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Abstract . The Co op erativ e In telligen t Real-time Con trol Arc hitecture (CIR CA) automates

the pro cess of designing, sc heduling, and executing real-time reactiv e monitoring and con trol

systems. This pap er pro vides an o v erview of CIR CA from a design-automation p ersp ectiv e,

and illustrates the arc hitecture's abilit y to dynamically alter its con trol system design based

on resource limitations or en vironmen tal constrain ts.
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1. INTR ODUCTION

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

Arc hitecture (CIR CA) (Musliner et al. 1993,

Musliner et al. 1995) is designed to automate the

en tire pro cess of building a real-time reactiv e mon-

itoring and con trol system, from planning tasks,

to deriving their constrain ts, to sc heduling them,

and �nally to executing them predictably . By au-

tomating this design and implemen tatio n pro cess,

CIR CA is \in telligen t ab out real-time." That is,

CIR CA uses AI metho ds to dynamically and 
ex-

ibly dev elop and mo dify its real-time b eha vior in

the face of c hanging goals, capabilities, and/or do-

mains. While man y real-time AI systems can only

promise \b est-e�ort" p erformance, CIR CA is able

to mak e explicit guaran tees ab out its abilit y to

ac hiev e its goals within particular domains using

limited sensor, pro cessor, and actuator resources.

As illustrated in Fig. 1, CIR CA consists of sev-

eral parallel subsystems. The AI Subsystem (AIS)

is resp onsible for using complex AI metho ds to

reason ab out a w orld mo del, deriving appropri-

ate monitoring and con trol reactions for the sys-
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Fig. 1. CIR CA, the Co op erativ e In telligen t

Real-Time Con trol Arc hitecture.

tem. These reactions are built in to an execution

sc hedule b y the Sc heduler mo dule, and then do wn-

loaded to the Real-Time Subsystem (R TS). The

R TS is designed to pro vide a predictable execu-

tion en vironmen t whic h can enforce hard real-time

resp onse guaran tees for the planned reactions.

The dev elopmen t of CIR CA mak es sev eral con tri-

butions to the state of the art, including a w orld

mo del and planning algorithm tailored to the

needs of hard real-time en vironmen ts (Musliner

et al. 1995), and a structured in terface through

whic h the arbitrarily complex AI planning sub-

system can comm unicate with and con trol the pre-

dictable, guaran teed R TS (Musliner et al. 1993).

This pap er fo cuses on describing the o v erall op er-

ations of CIR CA from an automated-design p er-

sp ectiv e, emphasizing the w a y CIR CA retains pre-

dictable real-time b eha vior while also pro viding

the 
exibilit y and adaptabilit y required for in tel-

ligen t real-time con trol.



Fig. 2. The example Puma domain.

Examples of CIR CA's adaptiv e design b eha vior

will b e dra wn from the protot yp e implemen tation

con trolling a sim ulated Puma rob ot arm whic h

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

nearb y b o x (see Fig. 2). The parts arriving on the

con v ey or can ha v e di�eren t shap es (e.g., square,

rectangle, triangle), eac h of whic h requires a dif-

feren t pac king strategy . The con trol system ma y

not initially kno w ho w to pac k all of the p ossi-

ble t yp es of parts| it ma y ha v e to p erform some

searc h algorithm to deriv e an appropriate b o x-

pac king strategy . Ho w ev er, it is critical that the

rob ot do es not allo w an y parts to fall o� the end

of the con v ey or, so if the rob ot do es not kno w ho w

to pac k an arriving part, it is allo w ed to simply

place the part on the nearb y table and pro ceed

with other activities. The rob ot arm is also re-

sp 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.

The Puma domain th us includes t w o sources

of hard real-time deadlines (arriving parts and

emergency alerts) as w ell as the opp ortunit y

to use searc h-based AI metho ds to deriv e part-

pac king strategies that will impro v e p erformance.

