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In tro duction

W e are w orking to dev elop in telligen t agen ts, using the

CIR CA arc hitecture (Musliner, Durfee, & Shin 1993;

1995), that construct and execute plans for con trol-

ling em b edded real-time systems. By \em b edded," w e

mean that these systems are in teracting with a dy-

namic en vironmen t including uncon trolled, exogenous

ev en ts. By \real-time," w e mean that catastrophic fail-

ure is p ossible if a timely con trol action is not tak en

in certain situations. F or these systems, con trol plans

must pro vide guaran tees that failures will not o ccur.

In this p osition pap er w e discuss our revised v ersion

of the CIR CA planning mo del. W e start b y reviewing

the CIR CA arc hitecture, whic h couples a delib erativ e

planning comp onen t with a sc heduler and a real-time

executiv e. A distinctiv e feature of CIR CA is that it

is based on a memoryless and unclo c k ed reactiv e exe-

cution engine, but nev ertheless manages to meet hard

real-time constrain ts. A delib erativ e comp onen t of the

arc hitecture reasons ab out con trol actions, sensing ac-

tions, exogenous ev en ts and timing in order to ac hiev e

real-time b eha vior.

After reviewing the k ey features of CIR CA, w e dis-

cuss a new planning tec hnique, Dynamic Abstraction

Planning (Goldman et al. 1997), that pro vides us

with more e�cien t planning. W e review the planning

mo del that allo ws us to generate reactiv e con trollers

that pro v ably meet real-time execution constrain ts. Fi-

nally , w e discuss some ongoing extensions to the mo del.

These extensions will allo w CIR CA agen ts to tak e ad-

v an tage of reliable pro cesses in their en vironmen t, mak-

ing them more capable con trollers and allo wing them

to in teract with other agen ts.

CIR CA

CIR CA is designed to supp ort b oth hard real-time re-

sp onse guaran tees and unrestricted AI metho ds that

can guide those real-time resp onses. Figure 1 illus-

trates the arc hitecture, in whic h an AI subsystem (AIS)

reasons ab out high-lev el problems that require its p o w-

erful but p oten tially un b ounded planning metho ds,

while a separate real-time subsystem (R TS) reactiv ely
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Figure 1: The Co op erativ e In telligen t Real-Time

Con trol Arc hitecture.

executes the AIS-generated plans and enforces guaran-

teed resp onse times. The AIS and Sc heduler mo dules

co op erate to dev elop executable reaction plans that

will assure system safet y and attempt to ac hiev e sys-

tem goals when in terpreted b y the R TS.

CIR CA has b een applied to real-time planning and

con trol problems in sev eral domains including mobile

rob otics and sim ulated autonomous aircraft. In this

pap er w e dra w examples from a domain in whic h

CIR CA con trols a sim ulated Puma rob ot arm that

m ust pac k parts arriving on a con v ey or b elt in to a

nearb y b o x. The parts can ha v e sev eral shap es (e.g.,

square, rectangle, triangle), eac h of whic h requires a

di�eren t pac king strategy . The con trol system ma y not

initially kno w ho w to pac k all of the p ossible t yp es of

parts| it ma y ha v e to p erform some computation to

deriv e an appropriate b o x-pac king strategy . The rob ot

arm is also resp onsible for reacting to an emergency

alert ligh t. If the ligh t go es on, the system m ust push

the button next to the ligh t b efore a �xed deadline.

In this domain, CIR CA's planning and execution

subsystems op erate in parallel. The AIS reasons ab out

an in ternal mo del of the w orld and dynamically pro-

grams the R TS with a planned set of reactions. While

the R TS is executing those reactions, ensuring that the

system a v oids failure, the AIS is able to con tin ue exe-

cuting heuristic planning metho ds to �nd the next ap-

propriate set of reactions. F or example, the AIS ma y

deriv e a new b o x-pac king algorithm that can handle a

new t yp e of arriving part. The deriv ation of this new

algorithm do es not need to meet a hard deadline, b e-



EVENT emergency-alert ;; Emergency light goes on

PRECONDS: ((emergency nil))

POSTCONDS: ((emergency T))

TEMPORAL emergency-failure ;; Fail if don't attend to

PRECONDS: ((emergency T)) ;; light by deadline

POSTCONDS: ((failure T))

