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Br i an

Abst r act

Thi s paper descr i bes Li vi ngst one, an i mpl ement ed ker -
nel f or a sel f - r econf i gur i ng aut onomous syst em, t hat i s
r eact i ve and uses component - based decl ar at i ve mod-
el s . The paper pr esent s a f or mal char act er i zat i on
of t he r epr esent at i on f or mal i sm used i n Li vi ngst one,
and r epor t s on our exper i ence wi t h t he i mpl ement a-
t i on i n a var i et y of domai ns . Li vi ngst one' s r epr esen-
t at i on f or mal i sm achi eves br oad cover age of hybr i d
sof t war e/ har dwar e syst ems by coupl i ng t he concur -
r ent t r ansi t i on syst em model s under l yi ng concur r ent
r eact i ve l anguages wi t h t he di scr et e qual i t at i ve r ep-
r esent at i ons devel oped i n model - based r easoni ng . We
achi eve a r eact i ve syst em t hat per f or ms si gni f i cant de-
duct i ons i n t he sense/ r esponse l oop by dr awi ng on our
past exper i ence at bui l di ng f ast pr oposi t i onal conf l i ct -
based al gor i t hms f or model - based di agnosi s, and by
f r ami ng a model - based conf i gur at i on manager as a
pr oposi t i onal , conf l i ct - bast ed f eedback cont r ol l er t hat
gener at es f ocussed, opt i mal r esponses . Li vi ngst one
aut omat es al l t hese t asks usi ng a si ngl e model and a
si ngl e cor e deduct i ve engi ne, t hus maki ng si gni f i cant
pr ogr ess t owar ds achi evi ng a cent r al goal of model -
based r easoni ng . Li vi ngst one, t oget her wi t h t he HSTS
pl anni ng and schedul i ng engi ne and t he RAPS exec-
ut i ve, has been sel ect ed as t he cor e aut onomy ar chi -
t ect ur e f or Deep Space One, t he f i r st spacecr af t f or
NASA' s New Mi l l eni um pr ogr am.

I nt r oduct i on and Desi der at a
NASA has put f or t h t he chal l enge of est abl i shi ng a

" vi r t ual pr esence" i n space t hr ough a f l eet of i nt el l i -

gent space pr obes t hat aut onomousl y expl or e t he nooks
and cr anni es of t he sol ar syst em. Thi s " pr esence" i s
t o be est abl i shed at an Apol l o- er a pace, wi t h sof t war e

f or t he f i r st pr obe t o be compl et ed l at e 1996 and t he

pr obe ( Deep Space One) t o be l aunched i n ear l y 1998 .
The f i nal pr essur e, l ow cost : , i s of an equal magni t ude .
Toget her t hi s poses an ext r aor di nar y oppor t uni t y and
chal l enge f or Al . To achi eve r obust ness dur i ng year s i n
t he har sh envi r ons of space t he spacecr af t wi l l need t o

r adi cal l y r econf i gur e i t sel f i n r esponse t o f ai l ur es, and

t hen navi gat e ar ound t hese f ai l ur es dur i ng i t s r emai n-
i ng days . To achi eve l ow cost and f ast depl oyment , one-
of - a- ki nd space pr obes wi l l need t o be pl ugged t oget her
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qui ckl y, usi ng component - based model s wher ever pos-
si bl e t o aut omat i cal l y gener at e t he cont r ol sof t war e
t hat coor di nat es i nt er act i ons bet ween subsyst ems . Fi -
nal l y, t he space of f ai l ur e scenar i os a spacecr af t wi l l
need t o ent er t ai n over i t s l i f espan wi l l be f ar t oo l ar ge

t o gener at e sof t war e bef or e f l i ght t hat expl i ci t l y enu-

mer at es al l cont i ngenci es . Hence t he spacecr af t wi l l
need t o t hi nk t hr ough t he consequences of r econf i gu-
r at i on opt i ons on t he f l y whi l e ensur i ng r eact i vi t y .

We made subst ant i al pr ogr ess on each of t hese f r ont s
t hr ough a syst em cal l ed Li vi ngst one, an i mpl ement ed
ker nel f or a sel f - r econf i gur i ng aut onomous syst em, t hat

i s r eact i ve and uses component - based decl ar at i ve mod-

el s . Thi s paper pr esent s a f or mal char act er i zat i on of a

r eact i ve, model - based conf i gur at i on management sys-
t em under l yi ng Li vi ngst one . Sever al cont r i but i ons ar e

key : Fi r st , our model i ng f or mal i smr epr esent s a r adi cal

shi f t f r omf i r st or der l ogi c, t r adi t i onal l y used t o char -

act er i ze model - based di agnost i c syst ems . Our r epr e-

sent at i on f or mal i sm achi eves br oad cover age of hybr i d

sof t war e/ } r ar dwar e syst ems by coupl i ng t he concur r ent

t r ansi t i on syst em model s under l yi ng concur r ent r eac-

t i ve l anguages ( Manna & Pnuel i 1992) wi t h t he di s-

cr et e qual i t at i ve r epr esent at i ons devel oped i n model -

based r easoni ng . React i vi t y i s r espect ed by r est r i ct -

i ng t he model t o concur r ent pr oposi t i onal t r ansi t i on

syst er ns t hat ar e synchr onous . Second, t hi s appr oach

hel ps t o uni f y t he cl assi cal di chot omy wi t hi n Al be-

t ween deduct i on and r eact i vi t y . We achi eve a r eac-

t i ve syst em t hat per f or ms si gni f i cant deduct i ons i n t he

sense/ r esponse l oop by dr awi ng on our past exper i -

ence at bui l di ng f ast pr oposi t i onal conf l i ct - based al -

gor i t hms f or model - based di agnosi s, and by f r ami ng a

model - based conf i gur at i on manager as a pr oposi t i onal ,

conf l i ct - based f eedback cont r ol l er t hat gener at es f o-

cussed, opt i mal r esponses . Thi r d, t he l ong hel d vi si on

of t he model - based r easoni ng communi t y has been t o

use a si ngl e cent r al model t o suppor t a di ver si t y of

engi neer i ng t asks . For model - based aut onomous sys-

t ems t hi s means usi ng a si ngl e model t o suppor t t asks

i ncl udi ng : moni t or i ng, t r acki ng pl anner goal act i va-

t , i ons, conf i r mi ng har dwar e modes, r econf i gur i ng har d-

war e, det ect i ng anomal i es, i sol at i ng f aul t s, di agnosi s,



Fi gur e 1 : Engi ne schemat i c

f aul t . r ecover y ; saf i ng and f aul t avoi dance . Li vi ngst one

aut omat es al l t hese t asks usi ng a si ngl e model and a

si ngl e cor e deduct i ve engi ne, t hus maki ng si gni f i cant

pr ogr ess t owar ds achi evi ng t he model - based vi si on .

