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Abstract. Automatic con troller syn thesis and v eri�cation tec hniques

promise to revolutionize the construction of high-con�dence soft w are.

Ho w ev er, approac hes based on explicit state-mac hine mo dels are sub ject

to extreme state-space explosion and the accompan ying scale limitation s.

In this pap er, w e describ e ho w to exploit an implicit, transition-based ,

represen tation of timed automata in con troller syn thesis. The CIR CA

Con troller Syn thesis Mo dule (CSM) automatically syn thesizes hard real-

time, reactiv e con trollers using a transition-based implicit represen tation

of the state space. By exploiting this implicit represen tation in searc h

for a con troller and in a customized mo del c hec king v eri�er, the CSM

is able to e�cien tly build con trollers for problems with v ery large state

spaces. W e pro vide exp erimen tal results that sho w substan tial sp eed-up

and orders-of-magnitude reductions in the state spaces explored. These

results can b e applied to other v eri�cation problems, b oth in the con text

of con troller syn thesis and in more traditional v eri�cation problems.

1 In tro duction

This pap er describ es tec hniques for exploiting implicit represen tations in timed

automaton con troller syn thesis. W e sho w ho w reac habilit y searc h exploits the im-

plicit represen tation to substan tially impro v e its e�ciency . W e ha v e dev elop ed

and implemen ted a system, the CIR CA Con troller Syn thesis Mo dule (CSM),

for automatic syn thesis and execution of hard real-time discrete con trollers. Un-

lik e previous, game-theoretic algorithms [2 , 8], the CSM deriv es its con troller

\on-the-
y" [14 ]. The CSM exploits a feature- and transition-based implicit rep-

resen tation of its state space, b oth in searc hing for the con troller and in c hec king

its correctness. Finally , the CSM generates memoryless and clo c kless con trollers.

These design elemen ts substan tially decrease the n um b er of states that m ust b e

explored in the syn thesis pro cess.

The CSM is a comp onen t of the CIR CA arc hitecture for in telligen t con-

trol of mission-critical real-time autonomous systems [10 , 11]. T o p ermit on-line
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recon�guration, CIR CA has concurren tly-op erating con troller syn thesis (plan-

ning) and con trol (plan-execution) subsystems. The CSM uses mo dels of the

w orld (plan t and en vironmen t) to automatically syn thesize hard real-time safet y-

preserving con trollers (plans). Concurren tly a separate Real-Time Subsystem

(R TS) executes the con trollers, enforcing resp onse time guaran tees. The concur-

ren t op eration means that the computationally exp ensiv e metho ds used b y the

CSM will not violate the tigh t timing requiremen ts of the con trollers.

This pap er discusses ho w the CSM's con troller syn thesis algorithm in teracts

with a mo del-c hec king reac habilit y searc h algorithm that exploits the implicit

represen tation. This tec hnique substan tially impro v es v eri�cation e�ciency; b y

t w o orders of magnitude for large examples. W e start b y in tro ducing the CIR CA

CSM and its transition- and feature-based represen tation. Then w e outline the

forw ard searc h algorithm that the CSM uses to syn thesize con trollers, p oin ting

out the role pla y ed b y timed automaton v eri�cation. Next w e explain ho w to

form ulate the execution seman tics of the CIR CA mo del as a construction of

sets of timed automata. The timed automaton mo del pro vides the seman tics,

but do es not pro vide a practical approac h for v eri�cation. W e describ e metho ds

for mo del-c hec king that exploit CIR CA's implicit, transition-based, state space

represen tation. W e conclude with a comparison to related w ork in con troller

syn thesis and AI planning.

2 The Con troller Syn thesis Mo dule

CIR CA's CSM automatically syn thesizes real-time reactiv e discrete con trollers

that guaran tee system safet y when run on CIR CA's Real-Time Subsystem (R TS).

The CSM tak es in a description of the pro cesses in the system's en vironmen t,

represen ted as a set of time-constrained transitions that mo dify w orld features.