CIR CA's primary goal in this domain is to alw a ys

a v oid catastrophic failures due to missed dead-

lines, and to also try to pac k as man y parts as

p ossible in to the b o x. When view ed from the real-

time system design p ersp ectiv e, CIR CA's task is

essen tially to design, v erify , redesign, and imple-

men t con trol systems that meet hard deadlines

in the dynamic en vironmen t (part arriv als and

emergency alerts) and also in telligen tly deal with

c hanges that are not predicted (new part shap es).

2. THE A UTOMA TED DESIGN PR OCESS

Fig. 3 sho ws a 
o w c hart mapping the steps of a

traditional con trol system design pro cess to re-

lated p ortions of the CIR CA approac h. Beginning

in the upp er left of the �gure, the designer (h u-

man or automated) is giv en a sp eci�cation of the

system to b e con trolled. In the case of CIR CA,

this sp eci�cation has three parts: a set of p ossi-

ble initial w orld states, a set of state transitions

that describ e ho w the w orld can c hange, and a

set of agen t capabilities, describing ho w the agen t

can c hange the w orld. In the Puma domain, eac h

p ossible initial w orld state describ es the status of

the rob ot, the con v ey or b elt, the alert ligh t, etc.

The state transitions describ e the states in whic h

external ev en ts ma y o ccur, and the new states

that result from the ev en ts. F or example, a state

transition is used to describ e the p ossibilit y of a

part falling o� the con v ey or after some time de-

la y , leading to an unacceptable failure state. The

agen t capabilities describ e the rob ot's metho ds for

mo ving parts and pushing the emergency button.

The output sp eci�cation describ es the desired b e-

ha vior; for CIR CA, the sp eci�cation includes b oth

goals of a v oidance (to sta y out of some undesirable

situations) and goals of ac hiev emen t (to attain

some desirable situations). In the Puma domain,

the a v oidance goals corresp ond to parts falling o�

the con v ey or and the emergency alert timing out.

The goal of attainmen t is to pac k parts in to the

b o x.

The design phase of the pro cess builds a ten tativ e

con trol system; CIR CA builds a reactiv e con trol

plan using lo ok ahead planning metho ds similar to

STRIPS (Nilsson 1980). The reactions are cast in

the form of simple T est-Action P airs (T APs) that

sp ecify the appropriate con trol actions for v ari-

ous p ossible future states of the w orld. Eac h T AP

implemen ts a set of tests to recognize a partic-

ular class of w orld states, and an action to p er-

form when the system is in that class of states.

F or example, a simple T AP in the Puma domain

migh t detect when the emergency ligh t is activ e

and the rob ot is not holding an y parts, and initi-

ate an action to push the emergency button, th us

cancelling the alert and a v oiding the undesirable

failure (timeout) state. Deadlines de�ned b y the

transitions in the w orld mo del are translated in to

resp onse-time requiremen ts for eac h T AP that is

critical to system safet y . Th us, the T AP that re-

sp onds to an emergency-alert w ould ha v e to b e

tested (and p ossibly activ ated) frequen tly enough

to ensure that no emergency alert condition is al-

lo w ed to time-out and result in failure.

The next phase of the design pro cess v eri�es that

the prop osed con trol system can b e executed to

meet the timing sp eci�cations. CIR CA's planner
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Fig. 3. A 
o w c hart sho wing the stages of real-time system design.

ensures the logical correctness of a T AP con trol

plan when it is built, based on the w orld mo del.

The Sc heduler reasons ab out the w orst-case exe-

cution times of the T APs, and the limited execu-

tion resources a v ailable on the R TS, attempting to

build an execution sc hedule that meets all of the

resp onse-time constrain ts

1

. By dev eloping a T AP

sc hedule that meets all of the hard deadlines in

some region of in teractions with the en vironmen t

(i.e., some p ortion of the o v erall system's state

space), CIR CA is essen tially designing a real-time

reactiv e con trol system.