Li vi ngst one, t i ght l y i nt egr at ed wi t h t he HSTS pl an-

ni ng/ schedul i ng syst em ( Muscet t ol a 1994) and t he

RAPS execut i ve ( Fi r by 1995) , was demonst r at ed t o

successf ul l y navi gat e t he si mul at ed NewMaap space-

cr af t i nt o Sat ur n or bi t dur i ng i t s one hour i nser t i on

wi ndow, despi t e hal f a dozen or mor e f ai l ur es, i ncl ud-

i ng unant i ci pat ed bugs i n t he si mul at or . Consequent l y,

Li vi ngst one, t oget her wi t h RAPS and HSTS have been

sel ect ed as t he cor e aut onomy ar chi t ect ur e of t he New

Mi l l eni um pr ogr am, and wi l l f l y Deep Space One ear l y

1998 .
The r est of t he paper i s or gani zed as f ol l ows . The

next sect i on i nt r oduces par t of t he spacecr af t domai n

and t he pr obl em of conf i gur at i on management , i n t hi s

domai n . Sect i on i nt r oduces t r ansi t i on syst ems, t he

key f or mal i smf or model i ng hybr i d concur r ent syst ems .

I t al so i nt r oduces t he basi c f or mal i zat i on of conf i gu-

r at i on management . Sect i on di scusses model - based

conf i gur at i on management , and di scusses i t s key com-

ponent s : mode i dent i f i cat i on and mode r econf i gur a-

t i on . Sect i on i nt r oduces al gor i t hms f or st at i st i cal l y

opt i mal model - based conf i gur at i on management usi ng

conf l i ct - di r ect ed best - f i r st sear ch . Sect i on pr esent s an

empi r i cal eval uat i on of Li vi ngst one usi ng a sui t e of sce-

nar i os and domai ns . Concl usi ons and r el at ed wor k ar e

di scussed i n Sect i on .

Exampl e : Aut onomous Space

Expl or at i on
Fi gur e 1 shows t he schemat i c of t he mai n engi ne sub-

syst em of Cassi ni , t he most compl ex spacecr af t bui l t t o

dat e . The mai n engi ne subsyst em consi st s of a hel i um

t ank, a f uel t ank, an oxi di zer t ank, a pai r of mai n en-

gi nes, r egul at or s, l at ch val ves, pyr o val ves, and pi pes .

The hel i um t ank pr essur i zes t he t wo pr opel l ant t anks,

wi t h t he r egul at or s act i ng t o r educe t he hi gh hel i um

t ank pr essur e t o a l ower wor ki ng pr essur e . When pr o-

pel l ant pat hs t o a mai n engi ne ar e open, t he pr essur -

i zat i on of t he pr opel l ant t anks f or ces f uel and oxi di zer

i nt o t he mai n engi ne, wher e t hey combi ne and spont a-

neousl y i gni t e, pr oduci ng t hr ust . The pyr o val ves can

be f i r ed exact l y once, i . e . , t hey can change st at e ( ei -

t her f r om open t o cl osed or vi ce ver sa) exact l y once .

Thei r f unct i on i s t o i sol at e par t s of t he mai n engi ne

subsyst em unt i l needed, or t o i sol at e f ai l ed par t s . The

l at ch val ve st at es ar e cont r ol l ed usi ng val ve dr i ver s ( not

shown) , and t he accel er omet er ( Acc) senses t he t hr ust

gener at ed by t he mai n engi nes . I n t he f i gur e, val ves i n

sol i d bl ack ar e cl osed, whi l e t he ot her s ar e open .

St ar t i ng f r om t he conf i gur at i on shown i n t he f i gur e,

t he hi gh l evel goal of pr oduci ng t hr ust can be achi eved

usi ng a var i et y of di f f er ent conf i gur at i ons : t hr ust can

be pr ovi ded by ei t her mai n engi ne, and t her e ar e a

number of di f f er ent ways of openi ng pr opel l ant pat hs

t o ei t her mai n engi ne . For exampl e, t hr ust can be pr o-

vi ded by openi ng t he l at ch val ves l eadi ng t o t he engi ne

on t he l ef t , or by f i r i ng a pai r of pyr os and openi ng a

set of l at ch val ves l eadi ng t o t he engi ne on t he r i ght .

Ther e ar e a number of ot her conf i gur at i ons cor r espond-

i ng t o var i ous combi nat i ons of pyr o f i r i ngs . The di f f er -

ent conf i gur at i ons have di f f er ent char act er i st i cs si nce

pyr o f i r i ngs ar e i r r ever si bl e act i ons and si nce f i r i ng pyr o

val ves r equi r es si gni f i cant l y mor e power t han changi ng

t he st at e of l at ch val ves .

Suppose t hat t he mai n engi ne subsyst em has been

conf i gur ed t o pr ovi de t hr ust f r om t he l ef t mai n engi ne

by openi ng t he l at ch val ves l eadi ng t o i t . Suppose now

t hat t hi s engi ne f ai l s, e . g . , by over heat i ng, so t hat i t .

f ai l s t o pr ovi de t he desi r ed t hr ust . To ensur e t hat t he

desi r ed t hr ust i s pr ovi ded even i n t hi s si t uat i on, t he

spacecr af t must be t r ansi t i oned t o a new conf i gur at i on

i n whi ch t hr ust i s now pr ovi ded by t he mai n engi ne

on t he r i ght . . I deal l y, t hi s i s achi eved by f i r i ng t he t wo

pyr o val ves l eadi ng t o t he r i ght si de, and openi ng t he

r emai ni ng l at ch val ves ( r at her t han f i r i ng addi t i onal

pyr o val ves) .

A conf i gur at i on manager f or t he spacecr af t con-

st ant l y at t empt s t o move t he spacecr af t i nt o l owest ,

cost conf i gur at i ons t hat achi eve t he desi r ed hi gh- l evel

goal s . When t he spacecr af t . st r ays f r omt he chosen con-

f i gur at i on due t o f ai l ur es, t he conf i gur at i on manager

anal yzes sensor dat a t o i dent i f y t he cur r ent conf i gur a-

t i on of t he spacecr af t , and t hen moves t he spacecr af t

t o a new conf i gur at i on whi ch, once agai n, achi eves t he

desi r ed conf i gur at i on goal s . I n t hi s sense a conf i gur a-

t i on manager i s a di scr et e cont r ol syst em t hat ensur es

t hat t he spacecr af t ' s conf i gur at i on al ways achi eves t he

set poi nt def i ned by t he conf i gur at i on goal s .

Conf i gur at i on goal s ar e gener at ed dyami cal l y

t hr ough onboar d pl anni ng, schedul i ng and execu-
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t i on capabi l i t i es . Hi gh- l evel goal s ar e t r ansl at ed t o

par t i al l y- or der ed r esour ce t i mel i nes by t he HSTS pl an-

ner / schedul er . RAPS t hen execut es t hese pl ans, dy-

nami cal l y decomposi ng t hem i nt o sequences of conf i g-
ur at i on goal s t hat ar e passed t o Li vi ngst one . RAPS

compl ement s Li vi ngst one, f or exampl e, decomposi ng

pl anner t okens, moni t or i ng pl an t empor al const r ai nt s

and coor di nat i ng r epl anni ng when conf i gur at i on goal s

or t empor al const r ai nt s cannot be sat i sf i ed .

Model s of Concur r ent Pr ocesses

Sel ect i ng a r est r i ct ed, but appr opr i at el y expr essi ve f or -

mal i sm f or descr i bi ng t he pl ant i s essent i al t o achi ev-

i ng t he compet i ng goal s of achi evi ng r eact i vi t y on t he

one hand and r i chl y expr essi ng t he pr oper t i es of hy-

br i d sof t war e/ har dwar e syst ems . Ext ensi ve exper i ence

appl yi ng model - based di agnosi s t o causal syst ems sug-

gest s t hat pr oposi t i onal deduct i ve engi nes wi t h a f ocus-

i ng al gor i t hm can be made ext r emel y f ast . We know of
no f i r st or der f or mal i sm t hat achi eves t hese pr oper t i es,

t hus oper at i ng over f i xed, f i ni t e domai ns i s essent i al .

