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Abstract

This pap er describ es Dynamic Abstraction Planning

(D AP), an abstraction planning tec hnique that im-

pro v es the e�ciency of state-en umeration planners for

real-time em b edded systems suc h as CIR CA. Abstrac-

tion is used to remo v e 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. The in tuition b ehind this approac h is

simple: in some situations, certain w orld features are

imp ortan t, while in other situations those same fea-

tures are not imp ortan t.

By automatically selecting the appropriate lev el of ab-

straction at eac h step during the planning pro cess,

D AP can signi�can tly reduce the size of the searc h

space. F urthermore, 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. D AP

can also terminate with an executable abstract plan,

whic h ma y b e m uc h smaller than the corresp onding

plan expanded to precisely-de�n ed states. Preliminary

results sho w dramatic impro v emen ts in planning sp eed

and scalabilit y .

In tro duction

W e are in terested in constructing 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 unexp ected, 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.

Classical planning researc h has t ypically in v olv ed the

construction of a single path through a sequence of

states from an initial state to a goal state. In con trast,

constructing plans that tak e in to accoun t exogenous

ev en ts and timing failures requires exploring all p os-

sible execution sequences and the resulting states. In

the w orst case, this in v olv es examining a state space

whose size is exp onen tial in the n um b er of prop ositions

presen t in the state description.

Cop yrigh t
c


 1997, American Asso ciation for Arti�cial In-

telligence (www.aaai.org). All righ ts reserv ed.

This pap er describ es an automatic, dynamic abstrac-

tion planning tec hnique that directly addresses this

state-space explosion problem. 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:

� First, 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 af-

fect the system's abilit y to mak e rigorous statemen ts

ab out the safet y assurances of plans it is building.

� Second, the metho d is fully automatic, and dynami-

cally determines the appropriate lev el of abstraction

during the planning pro cess itself.

� Third, the metho d uses di�eren t lev els of abstraction

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

adjusting 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

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.

This pap er describ es a protot yp e D AP planner that

deriv es safet y-preserving, goal-ac hieving reactiv e plans

in exp onen tially large state spaces. W e presen t b oth

the theoretical and algorithmic descriptions of the

planning tec hnique, as w ell as preliminary results sho w-

ing dramatic impro v em en ts in planning e�ciency and

scalabilit y .

Bac kground: Ov erview of CIR CA

W e dev elop ed the protot yp e D AP planner to address

the scalabilit y issues faced b y the state-space plan-

ner in CIR CA, the Co op erativ e In telligen t Real-time

Con trol Arc hitecture (Musliner, Durfee, & Shin 1993;
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Figure 1: The Co op erativ e In telligen t Real-Time

Con trol Arc hitecture.

1995). CIR CA is designed to supp ort b oth hard real-

time resp onse guaran tees and unrestricted AI metho ds

that can guide those real-time resp onses. Figure 1 il-

lustrates 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 meth-

o ds, while a separate real-time subsystem (R TS) reac-

tiv ely 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

system goals when in terpreted b y the R TS.

Example Domain

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-

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). Because this

w orld mo del is the fo cus of the abstraction tec hniques

discussed in this pap er, a brief review of the mo del

form ulation is in order.

CIR CA's W orld Mo del

The w orld mo del is a directed graph represen ting the

worst-c ase b eha vior of the en vironmen t and the actions

whic h the R TS can tak e to a v oid failure. The graph

mo del has �v e elemen ts ( S; F ; T

E

; T

A

; T

T

):

1. A �nite set of \states" S = f S

1

; S

2

; :::; S

m

g , where

eac h state S

i

represen ts a description of relev an t fea-

tures of the w orld. The features of a state are repre-

sen ted b y the set F = f F

1

; F

2

; :::; F

r

g . Eac h feature

F

i

2 F has a �nite set of p ossible v alues v al ( F

i

).

2. A distinguished failure state F , whic h subsumes all

states that violate domain-sp eci�c safet y constrain ts.

The system striv es to a v oid the failure state.

3. A �nite set of \ev en t transitions" T

E

that represen t

w orld o ccurrences as instan taneous state c hanges.

4. A �nite set of \action transitions" T

A

that represen t

actions p erformed b y the R TS.

