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In tro duction

The Co op erativ e In telligen t Real-time Con trol Arc hi-

tecture (CIR CA) w as designed for mission-critical ap-

plications requiring autonomous planning and con-

trol. As space tec hnology b ecomes mature and bud-

gets shrink, NASA is lo oking to w ards precisely this

t yp e of autonom y to supp ort future missions including

the New Millennium Deep Space One prob e and the

Mars Ro v er pro jects. W e are activ ely in v estigating the

application of CIR CA to a v ariet y of domains includ-

ing spacecraft planning and con trol and autonomous

aircraft con trol. In this pap er, w e discuss one particu-

larly c hallenging t yp e of planning problem that arises

in mission-critical applications, dra wing on an example

from the Cassini Saturn mission.

Pr ep ositioning pr oblems arise when certain actions

m ust b e tak en to prep osition assets or otherwise pre-

pare for con tingencies, b efore those con tingencies could

p ossibly o ccur. In the Cassini example, a bac kup iner-

tial reference unit (IR U) m ust b e preheated long b efore

an engine burn is planned, so that if the primary IR U

fails during the burn, the bac kup will b e immediately

a v ailable. The IR U preheating op eration is a \prep osi-

tioning action." T o build plans that include this t yp e of

prep ositioning, a planner m ust \lo ok ahead," recognize

the con tingency , and iden tify appropriate prep osition-

ing actions. CIR CA's new Dynamic Abstraction Plan-

ner (D AP) e�cien tly builds plans that include prep o-

sitioning.

This pap er is not mean t to b e an in tro duction to

CIR CA; instead, our goal is to describ e ho w CIR CA

can address the Cassini prep ositioning problem, and

discuss the v arious strengths and w eaknesses of the

approac h. Accordingly , w e refer readers to other

publications (Musliner, Durfee, & Shin 1993; 1995;

Goldman et al. 1997) for CIR CA o v erviews and de-

tails on the planning algorithms. This pap er b egins

b y describing k ey elemen ts of prep ositioning problems

in general, and then giv es the details of the simpli�ed

Cassini problem. W e then presen t the CIR CA solution

to this problem. W e review ho w other systems attempt

to solv e this t yp e of problem, comparing their features

with CIR CA, and conclude with a discussion of the

more general directions for future w ork on CIR CA.

Prep ositioning Problems

Pr ep ositioning pr oblems arise when actions m ust b e

tak en to prepare for con tingencies, b efor e those con-

tingencies could p ossibly o ccur. F or example, military

prep ositioning in v olv es the mo v emen t of assets to v ari-

ous forw ard deplo ymen t areas when no con
icts are in

progress, in an ticipation of future con
icts in the area.

In the Cassini example, a bac kup inertial reference unit

(IR U) m ust b e preheated long b efore an engine burn

is planned, so that if the primary IR U fails during the

burn, the bac kup will b e immediately a v ailable. These

examples share sev eral common features that w e use

to c haracterize prep ositioning problems:

Exogenous Ev en ts | Without ev en ts b ey ond the

system's con trol there w ould b e no need for prep o-

sitioning. If the domain is fully con trollable, prep o-

sitioning b ecomes simply establishing preconditions

for planned actions. Prep ositioning is di�eren t b e-

cause it in v olv es an ticipating con tingencies outside

of the system's con trol.

P oten tial F ailure | It m ust b e p ossible for the sys-

tem to fail, or reac h an undesirable state/outcome, if

the prep ositioning action is not p erformed correctly .

The plan t m ust blo w up, the spacecraft miss its or-

bit insertion, etc., else there is little motiv ation to

prep osition.

T emp oral Information | By de�nition, prep osi-

tioning actions m ust b e p erformed in a timely fash-

ion, so that they are completed b efore the con tin-

gency can o ccur.

These problem c haracteristics place stringen t re-

quiremen ts on planners that m ust address prep osition-



ing problems: a suitable planner m ust b e able to repre-

sen t and reason ab out exogenous ev en ts, nondetermin-

ism, failure, and time. Because prep ositioning actions

m ust b e tak en b efore the disturbance o ccurs, reactiv e

approac hes are not su�cien t; pro jection is needed. On

the other hand, b ecause external con tingencies are in-

v olv ed, \classical" AI pro jectiv e planners are not su�-

cien t; they assume the planning agen t is the only activ e

part of the domain.