Reasoni ng about a component ' s conf i gur at i ons and
aut onomous r epai r r equi r es t he concept s of oper at i ng

modes, f ai l ur e modes, unmodel ed f ai l ur es, oper at i ng

modes, r epai r abl e f ai l ur es and conf i gur at i on changes .

These concept s can be expr essed i n a st at e di agr am.

Not e i n par t i cul ar t hat r epai r abl e f ai l ur es ar e r epr e-
sent ed by st at e t r ansi t i ons f r om a f ai l ur e st at e t o a
nomi nal st at e, conf i gur at i on changes ar e bet ween nor n-
i nal st at es, and f ai l ur es ar e t r ansi t i ons f r om a nomi nal

t o a f ai l ur e st at e .

Component s oper at e si mul t aneousl y, communi cat -

i ng over wi r es . Hence we model component s t hr ough
concur r ent , communi cat i ng t r ansi t i ons syst ems . Li ke-
wi se, f or sof t war e r out i nes, i t i s wel l est abl i shed t hat

a br oad cl ass of r eact i ve l anguages can be r epr esent ed

nat ur al l y as concur r ent t r ansi t i on syst ems communi -

cat i ng t hr ough shar ed var i abl es . We use t he concur -
r ent t r ansi t i on syst em model of Manna & Pnuel i and
i t s speci f i cat i on t hr ough t empor al l ogi c as a st ar t i ng
poi nt ( Manna & Pnuel i 1992) f or model i ng bot h sof t -

war e and har dwar e .

Wher e our model di f f er s f r om t hat , of Nl anna &
Pnuel i , i s t hat r eact i ve sof t war e modi f i es i t s st at e

t hr ough expl i ci t var i abl e assi gnment s . On t he ot her

hand, a har dwar e component ' s behavi or i n a gi ven
st at e i s gover ned by a set of const r ai nt s bet ween var i -
abl es . For di gi t al syst ems t hese const r ai nt s ar e over

f i ni t e domai ns, whi l e f or cont i nuous component s t hese
domai ns ar e i nf i ni t e . A var i et y of exper i ences appl y-

i ng qual i t at i ve model i ng t o di agnost i c t asks f or di gi -
t al syst ems ( Har r i scher 1991) , copi er s and spacecr af t

pr opul si on, suggest t hat ext r emel y si mpl e qual i t at i ve
r epr esent at i ons over f i ni t e domai ns ar e qui t e adequat e
f or t ackl i ng many har dwar e di agnost i c pr obl ems . The
added advant age of usi ng qual i t at i ve model s i s t hat

t he model s nomi nal behavi or ar e ext r emel y r obust . t o

det ai l ed model i ng er r or s and changes, avoi di ng f al se di -
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agnoses . Hence behavi or s wi t hi n st at es ar e r epr esent ed
by const r ai nt s over f i ni t e domai ns, whi ch i n t ur n ar e
encoded as pr oposi t i onal f or mul a .

Ot her aut hor s such as Zhang and Mackwor t h, McI l -
r ai t h . Levesque and Rei t er , and Pool e have been con-
si der i ng r el at ed i ssues i n r eact i ve aut onomous syst ems .
The maj or di f f er ence bet ween t hei r wor k and our s i s
our f ocus on f ast . r eact i ve i nf er ence usi ng pr oposi t i onal

encodi ngs over f i ni t e domai n .

Tr ansi t i on syst ems

We model a concur r ent pr ocess as a t r ansi t i on. syst em.

I nt ui t i vel y, a t r ansi t i on syst em consi st s of a set of st at e
var i abl es def i ni ng t he syst em' s st at e space and a set of
t r ansi t i ons bet ween t he st at es i n t he st at e space . Mor e
pr eci sel y,

Def i ni t i on 1 A t r ansi t i on syst em S i s a t upl e

( H, E, T) , wher ezyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

" H i s a f i ni t e set of st at e var i abl es . Each st at e var i abl e
r anges over a f i ni t e domai n .

" E i s t he f easi bl e subset of t he st at e space .

	

Each

st at e i n t he st at e space assi gns t o each var i abl e i n H

a val ue f r om i t s domai n .

" T i s a f i ni t e set of t r ansi t i ons bet ween st at es . Each

t r ansi t i on T E T i s a f unct i on T : E - + 2E r epr esent -

i ng a st at e t r ansf or mi ng act i on, wher e r ( s) denot es

t he set of possi bl e st at es obt ai ned by appl yi ng t r an-

si t i on T i n st at e s .

A t r aj ect or y f or S i s a sequence of f easi bl e st at es
o- : s o , sl . . . . such t hat f or al l i >_ 0, si + l E T( si ) f or

some T E T. I n t hi s paper we assume t hat . one of

t he t r ansi t i ons of S i s desi gnat ed t he nomi nal t r an-

si t i on, wi t h al l ot her t r ansi t i ons bei ng f ai l ur e t r an-

si t i ons . Hence i n any st at e a component may non-

det er mi ni st i cal l y choose t o per f or m ei t her i t s nomi nal

t r ansi t i on, cor r espondi ng t o cor r ect f unct i oni ng, or a

f ai l ur e t r ansi t i on, whi ch moves t o a set of f ai l ur e st at es .

Fur t her mor e i n r esponse t o a successf ul r epai r act i on,

t he nomi nal t r ansi t i on wi l l move t he syst em f r om a

f ai l ur e st at e t o a nomi nal st at e .

A t r ansi t i on syst em S = ( H, E, T) can be nat ur al l y

speci f i ed usi ng a pr oposi t i onal t empor al l ogi c . Such

speci f i cat i ons ar e bui l t usi ng st at e f or mul ae and t he Q

oper at or . A st at e f or mul a i s an or di nar y pr oposi t i onal

f or mul a i n whi ch al l pr oposi t i ons ar e of t he f or m yk =

ek, wher e yk i s a st at e var i abl e and ek i s an el ement of

yk' s domai n . Q i s t he next oper at or of t empor al l ogi c

denot i ng t r ut h i n t he next st at e i n a t r aj ect or y .

A st at e s def i nes a t r ut h assi gnment i n t he nat ur al

way : pr oposi t i on yk = ek i s t r ue i f f t he val ue of yk i s

ek i n s . A st at e s sat i sf i es a st at e f or mul a 0 pr eci sel y

when t he t r ut h assi gnment cor r espondi ng t o s sat i sf i es

q . The set of st at es char act er i zed by a st at e f or mul a ¢

i s t he set of al l st at es t hat sat i sf y 0 . Hence, we speci f y

t he set of f easi bl e st at es of S by a st at e f or mul a pS .

Si mi l ar l y, a t r ansi t i on T i s speci f i ed by a f or mul a

pr , whi ch i s a conj unct i on of f or mul ae p, of t he f or m



( pi =~> OF, , wher e ( D and T ar e st at e f or mul ae . A

f easi bl e st at e sk can f ol l ow a f easi bl e st at e s j i n a t r a-

j ect or y of S usi ng t r ansi t i on T i f f f or al l f or mul ae p, ; ,
i f s j sat i sf i es t he ant ecedent of p, , , t hen sk sat i sf i es

t he consequent . of pzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA� . A t r ansi t i on ' r i t hat model s a

f or mul ae p, , i s cal l ed a subt r ansi t i on . Hence t aki ng a

t r ansi t i on T cor r esponds t o t aki ng al l i t s subt r ansi t i ons

Ti .