Assuming that the Sc heduler is able to pro duce

a feasible sc hedule that meets all the timing re-

quiremen ts, the AIS can send the sc hedule to the

R TS, whic h will then execute the T APs in a pre-

dictable manner, enforcing the safet y guaran tees

and b eha viors sp eci�ed b y the planning system. A

primary feature of these sc heduled reactiv e plans

is that, b ecause they are designed to meet all

of the domain deadlines in some region of the

system's state space, they essen tially isolate the

AI-based planning system from the real-time re-

sp onse requiremen ts of the en vironmen t. While

the AIS is p erforming its planning pro cess, the

R TS is sim ultaneously executing the previously-

generated reactiv e con trol plan, main taining guar-

an teed system safet y . This unique com bination of

comm unicating but isolated AI metho ds and hard

real-time resp onse guaran tees is one of the main

p erformance features of the CIR CA arc hitecture

(Musliner et al. 1993, Musliner et al. 1995).

F ollo wing the dashed arro ws in the 
o w c hart, it is

also p ossible for the design or v eri�cation phase

to fail, indicating that some mo di�cations m ust

b e made to the initial design or the sp eci�cations.

1

Some T APs are not resp onsible for meeting hard dead-

lines, and these are not assigned resp onse-time require-

men ts. Instead, they are lab elled as \if-time" T APs, whic h

can b e executed if time and resources remain un used b y the

guaran teed T APs.

F or example, the Sc heduler ma y �nd that it is not

p ossible to run the emergency-alert-resp onse T AP

as frequen tly as sp eci�ed, so it will return a failure

message to the AIS. F eedbac k from T APs already

executing on the R TS ma y also initiate mo di�ca-

tions to the con trol system b eing designed. F or

example, when parts of a new shap e arriv e, the

R TS will send that information to the AIS, whic h

m ust dev elop a new con trol plan that can pac k

those parts. Suc h mo di�cations are essen tial to

automating the o v erall design pro cess, for t w o rea-

sons. First, b ecause heuristics are used to gener-

ate designs, the initial set of prop osed T APs ma y

b e imp ossible to sc hedule. A mec hanism m ust

b e a v ailable to mo dify the planning pro cess (or

some other system asp ect) so that a di�eren t de-

sign is heuristically generated and tested. Sec-

ond, b ecause CIR CA is in tended to con trol an au-

tonomous agen t with b ounded resources, it is not

p ossible to ensure that the agen t will alw a ys ha v e

su�cien t resources to accomplish ev ery task that

migh t arise. As a result, CIR CA m ust dynami-

cally consider ho w to apply its limited resources

to b est ac hiev e its goals, p ossibly b y preferring

some goals o v er others, b y c hanging plans, or b y

making other mo di�cations to the planning pro-

cess or sp eci�cations.

This capabilit y distinguishes CIR CA's approac h

from a more traditional design pro cess, in whic h

the input and output sp eci�cations are �xed. In

con trast, CIR CA ma y ha v e to mo dify the I/O

sp eci�cations of its con trol system design, when

faced with resource limitations. F or example, if

the con v ey or b elt is mo ving v ery quic kly , the sys-

tem ma y b e unable to guaran tee that it will b oth

prev en t emergency timeouts and a v oid dropping

parts. In resp onse, CIR CA migh t ha v e to pri-

oritize one goal o v er another, or alter the sp eed

of the con v ey or. Both of these c hanges actually

mo dify the problem sp eci�cation for the con trol

system, rather than just the con trol system de-

sign. The follo wing section discusses t w o exam-



ples of the t yp es of design tradeo�s CIR CA has

exp erimen tally demonstrated.

3. DESIGN TRADEOFFS

Supp ose the Puma domain is sp eci�ed to ha v e

parts arriving as little as 45 seconds apart, and

emergency alerts as little as 50 seconds apart. The

AIS will build a plan including the pic kup-part-

from-con v ey or and push-emergency-bu tt on

reactions, b oth of whic h m ust b e guaran teed to

meet certain deadlines. The Sc heduler will then

b e in v ok ed to see if the a v ailable R TS resources

are su�cien t for those tasks. Fig. 4a sho ws the re-

sults of man y suc h plan/sc hedule iterations, com-

piled together to represen t essen tially a p erfor-

mance pro�le for the o v erall task. The axes of

the graph sho w di�eren t rates at whic h alerts and

parts ma y arriv e, represen ting di�eren t domains.

