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Abstract. Self-adaptiv e systems m ust recon�gure themselv es, at run-

time, to comp ensate for c hanging en vironmen ts, ob jectiv es, and system

capabilities . This pap er discusses ho w the SA-CIR CA arc hitecture for

in telligen t autonomous systems can automatically syn thesize customized

con trol soft w are on the 
y , and ho w that syn thesis pro cess itself can b e

managed to conform to real-time deadlines that ma y constrain the time

a v ailable for recon�guration. By restricting the scop e of the problems it

is trying to solv e, b y using incremen tal impro v emen t algorithms, and b y

trading o� solution qualit y against computation time, SA-CIR CA op-

erates as a self-a w are, self-adaptiv e system resp onding in real-time to

p erceiv ed c hanges.

1 In tro duction

Self-adaptiv e systems m ust recon�gure themselv es, at run time, to comp ensate

for c hanging en vironmen ts, ob jectiv es, and system capabilities. A t �rst glance,

this concept p oses the ma jor problem that the self-adaptiv e system m ust b e able

to understand its o wn ob jectiv es, capabilities, and en vironmen t in order to b oth

detect c hanges and recon�gure itself. Up on further consideration, it b ecomes

clear that this ra w self-adaptation abilit y alone is not enough: the self-adaptiv e

system m ust actually p erform its self-adaptation online, as the deplo y ed system

is op erating. Hence the real-time demands of the w orld are also applicable to the

recon�guration pro cess itself ! Clearly , it will b e extremely c hallenging to deplo y

self-adaptiv e soft w are in to mission-critical applications, where an y violation of

real-time deadlines can ha v e catastrophic consequences.

The Self-Adaptiv e Co op erativ e In telligen t Real-time Con trol Arc hitecture

(SA-CIR CA) can automatically syn thesize customized con trollers for autonomous

systems, on the 
y . This pap er discusses ho w that syn thesis pro cess itself can

b e brough t under soft real-time con trol, so that the syn thesis of new con trollers

is accomplished within real-time deadlines (i.e., the time a v ailable for recon�gu-

ration). The k ey to this con trol of delib eration is SA-CIR CA's abilit y to reason
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ab out resource restrictions and mo dify the con trol problems for whic h it syn the-

sizes con trollers. Because SA-CIR CA is able to explicitly and accurately reason

ab out its o wn predictable p erformance, it can not only recognize o v erconstrain-

ing domains, it can also analyze the p oten tial e�ects of v arious c hanges to its

goals or plans. By restricting the scop e of the problems it is trying to solv e, b y

using incremen tal impro v em en t algorithms, and b y trading o� solution qualit y

against computation time, SA-CIR CA is designed to op erate as a self-a w are,

self-adaptiv e system resp onding in real-time to p erceiv ed c hanges.

In the next section, w e presen t a brief o v erview of the SA-CIR CA arc hitecture

and outline ho w its con troller-syn thesis algorithms w ork. W e then discuss the

v arious means a v ailable to con trol the complexit y and resource usage of the

con troller syn thesis algorithms, describing the p erformance tradeo�s that result.

T o demonstrate these e�ects, w e presen t sev eral implemen ted examples sho wing

the tradeo�s that can b e made to meet real-time restrictions.

2 Self-Adaptation via Automatic Syn thesis of Con trollers

Building on the pro v en CIR CA arc hitecture for in telligen t real-time systems [12 ,

13 ], SA-CIR CA is an arc hitecture for in telligen t self-adaptiv e systems that m ust

meet real-time deadlines [14 ]. Man y in telligen t agen t arc hitectures (e.g., RAPs [4],

PRS [7 ], 3T [3]) essen tially pro vide customized programming en vironmen ts that

mak e it easier for h umans to write complex programs that b eha v e appropriately .

In con trast, SA-CIR CA automatic al ly synthesizes its con trol programs (or plans)

from primitiv e descriptions of the system it is con trolling, the system ob jectiv es,

and the en vironmen t in whic h the system op erates.

2.1 The Example Domain

T o help the reader understand this distinction clearly , and to set the stage for

later examples, consider the domain illustrated in Fig. 1. The Puma rob ot arm is

assigned the task of pac king parts arriving on the con v ey or b elt in to the nearb y

b o x. The con v ey or mo v es at a �xed rate and the parts are spaced apart on the

b elt so that they arriv e with some maxim um frequency . Once at the end of the

b elt, eac h part remains motionless un til the next part arriv es, at whic h time it

will b e pushed o� the end of the b elt (unless the rob ot pic ks it up �rst). If a

part falls o� the b elt b ecause the rob ot do es not pic k it up in time, the system is

considered to ha v e failed. Th us, the arriving parts imp ose hard deadlines on the

rob ot's resp onses; it m ust alw a ys pic k up parts b efore they fall o� the con v ey or.