Not e t hat speci f yi ng t r ansi t i on syst ems onl y dr aws

upon t he O oper at or , above and beyond st andar d

pr oposi t i onal l ogi c . Thi s sever el y const r ai ned use of

t empor al l ogi c i s an essent i al pr oper t y of t r ansi t i on

syst ems t hat wi l l al l ow us t o per f or m deduct i ons r e-

act i vel y .

Exampl e 1 The t r ansi t i on syst em cor r espondi ng

t o a val ve dr i ver consi st s of 3 st at e var i abl es

{ mode, cmdi n, cmdout } , wher e mode r epr esent s t he

dr i ver ' s mode ( on, of f , r eset t abl e or f ai l ed) , cmdi n

r epr esent s commands t o t he dr i ver and i t s associ at ed

val ve ( on, of f , r eset , open, cl ose, none) , and cmdout

r epr esent s t he commands out put t o i t s val ve ( open,

cl ose, or none) . The f easi bl e st at es of t he dr i ver ar e

speci f i ed by t he f or mul a

mode = on

	

( cmdi n = open =t ~ cmdout = open)

/ ( cmdi n = cl ose =~, cmdout = cl ose)

A- ( cmdi n = open V cmdi n = cl ose)

cmdout = none

mode= of f

	

cmdout = none

t oget her wi t h f or mul ae l i ke - ( mode = on) V

	

( mode =

of , . . Ahat asser t t hat var i abl es have uni que val ues .

The dr i ver ' s nomi nal t r ansi t i on i s speci f i ed by t he f ol -

l owi ng set of f or mul ae :

( ( mode = on) V ( mode = of ) n cmdi n = of f er
Omode = of f

( ( mode = on) V ( mode = of f ) A cmdi n - on

Omode = on

( mode = f ai l ed) A cmdi n = r eset => Omode = on

mode = r eset A- ( cmdi n = r eset ) =~- Omode = r eset

mode = f ai l ed =t ~ Omode = f ai l ed

The dr i ver al so has a f ai l ur e t r ansi t i on speci f i ed by

t he f or mul a Omode = f ai l ed .

Conf i gur at i on management

Gi ven a t r ansi t i on syst em and an i ni t i al st at e, conf i g-

ur at i on management i nvol ves evol vi ng t he t r ansi t i on

syst em al ong a desi r ed t r aj ect or y . The combi nat i on

of a t r ansi t i on syst em and a conf i gur at i on manager i s

cal l ed a conf i gur at i on syst em. Mor e pr eci sel y,

Def i ni t i on 2 A

	

conf i gur at i on

	

syst em

	

i s a t upl e

( S, O, o- ) ,

	

wher e S i s a t r ansi t i on syst em,

	

O i s a

f easi bl e st at e of S r epr esent i ng i t s i ni t i al st at e, and

go, gi , . . - i s a sequence of st at e f or mul ae cal l ed

goal conf i gur at i ons . A conf i gur at i on syst em gener at es

a conf i gur at i on t r aj ect or y o' : s o , sl . . . f or S such t hat

so i s O and ei t her si +1 sat i sf i es gi or si + l E r ( si ) f or

sor ne f ai l ur e t r ansi t i on T.

Conf i gur at i on management i s achi eved by sensi ng

and cont r ol l i ng t he st at e of a t r ansi t i on syst em. The

st at e of a t r ansi t i on syst em i s ( par t i al l y) obser vabl e

t hr ough a set of var i abl es C C_ I I . The next . st at e of

a t r ansi t i on syst em can be cont r ol l ed t hr ough an ex-

ogenous set of var i abl es p C 11 . We assume t hat p ar e

exogenous so t hat t he t r ansi t i ons of t he syst em do not

det er mi ne t he val ues of var i abl es i n p . We al so assume

t hat t he val ues of C i n a gi ven st at e ar e i ndependent of

t he val ues of p at t hat . st at e, t hough t hey may depend

on t he val ues of p at t he pr evi ous st at e .

Def i ni t i on 3 A conf i gur at i on manager C f or a t r ansi -

t i on syst emS i s an onl i ne cont r ol l er t hat t akes as i nput

an i ni t i al st at e, a sequence of goal conf i gur at i ons, and

a sequence of val ues f or sensed var i abl es C, and i n-

cr ement al l y gener at es a sequence of val ues f or cont r ol

var i abl es p such t hat t he combi nat i on of C and S i s a

conf i gur at i on syst em.

A model - based conf i gur at i on manager i s a conf i gur a-

t i on manager t hat uses a speci f i cat i on of t he t r ansi t i on

syst em t o comput e t he desi r ed sequence of cont r ol val -

ues . We di scuss t hi s i n det ai l shor t l y .

Pl ant t r ansi t i on syst em

We model a pl ant as a t r ansi t i on syst em composed

of a set of concur r ent component t r ansi t i on syst ems

t hat communi cat e t hr ough shar ed var i abl es . The com-

ponent . t r ansi t i on syst ems of a pl ant oper at e syn-

chr onousl y, t hat i s, at each pl ant t r ansi t i on ever y cor n-

ponent per f or ms a st at e t r ansi t i on . The mot i vat i on

f or i mposi ng synchr ony i s gi ven i n t he next sect i on .

We r equi r e t hat t he speci f i cat i on of t he pl ant ' s t r an-

si t i on syst em be composed out of t he speci f i cat i on f or

i t s component t r ansi t i on syst ems as f ol l ows :

Def i ni t i on 4 A pl ant t r ansi t i on syst emS = ( H, E, T)

composed of a set CD of component . t r ansi t i on syst ems

i s a t r ansi t i on syst em such t hat ;

" The set . of st at e var i abl es of each t r ansi t i on syst em

i n CD i s a subset of I I . The pl ant t r ansi t i on syst em

may i nt r oduce addi t i onal var i abl es not i n any of i t s

component t r ansi t i on syst ems .

" Each st at e i n E, when r est r i ct ed t o t he appr opr i -

at e subset of var i abl es, i s a f easi bl e st at e f or each

t r ansi t i on syst em i n CD. Thi s means t hat f or each

C E CD, pS ~_ pe . However , pS can be st r onger

t han t he conj unct i on of t he pc .

" Each t r ansi t i on r E T per f or ms one t r ansi t i on r c

f or each t r ansi t i on syst em CE CD. Thi s means t hat

Pr t =5 A PTc

CECD

The concept of synchr onous, concur r ent act i ons i s

capt ur ed by r equi r i ng t hat each component per f or ms

a t r ansi t i on f or each st at e change . Nondet er mi ni sm l i es

i n t he f act t hat each component can t r aver se ei t her t he

nomi nal t r ansi t i on or any of t he f ai l ur e t r ansi t i ons at .
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Fi gur e 2 : Model - based conf i gur at i on management

each st at e change . Not e t hat t he nomi nal t r ansi t i on

of a pl ant per f or ms t he nomi nal t r ansi t i on f or each of

i t s component s, and t hat mul t i pl e si mul t aneous f ai l -
ur es cor r espond t o t r aver si ng mul t i pl e component f ai l -
ur e t r ansi t i ons .

