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In tro duction

Realistic in telligen t con trol systems m ust recognize

that, in addition to the pro cessor limitations that mak e

them sub ject to \b ounded rationalit y"

[

Simon, 1982

]

,

sensor and actuator limitatio ns also lead to \ b ounde d r e-

activity ." As part of our larger goal of dev eloping in tel-

ligen t real-time con trol systems

[

Musliner et al. , 1992

]

,

w e are in v estigating tec hniques that allo w a system to

tak e its o wn b ounded reactivit y in to accoun t b y sele ct-

ively p erceiving and reacting to conditions in the en vir-

onmen t. These tec hniques include encapsulating sens-

ing and action primitiv es within reactiv e structures that

facilitate reasoning ab out resource constrain ts, and an

en vironmen t mo deling tec hnique that allo ws the system

to automatically deriv e the selected p erceptions and re-

actions it m ust activ ate at an y particular time.

Most researc h on \real-time AI" fo cuses either on re-

stricted AI tec hniques that ha v e predictable p erform-

ance c haracteristics

[

Bo ddy and Dean, 1989

]

or on re-

activ e systems that retain little of the p o w er of tradi-

tional AI

[

Bro oks, 1986

]

. Our researc h tak es a di�er-

en t approac h: to ac hiev e a com bination of unrestricted

AI tec hniques with the abilit y to mak e hard p erform-

ance guaran tees, w e prop ose CIR CA, a Co op erativ e In-

telligen t Real-time Con trol Arc hitecture. Figure 1 il-

lustrates the arc hitecture, in whic h an AI subsystem

(AIS) reasons ab out task-lev el problems that require

its p o w erful but uncertain reasoning metho ds, while a

separate real-time subsystem (R TS) uses its predictable

p erformance c haracteristics to deal with con trol-lev el

problems that require guaran teed resp onse times. W e

ha v e dev elop ed a sc heduling mo dule and a structured

in terface that allo w the unconstrained AI subsystem to

async hronously direct the real-time subsystem without

violating an y resp onse-time guaran tees.
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This pap er fo cuses on the tec hniques w e are dev el-

oping for meeting p erformance goals with limited re-

activ e resources, including sensors and actuators. Se-

lectiv e p erception pla ys a k ey role in these tec hniques,

restricting the conditions whic h the system senses, pro-

cesses, and reacts to. W e will discuss these tec hniques

in the con text of our example domain, in whic h a proto-

t yp e implem en tation of CIR CA pilots a Hero 2000 rob ot

through hallw a ys using an aimed sonar sensor. W e �rst

presen t an o v erview of the arc hitecture, including a de-

scription of our represen tation for reactiv e b eha viors.

W e then discuss the en vironmen t mo del whic h the AIS

uses to reason ab out the system's p erformance and to

mak e tradeo�s among v arious p erformance dimensions,

including sensory atten tion.

Arc hitecture Ov erview

CIR CA meets the demands of real-time con trol within a

b ounded-reactivit y system b y guaran teeing that it will

pro duce a precise, high con�dence resp onse in a timely

fashion to a limite d set of inputs . In other w ords, the

arc hitecture can sacri�ce completeness of atten tion in

order to ac hiev e precision, con�dence, and timeliness

in its resp onses to en vironmen tal c hanges that it do es

observ e.

The Real-Time Subsystem (R TS)

The R TS executes a cyclic sc hedule of simple test-action

pairs (T APs

1

) whic h ha v e kno wn w orst-case execution

times. Since the R TS p erforms no other functions, it

can guaran tee that the sc heduled tests and actions are

p erformed within predictable time b ounds. The T AP

structure pro vides a standard primitiv e with whic h the

Sc heduler and AIS can reason ab out the timing and re-

source c haracteristics of the R TS' b eha vior, in order to

guaran tee meeting deadlines and resource restrictions.

Eac h T AP class has a �xed set of tests (or precondi-

tions), a set of actions to tak e if all the tests return

1

Not to b e confused with Firb y's RAPs

[

Firb y , 1987

]

,

whic h are larger in scale and do not ha v e predictable execu-

tion times.
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Figure 1: The Co op erativ e In telligen t Real-Time Con trol Arc hitecture.

true, data ab out the sensing and actuating resources

the T AP requires, and w orst-case timing data on ho w

long it tak es to test the preconditions and execute the

actions.

Sp eci�c T AP instances also ha v e parameters that the

AIS can set dep ending on the con text in whic h the T AP

is used. These parameters include frequency require-

men ts or deadlines, whic h constrain the times at whic h

a T AP m ust b e in v ok ed. T AP tests and actions ma y

include acquiring sensor readings, p erforming limited

data pro cessing, and con trolling the system actuators.

Cho osing T APs and their frequencies implemen ts se-

lectiv e p erception and reaction b y determining what

en vironmen tal features the R TS is attending to, and

what reactiv e b eha viors it is supp orting.