Discrete states of the system are mo deled as sets of feature-v alue assignmen ts.

Th us the transition descriptions, together with sp eci�cations of initial states,

implicitl y de�ne the set of p ossible system states.

F or example, Fig. 1 sho ws sev eral transitions tak en from a problem where

CIR CA is to con trol the Cassini spacecraft in Saturn Orbital Insertion [4, 12 ].

This �gure also includes the initial state description.

The CSM reasons ab out transitions of three t yp es:

Action transition s represen t actions p erformed b y the R TS. These parallel the

op erators of a con v en tional planning system. Asso ciated with eac h action is

a w orst case execution time, an upp er b ound on the dela y b efore the action

o ccurs.

T emp oral transition s represen t uncon trollable pro cesses, some of whic h ma y

need to b e preempted. See Sect. 2.1 for the de�nition of \preemption" in

this con text. Asso ciated with eac h temp oral transition is a lower b ound on

its dela y . T ransitions whose lo w er b ound is zero are referred to as \ev en ts,"

and are handled sp ecially for e�ciency reasons.



;; The action of switching on an Inertial Referenc e Unit (IRU).

ACTION start_IRU1 _w arm _u p

PRECONDI TIO NS: '((IRU1 off))

POSTCOND ITI ONS : '((IRU1 warming))

DELAY: <= 1

;; The process of the IRU warming.

RELIABLE- TE MPO RAL warm_up_I RU1

PRECONDI TIO NS: '((IRU1 warming))

POSTCOND ITI ONS : '((IRU1 on))

DELAY: [45 90]

;; Sometime s the IRUs break without warning.

EVENT IRU1_fails

PRECONDI TIO NS: '((IRU1 on))

POSTCOND ITI ONS : '((IRU1 broken))

;; If the engine is burning while the active IRU breaks,

;; we have a limited amount of time to fix the problem before

;; the spacecraft will go too far out of control.

TEMPORAL fail_if_bu rn_ wi th_ bro ke n_I RU 1

PRECONDI TIO NS: '((engine on)(activ e_I RU IRU1) (IRU1 broken))

POSTCOND ITI ONS : '((failure T))

DELAY: >= 5

Fig. 1. Example transition descriptions giv en to CIR CA's planner.

Reliable temp oral transitions represen t con tin uous pro cesses that ma y need

to b e emplo y ed b y the CIR CA agen t. Reliable temp oral transitions ha v e b oth

upp er and lo w er b ounds on their dela ys.

While in the w orst case an implicit represen tation is not sup erior to explicit

state space en umeration, in practice there are substan tial adv an tages. In man y

problems, v ast sub-spaces of the state space are unreac hable, either b ecause of

the con trol regime, or b ecause of consistency constrain ts. The use of an im-

plicit represen tation, together with a constructiv e searc h algorithm, allo w us to

a v oid en umerating the full state space. The transition-cen tered represen tation

allo ws us to con v enien tly represen t pro cesses that extend o v er m ultiple states.

F or example, a single transition (e.g., w arming up a piece of equipmen t) ma y b e

extended o v er m ultiple discrete states. A similar represen tational con v enience

is often ac hiev ed b y m ultiplying together man y automata, but expanding the

pro duct construction restores the state explosion. Finally , in this pap er w e sho w

ho w the transition-based implicit represen tation can b e exploited in a v eri�er.

2.1 CSM Algorithm

Giv en problem represen tations as ab o v e, the con troller syn thesis (planning)

problem can b e p osed as cho osing a c ontr ol action for e ach r e achable discr ete



state (fe atur e-value assignment) of the system . Note that this con troller syn the-

sis problem is simpler than the general problem of syn thesizing con trollers for

timed automata. In particular, CIR CA's con trollers are memoryless and cannot

reference clo c ks. This restriction has t w o adv an tages: �rst, it mak es the syn thesis

problem easier and second, it allo ws us to ensure that the con trollers w e generate

are actually realizable in the R TS.

