nmllagcs  tllc react ive (xl)lorat iO1l o f
a slxicc of altcrllativc actiol)s l)y s(’:ircllitlg  t}lrougll
a sl)ac(’ of task cl(’coltl~x)sit io~ls.

‘1111( lmsic rutlt it!lc 100I) o f  tllc (x(v(lt ivc is il-
lustrated iti F’igurc  .5. ‘J’llc syst(,ltl  Illailltaitls :1{]
(L~CILd~ 011 w’llic]l all t a s k s  atc storc(l. ‘Jhsks  aro
citllcr act ive  or sleq)ing. 011 cacll  ])ass  tllroll~ll
tll( 1001), tllc cxccutivc checks tllc (xt(rllal ~vorl(l
to scc if ally lICXV cvc]lts llavc orclltc(l. l’;xalilI)l(’s of
cv(’llts  illcludc l[lodcl  ul)(latcs frolll tll(’ 1]10(1(”  i(lcll-
tificat,io~l  systclll, arl~lc)llrlc(’]llr~)ts o f  c(nJIl]IaII(l(Kl
act iv i ty  coln~)lctioll  fro[ll  (’xtcrllal sof tware ,  all(l
1  (quests fI’oIIl (’xtclllal llSCIS. ‘1’11(’ (xc(.llt  i\’(’ l(L-
S] K) IICIS to tllcsc (!vcl[t,s by lllht ittg i ts  i(tt (,rlial
]tlo(lcl  of tll(’ world, clliitlgill~  t 1)(’ status of :iflcct  (’(l
tasks, :iILd  illstallill.g Ilcw tasks otlto t,flc :igrti(la. lt
t llc’1~ sclrcts sc)lnc act ivc task (l EISCC1  oll ll((l)ist its)
aIi(l ]mfollIls a sIIIall  artloutit of ~)roc(’ssitlg ()[I tll(’

‘J’l L(’ s(’(oll[l  IIalf  of t II(’ IIyl)ri(l  (x(x(lt ivc t IIc IJiv-
itl~sl(~llt, lIiOd(~l-l)as(d  i(lctlt  ific;lt i(}ll atl(l  r<~(.Ol(fig-
li]atio~l  syst(’tli  ( h i l l { )  (“O1ll{)l(~ILl(’llts  I{ A1’S lcac -
t  ivc cill)aljilit  i(’s l~y I)rovi(lilix  a s(’t of (l(,(luct ivc
calml)ilit  ics aloIIg  t Ii(’ sc[ls(’-act  loo~) tliat olwrat c
OIL a sillgl(,,  colllIx)sit  io~lal 1110( 1( ’1. ‘J)l L(W ~llo(l(’ls
lwrlllit sigtlific~itlt otl tllc fly (l(xlllctiol~  o f  systct[l
Ivi(lc it[t(’ractiolls, us(’(1 t o  ~)ro(.(xs Iicwv s(’llsor  itl-
forlllat ion (III(KIC i(l(llt ificat  iorl) or to evaluat  c t llc
(’ff(’(, ts of alt (’rllat  c r(’covcty  actions (I IIO(IC l(KOlI-
fig(ltat iolo. I,ivillgst 011(” l(slx(ts tll( illt cllt  of 1( ’-
ii(”t ivc syst  [’111s,  Ilsillg  ~)rol)osit iO1lal (Ic(l(lct  iv(’ ca-
lj:ll)ili(iw [ 3 0 ]  co{ll)l(’(1  to ailjrtirtic algoritlllf)s  tl):it

llilV() l)I(N’VI1  (’x(”(’])t  iollilll~  cfiicicllt  ill t 11(’  lllO(lCl-
1):1S((1  (li:l~ll(wis  of (’illlS;il  SySt Cti)S.  ‘1’lllo(lg}l tll(’
II I()(I(,Is, I,ivillgst oll(j is al)l(j t o l(vIsOII react iv(’ly
fr(n]l kfl(nvl((l~(  of failure to O1)t illlal  act ions  t Ililt
l(~(%t al)lisll  t  11(’ l)lilllllC1’S  l)ritllit i~rc g(nlls,  \vlLil(,
IIlit ig:it itlg t 11(’ failures’ eff((ts.

l,i\,ill&stoll(”  also }1:1s i t s  litllitatio~is,  Ivllicll  arc
l[i((,l~  ~lt(i 1)~’ Ii A1’,S’  l)r(w(,(ltltal  (’a I)al)iliti(w.  l,i\r-
illgsto[l(”s  assural Ic(, of fast illfcrcllc(’  is :icllicvc(l
t llro~lgll st lo]lg  liwt rict ions  011 t 11( rel)rcwvlt at ioIl

{IS(YI fol Im+sil)lc  I(wvcry ac t  i(l[is al[(l (>v(’11  lIlorc
S(’V(SMJ liltlitatio]ls 011 tll(’ \r:iy  itl ~vllicll tllcsc ac-
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cxtcllsivc IIio(lc-bas(!d (vxxutio~l  calml)ility tllilt,
l)r(wcI\,(~s rcactilrity).  OIK” JVay to r) K!s(’1’\’c  l’(~:l [’-
t ivity m,}lilc illlInOvitlg  (xl)rcssiv(’tl(~ss  is for  a 1)]()-
graltlltl(’r or d(xl(lctivc Syst(v[l to Scril)t  tll(w’  (0111-
I)ICX act,icnls  bcforr tfl(~ fact. I{ AI’S  slllJIJ(Jrts  th is ,
1)1’()\’i(lill~  a llat,(ll”a] C’OI!l]Jl(!Ill(’Ilt  t o  l,i VillgSto[l(”S

(lc(lllct ivc cal)a})ilitics. 1{’01 (xaltll)l(’,  \vit II I(wIKJ(’1
t o r(’covcryj  I ,ivillgst  (m(’ l)r(m’i(l(w a s(’r\’i(x, for s(l-
lcct  itlg,  cO1lllmsing  to~ctl~cr  atl(l  (1(’(lucillg tll( ef-
fects of I)asic  actiolis, itl Iigllt  of failure kll(nvl((lg(,.
ilfeall\vllil(,  l{ AI’S  I)rmri(l(w lm~(vf(ll ca~ml)ilit i(v+
for  c’lalmratillg a~ld illt crlca\’it lg t IICS(  I msic a(-
tiO1ls  itlto llmrc cO]tII)lrx  scquellccs, \vliicll  irk turn
~llay Im furtlirt (:valuat(’d  tllrOugll  lJi\’iil~stoll(”s
d(dllcti~rc  ca~)al)ilities.

O~lwidcr l,i~rillgstoll(’  ill l[lO1c (l(’t ilil. ‘l’lie 71tfdc
i(/c7/tificrztio7L  ( M l )  coln]m]lcllt of l,ivitl~sto!l(’  i s
1 (’slmllsil)l(:  for id(vltifyill~ tllc Curr(’tlt olwlat itl~
01 f a i l u r e  Itlo(le  of eacli cOl[llx)rl(’lit ill tll(’ sl):ic(s-
cI’afl Lfl i s  tllc s(,ru+illg  cOIJllM)lJcl)l o f  l,i\rillg-
st(nlc’s I[lo(l(’1-l)asc(l cx(:cutio~i  cal)al)ilityl all(l  l)ro-
vi(lcs  a layer of al)st tact i(nl to tlIe (x(,clltiv(’:  it a-

l[m’s 1,11(’ coxutiw t o  1(’aSOIl almut tll(’ s t a t  (’ o f t  11(’

sl)a(.(~ctaft  ill tc]  lIIS of (.ollll)()[l(~llt  1110(1 (s, rather
tllarl irl t(’rltls  of 1(NY l(Lv(,I  scllsor valu(’s.  1’01 (’xaIII-
1)1(,, tll(’ IIyl)ri(l (vi(’cutivc  11( ’(’(1 orlly  l(}ilSOIl  al)ollt
\vll(’tl  L(’t  ii Valv(’  is ()])(  ’11 01’ (’IOS(K1,  ]’:lt}l (’[’  tliil Il 11:11’(’
to IYOIIY  almllt  all (’oltll)ill;itio~ls” of S(IIIS(W v a l u e s
that  illll)ly  that a valv(, is 01)(,11, arl(l \vll(t}l(r  lMil-
ticular (“ot([l)irl:ltiorls” of s(vtsor  J’;llrr(,s rrtcarl  that
t  11(’  Viil\r(’ 11:1S failc(l  01” t  Il:lt a 1’:IIV(,  Scllsol  has
fail(xl.

hll ~~mvi(l(’s  a  Vari(’tj  of f[rrictiorls  ~vitliirl tlic
ov(, rail arcllit (vt llr(,. ‘1’li(’s(’ irlclu(lc:

●

●

●

IVlo(i(’ (O1lfirllliltiorl:” I’l(n’i(lc  Collfillr]atiorl  t o
t  II(, cx(,cut  iv( t h a t  a  lmrt ic(llar sl)acccraft
c(lrlllrlall(l  llilS colrll)l(’t(’(1 Su(”(”(’ssflllly.
ArlO1llaly (l(*t (’(d ioli: l(lcllt ify olmrv(’(1  slMi(x-
craft }wllavior  that is irlcorlsist(’llt  Ivitll  its (x-
lmt(,(l }wllavior.
lh(llt isolat ioxl arl(l (liap,llosis:  l(lcllt ify cor[ll)()-
]l(~rlts  Ivllos[”  fail(lrcs  (’XJ)lilirl  (1(  ’t(’ctc(l  illlol1121-
Ii(s.  lrl cases tvllct( ~tlo(lcls of coltll)o~lctlt  fail-
llf(’ exist, i(l(vllify  tllc ~mrti(lllar  failure l(lo(l(’s
of coltll](nl(’rlts  that (Jxj)lairl arto~lmli(’s.
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F;xl;c Monitor

Mode Confirmation OLltPllt

to EXW n/Anomaly’
Detection

Diagnosis to
EXEC Fault Isolation and Diagnosis using

best first search engine

FXH2  Recovery

‘o]’’’’’a’’dsr Rec.,er,

Mode Reconfiguration for Failure Recovery Plan

+to ExlK

/,’ig. G.  Awllit(,ctllrc  OF l,ivirlgstotlc’s  ITI(~[l(, i(l(rlt ificat io]l :111(1  ](collfip,(]l;itic)ti  c:!lj:lljiliti(s

●  ‘J’ok(:ll t r a c k i n g :  hfollit,or  t,fl(: stat(’ of I)laIIIIOr

tokcvls,  allo\vitlg  tllc executive to ltiollitor lJlatl
cK’clltioIl.

~’lle nuxi?c IIm71fi.9717nLio71 (h’l I { )  co]ri])ot)cr)t  o f
l,i\rillgstollc  is r(:slxxlsiblc for  idclltifyillg  a set  of
co~lt rol I)rocccIIIrcs  tl~at  WTII(V1 it Ivokc(l t akc  t II(I
sl)acccraft ft’oltl tll(! (’111’r(’llt, St at,(’, t 0 il lo~v(wt,  (ost
st atc that acllievcs a set, of goal lwlm~’i(ms. MI{ (’all
1,(’ used to su~)~)ort a variety of f(llictiotls \\’it }Iill
tll(’ alcllitectulc!, itlclll(lirlg:

●

●

●

●

M o d e  collfiguratio[l:  l’laces tllc sI)acccraft ill
a least  cost lmdwam collflg(lrat iot i t lmt cx-
llil)its a desir(!d  bclmvior.
I{ccovmy:  ILfc)vcs the s~mcccraftj  flot[l  a failure
sta te  to  o~lc t,flat  restores (I(xircd  f~lrlct io~l.
Stalldt)y  atld Safillg. 111  tllc al)s(’11(”(’ o f  f(lll
rccovcry, ldaccs tll(’ sl)acocrafl  itl a safe st at c
wfllile aw’aitillg  ad(lit iollal  guidali(’c  ftolti tfl(’
lligll-1c\x’1 I)lanner or groutl(l O1x’rat ions  tcal[l.
Fhult,  avoi(lallce: CJiv(vl  ktlotvl(xlgc  of c(lrmlt,
itr(’l)aral)l(’  failures, fitl(ls  altcr~lativc  \vays  o f
acllicvitlg CI(sircd goals.

I,ivitlgstollc’s  Lll a~ld Ilfl{ co~lllml(’tits 11s(: algo-
ritllltls adal)tcd fuO1ll  Illod(’1-lms(d  (Iiag[losis [ 8 ,  9]

t () ~jrovi(l(” t 1](’ almvc fu[lct  iol[s (s[’(’ I:igurc (i). ‘1’11(’
k(’y i(l(a ulld(rlyillg I[lod(’1-l)asc(l (Iiagl]osis  is that
a collll)itiat  ion of (.ollllmll(’llt  II I()(ICS is a lmssil)lc
(I(w[il)t  ion of t I]c cllm(’llt  stt~t  c of tllc slmccctaft

oIIly  if tllc sot of HIodrls associntd  with tlmc
II I()(ICS  is collsistcllt  !vitll  tli(~ olmlvc(l s(~tlsor \ra-
II(IS. IJollmvitlg (1(1 Klccr & ~~illiallls [9 ] ,  hll (Is(w a
conflict (Iitccte(l I]cst-fiist S(’arcll to  fill(l tllc IIlost
lificly  co]lll)iriat  ion of collllK)licllt  ]ilodcs co~wiste~lt
\vit Ii t }Ic olwtvat icnls. ‘J’llis al)l)macll is illdclmll-
(1(’llt of tllc actual set of avail al)le s(’l~sorsj atld (lots
II()( r(q(lirc t Ilat a l l  asl)ds o f  tlI(’ sl)acwraft stat c

1)( (Iitcctly o1)s(lIw1)l(I, ~)uxi(litlg atl (’lcgallt  sc)-
lutiori to tll(’ l)lol)lcttl of lirnitcd ol)serval)ility  clis-
(( ISS(X1 iti S(,ct ion 3. ill Ii uses co]lflict-(lil(, cte(l Imt
fitst s($atcll to i(l(vlt ify a l(ast cost co~lfigurat  io~i of
cottllx)lictit  lt]o(lcs  that clltail a s(~t of goa l  l)(’llav-
iors. L’fl{ orIly considers tllosc coltll)illatiolls  t h a t
:11(’  I’(’ncllal)l(’  fr(ll[l  tll(’  cul’1(’tlt  s t a t e ,  i(lc~[tific(l  lIy

hll, t llrou~ll t 11( co!lctlrm]lt  cx(c(lt  ion of a set of
(.orlil)()!l(’llt-1(’vcl colltml })roc(’(1111(%.  ‘1’llis litllitc(l
al)ility to rc(”ollfigllr(’ collllJOll(’llt Illo(lcs  clislllxw
r(’art  ivit y.

‘1’ILc  IMC o f  IIimlc-l)asc(l  diagrlosis algoxitllllw
as a foll[ldat  ion itllllldiatcly ])m\’ides IJi\rilq+tol)c
\vit It a ]lurlkl)m of  a(ldit  iollal f(’at urcs. l~irst, tllc
S();ll’(’ll  algoI’it}ll  IIS [II’(’ S01111(1  :111(1 CWll])k’t(’,  1)1’()-



16 I’C1l  d al.

vi(litlg  a guaratlt(!c  of covcragc with tx%l}(’ct  to t 11(’
lII(KI(’Is US(XI.  Scconcl,  tllr lnodc]  l)llildi[lg  r[l(’tlio(l-
c)logy is II IodulaI, \vllicll  sittll)lifies  ]tlodcl  co]lst  ru(-
t,ioll atk(l lnaillt,c~latlcc,  allcl Sul)lwlts  Wusc.  ‘1’llir(l,
tllc algoritlllns cxtclld sltloothly to IIatl(llillg  llltll-
til)lc f a u l t s .  F’ourth,  Wllil(: tll(: algoritfltlls  (10 ~lot
lcquirc exIJlicit,  fault 1110( 1(’1s for (’ac]l Colrllmlic[lt,

tll(’y  catl easily cxJ)loit  availal)l(!  f a u l t  IIIO(I(IIS to
fill(l likely failutcs.

I,ivi[lgstollc  cxtcll(ls  tflc imsic  ~Ilo(l(’litl~ l)ara(liglll
US(!C1 ill ]nodcl-lmcd (Iiafqlosis  I)y 1(’l)r(!selltirlg
(!il(’11  colnIxnlcllt  as a fitlitc S t a t ) ( ’  Iim(”llitlc, :111(1
t Ilc \vIIol(! sl)acccraft as a set of co~lc(lrrcllt,  syll-
cl)txnlous  s tate  n~acllitlcs. Lfoclclillg  colIII]olicrlts
:\s fillitc s t a t e  Illacllillcs allmvs  il’11 to (’ff’(’ctivcly
track state cllatlgcs result irlg froll]  (x(  ’cut,ivc colll-
l[latlds aIl[l allow’s NII{ to plan COIltt’ol” S(’(lU(’11(”(’S
t h a t  II1OVC from a cutmlt to targd state. N!fo(lcl-
ill~ t]l(’ Sl)~CCC1’~ft  aS ~ COIIClll’1(’llt  Illa(’llill(’  alloW%

Nfl  t o  eflcctivc]y track collcurr(llt stat(’ (llallg(w
causc(l (!itll(:r l)y cxccutivc coItIIIIaII(ls  or (“()]LilN-
II(:llt f a i l u r e s ,  allcl allow’s hll{  to l)lali  Coll(”urr(vlt
act, i(nls.