The set of t r aj ect or i es f or a pl ant t r ansi t i on syst em
ar e speci f i ed i n t empor al l ogi c by t he f or mul a p, t :

Pat

	

-

	

Po n O ( PE n Vi ( Ai ( ( Di j

AOi ( Pobs, n pu, )

wher e Oi ( D i s used t o speci f y t hat . ( D hol ds i n t he i t h

st at e, and i s a synt act i c shor t f or m def i ned by Oi (
OOi - , ( D and 0 0 ( D _ ( D.

Ret ur ni ng t o t he exampl e, each har dwar e compo-

nent i n t he schemat i c ( f i gur e 1) i s model ed by a com-

ponent t r ansi t i on syst em si mi l ar t o t hat gi ven i n Sec-

t i on . Component communi cat i on, denot ed by wi r es i n
t he schemat i c, i s model ed by shar ed var i abl es bet ween

t he cor r espondi ng component t r ansi t i on syst ems .

Model - based conf i gur at i on management

We pr esume t hat t he st at e of t he pl ant i s par t i al l y

obser vabl e, and t hat t he r esul t s of act i ons on t he pl ant

i nf l uence t he obser vabl es and i nt er nal st at e var i abl es

t hr ough a set of physi cal pr ocesses . Our f ocus i s on
r eact i ve conf i gur at i on management syst ems t hat use
a model t o i nf er a pl ant ' s cur r ent st at e and t o sel ect

opt i mal cont r ol act i ons t o meet conf i gur at i on goal s .

Mor e speci f i cal l y, a model - based conf i gur at i on man-
ager uses a pl ant t r ansi t i on model A4 t o det er mi ne t he

desi r ed cont r ol sequence i n t wo st ages- mode i dent i -

f i cat i on ( MI ) and mode r econf i gur at i on ( MR) . MI i n-

cr ement al l y gener at es t he set of al l pl ant t r aj ect or i es

consi st ent wi t h t he pl ant t r ansi t i on model and t he se-

quence of pl ant cont r ol and sensed val ues . MR uses
a pl ant t r ansi t i on model and t he par t i al t r aj ect or i es

gener at ed by MI up t o t he cur r ent st at e t o det er mi ne
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a set of cont r ol val ues such t hat al l pr edi ct ed t r aj ect o-
r i es achi eve t he conf i gur at i on goal i n t he next st at e .

Bot h MI and MRar e r eact i ve . MI i nf er s t he cur r ent

st at e f r om knowl edge of t he pr evi ous st at e and obser -
vat i ons wi t hi n t he cur r ent st at e . MR onl y consi der s
act i ons t hat achi eve t he conf i gur at i on goal wi t hi n t he
next st at e . Gi ven t hese commi t ment s, t he deci si on t o

model component t r ansi t i ons as synchr onous i s key .

An al t er nat i ve i s t o model mul t i pl e concur r ent t r ansi -
t i ons t hr ough i nt er l eavi ng . Thi s, however , woul d pl ace

an ar bi t r ar y di st ance bet ween t he cur r ent . st at e and t he

st at e i n whi ch t he goal i s achi eved, def eat i ng a desi r e t o
l i mi t i nf er ence t o a smal l f i xed number of st at es . Hence
we use an abst r act i on i n whi ch mul t i pl e commands
ar e gi ven synchr onousl y . I n t he Newmaap spacecr af t

demonst r at i on, f or exampl e, t hese synchr onous com-

mands wer e sent by a si ngl e pr ocessor t hr ough i nt er -

l eavi ng, and t he next st at e sensor i nf or mat i on r et ur ned

t o Li vi ngst one i s t he st at e f ol l owi ng t he execut i on of

al l t hese commands .

We now devel op a f or mal char act er i zat i on of MI and

MR. Recal l t hat t aki ng a t r ansi t i on -r cor r esponds t o

t aki ng al l of a set of subt r ansi t i ons r j . A t r ansi t i on

r can be def i ned t o appl y over a set of st at es S i n t he

nat ur al way :

Ti ( S) = U Ti ( S)

3ES

Si mi l ar l y we def i ne r i d ( S) f or each subt r ansi t i on r i d of

- ri . We can show t hat

Ti ( S) g n 7i ) ( S)

I n t he f ol l owi ng char act er i zat i ons, Si denot es t he set of

possi bl e st at es at t i me i bef or e any cont r ol val ues ar e

asser t ed by MR, l ei denot es t he cont r ol val ues asser t ed

at t i me i , Oi denot es t he obser vat i ons at t i me i , and

S, , ; and SO denot e t he set of st at es i n whi ch cont r ol

and sensed var i abl es have val ues speci f i ed i n l ei and

Oi , r espect i vel y . Hence, Si n S, i s t he set of possi bl e

st at es at t i me i .

We char act er i ze bot h MI and MRi n t wo ways- f i r st

model t heor et i cal l y and t hen usi ng st at e f or mul as .

Mode I dent i f i cat i on

MI i ncr ement al l y gener at e t he sequence So, Si , . . . us-

i ng a model of t he t r ansi t i ons and knowl edge of t he

cont r ol act i ons l ei as f ol l ows :

So

Si +1

C U ( nT, k ( Si n S, , , ) ~ n E n So , +, ( 4)
k

{ U)
( 2)

( Ui ( Si n Su, ) I n E n so, , ( 3)



wher e t he f i nal i ncl usi on f ol l ows f r om Equat i on 1 .

Equat i on 4 i s usef ul because i t i s a char act er i zat i on

of Si +1 i n t er ms of t he subt r ansi t i ons Ti k . Thi s al l ows

us t o devel op t he f ol l owi ng char act er i zat i on of Si +I i n

t er ms of st at e f or mul ae :

PST+1
=

V ~

	

l \

	

` f j k

T1

	

PS, APS, , 4` =D, k

Mode Reconf i gur at i on

Mi ; ?

	

{ pj I

	

ps, A p, , ; i s consi st ent and

PE ^ P( , ) , + ,

	

( 5)

Thi s i s a sound but pot ent i al l y i ncompl et e char act er -

i zat i on of t he set of st at es i n , 5' i +i , i . e . , ever y st at e i n

Si +1 sat i sf i es ps, + , but not al l st at es t hat sat i sf y ps, + ,

ar e necessar i l y i n Si + , . However , gener at i ng ps, + , r e-

qui r es onl y t hat . t he ent ai l ment of t he ant ecedent of

each subt r ansi t i on be checked . On t he ot her hand,

gener at i ng a compl et e char act er i zat i on based on Equa-

t i on 3 woul d r equi r e enumer at i ng al l t he st at es i n Si ,
whi ch can be comput at i onal l y expensi ve i f Si cont ai ns

a l ot of st at es .