MIN-DELAY: 30 [seconds]

ACTION push-emergency-butto n

PRECONDS: ((part-in-gripp er nil))

POSTCONDS: ((emergency nil) (robot-position over-button))

WORST-CASE-EXEC- TIME: 2.0 [seconds]

Figure 2: Example transition descriptions giv en to CIR CA's planner.

cause the reactions concurren tly executing on the R TS

will con tin ue handling all arriving parts, just stac king

unfamili ar ones on a nearb y table temp orarily . When

the new b o x-pac king algorithm has b een dev elop ed and

in tegrated with additional reactions that prev en t fail-

ure, the new sc hedule of reactions can b e do wnloaded

to the R TS.

CIR CA's planning system builds reaction plans

based on a w orld mo del and a set of formally-de�ned

safet y conditions that m ust b e satis�ed b y feasible

plans (Musliner, Durfee, & Shin 1995). T o describ e

a domain to CIR CA, the user inputs a set of transition

descriptions that implicitly de�ne the set of reac hable

states. F or example, Figure 2 illustrates sev eral transi-

tions used in the Puma domain. These transitions are

of three t yp es:

Action transition s represen t actions p erformed b y

the R TS.

T emp oral transition s represen t the progression of

time and con tin uous pro cesses.

Ev en t transitions represen t w orld o ccurrences as in-

stan taneous state c hanges.

The AIS plans b y generating a nondeterministic �-

nite automaton (NF A) from these transition descrip-

tions. The AIS assigns to eac h reac hable state either

an action transition or no-op . Actions are selected to

pr e empt transitions that lead to failure states and to

driv e the system to w ards states that satisfy as man y

goal prop ositions as p ossible. The assignmen t of ac-

tions determine the top ology of the NF A (and so the

set of reac hable states): preemption of temp oral tran-

sitions remo v es edges and assignmen t of actions adds

them. System safet y is guaran teed b y planning action

transitions that preempt al l transitions to failure, mak-

ing the failure state unreac hable (Musliner, Durfee, &

Shin 1995). It is this abilit y to build plans that guaran-

tee the correctness and timeliness of safet y-preserving

reactions that mak es CIR CA suited to mission-critical

applications in hard real-time domains.

The NF A is then translated in to a memoryless con-

troller for do wnloading to the R TS. This is done

through a t w o-step pro cess. First, the action assign-

men ts in the NF A are compiled in to a set of T est-A ction

Pairs (T APs). The tests are a set of b o olean expres-

sions that distinguish b et w een states where a particular

action is and is not to b e executed. The test expression

is a function of the plan as a whole, rather than lo cal

action assignmen ts, b ecause the same action ma y b e as-

signed to more than one state. Some sample T APs for

the Puma domain are giv en in Figure 3. The Max-per

indicates the maxim um p erio d at whic h the T AP m ust

b e run in order to meet the deadlines.

Ev en tually , the T APs will b e do wnloaded to the R TS

to b e executed. The R TS will lo op o v er the set of

T APs, c hec king eac h test expression and executing the

corresp onding action if the test is satis�ed. The tests

consist only of sensing the agen t's en vironmen t, rather

than c hec king an y in ternal memory , so the R TS is asyn-

c hronous and memoryless.

Ho w ev er, b efore the T APs can b e do wnloaded, they

m ust b e assem bled in to a lo op that will meet all of the

deadlines. These deadlines are captured as constrain ts

on the maxim um p erio d of the T APs (see Figure 3).

This second phase of the translation pro cess is done b y

the sc heduler. In this phase, CIR CA's sc heduler v eri-

�es that all actions in the T AP lo op will b e executed

quic kly enough to preempt the transitions the planner

has determined need preempting. The tests and ac-

tions that the R TS can execute as part of its T APs ha v e

asso ciated w orst-case execution times that are used to

v erify the sc hedule. It is p ossible that sc heduling will

not succeed. In this case, the AIS will bac ktrac k to

the planner for the NF A to b e revised, a new set of



#<TAP 10>

Tests : (AND (PART_IN_ GR IPP ER NIL)

(EMERGENC Y T))

Acts : push_eme rge ncy _b utt on

Max-per : 9984774

Runtime : 2520010

#<TAP 9>

Tests : (AND

(PART_IN_ GRI PP ER NIL)