Allotllcr itnI)ortant, fcat,urc of I,ivitigstoll( i s
t h a t  i t  ltlmlcls t,llc lwlmvior o f  (vicll Cor[)l)ollmlt
Itmdc usirlg al)stract, or qualitati~rc, ]J]o(l(:ls [ 3 9 ,
1 O]. ‘J’lI(w  al)stract IIIOCICIS  are CIICOC1(Y1  as a s(,1 of
l)ml)ositiO1d clauses, allolvillg  t}l(: usc of (’flici(’llt
ill(wlllmltal Illlit l)tq)agatiO1l for  I)(:llavior  l)mli(-
tioll[30].  III a(l(litioll t o  sul)l)()[tillg (’fli(”icllt 1)(’-
l)avior ~)m(lictiml,  a})stract ~llo(lcls arc ltillcl  L easier
to acquire  tllatl (lctaild qwitltitatilw mlgitl(’crillg
Itlodcls, arLd yidd  IIKWC  rol}ust  I)mlictio~ls sirl(x~
sttlall cllatl~(w  in tllc utl(lcrlyitlp,  lmraln(’tcrs ( 1 0
IIot aflcct tllc al)stract Ix:]lavior  of tllo  slm(.(~ craft.
S1]ac(waft  II1O(ICS arc a syltll)oli( al)st ract iotl o f
Iim-disuct c sum)r values all(l  arc syIlt ll(,siz(d  I)y
tll(: ]rloIlitoriI]g  lno(lule.

}’illally,  lJiviILgstoll(  uses a Sitiglc 111() (1(’I a!l(l a
k(vIIcl  algoritllltl, g,(v) (’raliz(d frottl  (liap,[losis,  t o
l)cIforIII  all of  Ml  aIId  Lf[{’s fullct  io~ls. ‘J’11(, (0111-

l)illatimi of a s[nall kcrIIcl  rvit 1[ a siIy7,k’ 1110( 1(>1,  al((]
t 11(, ])ro(ws of (x(wisiI1.  g tll(w t }Lrollgll  lIIlllt il)l(’

usw, colltril)ut(w sigrkificalltly to tf)c rol)lwtll(’ss o f
tll(’ Cwlll)k’t(! sJ’st(Y1l.

~. 8. ][Ct (’1’()~/[!71COll.S  k{lollll(’d,q(: l’CJll’(!S(!llt  (Ltioll

011(} a~)~)t’oil(’11  to (1( ’v(lol)itlg till illltolloIfl~”  al’(’lli-

tcct III(’  is to s(wk a urlifid syst  (’III l)asd 011 a lllli-
fonll co~t)~)ut at io[la] frallle~vork.  lf’llilc t his is all
illtm’stiIlg goal)  oftcrl  tlIe  (’ol[ll)lcxity  o f  a  I(w-
wwrl(l (Iolnaill  fotms l(watcllc[s t o co~[l~)ro~tlisc 011
colIIl)l(’tc  auto~]o]lly  or to a(l(lrcss si[ll])l(’r (k) Itlaitls
aII(l al)l)licatiotls.  Itl 0111 caw tll( cllallctlg(,  Tvas
t o  a(llicvc colll])l(’t(  auto~lollly  for a v(’IY coltl~)l(:x
(loltlaiil  irl a  liltlitml alllollllt  o f  til[ic. ‘1’} IeIcfor(’,

W’(’ C]](MC  fl”oll) t 11(’ ollt Se t  to  Ilw a S(’t of llct (’I’o-
g(vl(mtls, st at(-of-t Ilc-art, g(’ll(v  a-}) IItI)os(J cOIII1)C)-
II(vlts t  I)at lla(l  1)(’(’11 al)l)li(d t o  solvitl~  sl)ecific
Slll)t XkS  ill t]lo (Iolllaill)  N’itll tfl(, Illaill  Cllall(lIlg(’

I)(ilig tllc itit cgrat io~l oft Il(w coltil)()~l(’[lts. Tf’llilc
t}lis al)  I) Ioa(lI  (v Ial)lc(l  us t o  aclli(’vc our g o a l  o f
co~tll)l(’t(” aut(nlortly,  it raisc(l atl ittllmrtatlt i s s u e :
t 1]( (Ii fl(vcrlt  collll)llt  at io~]al (’l]~,illcs all W(luitc dif-
f(twlt r(y)w([lt at ions.  ‘1’lL(Is(I tlct (vvg(ll(m~ls  wl)-
r(wtlt at ions  lIaIx’ l)ot 11 l)cllcfits aIId diflicult i(w.

OIIC I)c]l(fit  of llavit[s caclI  (vlgille  look  a t  tll(
sl)acccraft frot[l  a (lifl(w; lt 1)(, rs])wtivc is tlmt tli(’
ll(t (m)~(’tlcolls  !il IOIvldg(” acquisit  ion ~)roc(ws aids
it I at t ait)illf+ covcw.qe (LIL(l rOTrll)l(:t(:TLc  <9<~.  IIk IclI IICIV
])cts[)cct  i~,r otl a s[[})s~.st ettt rJ(ItcIIt ia]l}, iricrmsw
tlI(’ Ilti(l(’lsttill(lillg,  alI(l 11( ’IIc(’ il[l])lov(w tll(, II Iocl-
clit]~,  for  (vicll of tllc otll(u coltl I)on(’llts  which also
1 ( ’pt’ (wit  kII()\Yl(dg(I of t Ilat  sut)syst (’[1[. At Lot }Icr
Ix’[1(’fit i s  7c(11/7~(1071c?y, \vll(’t(’ ov(’rlal)l)itlg  ~no(l(’ls
(I]ial)lc ollc  cOltll]oll(’tlt  t o  colLII)(’llsat(’ for  r(wtric-
t iolw itl t II(J l(q)r(w(,tlt at iotl of atlot  ll(v  collllmll(’llt.
‘J’}iis is Imtt  icul:lrl) t tll(’ iti t 1)( IIyl)ri(l  (’x((”lit ivc
\vll(~t(’  tllc rich  co][trol” co[lstr(l(”ts  ill l{ A1’S ]lic(~ly
co[[ll)l(,t[l(’tlt tll(’ (Iductivc cal)al)ilitics  o f  lJivit)g-
St otlc. A  t}lir(l l)el](fit i s  task .s))rci(~liz(~ti07~,  ill
\vlli(.11 (WCIL cot[ll)oll(’llt”’s r(’])t(w’llt  at io]l CaII 1)(’ ol)-
t ittlim(l  for solvitlg  a l)art icular fiitl(l of task. ‘1’llis
111( ’iltls t}mt \v(’ (’;III IIl:ltlll:llly  t a i l o r  (’a(’11 col[ll)()-
rt(,~tt’s  r(’l)rcs(,tlt  at iol]s t () SOIJ’C  I) IOI)ICIIIS  for ~vl]i(”l]
it is ])articlllar]y Ivcll sllitc(l.

All it[ll)ortal)t cxall)l)l( of t}lis Ii\st l)oitlt  is ill~ls-
t tat c(I itl t II(, rc~)r(wtlt at io~lal (Iifliurtlccs I)ct \vc(’11
t  11(’ l)l:\lltl(’t/s(ll((l(ll(’t atl(l  t 11(’  IIyl)ri(l  (’xc(.(It io!l
syst(~ttl. ltl hThll{A t}lc lJlatltl(,r  i s  COIIC(IM1(I(I  ~vitll
il(’t ivit i(w at a lligl~-lcv (’1 of al)st  ract io]l Ivllicll  (’11-
c:ll)slllatcs a d(’taik(l s(qII(vIcc  of  f’x(’[’[]ti~r(,-1[’v[’l
col[lttlall(ls.  A f[lt](laIIL(~l]tal ol)j(’ctivc  for tll[~ ])lat L-
llct is t o allocat  c r(wour(w to t lI(J lligl]-1(’~r(,l  act i\r-
it ics so as t () ]]rovi(lc  a t it[i(’ atl(l  r(w)urcc elIIr(’-
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lolJc  that will mlsur(!  Ccmcct  1)(:ss of Cx(’cl]t  io~l for
(Iacl I cmcut ive-lmd clctail(!(l  SC(lUCIIC(I. AT I illt (Jt-
val l)asd m])ms(’llt,atio~l  of titac is s(lital)lc for  this
l)urpose. 1+’rmn t h i s  ~)crx~)cctivc tfl(: ~I1aIIt  Im do(w
~lot really II(XX1  to know  if a tilne i]ltmval l)(xtai[ls
to  an act iv i ty  or a state. IIowwwr,  tltis k]]owrl-
dge is  crucial t o  (’IIsuw  (.onmt (vw(,utio~l. ‘I’l Ic
mxmtiw is itltcmtc(l in tllc 0CCU7WIICC  of cv(!]lts,
i.(’., tlIc ttatlsiti(nl l)ctwwvl  titll(’ illt(,r\’als  ill tllc
l)latlllcr’s ~x:rsIm.t,ivc.  1 ’ 0  g(uloratc tllc al)l)r(Jl)li-
atc coIIIrn arIds  arid  set uI) tfl(’ aIjl)rO1)riat(!  s(v]sor
~llollitors,  tflc cx(xutivc ]lcc(]s  to ktlot~ if all (wwlt
is coxltrollal)lc (tflc cxccativc lICC(IS to S(VI(I a co]tl-
Itlallcl),  olM(n\’alJlc  (tllc cxec(ltivc cxlwcts s(v]sory
illforlllatioll), or Il(!ithcl (tllc excclltivc  call (1( ’(ltlc(’
irlforl[lat,iorl  ori ttlc state 011 tllc tmsis  o f  t}l(’ &-
Itlaill  mo(lcl). Out aI)I)loaclI  localizes s(lcll (list  illc-
t ions  to tllc cxccut ivc’s kr mw’lcdg(: ICI ~rxw(v  Itat ion.
l’llis frwcs tllc l)lalltlct to rcasoll cf[ici(vltly  al)out
itlt(vals, aIICl cllal~lcs  us to It)ov(’ r(wl)olisil)ility
flcxildy lx’ttv(wl  otlicx arcllitcctrltal colri~]oll(’lr[s
(fo, ,!xa,,q)lc, le t  tl)( colltro] tasks  llalL(ll( ali a(-
t,ivity  \vllicll  \vas  forlrlcrly (1(’col[)l)os(’(1 l)y tll(’ (’x-
ccut, iv(~, 01 vice-versa)  without liavirrg, to IIro(lify
tllc ~)la~ltl(!t’s lrlo(lcls.