Since the CSM fo cuses on generating safe con trollers, a critical issue is mak-

ing failure states unreac hable. In con troller syn thesis, this is done b y the pro cess

w e refer to as pr e emption . A transition t is preempted in a state s i� some other

transition t

0

from s m ust o ccur b efore t could p ossibly o ccur. The CSM ac hiev es

preemption b y c ho osing a con trol action that is fast enough that it is guaran teed

to o ccur b efore the transition to b e preempted.

1

The con troller syn thesis algorithm is as follo ws:

1. Cho ose a state from the set of reac hable states (at the start of con troller

syn thesis, only the initial state(s) is(are) reac hable).

2. F or eac h uncon trollable transition enabled in this state, c ho ose whether or

not to preempt it. T ransitions that lead to failure states must b e preempted.

3. Cho ose a con trol action or no-op for that state.

4. In v ok e the v eri�er to con�rm that the (partial) con troller is safe.

5. If the con troller is not safe, use information from the v eri�er to direct bac k-

trac king.

6. If the con troller is safe, recompute the set of reac hable states.

7. If there are no unplanned reac hable states (reac hable states for whic h a

con trol action has not b een c hosen), terminate successfully .

8. If some unplanned reac hable states remain, lo op to step 1.

During the course of the searc h algorithm, the CSM will use the v eri�er

mo dule after eac h assignmen t of a con trol action (see step 4). This means that the

v eri�er will b e in v ok ed b efore the con troller is complete. A t suc h p oin ts w e use the

v eri�er as a conserv ativ e heuristic b y treating all unplanned states as if they are

\safe ha v ens." Unplanned states are treated as absorbing states of the system,

and an y v eri�cation traces that en ter these states are regarded as successful.

Note that this pro cess con v erges to a sound and complete v eri�cation when

the con troller syn thesis pro cess is complete. When the v eri�er indicates that a

con troller is unsafe , the CSM will query it for a path to the distinguished failure

state. The set of states along that path pro vides a set of candidate decisions to

revise.

F or those familiar with designs for game-theoretic syn thesis of con trollers

for timed systems [2 , 8], the CSM algorithm is the same in its purp ose. One

di�erence is that the CSM algorithm w orks starting from an initial state and

building forw ard b y searc h. The game-theoretic algorithms, on the other hand,

t ypically use a �xp oin t op eration to �nd a con trollable subspace, starting from

unsafe states (or other syn thesis failures). Another di�erence is that the CSM

1

Note that in some cases a reliable temp oral transition, e.g., the w arming up of the

bac kup IR U, can b e the transition that preempts a failure.



algorithm hea vily exploits its implicit state space represen tation. Because of

these features, for man y problems, the CSM algorithm is able to �nd a con troller

without visiting large p ortions of the state space.

Tw o further remarks are w orth making. The �rst is that the searc h describ ed

here is not made blindly . W e use a domain-indep enden t heuristic, pro viding

limited lo ok ahead, to direct the searc h. W e do not ha v e space to describ e that

heuristic here; it is based on one dev elop ed for AI planning [9]. Without heuristic

direction, ev en small syn thesis problems can b e to o c hallenging. The second is

that w e ha v e dev elop ed an alternativ e metho d of searc h that w orks b y divide-

and-conquer rather than reasoning forw ard [6]. F or man y problems, this supplies

a substan tial sp eed-up. Again, w e do not ha v e space to discuss this approac h in

depth here.

3 Mo deling for V eri�cation

The CSM algorithm describ ed ab o v e op erates en tirely in the discrete domain of

the timed problem. This ensures that the con trollers ma y b e easily implem en ted

automatically . Ho w ev er, a path-dep enden t computation is required to determine

ho w m uc h time remains on a transition's dela y when it applies to t w o or more

states on a path. The CSM uses a timed automaton v eri�cation system to ensure

that the con trollers the CSM builds are safe. In this section, w e discuss a formal

mo del of the R TS, expressed in terms of timed automata. The follo wing section

describ es ho w to reason ab out this mo del e�cien tly .