F or example, Figure 2 sho ws an instance of the simple

stop-if-object- ahead T AP class used in the hallw a y-

follo wing task. The TEST sp eci�es that the T AP

should only b e executed if the rob ot is mo ving and the

distance ahead of the rob ot, as sensed b y sonar, is less

than *safety-distance* . Th us the T AP explicitly fo-

cuses the sonar sensor on a selected condition, rather

than trying to main tain a complete w orld mo del. If

the tests return true, the rob ot is halted and the R TS

sends a noti�cation message to the AIS. T esting and

executing this T AP tak es a maxim um of .13 seconds

(TEST-TIME + A CTION-TIME), and the AIS has de-

termined that it m ust b e run at least ev ery 1.5 seconds

(MAX-PERIOD) to guaran tee a v oiding collisions with

ob jects in fron t of the rob ot. Note that the frequency

with whic h this T AP m ust b e executed is dep enden t on

the sp eed of the rob ot's motion: the AIS reasons ab out

this and other v ariables to pro duce the parameters suc h

as MAX-PERIOD. This is another example of selectiv e

p erception, in whic h the system c ho oses to sense a con-

dition at p erio dic in terv als, rather than con tin uously .

The AI Subsystem (AIS) and Sc heduler

CIR CA reasons ab out its b ounded reactivit y within the

AIS and the Sc heduler, whic h co op erate to decide whic h

resp onses the R TS can and should guaran tee. The

AIS reasons ab out its goals and a mo del of the en vir-

onmen t, and suggests sets of T APs to the Sc heduler,

whic h attempts to build a T AP sc hedule. The Sc hed-

uler reasons ab out the maxim um p erio ds of the T APs,

their w orst-case execution time and resource needs, and

the resources a v ailable from the R TS. The Sc heduler

returns either a successful sc hedule that meets all the

constrain ts, or some informativ e feedbac k if it fails to

pro duce suc h a sc hedule. In that case, the AIS will

mo dify the suggested set of T APs, p ossibly b y altering

timing parameters, b y c ho osing alternate T APs to pro-

duce a desired b eha vior, or b y actually dropping some

T APs altogether. In this w a y , the AIS and Sc heduler

reason ab out the real-time subsystem's b ounded react-

ivit y , and c ho ose ho w to degrade p erformance to meet

those limitations.

W e ha v e dev elop ed a graph mo del that represen ts

the AIS' reasoning ab out the en vironmen t and the R TS

b eha viors. The graph mo del is the basis for CIR CA's

selectiv e p erception: the AIS c ho oses T APs to monitor

conditions that the graph mo del indicates are critical to

the system's goals

[

Musliner et al. , 1991

]

. F urthermore,

the mo del sho ws ho w a subset of all reactions can isolate

the guaran teed con trol lev el from the unguaran teed task

lev el, so that the unpredictable AIS do es not cause the

R TS to violate hard deadlines.

The Graph Mo del of R TS/En vironmen t

In teraction

The directed graph mo del represen ts the worst-c ase b e-

ha 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 ):
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Figure 2: A stop-if-object-ah ead T AP .

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.

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

states that violate domain constrain ts or con trol-lev el

goals (e.g., system surviv al). The system striv es to

a v oid the failure state.

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

T E = f T E 1

; T E 2

; :::; T Eng , that represen t w orld o c-

currences as instan taneous state c hanges.

4. A �nite set of \action transitions"

T A = f T A1

; T A2

; :::; T Apg , that represen t actions p er-

formed b y the R TS.

5. A �nite set of \time trans-

itions" T T = f T T 1

; T T 2

; :::; T Tq g , that represen t the

progression of time. W e represen t only the signi�c-

an t time transitions whic h lead to state c hanges.

Eac h transition T i 2 T = T E [ T A [ T T is a mapping

b et w een states; T i : S ! S . The functions D : T ! S

and R : T ! S determine the domain and range of a

transition; T i : D ( T i ) ! R ( T i ).

An \ev en t-closed" set of states S EC � S is de�ned as

a connected set of states for whic h ev ery ev en t trans-

ition from ev ery state in the set leads to a state that

is also in the set. That is, 8 T Ei 2 T E j D ( T Ei ) =2

S EC _ R ( T Ei ) 2 S EC . In other w ords, non-temp oral

ev en ts (as opp osed to the mere progression of time)

cannot mo v e the system out of the ev en t-closed set of

states. An ev en t-closed set of states that do es not con-

tain the failure state is called a \safe" set of states

( F =2 S safe ). Note that a safe set of states can still

lead to failure through time transitions (i.e., it is p os-

sible that 9 T Ti 2 T T j D ( T Ti ) 2 S safe ^ R ( T Ti ) = F ).

These time transitions to failure corresp ond exactly to

violating the hard real-time domain constrain ts: if the

system en ters a new state b ecause of an ev en t, but fails

to react to the new state b efore a hard deadline, it will

ha v e en tered the failure state via a time transition: that

is, b y \w aiting to o long" to react, the system fails.