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 kno w

a priori ho w to pac k all of the p ossible t yp es of parts. If parts of a new shap e

arriv e, the system can stac k those parts on the nearb y table un til it has deriv ed

an appropriate b o x-pac king strategy . The deriv ation of the pac king metho d ma y

in v olv e searc h algorithms with p oten tially un b ounded complexit y . This asp ect of



Fig. 1. The example Puma domain, in whic h the rob ot pac ks ob jects from the con v ey or

in to the b o x.

the domain is used to exercise CIR CA's abilit y to com bine arbitrary AI metho ds

with real-time resp onse guaran tees.

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 has only a limited time to push the button

next to the ligh t, or it fails. This p ortion of the domain represen ts a completely

async hronous in terrupt with a hard deadline on its service time.

T o cop e with this domain prop erly , the rob ot con trol system m ust b e able to

pro vide real-time resp onses to unsync hronized domain ev en ts (part arriv als and

emergency alerts) while also p erforming complex searc h algorithms (deriving

pac king metho ds and reaction plans in general). T o complicate matters further,

the sp eed of the Puma rob ot and the domain sensors are limited. V ariations

of the domain can b e set up with di�eren t part arriv al rates, emergency alert

rates, rob ot sp eeds, etc. T o b e truly in telligen t and real-time in this domain, the

con trol system will need to b e able to ev aluate its capabilities, its goals, and

the domain b eha vior restrictions. With that information, an in telligen t system

should pro vide some measure of useful p erformance, p ossibly in v olving trade-



o�s that sacri�ce asp ects of the system b eha vior as necessitated b y resource

restrictions.

Applying a reactiv e con trol arc hitecture suc h as PRS, RAPs, or 3T to this

domain w ould require a h uman to write complex con trol rules sp ecifying what

the Puma should do in the man y di�eren t situations that ma y arise. The h uman

w ould ha v e to build a con trol program (or plan, or set of concurren t b eha viors)

that manages the async hron y of the en vironmen t. Ev en if the con trol program

w as written p erfectly , ho w ev er, none of these systems could pro vide guaran tees

that all the domain's real-time deadlines w ould b e met. While PRS and the

Rex/Gapps system [15 , 8] can pro vide b ounded resp onse times on reactiv e exe-

cution, they ha v e no w a y to reason ab out the timing c haracteristics of a domain

to understand whether that b ounded resp onse time will b e fast enough .

In con trast, applying SA-CIR CA to this domain requires the h uman to de-

scrib e the rob ot capabilities, the en vironmen t pro cesses, and the o v erall system

goals. Rather than telling the system when it should pic k up a part, the h uman

simply tells the system that it c an pic k up a part, and that if it do es not pic k up

a part quic kly enough, it ma y fail. SA-CIR CA then automatically syn thesizes a

set of reactiv e rules and p erforms formal v eri�cation pro cesses to guaran tee that

the domain's real-time deadlines are all satis�ed b y the new reactiv e con troller.

2.2 Arc hitecture Ov erview

Figure 2 presen ts a highly abstract view of the SA-CIR CA arc hitecture, sho wing

ho w the Adaptiv e Mission Planner (AMP), Con troller Syn thesis Mo dule (CSM),

and Real-Time Subsystem (R TS) in teract to pro vide in telligen t, adaptiv e, real-

time con trol. All of the SA-CIR CA subsystems op erate in parallel. A t the top,

the AMP reasons ab out long-term goals, problem structures, and approac hing

deadlines to decide what the near-term goals should b e, and what problems the

near-term reasoning should b e fo cused on. F or example, in the Puma domain the

AMP is resp onsible for reasoning ab out what part-pac king algorithms should

b e dev elop ed for di�eren t part t yp es, and what new rob ot con trol plans are

necessary to implemen t those part-pac king algorithms.

The AMP sends subgoals and problem con�gurations to the CSM, whic h

dev elops real-time con trollers to accomplish near-term goals. The con trollers are

in the form of a set of reactiv e rules that sp ecify what actions the system should

tak e in all of the p ossible di�eren t w orld situations. Eac h reaction that is critical

to a v oiding a p oten tial failure includes a timing constrain t. F or example, in the

Puma domain, the con trol plan migh t sa y what to do if the emergency alert ligh t

go es on and the rob ot is not holding a blo c k ( push the button! ), and ho w quic kly

that action m ust b e tak en ( b efor e the emer gency r esults in failur e! ).

The CSM sends these con trol plans to the R TS, whic h reactiv ely executes the

automatically -generated plans and enforces guaran teed resp onse times. Mean-

while, the AMP and CSM con tin ue to reason ahead ab out future con tingencies

and phases of the problem. In the Puma domain, the AMP migh t try to pre-

dict what new t yp es of parts will arriv e, and generate suitable con trol plans in
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Fig. 2. The SA-CIR CA arc hitecture includes three ma jor comp onen ts op erating at

di�eren t lev els of abstraction and resp onsiv eness.

adv ance. The R TS con tains a plan cac he mec hanism that allo ws it to store ad-

ditional reactiv e plans that are not curren tly executing, and switc h to executing

one of those plans with a (v ery fast) constan t time op eration.