3.1 Execution Seman tics

The con trollers of the CIR CA R TS are not arbitrary pieces of soft w are; they are

in ten tionally v ery limited in their computational p o w er. These limitatio ns serv e

to mak e con troller syn thesis computationally e�cien t and mak e it simpler to

build an R TS that pro vides timing guaran tees. The con troller generated b y the

CSM is compiled in to a set of T est-A ction Pairs (T APs) to b e run b y the R TS.

Eac h T AP has a b o olean test expression that distinguishes b et w een states where

a particular action is and is not to b e executed. Note that these test expressions

do not ha v e access to an y clo c ks. A sample T AP for the Saturn Orbit Insertion

domain is giv en in Fig. 2.

The set of T APs that mak e up a con troller are assem bled in to a lo op and

sc heduled to meet all the T AP deadlines. Note that in order to meet deadlines,

this lo op ma y con tain m ultiple copies of a single T AP . The deadlines are com-

puted from the dela ys of the transitions that the con trol actions m ust preempt.

3.2 Timed Automata

No w that w e ha v e a sense of the execution seman tics of CIR CA's R TS, w e

brie
y review the mo deling formalism, timed automata, b efore presen ting the

mo del itself.



#<TAP 2>

Tests: (AND (IRU1 BROKEN)

(OR (AND (ACTIVE_IR U NONE) (IRU2 ON))

(AND (ACTIVE_IR U IRU1) (ENGINE ON))))

Acts : select_IRU2

TAP 2 TAP 1 TAP 3 TAP 1TAP 1 TAP 4

Fig. 2. A sample T est-Action P air and T AP sc hedule lo op from the Saturn Orbit

Insertion problem.

De�niti on 1 (Timed Automaton [3].). A time d automaton A is a tuple




S ;s

i

; X ; L ; E ; I

�

wher e S is a �nite set of lo c ations; s

i

is the initial lo c ation;

X is a �nite set of clo cks; L is a �nite set of lab els; E is a �nite set of e dges;

and I is the set of invariants. Each e dge e 2 E is a tuple ( s; L;  ; �; s

0

) wher e

s 2 S is the sour c e, s

0

2 S is the tar get, L � L ar e the lab els,  2 	

X

is the

guard , and � � X is a clo ck r eset. Timing c onstr aints ( 	

X

) app e ar in guar ds and

invariants and clo ck assignments. In our mo dels, al l clo ck c onstr aints ar e of the

form c

i

� k or c

i

> k for some clo ck c

i

and inte ger c onstant k . Guar ds dictate

when the mo del ma y fol low an e dge, invariants indic ate when the mo del m ust

le ave a state. In our mo dels, al l clo ck r esets r e-assign the c orr esp onding clo ck to

zer o; they ar e use d to start and r eset pr o c esses. The state of a time d automaton

is a p air: h s; C i . s 2 S is a lo c ation and C : X ! Q � 0 is a clo ck valuation,

that assigns a non-ne gative r ational numb er to e ach clo ck.

It often simpli�es the represen tation of a complex system to treat it as a pro d-

uct of some n um b er of simpler automata. The lab els L are used to sync hronize

edges in di�eren t automata when creating their pro duct.

De�niti on 2 (Pro duct Automaton). Given two automata A
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, their pr o duct A

p
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p
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; �
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; �
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0
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3.3 Mo deling CIR CA with Timed Automata

W e giv e the seman tics of CSM mo dels in terms of sets of in teracting timed

automata (see Fig. 3). Using m ultiple automata allo ws us to accurately capture

the in teraction of m ultiple, sim ultaneously op erating pro cesses. The starting

p oin t of the translation is the CIR CA plan-graph, constructed b y the CIR CA

CSM:
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Fig. 3. The v eri�er mo del and its relation to the CSM mo del.

De�niti on 3 (Plan Graph). P = h S; E ;

!

F

;

!

V

; �; I ; T ; �; � ; p; � i wher e

1. S is a set of states.

2. E is a set of e dges.

3.

!