MR i ncr ement al l y gener at es t he next set , of cont r ol val -

ues pi usi ng a model of t he nomi nal t r ansi t i on Tn , t he

desi r ed goal conf i gur at i on gi , and t he cur r ent set of
possi bl e st at es Si . The model - t heor et i c char act er i za-

t i on of Mi , t he set of possi bl e cont r ol act i ons t hat MR

can t ake at t i me i , i s as f ol l ows :

mi

	

=

	

f p; I T. ( . Si f l 5,. , . ) f l E C gi }

	

( 6 )

f p, i nTt t k( Si ( 15, ) ( 1ECgi }

k

wher e, once agai n, t he l at t er i ncl usi on f ol l ows f r om

Equat i on 1 . As wi t h MI , t hi s weaker char act er i zat i on

of Mi i s usef ul because i t i s i n t er ms of t he subt r an-

si t i ons Tnk . Thi s al l ows us t o devel op t he f ol l owi ng

char act er i zat i on of , Mi , i n t er ms of st at e f or mul ae :

/ \

	

T. k A PE k j o g , }

	

( 8)

Ps, APa l I -- ' Pnk

The f i r st par t of t he char act er i zat i on says t hat t he con-
t r ol act i ons must be consi st ent wi t h t he cur r ent st at e,

si nce wi t hout t hi s condi t i on t he goal s can be si mpl y

achi eved by maki ng t he wor l d i nconsi st ent . Equat i on 8
i s a sound but pot ent i al l y i ncompl et e char act er i zat i on
of t he set of cont r ol act i ons i n , Mi , i . e . , ever y cont r ol
act i on t hat . sat i sf i es t he condi t i on on t he r i ght hand
si de i s i n Mi , but not necessar i l y vi ce ver sa . However ,

checki ng whet her a gi ven pj i s an adequat e cont r ol ac-
t i on onl y r equi r es t hat t he ent ai l ment of t he ant ecedent
of each subt r ansi t i on be checked . On t he ot her hand,

gener at i ng a compl et e char act er i zat i on based on Equa-

t i on 6 woul d r equi r e enumer at i ng al l t he st at es i n Si ,

whi ch can be comput at i onal l y expensi ve i f Si cont ai ns
a l ot , of st at es .

St at i st i cal l y opt i mal conf i gur at i on

management

The pr evi ous sect i on char act er i zed t he set of al l f easi -
bl e t r aj ect or i es and cont r ol act i ons t hat . can be gener -
at ed by MI and MR. However , i n pr act i ce, not . al l such

t r aj ect or i es and cont r ol act i ons need t o be gener at ed .
Rat her , j ust t he l i kel y t r aj ect or i es and an opt i mal con-
t r ol act i on needs t o be gener at ed . We ef f i ci ent l y gen-

er at e t hese by r ecast i ng MI and MR as combi nat or i al

opt i mi zat i on pr obl ems .

A combi nat or i al opt i mi zat i on pr obl em i s a t upl e

( X, C, f ) , wher e X i s a f i ni t e set of var i abl es wi t h f i ni t e

domai ns, C i s set of const r ai nt s over X, and f i s an ob-

j ect i ve f unct i on . A f easi bl e sol ut i on i s an assi gnment . t o
each var i abl e i n X a val ue f r om i t s domai n such t hat

al l const r ai nt s i n C ar e sat i sf i ed . The pr obl em i s t o

f i nd one or mor e of t he l eadi ng f easi bl e sol ut i ons, i . e . ,

t o gener at e a pr ef i x of t he sequence of f easi bl e sol ut i ons

or der ed i n decr easi ng or der of f .

Mode I dent i f i cat i on

Equat i on 3 char act er i zes t he t r aj ect or y gener at i on

pr obl em as i dent i f yi ng t he set of al l t r ansi t i ons f r om

t he pr evi ous st at e t hat yi el d cur r ent st at es consi st ent

wi t h t he cur r ent obser vat i ons . Recal l t hat , a t r ansi -

t i on syst em has one nomi nal t r ansi t i on and a set of

f ai l ur e t r ansi t i ons . I n any st at e, t he t r ansi t i on syst em

non- det er mi ni st i cal l y sel ect s exact l y one of t hese t r an-

si t i ons t o evol ve t o t he next st at e . We quant i f y t hi s

non- det er mi ni st i c choi ce by associ at i ng a pr obabi l i t y

wi t h each t r ansi t i on : p( T) i s t he pr obabi l i t y t hat t he

t r ansi t i on syst em wi l l sel ect t r ansi t i on T t o evol ve t o

t he next st at e . 1

Wi t h t hi s vi ewpoi nt , we r ecast MI ' s t ask t o be one

of i dent i f yi ng t he l i kel y t r aj ect or i es of t he pl ant . I n

keepi ng wi t h t he r eact i ve nat ur e of conf i gur at i on man-

agement , MI wi l l i ncr ement al l y t r ack t he l i kel y t r aj ec-

t or i es by al ways ext endi ng t he cur r ent set of t r aj ect o-

r i es by t he l i kel y t r ansi t i ons . The onl y change r equi r ed

i n Equat i on 5 i s t hat , r at her t han t he di sj unct r ang-

i ng over al l t r ansi t i ons Tj , i t r anges over t he subset of

l i kel y t r ansi t i ons .

The l i kel i hood of a t r ansi t i on i s i t s post er i or pr oba-

bi l i t y p( TI Oi ) . Thi s post er i or i s est i mat ed i n t he st an-

dar d way usi ng Bayes Rul e :

P( 7 10i ) = p( Oi I T) P( T) a P( Oi 17) p( T)
PA)

I f T( ' Si _1) and Oi ar e di sj oi nt set s t hen cl ear l y

p( Oi JT) = 0 . Si mi l ar l y, i f T( ' Si _1) C_ Oi t hen Oi i s en-

t ai l ed and P( Oi JT) = 1, and hence t he post er i or pr ob-

abi l i t y of T i s pr opor t i onal t o t he pr i or . I f nei t her of

t he above t wo si t uat i ons ar i ses t hen p( Oi JT) < 1 . Es-

t i mat i ng t hi s pr obabi l i t y i s di f f i cul t and r equi r es mor e

' We have made t he si mpl i f yi ng assumpt i on t hat t he

pr obabi l i t y of a t r ansi t i on i s i ndependent of t he cur r ent .

st at e of t he t r ansi t i on syst em.
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r esear ch, but see ( de Kl eer & Wi l l i ams 1987) f or some
i deas .

Fi nal l y, t o vi ew MI as a combi nat or i al opt i mi zat i on
pr obl em, r ecal l t hat each pl ant t r ansi t i on consi st s of
a si ngl e t r ansi t i on f or each of i t s component t r ansi -
t i on syst ems . Hence, we i nt r oduce a var i abl e i nt o X
f or each component i n t he pl ant whose val ues ar e t he
possi bl e component t r ansi t i ons . Each pl ant t r ansi t i on
cor r esponds t o an assi gnment of val ues t o var i abl es i n
X. C i s t he const r ai nt t hat t he set of st at es r esul t i ng
f r om t aki ng a pl ant t r ansi t i on i s consi st ent wi t h t he
obser ved val ues . The obj ect i ve f unct i on f i s j ust t he
pr obabi l i t y of a pl ant t r ansi t i on . The r esul t i ng combi -
nat or i al opt i mi zat i on pr obl emhence i dent i f i es t he l ead-
i ng t r ansi t i ons at each st at e, al l owi ng MI t o t r ack t he
set of l i kel y t r aj ect or i es .