Jj’l,il(, l,(,tc:rc)g(!l,cc)~ls l’c,])l(:s(~llt  at ions  lla~v~  a
nultllxw  of l)cmefits,  tl)cy also Iaisc Sigrlificallt  (lifli-
cutt its. S1xxifically,  tfl(’ (mrctll(’ad of (’rrsurirlg col I-

sistcncy al ICI col IcreIlcc a c r o s s  tl)c ll(,t,(,rc)g(![i(,olls
r(’~)r(~sc:llt:~tiolls c.aIl  k: cIIorIIIous.  At i ts  COI(I,  this
d i f f i c u l t y  stcvns  frmrl  a co~lcq)tllally sitlglc  l)i(w
of  krlow’l(dgc  lwillg r(y]rcs(,litc(l  ill(lc’l)crl(l(’rltly for
cacli co~n~mrlctlt,  ]Ilakitlg  it easy to irltro(lll((”  (iis-
ct(:l)aTlcics.  F(llt}l(Jrll]c)rc’, uljdat,irlg  WIJlxw(’lrt:i-
t ions  to I(!flcct  cllallgcs irl sl]ac(’craft  (Icsigils  is also
ollcrous,  sillcc tllc sanlc cllallgc 11(’(’(1s  to lx’ lrladc
(collsistrxltly)  it] lrlultiI)lc ~llaccs.  ~’llc tta(liti(nlal
al)I~KoaclI, aIld  tllc lmilrrary  aIq)roaclI \v(, t o o k ,  t o
solvil]g  tliis ~)rol)l(:rrl ill\rolvcs  krlowrl(~(lgc  ac(luisi-
t  iori I[lc(\tillgs  allcl Inodcl r(:vicnv lrlc(tillgs illvol\’-
illg  krlow’ledge ellgillccrillg  r(’~)rc:s(’~ltati~’(’s ftotrl  all
colIll)oll(!tlts. IIoW(!\K’r, Ilot, only  arc tllcsc Irl(’(’t -
irlgs  titrlc-cO1)s(ltIlillg, tllcy arc a l s o  crrot’  I)roric:
tll(xc i s  rawly cvloagll  tilllc t o  sulq)ort,  ill-(lcl)tll
rcvic\vs Ivitll  all illt(mstccl l)arti(w, all(l  tfrc l(sult -
ill~ ag[(wrlents, Ijcitlg  ill }’;tiglisll, catl l(zl(l to lrlis-
IIrl(l(’rstatlclillgs.

AIL altcrllatc al)lmoacll  is to cI(,v(:1o])  a c(]lrlrrloll
1(’lm(wclltat ion latlguagc it] Tv}licll c:iclL colrccl)t  II-

ally irl(lcl)(,rl(l(’llt uIlit  of kr)(nvlc(lgc  is l(q)r(~s(’llt(’cl
(xactly OIICC.  ‘1’lIc r(’l)r(’sc;lttltiolls  a c t u a l l y  used
l)y (liff’(r(vit coIr]lm  Ilc  Ilts atc aat  olllat  ically  colIl-
~)il(d ftolrl t Ilis si[igl(’ Iq)r(’smlt atiol), t llus  guarall-
twirlg cotlsist(’llcy  arl(l coller(\lL(c  \vllilc  rllaitiill~
tll(’ lm)(’fits of 11(’tc’log(’ll(’c)lls r(’1)1(’sc!lltatic)~ls  clis-
(’l ISS(YI :Il)ov(’. hlod(,l  ll~)(lat(’s iit’(’ sirnl)lifkxl  sitlcc
cllatlg(% llcc(l  Only })C Itla(lc  ill otrcc  ~)lacc. TYc IIav(:
l[lad(’ s(nrlc  })lo&r(’ss 011 this front l)y llca(lirlg  to-
]var(l a lrlorx~ Ilrlific(l K’[)r(xx,llt at io~l of solrlc  Itlo(l-
(’1((1 l)roI)(rti(’s. l~irst, t  1](’ ullificd  lrlo(lclitlg  for
h!fl/hll{ ill l,ivi~lgstoll( (S(I(I Scctio~i  5) has 1)101’cI]
to 1)( (’xtl(’111(’ly  lls(’f(ll. S(,(’011(1,  \vc llsc  Cod[, g(,lrcl-
at  iotl trclltri(lllcs to translate so~rl(’ lrlo(lelccl  l)rol)-
(’rti(’s, such  as (Icvicc  ~)cnv(’1 lccl~lil(’lrl(’llts,  irlto tllc
(Ii ff(,mlt ~(’1)1(’s(,]lt:itiolls us(’d for  Cacll cOlrll)uta-
t iotlal  (rl~it  1(’. II’(I aI(, \vorkillg  t ou’arxl (I(w’lol]illg  a
silr~l(, Icl)rxs(vlt  at iol] of t llc sl)acecuaft 1I1O(IC1  (tllc
07LC (r’r/c 71 Lo(1c1,  a ~~(~ly  grail of Al), I)y ~(il~cr’aliz-
illg  f[o]ll  tllc lmvc[ful 11(’t(’rc)g(’[l(’olls lrlo(lcls  caIm-
1)1( of }Iall(lli]lg  t }Jc corIII)l(’xit i(w of ollr real-~r(ml(]
(l(~]llairl. ~frc ar(, a l s o  ~vorkillg 0 1 1  IIIOW  sol)llisti-
cat (,(1 colrl I]ilat ion t (I(lllliqu(w  tflat autoxllat ically
illcor’l)or’i\t” (’ t llc al]st  ract io!m, al)l)l  oxilnat iolw, al~(l
r(’forlllulat  ioxls lm’(lc(l  to oI)t irlliz(’ t Ilc rel]Ixwtlt  a-
t io]t for  (’acll cortl[ml(’t}t.

5. I M 1 ’ I , E M E N ’ I ’ A T I O N

‘J’11( ittl~)l(rrl(tlt  ((1 hTilfl{A architect III(J successfully
(l(J1llolrst  I at cd I)larlllilkp, of a ~lorr(itlal scctlalio, (olL -
Curl(’rrt (,x(,cuti(~]l arl(l rllorlitolir[g, fault is(]latioli,
r(~c(]v(,ry  ar~(l 1(’-l)laril~i1rg  oll a  sirlllllatioll  o f  tll(:
siIrlJ)lifi(’(1 {;assitli  S01 sc(’llario.

‘1’11(’ l)lallllcr Irlocl(’lccl  tllc (Iolllaitl  \vitll 2 2  l)at-
all(,l t iln(’lir~(w arl(l 52 (list ilict  t(,l[rJKJral co~mt  [ai[lt
t(’lrlJ)lat(’S. I’;acll t(’llll)lat(’  illclu(le(l  arl av(’ta~c  of
3 t (rrllmral collst  raillts of \vlri(ll  all av(ra~e of 1.4
c(ulstraillts syllclltotlizc(l (Ii ffer(vlt, tiltlclirlcs.  ~’hc
r(walt  illg scllc(ltll(’  for  t  II(’ ]Iolnillal  sccrlat.io  itl-
cIII(Ic(l 200 (list irlct  t itrlc illt (v’\ ’als; a scllcdlllc g(’rl-
(’ratc(l  aft(’r  lc-l)larlllitl~ duc to (vlgill(’ I)uI.11  illt(’r-

rlll)tioll itlcl(l(l(’(1  123  tirrlc  illtcrvals. ‘1’llc ~)lalIll(’1
g([l(vat ((l t 1)(s( scl~(xllll(w (xl)lorirlg 1(ss tl(arl  500”
Scal(.}1  stat(w irl all (’lal)s(’(1 til(lc o f  less tllalr 15
llrirl~lt(w OIL a  SI’AI{C-10.  ~;ollsid(~rirlg, tllc colli-
l)ut at io~tal rxwarx(w availa})lc’ ill tllc 1) S-1 Illissiotl
arl(l t I]c Imcligrx)llrr(l Ilat  uw of t 11(’ ~)lalltlitlg  l)rx-



18 l’cll ct al.