(EMERGENC Y NIL)

(PART_ON_ CON VE YOR T)

(NOT

(TYPE_OF_C ON VEY OR _PA RT SQUARE)))

Acts : pickup_u nkn own _p art _f rom _co nv eyo r

Max-per : 12029856

Runtime : 3540010

#<TAP 8>

Tests : (AND

(TYPE_OF_C ONV EY OR_ PA RT SQUARE)

(PART_IN_G RIP PE R NIL)

(EMERGENCY NIL))

Acts : pickup_k now n_p ar t_f ro m_c onv ey or

Max-per : 12029856

Runtime : 3520010

Figure 3: Sample output from the T AP compiler.

T APs generated and sc heduled. The planning pro cess

is summarized in Figure 4.

Dynamic Abstraction Planning

The original CIR CA planner used a forw ard planning

algorithm similar to that of Kabanza et al. (1997). This

led to an explosion in the state space of the planner.

In recen t w ork (Goldman et al. 1997), w e ha v e ad-

dressed this state-space explosion using a new planning

tec hnique that w e call Dynamic Abstraction Planning

(D AP). Abstraction is used to omit detail from the

state represen tation, reducing b oth the size of the state

space that m ust b e explored to pro duce a plan, and

the size of the resulting plan itself. The abstraction

metho d w e describ e has three useful features:

1. The abstraction metho d do es not compromise safet y-

preserving guaran tees: the w orld mo del used for

planning is reduced, but not in w a ys that a�ect the

system's abilit y to mak e rigorous statemen ts ab out

the safet y assurances of plans it is building.

2. The metho d is fully automatic, and dynamically de-

termines the appropriate lev el of abstraction during

the planning pro cess itself.

3. The metho d uses di�eren t lev els of abstraction in

di�eren t parts of the searc h space, individually ad-

justing ho w m uc h detail is omitted at eac h step.

The in tuition b ehind D AP is fairly simple: in some sit-

uations, certain w orld features are imp ortan t, while in

other situations those same features are not imp ortan t.

An optimal state space represen tation w ould capture
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Figure 4: Summary of the CIR CA planning pro cess.
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Figure 5: A partially-completed CIR CA plan.

only the imp ortan t features for an y particular state.

In essence, D AP allo ws a planner to searc h for useful

state space abstractions at the same time it is searc hing

for a plan.

D AP T ec hnique

Recall that the problem of planning for CIR CA (set-

ting aside the question of T AP generation and sc hedul-

ing), is to assign to ev ery reac hable state in the state

space, an action that preserv es safet y . As men tioned

ab o v e, the original CIR CA planner assigned these ac-

tions w orking forw ard from a set of start states. The

CIR CA planner w ould main tain a fron tier of reac hable

states and w ould assign a suitable action to eac h reac h-

able state.

In con trast, the D AP planner b egins with a v ery

coarse NF A/plan, with all the non-failure states con-

solidated in to a single state. D AP dynamically adds

more detail to this sk etc h y NF A. D AP re�nes the NF A

when it is unable to generate a satisfactory plan at the

curren t lev el of detail. D AP re�nes the NF A b y tak-

ing an existing state and splitting it in to a n um b er of

more sp eci�c states, one for eac h p ossible v alue of a

particular feature, F

i

.

F or example, let us consider the partially-compl eted

plan giv en in Figure 5. Here there are three states: the

failure state and t w o non-failure states, one for eac h

v alue of emergency , a b o olean prop osition. This ex-

ample is based on the domain mo del giv en in Figure 2.

W e assume that emergency is nil when the system
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Figure 6: A re�nemen t of the NF A in Figure 5.

b egins op eration.

The NF A in Figure 5 is not safe, b ecause there is

a reac hable state, S

1

, from whic h there is a transi-

tion to the failure state ( emergency-failure ) that

has not b een preempted. One w a y to �x this problem

w ould b e to c ho ose an action for S

1

that will preempt

emergency-failu re . The domain description con tains

suc h an action, push-emergency- butto n . Unfortu-

nately , one of push-emergency-bu tton ' s preconditions

is part-in-gripper = nil and S

1

is not su�cien tly

detailed to sp ecify v alues for part-in-gripper . W e

can rectify this omission b y splitting S

1

in to a set of

states, one for eac h v alue of part-in-gripper . The

resulting NF A is giv en in Figure 6. W e can no w assign

push-emergency- butto n to solv e the problem p osed

b y state S

1 ; 1

. F urther planning is required to resolv e

the problem p osed b y S

1 ; 2

, either b y �nding a preempt-

ing action that do es not require part-in-gripper =

nil or b y making S

1 ; 2

unreac hable.