5. A �nite set of \temp oral transitions" T

T

that rep-

resen t the progression of time and con tin uous pro-

cesses. W e only represen t the temp oral transitions

that lead to signi�can t pro cess state c hanges.

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 transitions used in the Puma domain. The AIS

plans b y generating a nondeterministic �nite automa-

ton (NF A) from these transition descriptions. Begin-

ning from a set of designated start states, the AIS en u-

merates the reac hable states and assigns to eac h state

either an action transition or no-op . Actions are se-

lected to pr e empt transitions that lead to failure states

and to mo v e to w ards states that satisfy as man y goal

prop ositions as p ossible. The assignmen ts determine

the top ology of the NF A (and so the set of reac hable

states): preemption of temp oral transitions 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, making the failure

state unreac hable (Musliner, Durfee, & Shin 1995). It



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.

is this abilit y to build plans that guaran tee the cor-

rectness and timeliness of safet y-preserving reactions

that mak es CIR CA suited to mission-critical applica-

tions in hard real-time domains. Ho w ev er, this plan-

ning algorithm can b e v ery time-consuming b ecause it

en umerates all reac hable w orld states. In the follo wing

section, w e sho w ho w dynamic abstraction can mak e

the planning pro cess more e�cien t and resp onsiv e.

Dynamic Abstraction Planning

In a state-space mo del lik e CIR CA's, one of the most

straigh tforw ard w a ys of using abstraction is to simply

remo v e a feature from the description of the w orld.

This corresp onds closely to the metho ds used in early

w ork on abstraction planning systems to generate ab-

stract op erators b y omitting less-critical elemen ts of

op erator precondition lists (cf. ABSTRIPS (Sacerdoti

1974)). ABSTRIPS planned at an abstract lev el that

then restricted the exten t of the detailed planning re-

quired to build a �nal plan. The D AP tec hnique is

signi�can tly di�eren t in that:

� The selection of whic h features to \abstract a w a y"

is p erformed automatically during planning.

� The abstractions are lo c al , in the sense that di�er-

en t parts of the state space ma y b e abstracted to

di�eren t degrees.

� The abstractions preserv e guaran tees of system

safet y .

� The planning system need not plan to the lev el of

fully-elab orated states to construct a feasible, exe-

cutable plan.

The D AP concept itself is simple: rather than al-

w a ys using all of the a v ailable features to describ e w orld

states, w e let the planner dynamically decide, for eac h

new w orld state, the lev el of description that is neces-

sary and desirable. By ignoring certain features, the

planner can reason ab out abstr act states that corre-

FAILUREEmergency NIL Emergency T

S1
emergency-alert

F
emergency-failure

(event) (temporal)
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Figure 3: A partially-completed CIR CA plan.

sp ond to sets of \base-lev el" states, and th us can a v oid

en umerating the individual base-lev el states.

Of course, during the planning pro cess the system

migh t realize that an abstract state that has already

b een reasoned ab out is not su�cien tly detailed. F or

example, this o ccurs when the state description is not

su�cien tly re�ned to indicate whether a desirable ac-

tion can, in fact, b e executed (b ecause the state de-

scription do es not sp ecify v alues for all of the features

in the action's preconditions). In suc h situations, the

planner m ust b e able to dynamically increase the preci-

sion of that abstract state description b y including one

or more of the omitted features. W e call this pro cess

of adding detail a \split" or \re�nemen t."

In the language of �nite automata, D AP starts with

a v ery crude NF A and dynamically adds more detail.

D AP re�nes the NF A when it is unable to generate a

satisfactory plan

1

at the curren t lev el of detail. D AP

re�nes the NF A b y taking an existing state and split-

ting 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 3. 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

b egins op eration.

The NF A in Figure 3 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

1

W e will b e more clear ab out what is \satisfactory"

b elo w.
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Figure 4: A re�nemen t of the NF A in Figure 3.

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 4. 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

.

D AP in Theory

During its op eration, D AP manipulates NF As of a par-

ticular t yp e. An NF A, N = h v ( N ) ; e ( N ) i , will ha v e a

n um b er of states (or v ertices), S

i

2 v ( N ), eac h of whic h

corresp onds to a set of feature-v alue pairs; w e will re-

fer to these as f ( S

i

). A state S

i

ne c essarily satis�es

a prop osition, P ( S

i

j = 2 P ) if P 2 f ( S

i

); it p ossibly

satis�es P ( S

i

j = 3 P ) if : P 62 f ( S

i

) (these b o olean

de�nitions ma y b e straigh tforw ardly extended to non-

b o olean features).