Wss,  this s~)ccd i s  accer)tal)lc w,it,fi r(,s})(~(,t to t}l(,
lmformallce IICC(ICC1  for 1)S-1.

l’lic (!xccutivc contained 1 0 0  raI)s \vitfl  al) av-
C] a~c  of 2.7 st,(:l)s IXIr ral). ‘1’lIc ~lolllillal  SCIIC(I(I1(I
t Ialislatcd illt,o a task ~lct writ}i 465 st cljs,  IImkillg
it t}lc l)iggmt I{  Al’  to (Iatc. I’l]c  (x’cutiv(~  itl-
tcractc(] With tli(: ullclcrlyitlg Cotltrol  lool)s  \vlticll
ol)(’ratccl  at, a cycle ftvqucllcy of 4 117,.  ‘1’llis }xII-
forl[lallc(’  level is lligll(’r  t}lal] Lllat, lIC(’(l(XI to Ill((t
tll(’ rcquitclllents  of tllc 1) S-1 lnissioll.

‘1’IIC S01 Illoclcl for tl[c  r[lmlc  id(’tltifi(atiorl ati(]
rwovery syst,clt  I iticludc(l 8 0  s] mc(’(,iaft  cot 111)(J-
]Icllts writ}l aII av(!ragc  of 3.5 Itio(lcs  lm cOIII1)(E
IIcl]t.  2’1](’ strllcturc and (Iynalllics of  tll(’ (Iolllaill
\vas  cal)tut(xl I)y 3 4 2 4  l)ro~msitiolls  ati(l  1 1 1 0 1
c l a u s e s .  Ill sl)itc of t}lc very larg(’  s i z e  o f  tllc
ltLoclel, tllc cc)]lflict,-ccllt(,r(:(l  algolit,lltlls 1)(’rl[lit  t (’(1
f a s t  falllt isolaticnl aIICl  cl(~tcrltlitliiti(~~l of rx’c(n’(’]y
ilCtiOllS.  l’ault i s o l a t i o n  took 1)(’tw’(’rll  4  alI(l 16
s(wrcl~ stq)s (1 .1 to 5.5 S(HHI(lS  011 a S1’A1{{;-5)
Ivit,h aII average of 7 stel)s (2.2 s(,cor(ds).  l{(wn’(~r~r
took l)ctWIWl 4 all(l 20 steps (1.6 to 6.1 S(WI(lS)
\vitll  aIl average of  9.3 st(q)s  (3.1 sccofl(ls).

G. llEI,ATE1}  W O R K

IIlllst I)(I catcf~llly  corlt rolled. lrl t his r(,sI)cct, our
ar(’llitcct urc followw t II(J (l(xigtr  of t Ilc A’I’I, ART’I’l  S
arcllit (’(t[lrx’ [1 .5].

‘I’l Ic curr(,rlt  stat(, of tll(’ art irl Slmcccraft  au-
t orlorlly” is l(,l)rcscrlt  (xl i)y t 11(~ :11 t itud( afld  art ic-
ulatiorl corltlr)l  s(ll)syst(~lll  (A ACS)  011 tllc Cassirli
Sl)~i((,(lilft [5, 1 8] (\vlli(.11 sul)~)li(d  tllc Sol srwlario
11s(’(1 ill our lJrototJrlw). 2’1[( ;lutort(J1tly ca]ml)il-
i t  ics of ~~+lssirli ili(,lu(lc  (x)rlt (,xt-(l($l)C,rl(lcl~t  c(JltI-
rllarl(l  llarl([litl~,  rrsourcc ~t~aluigcltl(~tlt :111(1 falllt
lJrot((tiorl, l’l:irlllill~  is a grollrl(l  (Iatllcr tlmrl  011-

l)oar(l)  f(ltl(t io[l all(l  oll-l)oal(l r(ljlarlrlillg i s  litrl-
it (,(1 t (j a C(NJ1)IC  of ~)r(~(l(,firl(d  co~]t itlg(~I)ci(~s.  All
(Ixt(’rlsiv(’ s(’t of fault ltlO1litols  is usc(l  to filt(’r  ltlc:l-
s(lr(~ltl(~rlts  a]l(l Ivarrl  tllc systcl[l of I)ot]l  lltlacccl)t-
al)l(’ arid  ofl-r)or[iiluil” l)(Jllavi O1. I“alllt  (liagtlosis
arl(l r(wv(’ly arc rlll(’-kms(’(l. ‘J’llat i s ,  for cvcly
ljossil)k fal]]t or s(t o f  f:iu]ts, tll( IIlo!litor stat(s
l(w(li[l~ to a l):lrt i((llar (Iiagllosis  arc exl)licitly (III-
co(lc(l  itlt o rules. l,ikc~vis(’, t lIc falllt ws~)mws for
(’:1(11  (liag,  [)osis  ilr”(’  (xl)licitly (’rl(d(’(1  l)y lmrl(l.  1{()-
l)ust  1](ss is aclli(vc(l ill (lif[i(lllt-to-( li?i~t~c)s( situa-
tiolts l)y s(ttirlg tll(’ s~rst(’rtl  to a  sirnl)l(, lirl(J\vJl
stat(, frx)lI]  \rllic}l calml)iliti(w  arc ad(l(t(l ilLcrx’l[l(v-
tally urltil ftill Cal)al)i]ity  is a(llicv(d or tllc fal[]t  is
Illliirlll )ig(lollSly i(l(,]lt ifid. ‘1’11(1 NT AII{A arrllit(,c-
t  IIrx, us(’s a  lIIodcl-tIas[,d  falllt dia~llosis syst(,lll,
:1(1(1.S arl O1)-})oill’  (l” l)larlrl(lr, arl(l grcatl,y crllmllccs
t II(, (aI]al)ilit i(w of t }1(’  olL-lmaMl s(q\t(ll(cr, r(slllt-
irlg, ill a  (Ilalllati(. I($al) allca(] irl a(ltorlorrty  cal J: I-

I)ility.

AIIILI(,(l, Aljal)ri, &r l~l(lu((l [I] llavc also \vork(Yl
orl ar(llit (’(t ul(’ f(~r ant ollo!rlolls  sl)acccraft. ‘1’ll(,ir
:(rcllit(~(,tur(~ illt(,~rat(w  l]larlrlill~  alL(l (~x-(~clltioll,
lisirl~  ‘lWA [36] as a s(q[t(~rlcilt.g ~ttecl(arlisr[i.  }Iov-
(,v(II, tllcy fo(,(ls(xl (JIIly (Jri a slrl)s(~t of tll(~ l)rol)l(~ttl,
t list of ant otiortlous  ltlafl(llwr I)larltlillg.  ‘1’llcir ar-
chitect  utc (lid Iiot a(l(lr(’ss  1)1’ol)l(’ltis  of litllit  (~(1 ol)-
scr\, al)ility 01 g(~rlcrat iv(~ ~)lallllill~.

syst(~lils  (l(,v(lo~)((l  for  ar)[)li(at iorts ot 11(1 t }Iar]
SJ)il(.(~(1’aft  a\ltorlO1tiy”  ])1’(%(~llt S0111(” fcatllr(~s  (’0111 -
lMII:I1)l(, to hThll{A. I]rmilla (t al. [ 3 ]  d(wcril)c

A I ’ A ,  a  t  (v[l~mral ~)latlll(r  arl(l cx(,cut  ivc f o r
tlic allt(~rlO1llous,”  g,rollrl{l-lmsc(l  t(’l(wolw (Iol[laitl.
‘J’11(’it aI)l)IOad(  uws a sirigk!  ad io~[ K’l)ws(,rltat  ion
Ivli( was OIIIS 11s(’s aII al)str act I)larlllitlg  latlguagy,
I)llt t Il(,ir ~)larl rx,j)ws(vlt at io]l slIarm ~vit 11 ours fl(x-
il)ility atl(l  ullc(’rtaillty  al)out start alI(l fitlisll  tirrles
of act ivit i(’s. Il(mvv(v, t 11(’ir a})l)ma(”ll is Curwtltly
lost ri(”t (’(1 to sirlgk’ I(wouwc (Iollu!irls  Ivit II II() cm-



cIIrI’(!IIcy.  h~orcov(:r,  AI’A hicks  a col[lI)o~wtlt  (’0111 -
~)illabl(~ to hfl  11 fol ](:~sollil]g  :il)ollt  d(,vi(cs.

I’llocvlix  [6] is an ag(xlt  arcllitcx:tul(’ t h a t  olK’r-

atcs on a real-tinlc silnulatjcd fir(: fi~llt i~lg (lolnaiti.
q’11(: calml)ilitics ~}rovidcd })y tll(: agcllt are coli I1m-
ral)lc to those Iwovi(lc(]  I)y tl]c hTM1l  A cxccutivc
altllou  g}) lt[ally  asImts of t }Ic sol(lt  io!l s(wtl SIW -
cific  t o  tllc (lotllaill aILCl C1O  Ilot  a~]~)cat to I)c (vis-
ily gcllcralizaldc. lJ1ilikc  NMl{A,  I’llo(vlix’s  ag,(,llt
cIocs ~wt mason cxI)licitly al)out IuiIall(Il  action
cxccut ioli, since act, ions  flo~[) irwtalltiatcd l)lalls
arc SCIICCIUI(XI  s e q u e n t i a l l y  0]1 a sirlgl(: (xccutioll
tiltlclinc. A  Ilotal)le cllaract,cristic of  l’llo(vlix  i s
rcliarlcc o~) cnvclopcs  [20] ,  i .e . ,  ~)l(!(”c)ltl~jllt(’(1 ex-
pected rallgcs of acc(!l)tal)ility for  l]aralll(’t  ers o~r(r
colltitkuous  tittlc!, \vllicll  ale! co~ltitluously  ltlolli-
torc(l for robust cx(’cutio~l.