Th us SA-CIR CA is designed to adapt its run time b eha vior through b oth on-

line, run time planning and run time selection of pre-built plans. In essence, if the

AMP and CSM can build a plan ahead of time to handle a particular con tingency ,

they will cac he it in the R TS. If a con tingency o ccurs for whic h no cac hed plan

exists, the system will in v ok e its b est a v ailable plan and the AMP will direct

the CSM to syn thesize a new, customized plan as quic kly as p ossible. T o the

degree that a domain is accurately mo deled and can b e successfully con trolled

b y the a v ailable execution resources, SA-CIR CA will pro vide safet y guaran tees

and high-qualit y p erformance. When the real w orld div erges from the domain

mo del, or the execution resources pro v e insu�cien t to con trol the domain, SA-

CIR CA is designed to monitor its o wn p erformance, detect these problems, and

gracefully degrade its plans to adapt.

The con troller syn thesis algorithms are extremely complex and p oten tially

undecidable. Th us one of the k eys to making CIR CA's safet y guaran tees is that

eac h con troller executed on the R TS m ust k eep the system safe while w aiting for



the CSM to generate the next con troller. Some nicely-structured domains mak e

it p ossible to build reactiv e con trollers that preserv e safet y inde�nitely while

w aiting for the CSM. F or example, in some form ulations of the Puma domain,

the rob ot can resp ond to all t yp es of arriving parts (b y simply putting them

do wn on the table) and all emergency alerts for an essen tially unlimited amoun t

of time. The only practical limitation is the n um b er of parts the table can hold,

and if this is made in�nite, the domain allo ws p erfect \holding patterns." Of

course, real w orlds do not o�er in�nite tables (or in�nite amoun ts of fuel for

aircraft to circle in holding patterns).

Practical applications of the SA-CIR CA arc hitecture will require the CSM

to pro vide some lev el of predictable resp onse, so that the R TS only needs to

remain safe and stable for a limited time horizon. In this pap er, our fo cus is on

bringing the con troller-syn thesis activities of the CSM under this t yp e of soft

real-time con trol. When faced with limited time to recon�gure the R TS with a

new reactiv e con trol plan, ho w can SA-CIR CA con trol its delib eration pro cesses

and ensure that it will syn thesize a new con troller in time?

3 Con trolling the Syn thesis Pro cess

As illustrated in Fig. 2, the CSM includes a State Space Planner (SSP) and

a Sc heduler comp onen t. The SSP builds con trol 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 [13 , 6]. T o describ e a domain to SA-CIR CA, the user inputs a set of tran-

sition descriptions that implicitly de�ne the set of reac hable states. F or example,

Fig. 3 illustrates sev eral transitions used in the Puma domain.

EVENT emergency -al er t ;; Emergenc y light goes on.

PRECONDS: ((emergen cy F))

POSTCONDS : ((emerge ncy T))

TEMPORAL emergency -f ail ur e ;; Fail if don't attend to

PRECONDS: ((emergen cy T)) ;; light by deadline.

POSTCONDS : ((failur e T))

MIN-DELAY : 30 [seconds]

ACTION push-emerge nc y-b ut ton ;; Pushing button cancels emerg.

PRECONDS: ((part-in -gr ipp er F)) ;; Requires empty gripper.

POSTCONDS : ((emerge ncy F))

WORST-CAS E-E XE C-T IM E: 2.0 [seconds]

Fig. 3. Example transition descriptions giv en to SA-CIR CA.

The SSP builds plans b y generating a nondeterministic �nite automaton

(NF A) from these transition descriptions. The SSP assigns an action to eac h



reac hable state. These actions are selected to driv e the system to w ards states

that satisfy as man y goal prop ositions as p ossible and to pr e empt transitions

that lead to failure. F or example, Fig. 4 sho ws graphically ho w a planned action

can preempt a temp oral transition to failure, if the action is constrained to

de�nitely o c cur b efore the temp oral transition c ould p ossibly o c cur . System safet y

is guaran teed b y planning action transitions that preempt al l transitions to

failure [13 ]. Action 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.

push-emergency-button

emergency-alert

emergency-failure

FAILURE

(emergency F) (emergency T)

(part-in-gripper F)
(emergency F)

(part-in-gripper F)(part-in-gripper F)

Fig. 4. Preemptiv e actions are planned to k eep the system safe.

The con trol plan for the R TS is extracted from the set of planned actions in

the NF A and cast in the form of T est Action P airs (T APs). Eac h T AP has a test

expression that recognizes a subset of the NF A (w orld) states, and a single action

that has b een planned for those states. T APs that preempt failures ha v e timing

constrain ts, and the Sc heduler builds them in to a �xed, lo oping sc hedule to b e

executed b y the R TS. T APs that do not preempt failures, but are planned only

to ac hiev e other non-safet y-critical goals, are executed in a b est-e�ort, \if-time"

fashion.