CIR CA strik es a particular balance along the sp ec-

trum of represen tational p o w er vs. computational com-

plexit y . This balance p oin t w as explicitly c hosen to

represen t the information necessary for mission-critical

planning problems without unnecessary complexit y .

CIR CA and Prep ositioning Problems

In particular, CIR CA pro vides the follo wing features

that can b e applied to prep ositioning problems:

Ev en t and T emp oral T ransitions | CIR CA can

mo del t w o t yp es of exogenous c hanges, ev en t tran-

sitions and temp oral transitions. Both are mo deled

as completely outside of the agen t's con trol. Ev en ts

are instan taneous c hanges, while temp oral transi-

tions represen t pro cesses with temp oral exten t.

Explicit F ailure | CIR CA mo dels a distinguished

failure state whic h it m ust plan to a v oid at all costs.

CIR CA builds plans that guaran tee that failure can-

not b e reac hed. This is the k ey feature that mak es

CIR CA suited to mission-critical applications.

Simpli �ed T emp oral Mo del |

The temp oral mo del in CIR CA is reduced to the

minim um amoun t of information necessary to build

plans that ensure safet y . T ransitions are only as-

signed w orst-case timing v alues. Actions that are

under the planner's con trol are assigned maxim um

dela ys; the system can rely on these actions taking

e�ect b y the maxim um dela y . On the other hand,

ev en ts and temp orals ha v e minim um dela ys; the sys-

tem can rely on these transitions not o ccurring b e-

fore the dela y elapses. T ogether, these upp er and

lo w er b ounds imp ose the minim um and maxim um

limits on the dw ell time in a state. F or example,

a planned action can b e assigned a maxim um de-

la y v alue D to ensure that the system can dw ell in a

state for no more than D time units b efore the action

m ust o ccur. The CIR CA execution engine (the Real-

Time Subsystem) will enforce this execution timing

requiremen t.

State-space Pro jection | CIR CA's state-

space planner builds plans b y in terlea ving a forw ard

sim ulation of the en vironmen t with the selection of

actions for eac h sim ulated state. Lo ok ahead searc h

heuristics allo w the planner to mak e in telligen t ac-

tion c hoices, and smart bac kjumping impro v es the

searc h for a useful plan when lo ok ahead is not su�-

cien tly prescien t.

The Cassini Prep ositioning Problem

The Cassini prep ositioning problem w as originally out-

lined b y Erann Gat in his pap er \News F rom the

T renc hes: An Ov erview of Unmanned Spacecraft for

AI" (Gat 1996). The problem concerns the Saturn or-

bit insertion maneuv er planned for the Cassini space-

craft. The spacecraft has a narro w time windo w during

whic h it m ust �re its thrusters to decrease its sp eed

and en ter the desired Saturn orbit. T o successfully

na vigate during a thruster burn, the Cassini spacecraft

m ust ha v e an inertial reference unit (IR U) w armed up

and functioning. The spacecraft has a primary and a

secondary IR U. The problem is to foresee the p ossibil-

it y of a primary IR U failure during the orbit insertion

burn and w arm up b oth IR Us early enough that they

will b e a v ailable for na vigation during the burn. If the

primary fails but the bac kup has b een w armed up, the

bac kup can b e switc hed in and the burn can con tin ue

unin terrupted.

Gat originally claimed that \there is curren tly no

AI planner that can �gure out, giv en this information,

that it is a go o d idea to turn on the bac kup IR U b efore

orbit insertion b egins so that the burn do esn't ha v e to

b e terminated if the primary IR U fails." W e claim, on

the con trary , that CIR CA can easily build this plan,

giv en quite sparse information ab out the problem. In

fact, it is precisely the sort of planning that CIR CA is

go o d at. In the follo wing section, w e giv e full details

on one v ersion of the domain enco ding that CIR CA

can solv e, discussing sev eral necessary quirks of the

represen tation as w ell as its strengths.

CIR CA Solving the Cassini Problem

Figure 1 sho ws the domain enco ding w e used to solv e

the Cassini prep ositioning problem. Of course, this

is a highly simpli�ed represen tation of the real prob-

lem, fo cused only on illustrating ho w CIR CA decides

to preheat the bac kup IR U (IR U2). In that sense, this

domain enco ding is lik e a blo c ks-w orld problem; w e

are not claiming it captures the real complexit y of the

Cassini domain.