Among t~l(’ ~llally ~(’llCl:il-l)(lll)OS(” alltot K)]]ly al’-
cllit  (’cturcs is (Juardiat L [21 ], a t J\’()-lay(,I arcllit (,c-
turc lvllicll  h a s  l)c!(III 11s(’(1  for  Ille(li(.al  ltlollitoritl~
o f  illtcILsi\’c  care I)aticrlts. I,ikc tflc sf~a(’ccraft  (lo-
~[laill, illtlcllsivc  care IIas IIard r(jal-titll(’  (1( ’a(llitles
il[l~)ose(] l)y tll~  (J1l\’ircJlll[l(:lltj all(l  ol)(’1’iit  iollal c r i t -

i c a l i t y .  011(’ ~lotal)l(! fcatulc of tll(’ ~;uar(liall al-
cllitecturc is its al)ility to (lyI):illlically  cl La ILg(: tli(’
altlount of co~nl)ntat iolml  rcsout’ccs  I)(:illg (Icvot C(I
to its various  colnl)olmlts. ‘1’l~c NLf IiA  arcllit(v-
turc a lso  has this al~ility,  t)ut tfic al)luoach(:s atc
qllitc diffcrc]ltj.  (~uardiall lIlallagcs  (“otll])llt:ltio  !lill”

rcsourccs l)y clmtigillg task scl L(xlulillg l)rioriti(w

aII(l tl]c rates at, w}licll It)rssagcs arc s(vlt t o  tll(,

v a r i o u s  l)arts of tll(! syst(IIII.  ‘1’lic N’MI{A arcllit(~(”-
t UN m?lllag[’s COHL~)lltd ioll:il Icsoul’ccs I )y givil Lp,

t}lc cxmwtivc colltrol over [Iclilxvat iv(’ I)roc(’ss(s,
\vlLicll  are lnatlagccl accOKlill~  to tllc klLov’1(’(lg(’
CIICOCI(I(l  ill tll(! Ii AI’s.

SOAR [23] is an alcIlitcct\lr(’ bas(I(l 011 a R(}ILOIa-
~)urlmsc  scarcll I[l(xllatlisl[l  atld a  1(’ar[lillg lll(vll-
aTlist!l tjllat  co~nl)iles  tile rcslllt,  s o f  lxist scarcll (’s
for fiist KWI)OIIS(’ ill tli(~ f(lt~ll(.  SO AI{ }L:LS b((tl
IIS(I(I to control flight siltllllators, a (lo~rlaifl w’llicll
a l s o  h a s  llar(l r e a l - t i l n c  colLstrairlts  atl(l  olxr:i-
tiollal criticality [37]. C~ll{CA [2 C)] is aIL ar(llit(,c-
t IIrC ttlat US(JS a S1 O W  A l  coltllmL(,llt  t o l]ro\’id(’
guidallcc to a real-titnc scli(’d(ller  tliat guaratltccs
ILard rca-titn(! ICSI)OIMC \vli(xI lmsil)l(. h’(mcils
aIicl Cllatila [31]  (Icscril)c a IIlol)ilc  rolx)t co~lt 101

arcllit(~ctllr(’  tliat cottll)itlcs  l)lalltlillg, (Jxccutioll,
IIlollit  oritl~, arl(l (.ollt itlg(vicy  r(,c(nwy.

‘1’11(  ~y~)l(’ss  [40] arcllit(’cturc co~lll)ill(’s a ])latl-
]Iill,g aIL(l aTL (xe(tltioll  syst(vn (SII’lI;-11 [ 4 1 ]  aILd
1’1{S [17]) using  a colIItIloII  rcl)rcs(’~lt:itio~l  callc(l
AC;rl’  [42]. ‘l’l[is s(r\F(Is as all (IxaItiI)lc  of a ~lllifi(d
Ii f)owl(’(lgc r(yr(’s(vlt  at i(nl for usc l)Y hot (rog(vlcous
al cliit (’(4 ur:~l collllmll(’llts,  as \v(’ (liscussc(l  ill Scc-
ti(nL 4.8. A ]ll:ijor (Iiff(’r(’11((’  lwt\vc(’11 ~~y[)ms  an(l
NThfl{  A is ()(It  usc of :itl il)t (Irva-l)as((l rat }~(,t t lliiIi
al) ()])(’I’a t()I’–t):ls( ’(l plalltl (’r.

])Ial)\Ilr [ ] ]]  (1(’scril~(’s t}l(’ l’;~C~A1lllUll syst(’111,
Krlli(”lL 1)( ’1 ’[01’1[1S  (“I OS(K-lOOI)  ~)lallllill~ a n d  (’X(’(” W

tio]i Ilsiflg qllalitativc do~llaill  Illo(l(’ls t o  l[lollitor
l)laII (xccut io]L arl(l t o  g(,rl(vat  c l)r(’(lict  (’(1 irlitial
s t a t e s  for  l)lalL1litl~ after (Jx(’c((tiol[ fa i lures .  ‘1’llc
“kitcllcll” (Iorllai[l  irlvolv(’(1  collcutlcllt t(’ltllmral
l)lar Is, illtlloll&!,ll  i t  ~vas silnl)lifi(’(1 all(l  (lid Ilot 1’(’-
(Illit(,  rol)llst  1(’:lctiolls  dl]rillg (x(vutioll.

~~llrri(’  & ‘1’at ( [7] (I(w(tilx’  t l(() ()-l)lalL  ~)lalllliti~
SJ’St(~ll  L, W’llicll \Vll(’11 (“olfl})ill(’(1 W’itll a  t(’1111)01’al
SCII(’(IIIICI  (“all I~I(Klu(v Iic}l collcutrf.’llt  t(vlllmlal
l)I:IIIs. I{(I(w  &’ ‘Jhtc [35] cI(wx,lOIX’C1  art Cx(,(lltiorl
a~(’llt fol this l)laIIli(’r ,  all(l  tllc collll)itlc(l  systc~tl
has I)(wl  a})l)li(,(l to a ~iul[)lxv of l(wI-ww]I(l  l)rol)-
l(vt Is illclll(lirl~  tll(’ IIlilitary logistics (Iol[laill.  ‘1’11(’
lllarI I(,ljair rti((llar]isrll [12] is lr)olc soI)llist  icat (’(1
tll(ul  ours, altllol@l tli(’ (Jxccutioll  ag(vlt  is \Y(’alicr
:111(1 (10(’S I lot l) C’1’f(lll[l (’~(’~llt i(lf L-t iltl(’ t ilSk (l CCOIIl  -

I)osit ion or rol)llst cx(wlt ion.

‘1’tlis ~)ar)(~r  lIas (Icsclilw(l NMI{A,  aIL iltll)lct~l(llt((l
ill”(’llit(’(’t  (11’(’ fol” 2111to  Ilo IIloll  S Sl):l(”(’Ct’?lft.  ‘J’l  IC’ al-

cllit (’(t (lt(’ Ivas (lrivcll lIy a cal cful al Lalysis  of  t  IIc

sl)a(wrafl (lol[)aitl) aII(l  illt (’~rat (w t Ia(lit iorlal  l(’al-
tir[l(’ ltlo~litorillg  all(l  colltto] \vitll cO1lstlaitlt-l):is(’(1
~)latltlirlg  illl(l scllcdulitl.g, lol)ust Itllllti-ttll(,:lclc(l
(’x(,(llt iolll all(l  ~tlo(l(’1-l)as(’d (Ii:lfq[osis  arl(l lccoll-
figulat ion. ‘J’lIc i[llI)l(lll(vLt ((1 alc}lit  cct  (ITC \Yas
Su(’c(%sflllly (1( ’lllolls’t I“at(’d 011 aIl cxt t’(’111(’ly cll:ll-
l(llgitlg,  sittllllatc(l  slm((’craft autollorlly  sc(tlatio.
A s  a  r(slllt, t 11( atc}lit  cct  urc \vill fly as  all cx-
IJ(,riitl(,llt aTi(l collt[.ol  tllc first flig,llt o f  N A S A ’ S
A’(wv Lfill(vllii[ltll  I’rograttl (hThl I’). 1’lLc slmc(uaft,
iYiVf  I) 1)(’(’}1 S~Mlcc  OIIC (1) S-1), ~vill lillltlCll  it) IW8
atl(l  \rill :Illtoll(]xtlollsly” Crllis(’ to and fly-l)y  all as-
t(’roi(l :ITL(I a  co!tt(’t.  iYiYlli A \vill I)(I tlic first A l
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SJrStf’Jll  to ~illtC~llC)lIIC)llSl~  COlltl’ol ~111 iICttlal  S~)ZIC(’-

c[aft

our iln~tl(xliatc work for 1) S-1 co]lsists IIiaillly
ilJ acquiring and valid at itig, IIIo(l(’ls of t II(’ 1) S-1
slmcccraft au(l  itl (Ilicitillg  atl(] a(l(lwssil[g,  IIlissioll
Iquirc!ltlmits. ‘lb  l[lakc tfiis I)ossil  )1(’,  TV(:  ar(, wol!i-
illg 011 dcv(:lol)irlg  1)(1, t(:r t o o l s  for  sllaritl~ 111()(1-
[IIS across tllc diff’(:rult  llc:t(’togellc’c)lls :ll(”llit(’(tlll:~l
collllmllcnt,s, atld  for  lno(l(’1  vcrifi(:atiml  alI(l wili -

datioll.