The transitions in the NF A are generated b y the

transition descriptions, whic h are nondeterministic

STRIPS op erators. A transition t is p ossibly (resp ec-

tiv ely , necessarily) executable in a state when the tran-

sition's preconditions are all p ossibly (necessarily) sat-

is�ed b y that state: S

i

j = 3 pr e ( t )( 2 pr e ( t )). With

some abuse of notation, for eac h transition t w e de�ne

a function t ( S ) from a state to a form ula (in the general

case, a disjunction), describing the state(s) that result

from executing t in S .

D AP m ust construct NF As in whic h there are no

c hains of non-preempted, p ossibly-executable transi-

tions that lead to a failure states. T o preempt a tem-

p oral transition in a state, D AP assigns to that state

a ne c essarily executable action that can b e executed

b efore the preempted transition.

W e main tain NF As that con tain edges for all p ossibly

executable non-preempted ev en t and temp oral transi-

tions (w e refer to these collectiv ely as \non-v olitional

transitions") and for all curren tly-assigned actions.

The re�nemen t (or splitting) op eration on an NF A

N with resp ect to a state S

i

and a feature F

j

r ( N ; S

i

; F

j

) = N

0

is de�ned as follo ws:

S

0

= f S j f ( S ) = f ( S

i

) [ f ( F

j

; z ) g for z 2 v al ( F

j

) g

v ( N

0

) = ( v ( N ) � S

i

) [ S

0

where S

0

is the set of newly-added states. New tran-

sitions m ust b e added in to and out of the replacemen t

states:

e ( N

0

) = ( e ( N ) � f v

1

! v

2

j v

1

= S

i

or v

2

= S

i

g )

[f v

t

! S j v j = 3 pr e ( t ) ; S 2 S

0

; S j = 3 t ( v ) g

[f S

t

! v j S 2 S

0

; S j = 3 pr e ( t ) ; v j = 3 t ( S ) g

D AP in Practice

The protot yp e D AP planner tak es as input a domain

mo del in the form of transition descriptions, a descrip-

tion of a set of initial states, and a conjunctiv e goal

expression. The planner returns an NF A con taining

only reac hable states. Eac h state of the NF A will b e

lab eled with either an action or no-op , indicating to

CIR CA ho w the R TS should react in that situation.

F ailure states will not b e reac hable in this NF A and

the system will mo v e to w ards states satisfying the goal

expression whenev er p ossible.

The planning problem ma y b e v ery concisely de-

scrib ed as a nondeterministic algorithm, giv en in Fig-

ure 5. In this presen tation, c ho ose and oneof are non-

deterministic c hoice op erators. An action is applicable

if the state necessarily satis�es its preconditions and if

the action preempts all transitions to failure from the

state. Note that it is not su�cien t to preempt tran-

sitions directly to the distinguished failure state. F or

example, if there is a state s with an ev en t transition

(i.e., a transition with a zero dela y) to the failure state,

then an y edges in to s m ust also b e considered as tran-

sitions to failure.

In practice, w e implem en t this algorithm through

searc h, with c hoice p oin ts corresp onding to the non-

deterministic c hoice op erators. The searc h fails when

it encoun ters a state for whic h there is no acceptable

action and for whic h there is no prop osition on whic h



abstract-plan (isd);

isd is initial state description

let N = ; ; The gr aph

op enlist = ; ;

is = mak e-initial-state(isd);

N := N [ f is g ;

push(is, op enlist);

lo op

if there are no more reac hable states in the op enlist then

we ar e done

break;

else

let s = c ho ose a reac hable state from op enlist;

op enlist := op enlist � f s g ;

oneof

split-stat e :

c ho ose a prop osition p and split s in to j v al ( p ) j states;

remo v e s from N and insert the new states;

add the new states to the op en list;

assign-action :

c ho ose an action (or no-op ) that is applicable for s ;

fail

Figure 5: The D AP planning algorithm.

to split. W e ma y not b e able to split the state pro duc-

tiv ely ev en if the state is only partially sp eci�ed. No

further splitting will b e pro ductiv e if w e can determine

that some bad transition must o ccur in the state, that

the state is reac hable, and that there are no a v ailable

actions with whic h to preempt the bad transition.