The represen tation is fairly straigh tforw ard, sp ecify-

ing the initial state and the p ossible ev en ts, temp oral

transitions, and con trol actions. F or CIR CA, the goal

of a v oiding failure is alw a ys implicit. The *goals*

expression describ es \task-lev el" goals that the plan-

ner should try to ac hiev e, but whic h are not mission-

critical (there are none in this domain). W e ha v e

made the (engine on) goal a safet y-critical \con trol-

lev el" goal using the fail_if_dont_burn transition.

This transition sp eci�es that, if the engine sta ys o� for



(setf *goals* nil)

(make-inst anc e 'action :name "warm_IRU1 "

:preconds '((IRU1 off))

:postconds '((IRU1 on))

:delay 60)

(make-inst anc e 'action :name "warm_IRU2 "

:preconds '((IRU2 off))

:postconds '((IRU2 on))

:delay 60)

(make-inst anc e 'action :name "engine_on "

:preconds '((engine off))

:postconds '((engine on))

:delay 1)

(make-inst anc e 'action :name "select_IR U1 "

:preconds '((IRU1 on))

:postconds '((active _IR U IRU1))

:delay 1)

(make-inst anc e 'action :name "select_IR U2 "

:preconds '((IRU2 on) (IRU1 broken))

:postconds '((active _IR U IRU2))

:delay 1)

(make-inst anc e 'tempora l :name "fail_if_b urn _wi th _br ok en_ IRU 1"

:preconds '((engine on)(active _IR U IRU1)(IRU1 broken))

:postconds '((failur e T))

:delay 5)

(make-inst anc e 'tempora l :name "fail_if_b urn _wi th out _g uid anc e"

:preconds '((engine on)(active _IR U none))

:postconds '((failur e T))

:delay 1)

(make-inst anc e 'tempora l :name "fail_if_d ont _bu rn "

:preconds '((engine off))

:postconds '((failur e T))

:delay 1000)

(make-inst anc e 'event :name "IRU1_fa ils "

:preconds '((IRU1 on))

:postconds '((IRU1 broken)))

(setf *initial-s ta tes * (list

(make-inst an ce 'state

:features '((failure nil) (engine off) (IRU1 off) (IRU2 off)

(active_IR U none)))))

Figure 1: Simple Cassini prep ositioning domain description.

 84

 (ACTIVE_IRU IRU1)
 (ENGINE ON)
 (IRU1 ON)
 (IRU2 OFF)

IRU1_fails fail_if_burn_with_broken_IRU1

 85

 (ACTIVE_IRU IRU1)
 (ENGINE ON)
 (IRU1 BROKEN)
 (IRU2 OFF)

FAILURE

Figure 2: P artial state space during planning, where failure is reac hable.



1000 time units, the system ma y fail catastrophically .

Since CIR CA builds plans that m ust guaran tee to a v oid

(failure T) , the �nal plan will de�nitely turn the en-

gine on.

T o illustrate ho w CIR CA's planner solv es this prob-

lem, w e'll trace a small p ortion of the searc h ac-

tivit y . Consider the partial plan sho wn in Fig-

ure 2. In this sequence, the planner considers the

IRU1_fails ev en t transition leading out of state 84

to state 85. F rom this state, a temp oral transition

( fail_if_burn_wit h_bro ken_ IRU1 ) leads quic kly to

failure, whic h the planner m ust prev en t. The plan-

ner recognizes that it cannot tak e the warm_IRU2 and

select_IRU2 actions in time to b eat (or \preempt")

the p oten tial failure. In other w ords, the planner has

pro jected a failure and its temp oral mo del has sho wn

that no correctiv e actions are a v ailable once state 85 is

reac hed. The only p ossible solution is to tak e an ear-

lier, prep ositioning action aimed solely at prev en ting

state 85 from ev er o ccurring. The planner lab els state

85 as a (transitiv e) failure state for future reference,

and bac ktrac ks. The smart bac kjumping function is

able to recognize the �rst decision that made state 85

reac hable, bac ktrac k to that p oin t, and alter that and

future decisions to preheat IR U2, a v oiding state 85.