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 emer-

gency 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 hed-

ule, 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 part arriv als.

3.1 T r ade o� Example: Ignoring Potential F ailur e

If the arriv al rates matc h a p oin t ab o v e the lo w er

curv e, then CIR CA cannot build a sc hedule that

will guaran tee to a v oid b oth emergency failures

and dropping parts. The AIS m ust mak e some

t yp e of tradeo� to arriv e at a plan whic h is fea-

sible. Supp ose, for example, that the system

decides that dropping parts o� the con v ey or is

not catastrophic, but merely undesirable. This

is equiv alen t to the system automatically c hang-

ing the input problem sp eci�cation so that cer-

tain states are no longer considered catastrophic.

In that case, CIR CA can build guaran teed sc hed-

ules for all of the domain instances b elo w the up-

p er line, the maxim um rate of emergency alert

arriv als that can b e handled with the giv en primi-

tiv es. The part arriv al rate is no longer critical to

the sc heduling problem b ecause the system do es

not need to guaran tee the pic kup-part-f rom-

con v ey or action.

T o illustrate the non-guaran teed nature of the re-

sulting b eha vior, this tradeo� metho d w as tested

in the Puma domain b y increasing the rate of

emergency alerts and part arriv als so that the orig-

inal plan of actions w as not sc hedulable. The AIS

then c hose to ignore the danger of parts falling o�

the con v ey or, re-planned, and built a new T AP

plan in whic h the pic kup-part- from -con v ey or

action w as no longer guaran teed, but w as instead

implemen ted b y an if-time T AP . Fig. 4b sho ws

the exp ected results: as parts and emergency

alerts arriv ed more frequen tly , the n um b er of parts

falling o� the con v ey or increased, b ecause the sys-

tem had less and less free time to apply to if-time

b eha viors. In this instance, CIR CA traded a w a y

its guaran tee of prev en ting parts from falling o�

the con v ey or, in exc hange for the abilit y to guar-

an tee its resp onse to the emergency alert.

3.2 T r ade o� Example: Metho d Sele ction

In addition to making c hanges to the I/O sp eci�-

cations in resp onse to resource restrictions, the

AIS can also mak e c hanges directly to the im-

plemen ted form of the planned actions. In par-

ticular, the AIS can mak e c hanges to the T APs

built to implem en t action transitions. One p o w-

erful mo di�cation is to simply alter the sp eci�c

primitiv es used to p erform the tests and action

required b y a T AP . The AIS 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. This tradeo� metho d

is equiv alen t to the \con�guration selection" (Kuo

and Mok 1991), \v ersion selection" (Malcolm and

Zhao 1991), and \design-to-time" (Garv ey and

Lesser 1994) approac hes.

F or example, supp ose that the Puma con trol

system pro vides the R TS with t w o di�eren t

t yp es of part-placemen t op erations, a slo w, high-

accuracy , \�ne-motion" op eration and a faster,

lo w er-accuracy , \coarse-motion" op eration. This

means that the system has t w o p ossible primi-

tiv e op erators for the place-part-in-bo x action

transition. 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 era-

tor only needs 2.5 seconds. Th us, in this exam-

ple, metho d selection allo ws 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). Giv en the faster coarse-motion

op erator, the system ma y b e able to guaran tee to




 


 Plan ignoring part failures
� �

 Normal plan

|
1.0

|
1.1

|
1.2

|
1.3

|
1.4

|
1.5

|
1.6

|
1.7

|1.0

|1.2

|1.4

|1.6

|1.8

|2.0

|2.2

|2.4

|2.6

 Part Arrival Frequency (parts/minute)