One un usual asp ect of D AP is that detail is added

to the NF A only lo c al ly . In our example ab o v e, w e

only added the feature part-in-gripper to the part

of the state space where the emergency feature to ok

on the v alue true , rather than re�ning all of the

states of the NF A symmetrically . This in tro duces new

nondeterminism: b ecause w e do not ha v e a complete

mo del of the initial state, w e cannot sa y whether the

emergency-alert transition will send the system to

state S

1 ; 1

or S

1 ; 2

.

Comparison to Other Abstraction

T ec hniques

Man y classical planning systems ha v e used abstraction

metho ds to increase the e�ciency of searc hing for plans

(see (Kam bhampati 1994) for a brief surv ey). Ho w ev er,

these abstractions are t ypically used only as guides in

searc hing for a plan; the system ma y not kno w that

its goals will actually b e ac hiev ed b y an abstract plan,

and it will not b e able to execute the abstracted op era-

tors directly . Instead, traditional abstraction planners

m ust ev en tually expand their curren t plans do wn to

the lo w est lev el of detail, remo ving the abstraction to

pro duce a �nal executable plan.

In the D AP approac h, whic h in v olv es abstraction

only of state descriptions, abstract plans are exe-

cutable, b ecause the op erators are alw a ys completely

sp eci�ed. This has t w o main adv an tages. First, the

planning pro cess can supply initial plans that preserv e

safet y but migh t, on further re�nemen t, do a b etter job

of goal ac hiev emen t. Second, the planning pro cess can

terminate with an executable abstract plan, whic h our

results ha v e sho wn ma y b e m uc h smaller than the cor-

resp onding plan expanded to precisely-de�ned states.

Dearden and Boutilier (1997) ha v e dev elop ed an ab-

stract planning algorithm for decision-theoretic plan-

ning mo deled as a Mark o v decision pro cess (MDP).

Their metho d is similar to the D AP approac h in that

it in v olv es aggregating states, but there are some dif-

ferences. First, their metho d is not dynamic: aggrega-

tion is p erformed using a prede�ned set of \relev an t"

prop ositions, whic h is determined using Knoblo c k's ap-

proac h (Knoblo c k 1994). Second, their metho d is uni-

form: the same prop ositions are relev an t ev erywhere.

The underlying mo del is also signi�can tly di�eren t

from CIR CA's: it do es not mo del exogenous ev en ts

or the timing required for real-time guaran tees.

In previous w ork, Go defroid and Kabanza (1991) de-

v elop ed an abstraction tec hnique based on partial or-

ders. Their results allo w a system to examine only a

single ordering of indep enden t actions, rather than en u-

merating all p ossible orderings. Unfortunately , these

results are not imm ediately applicable to CIR CA, b e-

cause their w orld mo del do es not include exogenous

ev en ts. The more recen t w ork b y Kabanza et al. (Ka-

banza, Barb eau, & St-Denis 1997) do es include exoge-

nous ev en ts, but they do not seem to ha v e carried o v er

the earlier abstraction concepts.

CIR CA Planning Mo del

The basic action mo del for CIR CA consists of states ,

eac h of whic h has an asso ciated truth assignmen t o v er

all the prop ositions in the domain of discourse, and

tr ansitions , whic h allo w mo v emen t from state to state.

T ransitions can b e partitioned on the basis of volition :

in the curren t planner, actions are v olitional, events

and temp or als are not. A transition is enable d in an y

state for whic h its pr e c onditions are satis�ed. The p os-

sible states resulting from a transition from a giv en

state are those satisfying the transition's p ostc ondi-

tions . The p ostconditions are sp eci�ed, p er the con v en-

tional Strips assumption, b y listing only those literals

that c hange v alues | other literals retain their v alues.