The structure of the NF A b eing constructed guides

us in bac ktrac king. When w e fail to successfully han-

dle a state, w e bac kjump to the earliest solv ed state

(w e k eep these on a closed list) that has an edge in to

the failed state. Because the state is reac hable, there

m ust b e a state with an edge in to it, unless the state is

the starting state. If w e fail on the starting state, the

searc h as a whole has failed.

Note that w e do not bac ktrac k o v er state re�ne-

men ts. Bac ktrac king o v er these re�nemen ts is nev er

necessary: for ev ery plan that can b e found at a lo w

lev el of detail, there is a corresp onding plan at ev ery

higher lev el. Our exp erience suggests that the cost of

\coarsening" an NF A (and the additional b o okk eeping

necessary to pro vide this option) is not w orth the small

sa vings in graph size.

Through additional bac ktrac king, w e pro vide a sim-

ple an ytime b eha vior. The AIS cac hes plans as they are

pro duced (recall that all plans are safet y-preserving).

Through bac ktrac king, the AIS can generate plans that

satisfy more of the goal prop ositions. Th us once a �rst

safet y-pro ducing plan is generated, the AIS ma y at will

in v est more time in to generating b etter plans.

There are t w o asp ects to the heuristic con trol of the

searc h: the searc h should b e directed to ac hiev e safet y

and to mo v e the system to w ards states that satisfy

as man y goal prop ositions as p ossible. T o mak e the

searc h for goal prop ositions most e�cien t, the �rst ac-

tion the D AP planner tak es is to split the initial state

according to the goal prop ositions. The heuristic w e

use for directing the c hoice of actions and re�nemen ts

is a mo di�ed v ersion of McDermott's heuristic estima-

tor for state-based ADL planning (McDermott 1996).

When c ho osing ho w to handle a state, the planner con-

structs an op erator-prop osition graph connecting the

curren t state description to the goal state description.

This is a la y ered graph, with alternating la y ers con tain-

ing no des that represen t prop ositions to b e ac hiev ed

and op erators that can establish those prop ositions.

Despite using full lo ok ahead, this approac h is heuristic

and e�cien t b ecause it ignores details suc h as in terac-

tions b et w een op erators.

Our v ersion di�ers from McDermott's b ecause our

actions are simple STRIPS op erators; his approac h

co v ers sc hemas as w ell and m ust consider v ariable bind-

ing. Another di�erence is that McDermott's is a more

traditional state-space planner, so state descriptions

are complete and the only w a y to establish a prop osi-

tion is to apply an op erator with the appropriate p ost-

conditions. Our state descriptions are partial, and one

w a y for the D AP planner to establish a prop osition is to

re�ne a partial state description to include that prop o-
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Figure 6: Using re�nemen t to isolate a failure.

sition. Note that this op eration is similar to the kind

of conditional planning done b y CNLP (P eot & Smith

1992) and Plin th (Goldman & Bo ddy 1994): when the

planner cannot determine a priori the v alue of a prop o-

sition, it plans for b oth alternativ es.

The planner com bines information ab out the con text

of a state with the heuristic information pro vided b y

the op erator-prop osition graph. F or example, when

c ho osing b et w een sev eral in teresting prop ositions on

whic h to re�ne a state, the planner will prefer those

that are established b y some transition leading in to

the state.

As w e men tioned earlier, the planner m ust concern

itself with safet y as w ell as goal ac hiev emen t. One place

where this di�erence b ecomes signi�can t is when bac k-

trac king from a bad state (a state is bad if it has an

unpreemptable path to the failure state). In this case,

the planner will w ork to a v oid the failure. There are

t w o w a ys to do this: either a v oid actions that lead

to the bad state or re�ne the bad abstract state, to

demonstrate that the sub-states in whic h the bad tran-

sition(s) o ccur are not, in fact, reac hable (for exam-

ple, see Figure 6). Safet y concerns also in trude when

none of the goal-directed actions a v ailable at a state are

fast enough to preempt a transition that w ould lead to

failure. Safet y is alw a ys the paramoun t consideration,

causing the planner to c ho ose an action not preferred

b y the heuristics in this case.