3.1 Con trol Inputs

There are curren tly t w o di�eren t v ersions of the SA-CIR CA SSP: the ev olv ed

original SSP that reasons ab out nondeterministic w orlds without explicitly rep-

resen ting quan titativ e uncertain t y , and the Probabilistic State Space Planner

(PSSP) from CIR CA-I I [1 , 2], that reasons explicitly ab out the probabilities of

di�eren t transitions and states [10 ]. In b oth cases, the con troller syn thesis ac-

tivit y can b e con trolled b y adjusting asp ects of the SSP inputs: the problem

con�guration it is required to solv e, and the parameters that describ e precisely

the nature of an acceptable solution.



F or the non-probabilistic SSP , the problem con�guration consists of :

Action T ransitions | represen ting p oten tial actions that the SSP can plan

to in v ok e, with guaran teed results after some maxim um amoun t of time.

Ev en t T ransitions | represen ting uncon trollable, instan taneous ev en ts.

T emp oral T ransitions | represen ting uncon trollable en vironmen tal pro cesses

that tak e at least some minim um amoun t of time.

Reliable T emp oral T ransitions | represen ting pro cesses that are guaran-

teed to o ccur, giv en a certain amoun t of time.

Start States | describing p ossible states in whic h the system ma y start, or

\w ak e up."

Goals | describing desirable state features.

The Probabilistic State Space Planner (PSSP) uses additional input informa-

tion, including probabilit y rate functions asso ciated with eac h transition, and a

single probabilit y threshold parameter that con trols ho w conserv ativ e the PSSP

should b e in w orrying ab out lo w-probabilit y states.

3.2 T riggering T radeo�s

SA-CIR CA has sev eral w a ys of recognizing that the domain is o v erconstrained,

and that the system cannot build a plan that accomplishes all of its goals and

guaran tees system safet y . During the con troller-syn thesis pro cess, the SSP ma y

�nish a complete searc h of the space of p ossible reaction plans and �nd that

there are no suitable plans that can prev en t failure. Or, if the SSP sp ends to o

m uc h time trying to build a con troller, it ma y time-out and b e alerted b y a timer

in terrupt. Finally , the SSP ma y come up with a set of desired reactions whic h

are then rejected as unsc hedulable b y the Sc heduler. This is the most common

w a y of recognizing an o v erconstrained domain: a suitable reaction plan exists,

but its execution cannot b e guaran teed with the limited resources of the R TS.

A t this p oin t, the SSP w ould bac ktrac k b y default to mak e a di�eren t c hoice

and pro duce a mo di�ed reaction plan. Alternativ ely , the AMP migh t decide to

mak e a tradeo� instead, simplifyi ng some asp ects of the con trol problem so that

the CSM can generate a feasible con troller.

W e ha v e designed sev eral exp erimen ts to illustrate and ev aluate this tradeo�

capabilit y . Note that these tradeo� metho ds are not heuristics themselv es; they

can b e implemen ted b y simple pro cedures making b ounded c hanges to the SA-

CIR CA data structures describing the w orld mo del, the curren t con trol plan,

etc. F urthermore, the e�ects of those c hanges are w ell-understo o d; SA-CIR CA

can explicitly reason ab out the impact of applying its v arious tradeo� metho ds

on the system's p erformance. Ho w ev er, c ho osing which tradeo� metho d to apply

in a particular situation remains a heuristic decision w e ha v e not y et addressed.

3.3 Ignoring a T emp oral T ransition to F ailure

One of the most ob vious and p o w erful tradeo�s is to simply delete or ignore

one or more temp oral transitions that lead to failure in the w orld mo del. This



corresp onds to the SSP not ev en considering that some ongoing pro cess will ev er

lead to failure. As a result, the T AP that w as planned to preempt that temp oral

transition to failure (TTF) ma y b e a�ected in sev eral w a ys. In the follo wing

material, w e will examine in detail one example of the t yp es of p erformance

tradeo�s that result from simply ignoring a TTF. W e then outline sev eral other

p ossible outcomes, but do not in v estigate them in depth b ecause they represen t

minor v ariations.

One Result of Ignoring a TTF If the SSP is not told ab out a TTF from a

particular state, it is p ossible that the SSP will still c ho ose the same action for

that state, but that the action will no longer b e prev en ting a failure. Because the

action is not preempting a TTF, it will b e implemen ted b y an if-time T AP (see

Sect. 3) that do es not need to b e sc heduled, so the sc heduling problem will b e

easier. Ho w ev er, p erformance will su�er b ecause the system no longer guaran tees

to execute the a�ected T AP and prev en t one particular t yp e of failure.