Note that this plan fragmen t is actually a h yp othet-

ical example | the real D AP planner running on the

domain in Figure 1 generates a plan in somewhat more

complex w a ys b ecause it in terlea v es the pro cess of split-

ting (re�ning) the abstract state descriptions with the

pro cess of c ho osing actions for states. In fact, D AP

recognizes the p oten tial failure and plans the prep osi-

tioning action at a m uc h earlier p oin t in the searc h.

Space limitations do not p ermit us to sho w the actual

D AP planning sequence, but the �nal plan is sho wn

in Figure 3. There are sev eral in triguing asp ects of

this plan and the domain enco ding that deserv e brief

discussion.

Represen tation Hac ks and Plan Quirks

IR U2 Cannot F ail Observ an t readers will ha v e

noted that IR U2 cannot fail according to Figure 1. W e

ha v e omitted this transition b ecause if IR U2 can fail,

there is no guaran teed safe plan b ecause b oth IR Us can

fail, causing the burn to p ossibly fail. Since CIR CA will

only pro duce safe plans, adding an IRU2_fails ev en t

leads the planner to (correctly) conclude that the do-

main is o v erconstrained and unsolv able, and that some

p erformance tradeo�s m ust b e made. One t ypical p er-

formance tradeo�, for example, w ould b e to ignore cer-

tain lo w er-probabilit y transitions suc h as the failure of

a bac kup system. The curren t D AP state-space plan-

ner is not y et in tegrated with a higher-lev el tradeo�

engine.

Preferring IR U1 Another un usual asp ect of the do-

main enco ding is the inclusion of (IRU1 broken) in the

preconditions of the select_IRU2 action. This has the

e�ect of making the planner \prefer" to select IR U1,

since it cannot use IR U2 unless IR U1 is brok en. If this

condition is omitted, the planner is smart enough to ex-

ploit the fact that IR U2 nev er fails, b y alw a ys selecting

IR U2. This has the b ene�cial e�ect of making IR U1

irrelev an t, but it also sidesteps the prep ositioning prob-

lem. Th us the extra precondition in the select_IRU2

action is an idiomatic w a y of forcing the planner to

resp ect a primary/bac kup ordering o v er the IR Us.

State 127 As is often the case with AI programs,

D AP can arriv e at non-in tuitiv e but correct plans.

In state 127 of Figure 3, IR U1 is brok en but se-

lected and the engine is o�. Surprisingly , the plan-

ner c ho oses to turn on the engine and then select

IR U2, rather than vice v ersa. According to the do-

main mo del of Figure 1, the c hosen order is accept-

able b ecause the select_IRU2 action can b e guaran-

teed to complete b efore the temp oral transition to fail-

ure ( fail_if_burn_with_ brok en_IR U1 from state 39)

can p ossibly o ccur.

Related W ork

Other researc hers ha v e attempted to extend \classi-

cal" AI planning tec hniques to handle problems lik e

the prep ositioning problem. One approac h to prep osi-

tioning problems is o�ered b y \conditional planners."

These are con v en tional AI planning systems that ha v e

b een extended so that they can generate plans with em-

b edded \if-then-else" structures. The �rst suc h plan-

ner w as W arren's W arplan-C (W arren 1976). More

recen tly , causal link planners ha v e b een extended to

conditional planners b y P eot and Smith (1992), Pry or

and Collins (1996), and Goldman and Bo ddy (1994).

The UWL SENSp softb ot planner also did some con-

ditional planning (Etzioni et al. 1992).

These conditional planners all mak e the same exten-

sion to classical AI planners: they p ermit nondetermin-

istic actions that ha v e m ultiple p ossible outcomes. F or

example, the Plin th image pro cessing planner (Gold-

man & Bo ddy 1994) has an op erator for running a

neural net region classi�er that ma y succeed or fail.

Conditional planners attempt to �nd plans that will

ac hiev e the goal for all p ossible outcomes of conditional

actions. When Plin th constructs a plan using the neu-

ral net region classi�er, it considers the p ossibilit y that

the classi�er ma y fail and adds a con tingency plan to

handle that ev en tualit y .