I,ollgc!I t(’1111, 1!’(’ SW t 111(K’  IIl:ljo!’ al’(’as o f  1(,-
searcll. l~irst, our arcllit,(’ctutx,  colll(l  l)(’ll(fitj f[x)lll
all il~crcasc(l  usc of sirnu  hit io~i. [~umvlt ly \v(’ IIS(,
a  sirllul  ator for  clcvclol)~tlcllt  all(l  t(’stillg  tllc soft-
ware. ‘lYlis coul(l  lW (x1(:IL(l(’c1  to  faci l i ta te  itlt(,l-
activc krlo\vl(@’ acquisit,ioll atl(] r(’fi[l(’rllcllt,  to
irtllmo~rc Ijroj(’ctiorl  ill tltc I)kll]tl(’r, (m to IJrovi(lc
a  tiglltcr itltcgtat, ion l~ct\r(x’11  l)latlllitl~ atl(l  (x-
cutioll [1 3, 25]. SccolId,  our alcllit ccl(lt(’  lcav(’s
o]ml issues of ~[lacliirl(’ lcarllitl~,  lrllicll coul(l  I)(,
USC(1 to tlullc lmralllctcns  i[l tllc colltlol syst  (’III,
for  ol)tinliziIlg scarcll colltt.ol  ill l)lalI1litl&, 01 for
Illo(lifyillg  In(’tllo(l  sclcctio~l  l)rioritics (lurill~ (’x(L-
c u t  ioli. I’llircl,  \v(! scc sul)stal\t ial t)(’tlctits  ill lLav-
illg  a sillglc 1(’l)lcsclltalic)li  of t Ilc sl):i(.(xraft, s(lIJ-
~)ortillg Iilult, i])lc uses l)y I)roc(.ss(,s o f  al)stra(tio]L

aiId t,raIlslatioI1. M’c klicv(! tfmt I)rogtrss towwr(l

t h i s  goal is I)cst  ~lla(le l)y gcllcrali7illg fmIll  l)ow
ctful, focwd Ino(lels  cal)al )1(: of wl)ws(~t It it Ig t II(’
co~lll)l(xiti[w  of a rm-uwrl(] (Iolt]ail).

Ackllowlc(lgclllcllts

‘1’11(,  rcscarcl I (l(w(.ribcd  it) this }M(]xr \vtis (at.ri(,(l
ollt  l)artly at, tllc NTASA  AIILCS I{ CS(WICIL  (;(vlt(v
all(l  J)attly at tll(: Jet I>rol)lllsioll  I,almlatory,  CJali -
forllia IIlstitutc of l’(dltlolo~y, utl(lcr collttact \vitll
h TASA. JfT(’ \vould  like to ackt  L(nvlc(lgc t }Ic illvalll-
al)lc co~ltri}~utio]ls  of [Jr(:gR S\~i(d (’k, (;lJY K. Lfat]
atl(l  l{olmt, 1 ) .  l{asltltlsscll al](l tfl(’ir titrl(:ss I)rc)-
IIlotion  o f  slm(.ccraft autolloltly. ltl ad(litioll to
tll(’ authors, th(’ hTMl{A autom)]ny l)rototyl)(: \\’:lS
accoltll]lisll(xl  tlltougli t,fl(: (’fforts  of Scott I)avics,
Charles Fry,  Rolmt Kallcfsky, lllali Notltlmkllsll,
1{0}) Sllcnvood,  and Ilalls l’IIo IIIas. lVC tllatlk
all allollylllous  lcvicw’cr for  carcftll arid  cxt(llsiv(
cottlltlcllts  Wllicll iltll)rov(’(1 t,ll(: l)alm. [;r(’g  1)()-
I a is ,  Kcitll [; OICICII)  .Jiln Kurictl, all(l  I{icll l$’asll-
itlgt,o~l lmovidccl  Cotrlln(’tits or] dtafts of tliis ljaI](>t.

A~q~cndix  A

Saturn orbit lnscrtion Scenario  I)ctails

‘J’llis aI)I)(ll(lix  l)rovi(l(s all a(lditioilal lCVCI o f  (1(-
t a i l  collccrllill~ tllc Sol sccllalio. III ~mlticular,
\\’(1 fitst (lcscrilx’  o~l(’ l)ossil)lc  s(’qll(vi((j o f  (,vcilts
t h a t  ]tlccts tllc R(M1lS  all(l  co~lsttail[ts of tllc S O I
scc[latio. li’(1 tll(vl  (lcscril)(’  scc[larios itlvolvi[lg  dif-
f(r(’tlt  failtltcs \vllicll  IIligllt l[al)l)ctl  ill tllc cotlrsc o f
t 11(’ ]I()[[litml s(vllario. Itt hot  II (as(~s, t 11(’ s(’(lucII(”(J
of (’\’(’t Its is 111(’lCIY r(J1)r(wtlt  at i~r(,, as actual 1)(,-
llil~’iol Will (1(’1)(’11(1 011 (’x(’(llt io[l COllt cxt.

●  ‘1’11(  sc(’tlat.io  l)cgitw  OILc (I:iy I)(f(]rc  it lit ial Sa-
IItll Ix’rial)sis.:+

●  A  ~)latl i s  tllctl ~(ll(vat(’(1  011-lKMIIcI  Imc(l OIL
ctttr(,llt olI-l)(MIrcl  itlforlllatioll  al)out tllc s t a t e
(If t 11(’ Sl)a(’(’ulaft , tllc S])a(’(’cl’aft  t t:lj(>(’t [)ry
\vitll  r(,sl)(’ct t o  Satttrll, tli(’ goals for tlic Sa-
lltll orl)it  ills(vtiolt Illissioll  ~)llilS(’, at](l tll(’ sys-
t(t[l cotistraillts.

●  G1’ollfl(l  C()]lt t’oll(’ls CIcwirc t  ( )  kllour al)ollt tllc
sII(.c(ws o f  ccrtaill risk~, act i}’it ifs (sucl) {IS t IIc

firing o f  l)yrotwlitiic (I(n’i((s) (’ally (vlou~ll  t o

t alw a c t  ioIl if fail(ltx’s ()(”(11[. ‘1’llis forc(,s  ccr-
t sill il(’t ivit ics to 1)(’ scllc(llllc(l  Carlyj foll(nv(’{1
I)y colllll~lllli(:(tioli”  of tll( results to tll( ~toutld
(“otlt l’oll(’t’s  011 l’:alt 11.

●  Sci(llc(,  irtlag(s atc f.l(,sitx(l o f  S a t  (It’ll illit  ial
al)I)r(Mi(’11  atl(l of tllc lillgs (l(lrillg  c losest  al)-
l)loacll. l,il,iit(xl (Iata 1((01(1(1 SIMICC  III(aIIS

t  hat t  11(’  l)la II slIoul(l i[l(lll(lc t  Ilc r(w)rdcr

(lo\wII-load  after tllc a$)~)io:(clt ittlagitlg a[i(l 11(,-
fot’(” tll(’ ritlg itllil~ill~.

●  1’(Nv(v  i s  a  litllitc(l l(wout((  all(l  (ll&ill(  iglli-
t iot) for t 11(s S o l  I)llrli  o(”cuts  \vl IcII ]KNVC’P  i s
t 11( t i~llt cst. Nell-(ws(llt ial cquil)lll(’llt  (e. g.,
s(i(~tlcc i[lst 1’\llll(~llts atl(l  1( ’il(”t io[l \vll(’(’ls) Illust
I)(’ ~~(nv(w(l ofl  ~)lior to (vlgiti( ip,tlitioll.