Figure 3 sho ws a p ortion of the graph mo del for the

hallw a y-foll o wi ng task. Eac h lab eled b o x in the graph

mo del represen ts a state S i . Solid single arro ws repres-

en t ev en t transitions T Ei , dashed single arro ws repres-

en t action transitions T Ai , and double arro ws represen t

time transitions T Ti . F or simplicit y , the example sho ws

only transitions whic h ha v e a single p ossible outcome.

In general, en vironmen tal uncertain t y ma y allo w trans-

itions to lead to more than one p ossible new state. Suc h

straigh tforw ard extensions to the mo deling tec hnique

are addressed in

[

Musliner et al. , 1992

]

.

In the �gure, states f A,B,C,D,E g form a safe set of

states S safe : no ev en t transitions lead out of the set.

Ho w ev er, time transitions can still lead to failure. In

the example, w e can see this in the transition from state

B to state C caused when an obstacle app ears in the

path; if the system w aits to o long to recognize the situ-

ation and tak e action, it will follo w the time transition

to F b y colliding with the obstacle. But, if the system

quic kly detects the obstacle and halts, it can a v oid a

collision and transition to state E instead. Th us, if the

system can guaran tee that it will alw a ys preempt time

transitions that lead from states in the safe set to the

failure state, then the system c an r emain in a safe set

of states for an inde�nite p erio d of time without viol-

ating its c ontr ol-level go als or the domain c onstr aints .

The big \if " requires that the system pro vide the ap-

propriate action transitions to sta y within the safe set.

CIR CA w as designed to ac hiev e just that, using the

AIS and Sc heduler to reason ab out whic h transitions

to guaran tee, and the R TS to implemen t those guar-

an teed transitions with T APs. Selectiv e p erception is

based on the graph mo del's represen tation of the causal

b eha vior of the w orld

[

Simmo ns, 1990

]

, sho wing whic h

w orld conditions are critical

[

Musliner et al. , 1991

]

and

ho w frequen tly they m ust b e con�rmed.

Accoun ting for Bounded Reactivit y

The AIS can accoun t for the limitatio ns on sensor and

actuator resources a v ailable to the R TS b y mo difying

its graph mo del. F or example, if the AIS attempts to

guaran tee resp onses to preempt b oth of the time trans-

itions to failure sho wn in Figure 3, the Sc heduler ma y

indicate that the R TS do es not ha v e su�cien t sensor

resources to guaran tee b oth resp onses (i.e., it cannot

sense for b oth orien tation and obstruction frequen tly

enough). The AIS can then mo dify its mo del to de-

crease the sensor requiremen ts, p ossibly b y eliminating

lo w probabilit y transitions asso ciated with the o v ersub-

scrib ed sensor. In this example, the AIS migh t stop

considering the transition from B to C , eliminating the

demand for sensors to c hec k for state C . This solution

trades o� completeness against guaran teed timeliness,

so that the system can no longer guaran tee its safet y
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Figure 3: An example p ortion of the graph mo del of R TS/en vironmen t in teractions.

from all kno wn forms of failure. P erceptual selectivit y

is increased to meet the constrain ts of b ounded react-

ivit y .

As an alternativ e approac h to mo difying the mo del to

accoun t for resource limitatio ns, the AIS migh t c hange

a parameter whic h a�ects the deadlines asso ciated with

time transitions to failure. F or example, if the rob ot's

sp eed is decreased, the time b efore the transition from

state C to F will b e increased. Th us the R TS w ould

not ha v e to c hec k for obstacles ahead as frequen tly , and

the demands on the sensors w ould decrease.

This pro cess of reasoning ab out resource constrain ts

is CIR CA's mec hanism for making tradeo�s in the

completeness of its guaran teed resp onses. The system

striv es to guaran tee to preempt all kno wn transitions

to failure; when it cannot, it mo di�es the mo deled set

of states and transitions, and th us alters the selected

p erceptions and reactions it guaran tees.

Conclusion

W e ha v e implem en ted and tested preliminary v ersions

of eac h CIR CA subsystem. W e are in the pro cess of re-

�ning the in terface soft w are, and will so on ha v e a fully

op erational protot yp e system. W e are also in v estigat-

ing tec hniques for automatically generating the graph

mo del from a more compact represen tation, allo wing

the system designer to easily sp ecify en vironmen t fea-

tures.

In summary , CIR CA is an inno v ativ e arc hitecture in

whic h co op erating subsystems pro vide b oth the p er-

formance guaran tees needed for real-time con trol and

the p o w erful, unpredictable in telligence needed to ad-

dress complex task-lev el problems. Through the T AP

structure and the graph mo del of the en vironmen t,

CIR CA is able to alter its selected p erceptions and

reactiv e b eha viors to accoun t for b oth the system's

b ounded reactivit y and its real-time goals.
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