Conditional planners do not pro vide a fully satis-

factory solution to the prep ositioning problem b ecause
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 (ACTIVE_IRU NONE)
 (ENGINE OFF)
 (IRU1 OFF)
 (IRU2 ON)

 108

 (ACTIVE_IRU NONE)
 (ENGINE OFF)
 (IRU1 ON)
 (IRU2 ON)

 158

 (ACTIVE_IRU IRU1)
 (ENGINE OFF)
 (IRU1 ON)
 (IRU2 ON)

 126

 (ACTIVE_IRU NONE)
 (ENGINE OFF)
 (IRU1 BROKEN)
 (IRU2 ON)

 127

 (ACTIVE_IRU IRU1)
 (ENGINE OFF)
 (IRU1 BROKEN)
 (IRU2 ON)

 152

 (ACTIVE_IRU IRU1)
 (ENGINE ON)
 (IRU1 ON)
 (IRU2 ON)

 39

 (ACTIVE_IRU IRU1)
 (ENGINE ON)
 (IRU1 BROKEN)
 (IRU2 ON)

 40

 (ACTIVE_IRU IRU2)
 (ENGINE ON)
 (IRU1 BROKEN)
 (IRU2 ON)

 73

 (ACTIVE_IRU NONE)
 (ENGINE OFF)
 (IRU1 OFF)
 (IRU2 OFF)

 128

 (ACTIVE_IRU IRU2)
 (ENGINE OFF)
 (IRU1 BROKEN)
 (IRU2 ON)

warm_IRU1

warm_IRU2 IRU1_fails IRU1_fails IRU1_fails

select_IRU1 engine_on

select_IRU2

engine_on

engine_on

select_IRU2

Figure 3: The �nal Cassini state space.

they do not pro vide a natural mo del of the true prob-

lem. The true problem is to prep osition assets in order

to resp ond to foreseeable disturbances. Ho w ev er, con-

ditional planners k eep the classical planning assump-

tion that the planning agen t is the only actor. Because

of this assumption, exogenous ev en ts can only b e en-

co ded as an outcome of one (or man y) of the planning

agen t's actions. This enco ding complicates the domain

kno wledge engineering and yields cum b ersome enco d-

ings in cases where ev en ts can o ccur at m ultiple times.

F urthermore, these planners do not handle the temp o-

ral asp ects of the prep ositioning problem.

Jim Blythe has dev elop ed a planner, W ea v er, that

more directly addresses the problem of reacting to ex-

ogenous ev en ts (Blythe 1996). This planner generates

a plan for a main line of execution, then incremen-

tally adds signi�can t domain ev en ts and plans reac-

tions to these ev en ts. Ho w ev er, W ea v er, lik e the condi-

tional planners, do es not address temp oral asp ects of

the prep ositioning problem.

There are probabilistic and decision-theoretic plan-

ners that pro vide facilities similar to those w e ha v e dis-

cussed ab o v e (Drummond & Bresina 1990; Kushmer-

ic k, Hanks, & W eld 1993; Drap er, Hanks, & W eld 1993;

Dearden & Boutilier 1997). W e agree that suc h ap-

proac hes are, broadly sp eaking, the Righ t Thing. Ho w-

ev er, as a practical matter, the need for a probabilis-

tic mo del adds a burden o v er and ab o v e the mo del-

ing needs of non-sto c hastic approac hes, and do es not

(in our exp erience at least) app eal to domain users.

W e are examining w a ys to extend CIR CA to handle

probabilistic measures of uncertain t y , but in a mini-

malist w a y . A tkins et al. (1996) ha v e also w ork ed on

dev eloping a probabilistic CIR CA planner. Their plan-

ner is in tended to reason ab out the lik eliho o d of v ari-

ous transitions, so that the planner can use its limited

resources to consider the most lik ely transitions �rst.

This pro ject is complicated b y the fact that the CIR CA

mo del is not Mark o vian: it matters what the preced-

ing state w as, and ho w long one remained there. As far

as w e kno w, none of the other probabilistic approac hes

address the temp oral asp ects of the problem.

Kabanza et al. (1997) ha v e dev elop ed a planning

metho d for reactiv e agen ts that is similar to the original

CIR CA. Their arc hitecture di�ers in emphasis, ho w-

ev er. The NF As it constructs are \clo c k ed:" they mak e

transitions at times that are the least common denom-

inator of all p ossible transitions. This sc heme will suf-

fer a state space explosion in domains where there is

a wide range of p ossible transition dela ys, lik e those

to whic h CIR CA has b een applied. Kabanza's group

has concen trated on dev eloping a more 
exible nota-

tion for goals than those used b y CIR CA, but they do

not mak e the same distinction b et w een safet y and goal

ac hiev emen t.