The Strips assumption is lo osened to a limited exten t

b y p ermitting nondeterministic actions;

1

suc h actions

ha v e m ultiple sets of p ostconditions. The delay asso ci-

ated with a transition is kno wn only in terms of upp er

1

There is no need to ha v e nondeterministic ev en ts or

temp orals | for those it su�ces simply to ha v e m ultiple

transitions.



and lo w er b ounds.

A CIR CA plan is a graph, in whic h no des corresp ond

to sets of states and arcs represen t p ossible transitions

b et w een those sets. A transition is p ossibly (resp ec-

tiv ely , ne c essarily ) enabled if its preconditions are sat-

is�ed for some (all) elemen t(s) of the set of states cor-

resp onding to the originating no de, and its p ostcondi-

tions satis�ed for some (all) elemen t(s) of the set cor-

resp onding to the destination no de. A plan in whic h

all the no de state sets ha v e exactly one elemen t corre-

sp onds to the original CIR CA planner (Musliner, Dur-

fee, & Shin 1995).

A wel l-forme d plan is one in whic h an arc is presen t

for ev ery p ossibly-enabled non v olitional transition b e-

t w een no des whic h is not pr e empte d , and eac h no de has

outgoing arcs for at most one action (non-deterministic

actions ma y require more than one arc). Preemption

is de�ned b elo w.

Timing information for a CIR CA plan is deriv ed

from b ounds on the dela y asso ciated with arcs out of a

no de, whic h is tak en directly from the dela y b ounds for

the corresp onding transitions. The latency of a transi-

tion arc with resp ect to a no de in the plan is the time

b efore that transition will o ccur, if no other transition

o ccurs �rst, once some state in the set corresp onding

to that no de has b een reac hed. Latency b ounds are

path-dep enden t, whic h breaks the Mark o v assumption

for no des. W e restore this prop ert y b y calculating and

emplo ying path-indep enden t b ounds on latency in pro-

viding timing guaran tees (most signi�can tly , in deter-

mining preemption of transitions b y actions).

Notation

� States: s 2 S .

The set of states asso ciated with a no de in the plan

graph w e denote b y S 2 2

S

. There b eing a 1 : 1

relationship b et w een sets S and no des, w e will use

the set S to refer to the no de.

� T ransitions: t 2 T

{ p re ( t ) { preconditions of transition t

{ S j = 3 t � 9 s 2 S; s j = p re ( t ) { t is p ossibly

enabled at no de S

{ d

max

( t ) { maxim um dela y for t

{ d

min

( t ) { minim um dela y for t

The fact that latency b ounds are calculated based

on paths means that w e m ust distinguish b et w een

arcs and the asso ciated transitions.

� Arcs: a 2 A .

{ tr ( a ) 2 T { the transition lab el on a

{ o rigin ( a ) 2 2

S

{ the no de from whic h a leads

{ result ( a ) 2 2

S

{ the resulting no de.

W e will emplo y t w o syn tactic substitutions:

{ d

min

( a ), for d

min

( tr ( a )) (also d

max

( a ), mutatis

mutandis )

{ a 2 ( S; S

0

), for o rigin ( a ) = S ^ result ( a ) = S

0

� Action assignmen ts:

{ act ( S ) { the action assigned to state S

T ransition timing

W e assume that the \clo c k" for transition dela y starts

as so on as an enabling no de (one in whic h p re ( t ) is

p ossibly satis�ed) is en tered, and stops only when ei-

ther the transition o ccurs, or a no de is en tered in

whic h p re ( t ) is not p ossibly satis�ed. In particular, the

clo c k k eeps running across other transitions b et w een

enabling no des. This assumption applies to all transi-

tions, v olitional and non v olitional.

Ev en ts and temp orals F or non v olitional transi-

tions (temp orals and ev en ts), the b ounds [ d

min

; d

max

]

are sp eci�ed as part of the domain description. In the

curren t implem en tations, those b ounds are:

� temp orals: [ d; 1 ]

� ev en ts: [0 ; 1 ]

Actions Actions are more complicated. The b ounds

on dela y un til an action happ ens are determined b y

the curren t T AP sc hedule, and b y the dela y asso ciated

with the action itself. One corollary of this statemen t

is that the transition b ounds for a giv en action are to

a considerable exten t determinable b y the AIS.

Let's tak e a more detailed lo ok at action timing. Un-

der the con trol of a T AP sc hedule, the R TS tak es a

\snapshot" of the curren t state. It then ev aluates that

snapshot according to some test or sequence of tests,

and decides whether or not to p erform a giv en action.