Implemen tation Status & Preliminary

Results

The protot yp e D AP planner is implem en ted and run-

ning on a selection of example domains that w ere used

in the original CIR CA researc h. The D AP planner

reasons ab out safet y preserving goals of a v oidance and

optional goals of ac hiev emen t in m uc h the same w a y

as the original CIR CA planner, except that it do es not

y et consider the detailed temp oral mo del necessary to

ensure failure preemption in all cases. Man ual insp ec-

tion of the protot yp e's output plans sho ws that they

are v ery similar to the original planner's; the new plan-

ner c ho oses the same actions for the same states, but

do es not y et correctly deriv e the timing requiremen ts

on all of those actions.

Giv en these limitati ons, comparisons b et w een the

t w o planners are still only appro ximate. Ho w ev er, ini-

tial results are dramatic. Figure 7 sho ws sev eral rep-

resen tativ e cases, some with nearly an order of mag-

nitude reduction in searc h space using D AP . In the

En umerated States Run time (sec)

Domain Original D AP Original D AP

Name Planner Planner Planner Planner

Puma 1 826 89 222 1.13

Xdemo 2 28 9 0.43 0.08

Puma 3 76 16 8.59 0.09

Puma 4 330 71 68.3 0.59

BT 6 7 7 0.08 0.04

Puma 9 212 41 58.8 0.33

Figure 7: The D AP planner dramatically reduces

the searc h space and time.

Puma 1 domain, whic h is one of the largest problems

to whic h CIR CA has b een applied, the D AP planner is

able to �nd signi�can t structure in the domain that the

original CIR CA planner cannot exploit. F or example,

the D AP plan is able to describ e all of the conditions in

whic h to tak e the push-emergency-bu tton action as

a disjunction of just three abstract state descriptions,

while the original CIR CA planner selects that action

for 54 di�eren t fully-describ ed states.

The BT 6 domain is a small, hand-crafted prob-

lem designed to force the original CIR CA planner to

bac ktrac k through sev eral decisions, th us exercising the

bac ktrac king and w orst-case state space en umeration of

the planner. The domain has only one state feature, so

the D AP planner can �nd no suitable abstraction and

it mak es the same bac ktrac king mo v es as the original

planner, yielding the same searc h-space p erformance.

T o date, this is the only domain in whic h the D AP tec h-

nique has not yielded an y p erformance impro v em en t.

Other simple domains, suc h as the Xdemo 2 domain

(whic h has only 5 state features), still con tain enough

hidden structure that the D AP tec hnique is able to �nd

and exploit feasible abstractions.

Related W ork

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.

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 ossible

transitions. This sc heme will su�er a state space explo-

sion 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 elop-

ing a more 
exible notation for goals than those used

b y CIR CA, but they do not mak e the same distinc-

tion b et w een safet y and goal ac hiev emen t. In previ-

ous w ork, Go defroid and Kabanza (Go defroid & Ka-

banza 1991) dev elop ed an abstraction tec hnique based

on partial orders. Their results allo w a system to ex-

amine only a single ordering of indep enden t actions,

rather than en umerating all p ossible orderings. Unfor-

tunately , these results are not imm ediately applicable

to CIR CA, b ecause their w orld mo del do es not include

exogenous ev en ts. The more recen t w ork b y Kabanza

et al. (Kabanza, Barb eau, & St-Denis 1997) do es in-

clude exogenous ev en ts, but they do not seem to ha v e

carried o v er the earlier abstraction concepts.

F uture Directions

In this pap er, w e ha v e presen ted Dynamic Abstraction

Planning (D AP), an abstraction tec hnique that w e use

to generate real-time con trol plans in the CIR CA sys-

tem. This abstraction tec hnique is signi�can tly dif-

feren t from others in preserving safet y guaran tees and

in p erforming abstraction lo cally and dynamically . In

our exp erience, b y automatically selecting the appro-

priate lev el of abstraction at eac h step during the plan-

ning pro cess, D AP signi�can tly reduces the size of the

searc h space.

The main next step in dev eloping the D AP metho d-

ology is to fully in tegrate the detailed temp oral reason-

ing that the curren t protot yp e omits. This will bring

the new planner on to equal fo oting with the original

CIR CA planner, and will allo w more accurate compar-

isons of the e�ciency impro v emen ts gained b y using

the dynamic abstraction metho d.
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