In the Puma domain, for example, the AMP migh t decide to ignore the

p ossibilit y of a part falling o� the con v ey or, p erhaps b ecause it is highly unlik ely

that the part will really fall. As a result, when examining a state in whic h a part

is w aiting on the con v ey or, the SSP will no longer b e required to plan a pic kup-

part-from-con v ey or action to a v oid failure. Ho w ev er, the action will still b e

planned b ecause it is useful in ac hieving the system's goals: the rob ot m ust pic k

up the part in order to pac k it in the b o x, whic h satis�es the goal (part-in-

b o x T) . Note that the system can still mak e guaran tees ab out other t yp es of

failures. F or example, it can guaran tee that it will a v oid failures resulting from

the emergency alert, b ecause the actions preempting the emergency-failure

TTF are still guaran teed.

Sc hedulab il i t y E�ects of Ignoring a TTF T o quan tify the e�ects of this

t yp e of tradeo� metho d, w e mak e the CSM try to build con trollers for parametric

v ariations of the Puma domain. Figure 5 sho ws the e�ect on sc hedulabilit y o v er

a range of arriv al rates for emergency alerts and parts. If the arriv al rates matc h

a p oin t b elo w the lo w er, \normal plan" curv e, then the system can build a

sc hedule that will guaran tee to b oth a v oid emergency failures and prev en t parts

from falling o� the con v ey or. The form of this curv e illustrates the tradeo� that

the sc heduling mec hanism can mak e b et w een tasks; when the emergency rate

is relativ ely high, the system will still build a sc hedule, as long as the part

arriv al rate is su�cien tly lo w that the Sc heduler can allo cate more resources

to the tasks that resp ond to the alert. Con v ersely , when the emergency rate is

lo w er, the system can deal with a faster rate of arriving parts. If the arriv al

rates matc h a p oin t ab o v e the lo w er curv e, then the system cannot build a

sc hedule that will guaran tee to a v oid b oth emergency failures and dropping

parts. Ho w ev er, if the system ignores the part-falls-o�-con v ey or TTF, then it

can build guaran teed sc hedules for all of the instances b elo w the upp er line, the

maxim um rate of emergency alert arriv als that can b e handled with the giv en

primitiv es. The part arriv al rate is no longer critical to the sc heduling problem,



b ecause the pic kup-part -fro m-con v ey or T AP , with a p erio d determined b y

the part-falls-o�-con v ey or TTF, is no longer b eing sc heduled and guaran teed.
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Fig. 5. The impro v ed sc hedulabil i t y ac hiev ed b y ignoring a TTF.

P erformance E�ects of Ignoring a TTF T o illustrate the non-guaran teed

nature of the resulting b eha vior, w e implemen ted this tradeo� metho d in the

Puma domain, increasing the rate of emergency alerts and part arriv als so that

the original plan of actions is not sc hedulable. The SSP w as told that the w orst-

case rate w as 2.4 alerts/min ute, w ell ab o v e the limit of sc hedulabilit y for the

en tire problem, as sho wn in Fig. 5. The AMP then remo v es the part-falls-o�-

con v ey or TTF from the SSP's w orld mo del, re-plans, and builds a new T AP

plan in whic h the pic kup-part-f rom -con v ey or action is implemen ted b y an

if-time T AP rather than a guaran teed T AP . Figure 6 illustrates the results from

sev eral h undred trials on the Puma sim ulator, with emergency alerts arriving

with random dela ys uniformly distributed in the range of 25 to 30 seconds (2

to 2.4 alerts/min ute). As w e exp ected, when parts arriv ed more frequen tly , the

n um b er of parts falling o� the con v ey or w ould increase, as the system had less

and less free time to apply to if-time b eha viors.



In terestingly , the if-time T AP that implemen ted the pic kup-part-f rom-

con v ey or action w as alw a ys executed frequen tly enough to prev en t failures when

the parts arriv ed no more frequen tly than t w o parts/min ute. Referring bac k to

Fig. 5, w e can see that the actual sim ulated execution w as more robust than

the Sc heduler predicted; the \normal plan" plot in the graph indicates that ev en

with the pic kup-part-fr om-con v ey or T AP in the sc hedule, the system could

not b e guaran teed to handle part arriv als faster than ab out 1.65 parts/min ute.

This result ma y indicate that the w orst-case situations the SSP considered nev er

o ccurred in the tests, or that the Sc heduling or SSP algorithms w ere o v erly

conserv ativ e. W e plan to in v estigate further.
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Fig. 6. The system b eha vior after ignoring the part-falls-o�-con v ey or TTF, with

the emergency ligh t frequency b et w een 2 and 2.4 alerts/min ute.

Alternativ e Results of Ignoring a TTF Sev eral other outcomes are p ossible

when the AMP c ho oses to ignore a TTF. F or example, it is p ossible that, b y

ignoring one TTF from a state, a di�eren t temp oral transition b ecomes dominan t

and still causes the planned action for that state to meet a deadline. In general

this will mean that the deadline for the planned reaction will b e longer, but the



T AP will still need to b e sc heduled. The resulting tradeo�s are similar to those

ab o v e, in that the system can no longer guaran tee to a v oid all t yp es of failures.