W e assume complete and correct kno wledge of the cur-

ren t state, so determination of what action to p erform

will b e correct. The question is, ho w long will it tak e?

There is a ph ysical minim um time b efore the action

could ha v e an e�ect, consisting of the minim um time

required for a test and the time required for the action

itself. This is a \minim um upp er b ound" on the action

(a lo w er b ound on an y sp eci�able d

max

).

The precise execution of the T AP sc hedule is some-

thing w e don't need to deal with at this p oin t. F or

example, w e neither need nor w an t to think ab out

whether a single snapshot is tested for sev eral actions,

or whether eac h action tak es its o wn snapshot. W e

assume that taking the snapshot, as opp osed to test-

ing, tak es no time to accomplish. If this assumption



is relaxed, there's another sc heduling optimization in-

v olv ed ab out when snapshots get tak en and whic h tests

are done on whic h snapshot. The c haracteristic that

m ust b e preserv ed is that the test for a giv en action

is p erformed on a succession of snapshots, tak en with

no more than a sp eci�ed maxim um separation. The

maxim um dela y b efore the action tak es e�ect is then

the sum of that maxim um separation, the test dela y ,

and the time required for the action itself.

d

max

for actions is not an in trinsic feature, it's a

parameter set b y the planner in the planning pro cess.

F aced with a temp oral transition to preempt, the plan-

ner can

� Cho ose an old action with a (previously sp eci�ed)

su�cien tly small d

max

for that no de.

� Cho ose an old action with an insu�cien tly small

d

max

and sp ecify a new, tigh ter b ound.

� Cho ose a new action for the no de and sp ecify a suf-

�cien tly small d

max

.

� Split the state, etc...

Note that an y or all of these plan mo di�cations ma y

require a new T AP sc hedule to b e generated. This

suggests that the planner and sc heduler should op er-

ate in fairly close sync hronization. The curren t T AP

sc hedule limits the allo w able v alues for d

max

for a giv en

action (whic h sp eci�cation in turn constrains the space

of feasible sc hedules), while the suitabilit y or otherwise

of an action to preempt a giv en transition (what w as

previously called \applicabilit y") is determined b y that

same sp eci�cation.

Ghosting and inappropri ate actions A further

complication with actions is that the test and action

are not atomic. It is en tirely p ossible for some non-

v olitional transition to o ccur b et w een the time that

the curren t state is ev aluated and the time the action

tak es e�ect. It is therefore p ossible for an action to

b e attempted in a state in whic h it is not tec hnically

\enabled."

The classical planning comm unit y calls these plans

\ill-form ed." F or CIR CA, w e adopt a similar con v en-

tion, b y de�ning the outcome of an y suc h inappr opri-

ate action to b e a failure state. Some inappropriate

actions can b e a v oided b y ensuring that the relev an t

(temp oral) transitions are preempted. Ev en ts leading

to unsuitable states cannot b e preempted. This sit-

uation can b e planned around, e.g. b y splitting the

no de (separating the action and the ev en t), splitting

the ev en t's destination (making the action b e enabled

in the result), c ho osing a di�eren t action, or declaring

the curren t state a failure state as w ell.

De�nitions

Preemption of one transition b y another at a no de is

de�ned in terms of the latency b ounds L

min

and L

max

:

p reempts ( t; t

0

; S ) � L

max

( t; S ) < L

min

( t

0

; S )

In w ords: t preempts t

0

in S i� t is guaran teed to

o ccur b efore t

0

once S is reac hed, no matter ho w y ou

got there.

The maximum dwel l of a no de S is relev an t b ecause

w e can guaran tee that no transition out of that no de

will tak e place with a longer dela y .

D

max

( S ) = min

a 2 ( S;X )

L

max

( tr ( a ) ; S )

The lo w er b ound on latency for a transition t at a

no de S is the lo w er b ound on dela y for t , unless there

are \enabling predecessors " (de�ned b elo w), in whic h

case the lo w er b ound on latency is the minim um v alue

deriv able from those predecessors.

if ep ( t; S ) = ; then

L

min

( t; S ) = d

min

( t )

else

L

min

( t; S ) = min

S

0

2 ep ( t;S )

L

�

min

( t; S; S

0

)

The lo w er b ound on latency for S deriv able from

an enabling predecessor S

0

is recursiv ely de�ned as

L

min

( t; S

0

), min us the maxim um p ossible transition

time from S

0

to S .