Mode r econf i gur at i on

Equat i on 6 char act er i zes t he r econf i gur at i on pr obl em
as one of i dent i f yi ng a cont r ol act i on t hat ensur es t hat
t he r esul t of t aki ng t he nomi nal t r ansi t i on yi el ds st at es
i n whi ch t he conf i gur at i on goal i s sat i sf i ed . Recast -
i ng MR as a combi nat or i al opt i mi zat i on pr obl em i s
st r ai ght f or war d . The var i abl es X ar e j ust t he cont r ol
var i abl es l e wi t h i dent i cal domai ns . C i s t he const r ai nt
i n Equat i on 5 t hat l cj must sat i sf y t o be i n Mi . Fi -
nal l y, as di scussed i n Sect i on , di f f er ent cont r ol act i ons
can have di f f er ent cost s t hat r ef l ect di f f er i ng r esour ce
r equi r ement s, et c . We t ake f t o be negat i ve of t he
cost of a cont r ol act i on . The r esul t i ng combi nat or i al
opt i mi zat i on pr obl em hence i dent i f i es t he l owest cost
cont r ol act i on t hat achi eves t he goal conf i gur at i on i n
t he next st at e .

Conf l i ct - di r ect ed best f i r st sear ch

We sol ve t he above combi nat or i al opt i mi zat i on pr ob-
l ems usi ng a conf l i ct di r ect ed best f i r st sear ch, si mi l ar i n
spi r i t t o ( de Kl eer & Wi l l i ams 1989 ; Dr essl er & St r uss
1994) . A conf l i ct i s a par t i al sol ut i on such t hat any
sol ut i on cont ai ni ng t he conf l i ct i s guar ant eed t o be i n-
f easi bl e . Hence, a si ngl e conf l i ct can r ul e out t he f easi -
bi l i t y of a l ar ge number of sol ut i ons, t her eby f ocusi ng
t he best - f i r st sear ch . Conf l i ct s ar e usual l y gener at ed
whi l e checki ng t o see whet her a sol ut i on Xi sat i sf i es t he
const r ai nt s C. I n t he case of MI and MR, we check C
usi ng uni t pr opagat i on f or pr oposi t i onal i nf er ence, so
t hat si mpl e LTMS- st yl e dependency r ecor di ng suf f i ces
t o gener at e conf l i ct s ( For bus & de Kl eer 1993) .

Our conf l i ct - di r ect ed best - f i r st sear ch al gor i t hm,
CBFS, i s shown i n i n Fi gur e 3 . I t has t wo maj or com-
ponent s : ( a) an agenda t hat hol ds unpr ocessed sol u-
t i ons i n decr easi ng or der of f ; and ( b) a pr ocedur e t o
gener at e t he i mmedi at e successor s of a sol ut i on . The
mai n l oop of t he al gor i t hm r emoves t he f i r st sol ut i on
f r omt he agenda, checks whet her i t i s f easi bl e, and adds
i n t he sol ut i on' s i mmedi at e successor s t o t he agenda .
When a sol ut i on Xt i i s i nf easi bl e, we assume t hat t he
pr ocess of checki ng t he const r ai nt s C r et ur ns a par t
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f unct i on CBFS( X, C, f )
Agenda = f { best - candi dat e ( X) } } ; Resul t = 0 ;
whi l e Agenda i s not empt y do

Sol n = pop( Agenda) ;
i f Sol n sat i sf i es C t hen

Add Sol n t o Resul t ;
i f enough sol ut i ons have been f ound t hen

r et ur n Resul t ;
el se Succs = i mmedi at e successor s Cand ;

el se

Conf - a conf l i ct t hat subsumes Cand ;
Succs - i mmedi at e successor s of Cand not

subsumed by Conf
endi f
I nser t each sol ut i on i n Succs i nt o Agenda

i n decr easi ng f or der ;
endwhi l e

r et ur n Resul t ;
end CBFS

Fi gur e 3 : Conf l i ct di r ect ed best f i r st sear ch al gor i t hm
f or combi nat or i al opt i mi zat i on

of Xi as a conf l i ct Ni . We f ocus t he sear ch by gener -
at i ng onl y t hose i mmedi at e successor s of Xi t hat . ar e
not subsumed by Ni , i . e . , do not agr ee wi t h Ni on al l
var i abl es .

I nt ui t i vel y, sol ut i on Xj i s an i mmedi at e successor of
sol ut i on Xi onl y i f f ( Xi ) > f ( Xj ) and Xi and Xj di f f er
onl y i n t he val ue assi gnedt o a si ngl e var i abl e ( t i es ar e
br oken consi st ent l y t o pr event l oops i n t he successor
gr aph) . One can show t hi s def i ni t i on of t he i mmedi at e
successor s of a sol ut i on suf f i ce t o pr ove t he cor r ect -
ness of CBFS, i . e . , t o show t hat even wi t h conf l i ct -
di r ect ed f ocusi ng, al l f easi bl e sol ut i ons ar e gener at ed
i n decr easi ng or der of f . Our i mpl ement ed al gor i t hm
f ur t her r ef i nes t he not i on of an i mmedi at e successor
whi l e pr eser vi ng cor r ect ness . The maj or benef i t of t hi s
r ef i nement i s t hat each t i me a sol ut i on i s r emoved f r om
t he agenda, at most t wo new sol ut i ons ar e added on,
so t hat t he si ze of t he agenda i s al ways bounded by
t he t ot al number of sol ut i ons t hat have been checked
f or f easi bi l i t y . The det ai l s of t hi s r ef i nement ar e be-
yond t he scope of t hi s paper and appear i n t he l onger
ver si on .

I mpl ement at i on and exper i ment s

We have i mpl ement ed Li vi ngst one, a model - based con-
f i gur at i on manager , based on t he i deas descr i bed i n
t hi s paper . Li vi ngst one was par t of a r api d pr ot ot yp-

i ng demonst r at i on of an aut onomous ar chi t ect ur e f or
spacecr af t cont r ol . To eval uat e t he ar chi t ect ur e, space-
cr af t engi neer s at JPL def i ned t he Newmaap spacecr af t
and scenar i o . The Newmaap spacecr af t i s a scal ed
down ver si on of t he Cassi m spacecr af t t hat r et ai ns
most chal l engi ng aspect s of spacecr af t cont r ol . The



Tabl e 1 : Newmaap spacecr af t . model pr oper t i es

Tabl e 2 : Resul t s f r om t he seven Newr naap f ai l ur e r e-

cover y scenar i os

Newmaap scenar i o was based on t he most compl ex mi s-

si on phase of t he Cassi ni spacecr af t . - successf ul i nser -

t i on i nt o Sat ur n' s or bi t even i n t he event of any si ngl e
poi nt of f ai l ur e . Tabl e 1 pr ovi des summar y i nf or mat i on

about Li vi ngst one' s model of t he Newmaap spacecr af t ,

demonst r at i ng i t s compl exi t y .

The Newmaap scenar i o i ncl uded seven f ai l ur e sce-

nar i os . Fr om Li vi ngst one' s vi ewpoi nt , each scenar i o r e-

qui r ed i dent i f yi ng t he f ai l ur e t r ansi t i ons usi ng MI and

deci di ng on a set of cont r ol act i ons t o r ecover f r omt he

f ai l ur e usi ng MR ( i ni t i al nomi nal har dwar e conf i gur a-
t i ons wer e est abl i shed by RAPS) . Tabl e 2 shows t he

r esul t s of r unni ng Li vi ngst one on t hese scenar i os . The

f i r st col umn nar nes each of t he scenar i os ; a di scussi on

of t he det ai l s of t hese scenar i os i s beyond t he scope

of t hi s paper . The second and f i f t h col umns show t he

number of sol ut i ons checked by al gor i t hmCBFSwhen
appl i ed t o MI and MR, r espect i vel y . On can see t hat

even t hough t he spacecr af t model i s l ar ge, t he use of

conf l i ct s dr amat i cal l y f ocuses t he sear ch . The t hi r d

col umn shows t he number of l eadi ng t r aj ect or y ext en-

si ons i dent i f i ed by MI . The l i mi t ed sensi ng avai l abl e on

t he Newmaap spacecr af t of t en makes i t i mpossi bl e t o
i dent i f y uni que t r aj ect or i es . Thi s i s gener al l y t r ue on

spacecr af t . , s i nce addi ng sensor s i s undesi r abl e because

i t i ncr eases spacecr af t , wei ght . The f our t h and si xt h

col umns show t he t i me i n seconds on a Spar c 5 spent
by MI and MR on each scenar i o, once agai n demon-
st r at i ng t he ef f i ci ency of our appr oach . Fur t her mor e,

i ni t i al exper i ment s wi t h t he use of i deas f r om t r ut h

mai nt enance has demonst r at ed an or der of magni t ude

speed- up .