In this case, ho w ev er, no T APs are mo v ed out of the guaran teed list: instead,

the reaction deadline of one of the T APs will b e increased, th us decreasing the

desired utilization, and making the sc heduling problem easier.

In the extreme case, ignoring a TTF ma y cause the planner to completely

eliminate one or more planned actions, th us remo ving T APs from the list to

b e sc heduled. If an action w as only planned originally to preempt failure (or as

a \precursor" to that preemption), and w as not instrumen tal in ac hieving an y

other system goals, then the action ma y b e remo v ed en tirely . F or example, if

SA-CIR CA ignores the emergency-failu re transition in the Puma domain, it

will completely alter the w orld mo del and a v oid planning the push-emergency-

button action. Dep ending on the frequency of part arriv als, it ma y also eliminate

the need to put parts on the table temp orarily , and th us ignoring this one TTF

could also remo v e the stop-mo ving and place-part-on-tabl e actions from

the plan. These latter actions are precursors that w ere included in the plan

to establish the preconditions of the action that w as planned to preempt the

emergency-failu re TTF, and th us they are also unnecessary .

While mo ving a T AP to the if-time list means that, in non-w orst-case situa-

tions it ma y b e still executed quic kly enough, deleting a T AP altogether pro vides

no suc h p oten tial. Since if-time T APs do not use an y resources when the R TS

is pressed for time, a v oiding building if-time T APs do es not sa v e an y signi�can t

R TS execution-time resources. Ho w ev er, this tradeo� can signi�can tly reduce the

complexit y of the con troller syn thesis problem, and th us it pro vides a p o w erful

metho d for managing the CSM's resp onsiv eness.

An imp ortan t feature of this tradeo� metho d, and of the SA-CIR CA ap-

proac h in general, is that the system can in trosp ectiv ely examine the predicted

e�ects of a particular tradeo�. In other w ords, SA-CIR CA migh t ev aluate the

w orth of v arious tradeo� metho ds b y examining the exp ected results in the w orld

mo del. If the AMP considers ignoring a TTF, it can immediately recognize that

the failure resulting from that TTF will b e p ossible with the mo di�ed T AP plan.

In addition, the AMP can examine the new w orld mo del and T AP plan to rec-

ognize more detailed asp ects of the tradeo�. F or example, if the new plan still

includes all the same guaran teed T APs as the original plan, then the AMP can

conclude that the reaction previously planned to preempt the TTF is still b eing

enforced, but at a lo w er rate. If the AMP kno ws that the w orst-case rate of

the ignored TTF is rarely ac hiev ed, this tradeo� option ma y b e v ery attractiv e,

b ecause it has exc hanged a decrease in one T AP's resp onse rate for the abilit y

to sc hedule and guaran tee the en tire reactiv e plan.

3.4 Ignoring an Ev en t T ransition

Just as the AMP ma y decide to alter its treatmen t of temp oral transitions, it

ma y also c ho ose to c hange ho w it considers ev en t transitions. Ignoring an ev en t

transition ma y ha v e man y of the e�ects describ ed ab o v e for temp oral transitions:

it ma y cut o� parts of the w orld mo del state space, p ossibly making some goals



unreac hable. Ignoring an ev en t transition can th us reduce the planning time and

decrease the n um b er of T APs planned, allo wing the system to mak e guaran tees

for some subset of desired b eha viors whic h w ere not previously sc hedulable.

F or example, in the Puma domain, ignoring the emergency-alert ev en t

transition pro vides a large reduction in the planning time, b ecause man y states

are eliminated from the mo del| in fact, the state space for our running example

is reduced from 330 en umerated states and 158 reac hable states to 106 en umer-

ated and a mere 58 reac hable states. F urthermore, a large n um b er of con tingency

reactions are eliminated from the plan, and th us the complexit y of the T APs is

reduced, and the sc heduling problem is eased. Because the emergency alert is

no longer of concern, the system is able to react to parts on the con v ey or b elt

ev en more quic kly than if the predicted alert rate is v ery slo w (as in the extreme

righ t edge of Fig. 5). While the example of Fig. 5 could handle parts arriving at

most ev ery 36 seconds, the plan built b y ignoring the emergency-alert tran-

sition can handle parts arriving ev ery 27 seconds, a signi�can t impro v em en t in

capacit y . Of course, the tradeo� is that the system is no longer monitoring the

emergency ligh t, and it will not react to an alert. If the AMP thinks that an alert

is unlik ely , or �nds that the cost of failing to resp ond to an alert is su�cien tly

lo w, it ma y judge that the reduced planning time and impro v ed part-pac king

reaction time are w orth the risk in v olv ed in ignoring alerts.