 E
m

er
ge

nc
y 

A
rr

iv
al

 F
re

qu
en

cy
 (

al
er

ts
/m

in
ut

e)


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


� � � � �

� � � � � � � � � � �
� � � � � � � �

�

� �

|
0

|
2

|
4

|
6

|
8

|
10

|
12

|
14

|
16

|0

|1

|2

|3

|4

|5

|6

 Part Arrival Frequency (parts/minute)
 A

ve
ra

ge
 N

um
be

r 
of

 D
ro

pp
ed

 P
ar

ts











 

















(a) Sc hedulabilit y . (b) P erformance.

Fig. 4. T radeo�s b y ignoring a p oten tial failure.

resp ond in time to a higher frequency of emer-

gency alerts than with the slo w er op erator.

T o pro vide a more quan titativ e demonstration of

this tradeo�, exp erimen ts using these coarse/�ne

op erators w ere p erformed. The �ne-motion op era-

tor w as de�ned to require no space at all surround-

ing parts b eing placed in the b o x: essen tially , it

could ac hiev e 100% pac king densit y with a fortu-

itous series of part arriv als.

2

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 k-

ing densit y is lo w er with this op erator, since parts

o ccup y spaces larger than their actual size.

Fig. 5a sho ws the impro v emen t in resp onse-time

ac hiev ed b y using the coarse-motion op erator, il-

lustrated here b y the increased rate of emergency

alerts and part arriv als that can b e handled. The

upp er curv e sho ws the resp onse tradeo�s that can

b e made using the faster coarse-motion pac king

op erator, while the lo w er curv e sho ws the p erfor-

mance for the �ne-motion op erator used in the

previous exp erimen t (and previously graphed in

Fig. 4a). The coarse-motion op erator reduces the

time allo cated to the place-part-in -b o x T AP , so

the system can resp ond in time to more frequen t

part arriv als, emergency alerts, or b oth.

Ho w ev er, Fig. 5b sho ws the corresp onding de-

crease in p erformance qualit y that resulted from

2

The b o x-pac kin g strategy do es not delib erately reorder

the parts b y placing them on the table and pac king them

later. P arts w ere only put on the table if the pac king op-

eration w as ab orted to deal with an emergency .

the coarse-motion op erator, when applied to 100

trials using randomly ordered arriv als of four dif-

feren 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 er-

age 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

the impro v ed sc hedulabilit y and resp onse time il-

lustrated in Fig. 5a are only ac hiev ed at the cost

of sti� p erformance degradation.

4. CONCLUSIONS

In summary , b y automating the en tire pro cess

of designing and implem en ting reactiv e real-time

systems, CIR CA is able to in telligen tly adapt its

b eha vior while still meeting hard real-time dead-

lines. The view of CIR CA as an automated design

system highligh ts the imp ortance of its mec ha-

nisms for making the tradeo�s that are inevitable

in resource-b ounded real-time systems. CIR CA

deriv es a high-qualit y plan based on its mo del of

the w orld, then c hec ks to see if the plan's resource

requiremen ts are feasible. If not, the system has

man y alternativ es for making tradeo�s, includ-

ing sacri�cing its guaran tees of a v oiding particular

t yp es of failures, and degrading other p erformance

qualities in exc hange for sc hedulabilit y .

The exp erimen ts describ ed ab o v e ha v e demon-

strated these tradeo� metho ds. It is imp ortan t
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(a) Sc hedulabilit y . (b) Densit y of pac k ed b o x.

Fig. 5. T radeo�s b y using di�eren t T AP implemen tations.

to realize that, b ecause CIR CA can reason in-

ternally ab out the e�ects these tradeo� metho ds

ha v e on its p erformance, the system is \a w are"

of the tradeo�s it can mak e, and can c ho ose the

e�ects that are most suited to its o v erall goals.

One of the ma jor directions for future researc h

is the determination of the precise conditions to

whic h eac h of the a v ailable tradeo� metho ds is

b est-suited.
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