Conclusions

Our curren t w ork on CIR CA extends in four direc-

tions: (1) planning with more expressiv e domain mo d-

els; (2) determining ho w b est to incorp orate CIR CA



in to an autonomous agen t; (3) distinguishing signi�-

can t (and insigni�can t) disturbances and (4) dev elop-

ing a more e�cien t state-space planner (see Goldman

et al. (1997)).

Curren tly , CIR CA's planner only c ho oses either to

preempt exogenous pro cesses or to allo w them to hap-

p en; it cannot r ely on them happ ening, b ecause it do es

not ha v e an upp er b ound on their dela y .This expres-

siv e limitatio n mak es it di�cult to represen t in ten tional

pro cesses lik e the w arming up of an IR U. Curren tly ,

w e m ust do one of t w o things: (1) mak e \w arming up

the IR U" an atomic action that tak es a v ery long time

or (2) enco de the fact that the IR U is w arming in to

the feature space and ha v e a temp oral transition from

w arming to w arm. The �rst alternativ e is undesirable

b ecause it mak es it imp ossible for the CIR CA agen t

to do an ything else while it is w aiting for the IR U to

w arm. The second option is actually w orse, b ecause it

mak es it imp ossible for CIR CA to rely on the IR U ev er

b ecoming w arm. T o mak e the second option w ork cor-

rectly , w e are extending the CIR CA mo del to include

\reliable temp orals" that ha v e upp er b ounds on their

times of o ccurrence.

W e noted ab o v e that our Cassini domain enco ding

incorp orates the design decision that it is not w orth

w orrying ab out t w o consecutiv e IR U failures. Ideally ,

one could use a probabilistic w orld mo del to automati-

cally iden tify signi�can t ev en tualities, rather than ha v-

ing to iden tify them man ually (cf. A tkins et al. (1996)).

Ho w ev er, w e w an t to do this without the domain en-

gineering o v erhead of constructing a full Mark o v pro-

cess mo del; constructing this mo del is at least as hard

as iden tifying the ev en tualities for the planner. W e

are curren tly examining a tec hnique for mo del prun-

ing that assumes indep enden t comp onen t failures (an

assumption commonl y used in reliabilit y engineering)

and calculating only order-of-magnitude lik eliho o ds on

CIR CA state space graphs.

Another limitatio n is CIR CA's lac k of a system

clo c k. Curren tly , CIR CA can only reason ab out du-

ration relativ e to the time it en ters a particular state.

T o meet deadlines that are related to a global clo c k

(e.g., the actual Cassini orbital burn time), CIR CA's

R TS executiv e m ust b e able to act at an appropriate

time relativ e to a planned future ev en t. W e do not

w an t to abandon the unclo c k ed executiv e, b ecause in-

clusion of global time in to the state space can cause

it to explo de. W e are exploring ho w to co ordinate

the CIR CA state-space planner with an o v erall mission

planner/sc heduler. The mission planner/sc heduler will

b e able to pro vide signals indicating imp ortan t global

times to the CIR CA R TS. The R TS will then detect

these signals lik e an y other state feature. Our prelimi-

nary in v estigations suggest that w e can detect the need

for suc h features through searc h failures in the AIS.

The higher-lev el CIR CA mission planner/sc heduler

or \task-lev el planner" (Musliner 1993) pla ys a ma-

jor role in managing the state-space planner's activi-

ties and the sequence of plans executed b y the R TS.

The task-lev el planner determines whic h lo w er-lev el

planning jobs the D AP planner should w ork on, what

safet y-critical and b est-e�ort goals should b e pursued,

what p erformance tradeo�s should b e made, what lo w-

probabilit y transitions should b e ignored, etc. This

higher-lev el planner mo dule is an area of activ e re-

searc h, with great p oten tial to complemen t CIR CA's

D AP state-space planner and R TS, yielding a p o w-

erful, domain-indep enden t in telligen t real-time con trol

system.

Ac kno wledgmen ts This w ork w as supp orted b y the

Defense Adv anced Researc h Pro jects Agency under con-

tract D AAK60-94-C-0040-P0006.
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