More generally , w e can see that ignoring an ev en t transition can ha v e the de-

sirable e�ects of reducing the SSP's planning time and simplifying the sc hedul-

ing problem. The disadv an tage, of course, is that this tradeo� metho d remo v es

planned con tingency actions en tirely , as opp osed to just mo ving the relev an t

T APs to the if-time list (as ignoring a TTF can do). Because ev en t transitions

represen t instan taneous ev en ts in the w orld, as opp osed to the ongoing pro cesses

represen ted b y temp oral transitions, it seems plausible that the AMP could ha v e

kno wledge of ev en t probabilities that w ould b e helpful in guiding the use of this

tradeo� metho d. Ignoring highly improbable ev en t transitions w ould ob viously

b e a go o d approac h, in order to ensure that the system is least lik ely to encoun ter

w orld situations for whic h it is not prepared. The PSSP tak es this idea one step

further, using probabilistic information to pro vide uniform, uni�ed pruning of

the SSP mo del when necessary .

3.5 The Probabili st ic State Space Planner

A t the Univ ersit y of Mic higan, colleagues ha v e b een w orking on a new v ersion

of the SSP that uses probabilistic information to guide the system in consider-

ing the most-probable states �rst [10 ]. The Probabilistic State Space Planner

(PSSP) builds partial plans that are only probabilistically safe, b ecause they

only consider those states whose lik eliho o d is ab o v e a giv en threshold. By ex-

plicitly pruning least-probable areas of the state space, the PSSP approac h allo ws

SA-CIR CA to optimize its allo cation of con troller-syn thesis e�ort and run time

reactiv e resources against the most-probable t yp es of failure. The AMP can ad-

just the probabilit y threshold to alter the complexit y of the con troller syn thesis

problem. Moreo v er, if additional planning-time resources are a v ailable and the



R TS capabilities are actually the limiti ng factor, the system can build con tin-

gency plans to handle pruned areas of the state space and sw ap those plans in

when the pruned, less-lik ely situations arise.

The PSSP tec hniques resem ble w ork on dev eloping p olicies for Mark o v Deci-

sion Pro cesses, with the added complexit y of a non-Mark o vian temp oral mo del

and the resulting lo oping automata. This problem form ulation leads to more

compact w orld mo dels, but complex reasoning.

The probabilistic approac h is less coarse and \hea vy-handed" than simply ig-

noring an en tire TTF. F or example, the PSSP ma y realize that in one w orld state

a TTF is highly unlik ely (and th us can b e ignored), but that same TTF is more

lik ely in a di�eren t state (and should b e handled). F urthermore, this approac h

retains the adv an tages of the general CIR CA approac h, in that the system can

in trosp ectiv ely examine the predicted e�ects of a particular tradeo�. W e ha v e

not y et implemen ted an y exp erimen ts in the Puma domain to demonstrate and

ev aluate this approac h. Ho w ev er, tests in related domains (e.g., con trolling sim-

pli�ed autonomous aircraft) sho w promise for this approac h.

3.6 Mo difying Action T ransitions (Metho d Selection)

The AMP can also mak e c hanges to the action transitions that are a v ailable to

the CSM for use in syn thesizing con trollers. The AMP ma y ha v e sev eral di�eren t

metho ds for p erforming an action (or a test), and it can c ho ose amongst them

according to the resources a v ailable. F or example, supp ose that the Puma con-

trol system pro vides the R TS with t w o di�eren t implem en tations of the place-

part-in-b o x op erator: a slo w, high-accuracy , \�ne-motion" v ersion; and a faster,

lo w er-accuracy , \coarse-motion" v ersion. Using the �ne-motion op erator allo ws

the system to place the parts v ery close together, th us yielding densely-pac k ed

b o xes. But the �ne-motion op erator needs four seconds to �nish the placemen t

op eration. Using the coarse-motion op erator requires the system to lea v e more

space b et w een the parts, since the placemen t is less-certain. As a result, the

system will pro duce less-densely pac k ed b o xes, but it can pro duce them more

quic kly , b ecause the coarse-motion op erator only needs 2.5 seconds. Th us, in

this example, selecting di�eren t op erators will allo w the system to trade o� the

qualit y of its results (the pac king densit y) for the timeliness of its long-term and

short-term b eha viors (the sp eed of pac king whole b o xes and individual parts).

This tradeo� metho d is equiv alen t in man y w a ys to the \con�guration selection"

[9 ], \v ersion selection" [11 ], and \design-to-time" [5 ] approac hes. Giv en the faster

coarse-motion op erator, the system ma y b e able to guaran tee to resp ond in time

to a higher frequency of emergency alerts than with the slo w er op erator.