●  Sottlc  (l(vi((s 11(((1  t o  1)(, Ivarl[l(xl  Ill) l]tior t o
11s(’. l’:a(’11  lllust 1)(’ tut’Ilml 011 (V1l’ly  c’lloll~ll t o
assut .(, ayailal)ility  ~vlt(~ll Il(v(l( ’(1, IIL ad(litioll,
sottl(, (Icvic(,s  (e. g., t 11(’ gyloscol)[’” atl(l  t 11(’ ac-
(“(’1(’lottl(’t(’l) ~tl(lst l)C’ calil)lat(d (l(ltill~ scllc(l-
111(’cI l(nv act  ivity l)(~rio(ls l)(,forc  tllcy \vill l)c
:ivaila})l(, fot 71S(,.
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III certain f a u l t  situat ions  (e.g., gyro failllrc
(]uring Illaitl (:llgitle  l)utll), it i s  ir[l Iwtativ(’
t}lat a  l)rolnlJt sw’itcll to a  lm(kul) utlit lx,
~)ossiblc.  otherwise the activity tl!quirillg t}lc
t)ackul)  clcvicc  IIlay  llavc t o  1)(’ (lclayc(l  ul)t il
tllc lJackuI)  is availal~]c.  If suclI :ict ivit ics al(’
~tlissic)ll-criticiil,  this coul(l  calls(’  Itlissioll  filil-
111’(’.
Fkm tllc critical S o l  lllissio~l }JILasc,  lmtjll l)li-
ltlary aTl(l l)ackuI)  urlits at(:  \varIIIc(l  ul) aTId
rcacly  t o  g o .  ‘1’hc ~llain c~lgirt(  i s  ln(’lEir(’(1
for  USC l)y ~m\\’(:ritl~ o]] i t s  el(’ct mli(s, o~)cll-
illg  latc}l  valves, atlcl I)r(’-aitni[lx  tll(’ g,il[llml(’(1
cngitlc. 2’lIesc  activit)i(w  arc sclIcdul(’(1 (at]y
e]lough  that failutrs allow  tiltlc 10 s~vitcll to
tllc lxlckul)  cngillc.
l)uri~lg S 0 1  ~)r(ymratio:l  and Sci(’llcc coll((.-
tioll, tile sIJacecraft crosses tll(! Satutll ring
l)laIIe  a~ld ~liust go to all attittl(lc’ that sllicl(ls
t}lc (:altlcla frolll ring l)alticlcs.
‘1’hc s~)a(:ccraft  think t UIIIS  t o tllc l)IIItL  at t i-
tuclc,  ltlain crlgill(’ ignition  occufs, aTl(l tllc
sl)acecraft is illsc[te(l itlt,o Sat urn (mljit.
After t,llc lmrll, tile sl)ac(craft i s  I(((IHI(YI to
a  safe s t a t e .  Jralvcs arc closc(l  and clcctt.ollic
ullits arc Imwwcd clew’11 to cl(vilIuI) tll(’ state
o f  tllc s~>acccraf(  iirlcl c l e a r  tl]c }vay fw Ml]f,r

adivi  tics.

‘1’11(’ orl)il, itlscrt,ioll l)urII i s  scll(xlIll(xl t o  (vIcl

at  pcria~)sis  so that, scicllcc olmlvatiolls Itlay
t a k e  a(lvantagc of tll(: Cl(mst  al~l )Ioa(.11 vi(’v.-
in.g.
‘1’llc rillg-lhlc iltlagcs atc (lo\vll-litlk(d to tllc
I’)arttl  as soon as ~mssil~l(’.
After tratmnissioll of sci(ulcc  atl(l (tlgill(x’tillg
&ta to tlkc groutl(l, tll(’ sc(’liario  is coltll)lctc.

q’llc follo~villg at’(! cxalllldes  o f  fililllt’(’  sccllarios
that, l)ad  to I)c ltat]dl(’d  sllcccssfll]ly.  OIJ(J c lass  of
failures illVL)lV(!d  fa i lures  itl t}lc iliilia] ])llilS(’,  l)ri(Jr
to S 0 1 ,  \VIL(II) t}lc lnaitl (Illginc  is lx’illg  l)r(JI):iI(Yl
fOl tll[!  1)111’11.  ‘1’tlCS(! i]]clud(: Illiiill  cIl~ill(J g!,il  Ill)iilS

t h a t  f a i l  stuck \vIIcI) Iwillg  I)tr-aillle(l, atl(l  failutvs
o f  tll(: (vlgillc  vallrc  clcctjtollics, e.g., tllc l)il)ml)(’l-
liiIlt latch valve  driver, W’lKV1 twillg  lKNV(V(’(1  01].
‘1’lic respol)scs t o  tllcsc failures itivolvc  s\vit(’llill,q

t o  tllc l)a(lill~)  Illaitl  (,llgitl( ati(l  })rcl)atitlg i t  f o r

tllc sol 1)111’11.

A  SCCOII(I (“liiss of failllws i[lvolvcd  fail~ltxs  dul-
itl,q tll(’ Sol I)tltll  that can I)c lccov(Irc(l  ftO1ll Jvitll-
ollt illt(,tl(l~)titl~  tllc l)IIIIL. ‘1’llcsc illclll(l( failu[cs
itl tll(~ itlcrtial rcf(,rcll(”c unit  (11{1 J) all(l  a  failllrc’
of tll(’ :1((”(’1(’lolll(’t(’t JvIL(’re it s(l(l(lcllly  sto])s cotn-
lllltllicatillg.  ‘J’llc r(’s[)otlsc  t o  tll(’ II{[J fail(lrc i s
to s\vitcll  to tll(, l)a(k(l~) II{lJ, ~rl)icll tllc ~)li\tltl(!]

lL:IS ~)trviously  lvarltl(’(1 ul) atl(l  tw(li(’(1.  ‘1’lic ]c’-
Sl)olls(’ t () t 11(’ ilCC(’1(’I’O1ll  (’t(’1” corllrrlutiicat iO1l fail-
tlt(’ is to ][i(’rely Stol) usitlg ac(clcro~[lctct  data to
(l(’(i(lo \vll(’11 to t(’1’l[lillilt(’  tll(’ 1)111’ 11, :111(1 itistcad
t o  l]sc a tirllcr to ]f]ak( tllc (Iccisi(]]l o~ml-l(wI).

A  tllitxl  ~liiss of failllres itlvolvc[l  faillitvs (lut-
i[lg tll(’ S01 I)ur[l that 1(’quite tll(’ l)UIII to I}c itl-
t(tru])t(’(1.  ‘J’11(’sc ifl(”lu(le ilIl (Illgillc  Sirtll)al  lK-
(oltlirlg f a i l  st(l(”k, tll(’ lllilill cllgi[lc lmolrlitlg  too

not , illl(l t 11(’ :1( ’(”(’1(’I’olll( ’t(’r ~ivitlg  all il(’(’(’1(’[at  ion

1( ’il(lillg tllilt is  1 [1 (1 ( ”11 10\V(’I  tlliltl (’Xl) (Ttd. 11) all

t ll(w, c a s e s ,  t  II(’ t[laitl  (’llgillc  I)cillg  usc(l  for t Ilc
1)11111 i s  ])ot(’tltiillly  111111  s:11)1(’: :111 (’llgill(’ gil[ll)al
filillll’(!  111(’i~llS  tll:lt tll~  Cllgitlc (’illlllot  1)(’ lmilltcd
(or’l’(’(’t Iy t () ilClli(’V(’  SOI;  all O\ ’( ’I’llcat(’(1 Itlair[  (’11-
gitl(’ (’:11) itrclmtal)ly  (latllil~(’  tll(’ I’(’St of tll(’ slHc(’-
(’1’aft;  10\\’ acc(’1(’tatioll  111(’al)s  tll:lt tll(’ Ilmill  cll-
p,il](,  i s  ])ot ~(,ll(~lati:]g  cllo(l&lI  tlIrLls(  to acliicvc
S O I .  J$’llilc S(’11S0)  fililllt’(’s call also (’x~)laitl tll(’
alm’(, syllll)tO1lls,  tll( cotlsclvati~r(,  st ratcp,y  (lic-

tat(’s ass\lttlillg that tll(’ failur(j  lies ill tllc Illaill  cll-
gill( it s(lf. 1 1 (  ’11(’(’,  ill all t IlcS(’ CilS(’S,  tll(’ 1( ’S1)011S(’

i s  t o  sllllt (IOJYII  tllc l)urII ati(l us(I  tllc l)ackII1)

(,tlgitl(’ to Ictry tll(, l)ur II. ‘1’]lis wquirw l(’l)liltl-

tlill~ Ivitll 1)111’11 l(%tiil’t tit[l(’ s(’11(’dul(’(1  fO1’ lVII(’11
illl l)m~]lllsioll  (’(lllil)lll(’llt 11;1S  (“()()1(11  do~vll  sufli-

(i(’]lt  Iy. ‘1’11(’  (l(]rat  io!l of t Ilis lI(I\v l)lltll Illllst  a l s o
)1(> il{ljllSl(Yl })ilS(’(1 011 t 11(’ iltll[)[lflt of 1)111”11 il(”t  llall~
il(’CO1l ll)li Sll(’(1 ill tll(’ f i r s t  iitt(’llll)t.
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2. ‘1’11(’ [;s1 Syst(’rll  [16] 11:1s  llo\v l(y)lawd  I{ A1’S as 111(,  [0[(,
(,[l~il[c fol 111(,  1) S-1 l,;x(,c(ltiv(~.
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