L

�

min

( t; S; S

0

) = L

min

( t; S

0

) � D

�

max

( S

0

)

where

D

�

max

( S

0

) = min D

max

( S

0

) ;

max

othert ( t;S

0

;S )

L

max

( tr ( a ) ; S

0

)

and

othert ( t; S

0

; S ) = f a 2 ( S

0

; S ) j tr ( a ) 6= t g

An enabling pr e de c essor ( ep ) for t at S is an y no de S

0

at whic h t is enabled, from whic h S is reac hable b y an

arc with some lab el other than t (otherwise the clo c k

resets).

ep ( t; S ) = f S

0

j S

0

j = 3 t ^ 9 a 2 ( S

0

; S ) ; tr ( a ) 6= t g

The upp er b ound on latency for t at S is the max-

im um dela y d

max

( t ), unless there are enabling prede-

cessors, et c eter a .

if 8 a; result ( a ) = S ) o rigin ( a ) 2 ep ( S ) then

L

max

( t; S ) = max

S

0

2 ep ( t;S )

L

�

max

( t; S; S

0

)



otherwise

L

max

( t; S ) = d

max

( t )

The upp er b ound on latency for S deriv able from

an enabling predecessor S

0

is recursiv ely de�ned as

L

max

( S

0

) min us the minim um p ossible transition time

from S to S

0

.

L

�

max

( t; S; S

0

) = L

max

( t; S

0

) �

min

othert ( t;S

0

;S )

L

min

( tr ( a ) ; S

0

)

One of the in teresting results of this timing mo del

is that one can ac hiev e \b etter than real-time" p erfor-

mance. Giv en a no de with a troublesome temp oral,

sa y one where L

min

is less than an y ac hiev able d

max

for the desired action(s), preemption can b e guaran teed

b y ensuring that the no de is only reac hable from no des

at whic h the action is enabled, and only via temp oral

transitions with a su�cien tly large L

min

. The curren t

planner do es not exploit this opp ortunit y , and w e ha v e

no immediate plans to do so.

There are sev eral simpli�cations w e can mak e. W e

start b y assuming that L

max

( t; S ) = d

max

( t ) in all

cases. This assumption preserv es the correctness of the

latency b ounds and preemption calculations, b y virtue

of the fact that L

max

( t; S ) � d

max

( t ). The b ound is

w eak er only in the somewhat p eculiar \b etter-than-

real-time" case describ ed ab o v e.

This leads to additional simpli�cations. Here is the

complete set of revised de�nitions. By assumption:

L

max

( t; S ) = d

max

( t )

F or the maxim um dw ell, w e use the assumption ab o v e,

plus the fact that there is exactly one action sp eci�ed

for an no de in the plan graph ( d

max

(no-op) = 1 ):

D

max

( S ) = d

max

( act ( S ))

L

min

do es not c hange. Ho w ev er, L

�

min

do es:

L

�

min

( t; S; S

0

) = L

min

( t; S

0

) � d

max

( act ( S

0

))

It do esn't matter whether result ( act ( S

0

)) = S or not.

Also note that the de�nition of ep has not c hanged.

Algorithm

Calculating L

max

and D

max

is reduced to lo okup op-

erations. The simpli�ed de�nition of L

�

min

ab o v e sug-

gests a simple depth-�rst graph searc h, from no des

to their enabling predecessors. The algorithm has

an additional termination condition: terminate with

a b ound of zero an y time the summed \path cost"

( d

max

v alues for the appropriate actions) is greater

than d

min

( t ). This termination condition allo ws this

algorithm to complete ev en in plans (graphs) with cy-

cles: once the computed L

min

along an y path drops to

(or b elo w) 0, w e're done.

Related W ork

Kabanza et al. (Kabanza, Barb eau, & St-Denis 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 hitec-

ture di�ers in emphasis, ho w ev er. The NF As it con-

structs are \clo c k ed:" they mak e transitions at times

that are the least common denominator of all p ossi-

ble transitions. This sc heme will su�er 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 notation 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.