Exp erimen tal Results of Metho d Selection T o pro vide a more quan titativ e

demonstration of this tradeo�, w e ran exp erimen ts using the coarse/�ne op era-

tors describ ed ab o v e. The �ne-motion op erator w as de�ned to require no space at

all surrounding parts b eing placed in the b o x: essen tially , it could ac hiev e 100%

pac king densit y with a fortuitous series of part arriv als. The coarse-motion op-

erator, on the other hand, required one inc h of clearance on all sides of the parts



in order to place them in the b o x. Naturally , the ac hiev able pac king densit y is

lo w er with this op erator, since parts necessarily o ccup y spaces larger than their

actual size.

Figure 7 sho ws the impro v em en t in resp onse-time ac hiev ed b y using the

coarse-motion op erator, displa y ed here b y the increased rate of emergency alerts

and part arriv als that can b e handled. The lo w er curv e sho ws the p erformance for

the �ne-motion op erator used in the earlier examples (and previously graphed in

Fig. 5). The upp er curv e sho ws the larger range of domains that can b e handled

using the faster, coarse-motion pac king op erator. The coarse-motion op erator

reduces the time allo cated to the place-part-in-bo x T AP , and therefore the

system can resp ond in time to more frequen t part arriv als, emergency alerts, or

b oth.
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Fig. 7. Sc hedulabi li t y v ariations using di�eren t T AP implemen tation s.

Ho w ev er, Fig. 8 sho ws the corresp onding decrease in p erformance qualit y

that resulted from the coarse-motion op erator, when applied to 100 trials using

randomly ordered arriv als of four di�eren t part shap es. On a v erage, the densit y

of the pac k ed b o x w as reduced from 70% using the �ne-motion op erator to 59%

with the coarse-motion op erator. In these exp erimen ts, sim ulations of the b o x-

pac king algorithm w ere con tin ued un til the �rst arriv al of a part that did not

�t in the b o x. The �ne-motion v ersion w as able to pac k an a v erage of 45 parts

in the b o x, while the coarse-motion v ersion pac k ed an a v erage of only 26 parts.



Th us w e can see that the impro v ed sc hedulabilit y and resp onse time illustrated

in Fig. 7 are only ac hiev ed at the cost of sti� p erformance degradation.
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(a) Densit y of pac k ed b o x. (b) Num b er of parts pac k ed.

Fig. 8. P erformance v ariations using di�eren t T AP implemen tatio ns.

Generalizi ng Metho d Selection T o use the metho d selection approac h, the

system ob viously m ust ha v e alternativ e metho ds for implemen ting feature tests

and actions on the R TS. In addition, to mak e in telligen t decisions ab out metho d

selection, the system w ould require p erformance information describing the out-

put qualit y and resource requiremen ts of eac h metho d. This information could

b e relativ ely simple, or could b e as complex as a full p erformance pro�le. In an y

case, b ecause metho d selection retains the consideration of all w orld mo del states

and do es not remo v e an y T APs from the sc hedule, it is one of the more subtle

tradeo� tec hniques, capable of altering the resource needs of the system with-

out drastic e�ects on its p erformance guaran tees. Dep ending on the assortmen t

of di�eren t metho ds a v ailable, the metho d-selection approac h can alter almost

an y qualit y measure of the reactiv e system's p erformance, including precision,

accuracy , etc.

4 Summary and F uture Directions

The abilit y to mak e p erformance tradeo�s in the face of resource limitatio ns is a

fundamen tal requiremen t for in telligen t real-time systems, since the v ery nature

of real-time domains includes resource constrain ts. W e ha v e presen ted a v ariet y



of w a ys in whic h SA-CIR CA can mak e suc h p erformance tradeo�s, activ ely man-

aging its allo cation of delib eration and reaction resources. Our exp erimen ts in

the Puma domain ha v e demonstrated sev eral di�eren t strategic tradeo� meth-

o ds that the AMP can use to mo dify the problems it p oses to the SSP , adjusting

the di�cult y of the con troller syn thesis problem, and th us the p erformance of

the SSP itself.

In the probabilistic v ersion of the SSP , the fundamen tal tec hnique for con-

trolling the searc h pro cess is adjusting the threshold of state probabilities b elo w

whic h the SSP ignores states. An alternativ e or supplemen tal approac h, whic h

has not y et b een implemen ted, is to imp ose a time horizon limit on the SSP's

pro jectiv e searc h as w ell. An explicit time horizon w ould tell the SSP that it only

needs to build a reactiv e con troller that can k eep the system safe for a limited

amoun t of future time, and this could b e used to truncate the SSP searc h for-

w ard through the space of p ossible future w orlds. In fact, if the AMP could tell

for sure what w ould b e an appropriate and feasible time horizon for a particular

SSP problem con�guration, these horizon limits w ould b e a feasible simpli�ca-

tion, not reducing the completeness or p erformance guaran tees of an SSP's plan.

As suc h, time horizon con trol could b e ev en preferable to probabilit y threshold

adjustmen ts for domains in whic h the exp ected progress through a mission plan

can b e su�cien tly predicted.
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