Li vi ngst one' s MI component was al so t est ed on t en
combi nat i onal ci r cui t s f r om a st andar d t est . sui t e ( Br -

gl ez & Fuj i war a 1985) . Each component i n t hese ci r -
cui t s was assumed t o be i n one of f our modes : ok,
st uck- at - 1, st uck- at - 0, and unknown . The pr obabi l -

i t y of t r ansi t i oni ng t o t he st uck- at modes was set at

Tabl e 3 : Test i ng MI on a st andar d sui t e of combi na-

t . i onal ci r cui t s

0 . 099 and t r ansi t i oni ng t o t he unknown mode was set

t o 0 . 002 . We r an 20 exper i ment s on each ci r cui t usi ng

a r andom f aul t and a r andom i nput . vect or sensi t i ve

t o t hi s f aul t . MI st opped gener at i ng t r aj ect or i es af -
t er ei t her 10 l eadi ng t r aj ect or i es had been gener at ed,

or when t he next t r aj ect or y was 100 t i mes mor e un-

l i kel y t han t he most l i kel y t r aj ect or y . Tabl e 3 shows

t he r esul t s of our exper i ment s . The col umns ar e sel f -

expl anat or y, except t hat t he t i me i s t he number of sec-

onds on a Spar c 2 r at her t han on a Spar c 5 . Not e once

agai n t he power of conf l i ct - di r ect ed sear ch t o dr ar nat i -

c: al l y f ocus sear ch . I nt er est i ngl y, i t i s wor t h not i ng t hat

t hese r esul t s ar e compar abl e t o t he r esul t s f r om t he

ver y best ATMS- based i mpl ement at i ons, even t hough

Li vi ngst one uses no ATMS.

Li vi ngst one i s al so bei ng appl i ed t o t wo ot her pr ob-

l ems . The f i r st i s ASSAP, anot her r api d pr ot ot yp-

i ng ef f or t demonst r at i ng ot her aspect s of spacecr af t

aut onomy i ncl udi ng aut onomous sci ence and navi ga-

t i on . The second i s t he aut onomous r eal - t i me cont r ol

of a sci ent i f i c i nst r ument cal l ed a Bi or eact or . Bot h

t hese pr oj ect s ar e st i l l under way, and f i nal r esul t s ar e

f or t hcomi ng . Mor e exci t i ngl y, t he success of t he New-

maap demonst r at i on has l aunched Li vi ngst one t o new

hei ght s : Li vi ngst one i s goi ng t o be par t . of t he f l i ght

sof t war e of t he f i r st New Mi l l enni um mi ssi on, cal l ed

Deep Space One, t o be l aunched i n ear l y 1998 . We

expect f i nal del i ver y of Li vi ngst one t o t hi s pr oj ect l at e

i n 1996 .

Concl usi ons

I n t hi s paper we i nt r oduced Li vi ngst one, a f ast , r eac-

t i ve, model - based sel f - conf i gur i ng syst em, whi ch pr o-

vi des a ker nel f or model - based aut onomy . Li vi ngst one,

t he HSTS pl anni ng/ schedul i ng syst em, and t he RAPS

execut i ve, have been sel ect ed t o f or m t he cor e aut on-

omy ar chi t ect ur e of Deep Space One, t he f i r st . f l i ght of

NASA' s New Mi l l enni um pr ogr am.

Thr ee t echni cal f eat ur es of Li vi ngst one ar e par t i cu-

l ar l y wor t h hi ghl i ght i ng . Fi r st . , Li vi ngst one uses con-

cur r ent t r ansi t i on syst ems as i t s under l yi ng model i ng

par adi gm. Tr ansi t i on syst ems pr ovi de t he appr opr i -
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Devi ces
# of

component s
# of

cl auses I Checked Ti me

c17 6 18 18 0. 1

c432 160 514 58 4. 7

c499 202 714 43 4. 5

c880 383 1112 36 4. 0

c1355 546 1610 52 12 . 3

c1908 880 2378 64 22 . 8

c2670 1193 3269 93 28 . 8

c3540 1669 4608 140 113. 3

c5315 2307 6693 84 61 . 2

c7552 3512 9656 71 61 . 5

Fai l u r e MI MR
Scenar i o Cl i ck Accpt ' i me ( i me

EGA pr eai m 7 2 2. 2 4 1 . 7

BPLVD 5 2 2. 7 8 2 . 9

I RU 4 2 1 . 5 4 1 . 6

EGA bur n - - 7 - 2. 2 11
- 3 . 6

ACC 4 2 2. 5 5 1 . 9

ME hot 6 2 2. 4 13 3 . 8

Acc l ow 16 3 5. 5 11 20 6 . 1

Number of component s 80

Aver age modes/ component 3 . 5

Number of pr oposi t i ons 3424

Number of cl auses 11101



at e model i ng par adi gm because aut onomous syst ems
ar e concur r ent har dwar e/ sof t war e hybr i ds t hat f unda-

ment al l y need t o r eason about t hei r st at e and how t he
st at e evol ves over t i me . Fur t her mor e, t r ansi t i on sys-
t ems pr ovi de a nat ur al char act er i zat i on of conf i gur a-
t i on management as a ki nd of di scr et e cont r ol syst em.

Second, Li vi ngst one i s a f ast r eact i ve conf i gur at i on
manager . React i vi t y i s achi eved by r est r i ct i ng r eason-
i ng t o j ust t he cur r ent st at e and t he next st at e . Fast
i nf er ence i s achi eved by f ocusi ng on pr oposi t i onal t r an-
si t i on syst ems, uni t pr opagat i on, and qual i t at i ve mod-
el i ng . The i nt er est i ng and i mpor t ant r esul t of appl yi ng
Li vi ngst one t o Newmaap, Deep Space One, ASSAP,
and t he Bi or eact or pr oj ect i s t hat Li vi ngst one' s model s
and r est r i ct ed i nf er ence ar e st i l l expr essi ve enough t o
sol ve i mpor t ant pr obl ems i n a di ver se set of domai ns .

Thi r d, Li vi ngst one cast s mode i dent i f i cat i on and
mode r econf i gur at i on as combi nat or i al opt i mi zat i on
pr obl ems, and uses a cor e conf l i ct - di r ect ed best - f i r st
sear ch t o sol ve t hem. The ubi qui t y of combi nat o-
r i al opt i mi zat i on pr obl ems and t he power of conf l i ct -
di r ect ed sear ch ar e cent r al t hemes i n Li vi ngst one .
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