Expanding Expressiv eness

A t the same time that w e ha v e b een w orking to increase

the e�ciency of CIR CA's planning, w e are w orking to

relax limits on its expressiv eness. In doing this w e ha v e

b een driv en b y consideration of the scenario outlined

b y Gat in his pap er \News F rom the T renc hes: An

Ov erview of Unmanned Spacecraft for AI" (Gat 1996).

In this pap er, Gat presen ted a planning scenario

from the Cassini mission that he argued no curren t AI

planning system could tac kle. The problem concerns

the Saturn orbital insertion of the Cassini spacecraft.

In order to successfully na vigate, the Cassini spacecraft

m ust ha v e an inertial reference unit (IR U) p o w ered 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 and w arm up b oth IR Us

early enough that they will b e a v ailable for na vigation

at the time of orbital insertion.

CIR CA is quite capable of planning to w arm up b oth

IR Us, pro vided that it is informed that doing orbital

insertion without guidance is a failure and that the

primary IR U can fail. CIR CA can do this b ecause,

unlik e most other planners,

2

CIR CA considers and

plans against, external ev en ts. CIR CA can w arm up

the IR Us early enough, b ecause of its temp oral reason-

ing.

Ho w ev er, this scenario has led us to consider t w o

shortcomings of the curren t CIR CA approac h. First,

CIR CA considers exogenous pro cesses only as threats,

rather than as opp ortunities. CIR CA's planner only

c ho oses either to preempt exogenous pro cesses or al-

lo w them to happ en. Accordingly , the curren t CIR CA

2

With the exception of Blythe's (1996) and Ka-

banza's (Kabanza, Barb eau, & St-Denis 1997)



w orld mo del pro vides only lo w er b ounds on the dela y

of temp oral transitions. This mak es it imp ossible for

CIR CA to rely on external pro cesses (lik e the w arming

of an IR U), b ecause doing so requires CIR CA to reason

ab out the upp er b ound on the duration of the w arming

pro cess.

A second shortcoming has to do with the lac k of a

system wide clo c k. Curren tly , CIR CA can reason only

ab out duration relativ e to the time it en ters a partic-

ular state. In order to prop erly meet deadlines, as in

this example, where the IR Us m ust b e w armed prior

to orbital insertion, the R TS m ust b e able to act at an

appropriate time relativ e to a planned future ev en t.

W e ha v e dev elop ed preliminary solutions to the

ab o v e t w o problems. The existing temp oral mo del

already tak es in to accoun t some upp er b ounds |

those on the duration of actions. W e plan to ex-

pand the mo del to include r eliable temp or als , with up-

p er b ounds on their time of completion, together with

state-enco ding of the progress of those pro cesses.

W e are also addressing the problem of CIR CA not

ha ving a system wide clo c k. W e do not w an t to abandon

the unclo c k ed executiv e, b ecause inclusion of global

time in to the state space can cause it to explo de

(see comparison to Kabanza's execution mo del earlier).

What w e w ould lik e to do is to pro vide c hosen clo c k sig-

nals for particular times to the R TS. It is certainly p os-

sible to pro vide suc h signals | for most applications

lik e autonomous spacecraft, there will b e a system or

mission clo c k. What w e need to b e able to do is to

iden tify imp ortan t times and set up signals to the R TS

accordingly . The R TS will then detect these signals

lik e an y other state feature. Our preliminary in v esti-

gations suggest that w e can detect the need for suc h

features through searc h failures in the AIS.

Ov ercoming these expressiv e limitatio ns is an imp or-

tan t area of ongoing theoretical in v estigation at HTC.

W e hop e to b egin exp erimen ting with solutions to these

problems sometime this y ear.

Conclusions

In this pap er w e ha v e presen ted our approac h to ac hiev-

ing in telligen t, real-time p erformance. This approac h

is based around the coupling of a delib erativ e system

with a memoryless, unclo c k ed real-time reactiv e execu-

tion mo dule. Through its planning mo del, the system

is able to ac hiev e real-time b eha vior without incorp o-

rating a represen tation of time in its execution engine.

W e ha v e discussed w a ys of e�cien tly manipulating this

mo del through dynamic abstraction. Finally , w e in tro-

duced curren t w ork on relaxing some of the limitatio ns

imp osed b y the curren t planning mo del.
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