F

= [ f

0

:::f

m

] is a ve ctor of fe atur es (in a pur ely pr op ositional domain, these

wil l b e pr op ositions).

4.

!

V

= [ V

0

::: V

m

] is a c orr esp onding ve ctor of sets of values ( V

i

= f v

i 0

:::v

ik

i

g )

that e ach fe atur e c an take on.

5. � : S 7!

!

V

is a function mapping fr om states to unique ve ctors of value

assignments.

6. I � S is a distinguishe d subset of initial states.

7. T = U [ A is the set of tr ansitions, made up of an unc ontr ol lable ( U )

subset, the temp or als and r eliable temp or als, and a c ontr ol lable ( A ) sub-

set, the actions. Each tr ansition, t , has an asso ciate d delay ( �

t

) lower and

upp er b ound: lb ( �

t

) and ub ( �

t

) . F or temp or als ub ( �

t

) = 1 , for events

lb ( �

t

) = 0 ; ub ( �

t

) = 1 .

8. � is an interpr etation of the e dges: � : E 7! T .

9. � : S 7! 2

T

is the enabled r elationship | the set of tr ansitions enable d in a

p articular state.

10. p : S 7! A [ � (wher e � is the \action " of doing nothing) is the actions that

the CSM has planne d. Note that p wil l gener al ly b e a p artial function.

11. � : S 7! 2

U

is a set of pr e emptions the CSM exp e cts.

F or ev ery CIR CA plan graph, P , w e construct a timed automaton mo del,

� ( P ). � ( P ) is the pro duct of a n um b er of individual automata. There is one

automaton, whic h w e call the b ase mo del , that mo dels the feature structure of



the domain. There is an R TS mo del that mo dels the actions of the CIR CA agen t.

Finally , for ev ery uncon trollable transition, there is a separate timed automaton

mo deling that pro cess. Prop er sync hronization ensures that the base mac hine

state re
ects the e�ect of the transitions and that the state of the other automata

accurately indicate whether or not a giv en pro cess will (ma y) b e underw a y .

De�niti on 4 (T ranslation of CIR CA Plan Graph).

� ( P ) = � ( P ) � � ( P ) �

Q

u 2 U ( P )

� ( u ) wher e � ( P ) is the b ase mo del; � ( P ) is the

R TS mo del; and � ( u ) is the automaton mo deling the pr o c ess that c orr esp onds to

unc ontr ol lable tr ansition u .

De�niti on 5 (Base mo del). � ( P ) =




� ( S ) ;

�

l

0

	

; ; ; � ( P ) ; �

E

( P ) ; I

>

�

wher e:

1. � ( S ) = f � ( s ) j s 2 S g [

�

l

F

; l

0

	

is the image under � of the state set of P .

This image c ontains a lo c ation for e ach state in P , as wel l as a distinguishe d

failur e lo c ation, l

F

, and initial lo c ation, l

0

.

2. � ( P ) is the lab el set; it is given as De�nition 6.

3. �

E

( P ) is the e dge set of the b ase mo del. It is given as De�nition 7.

Note that there are no clo c ks in the base mac hine; all timing constrain ts will

b e handled b y other automata in the comp osite mo del. Th us, the in v arian t for

eac h state in this mo del is simply > . W e ha v e notated this v acuous in v arian t as

I

>

. Similarl y , all of the edges ha v e a v acuous guard. The lab els of the translation

mo del ensure that the other comp onen t automata sync hronize correctly .

De�niti on 6 (Lab el set for � ( P ) ).

� ( P ) = f e

u

; d

u

; f

u

j u 2 U g (1) [ f f

a

j a 2 A g (2) [ f r

a

g

The sym b ols in (1) are used to sync hronize the automata for uncon trollable

transitions with the base mo del. The sym b ols in (2) together with the distin-

guished reset sym b ol r

a

are used to sync hronize the automaton mo deling the

R TS with the base mo del. The base mo del edge set, �

E

( P ), captures the e�e ct

on the agen t and en vironmen t of the v arious transitions.

De�niti on 7 (Base mo del edge set). �

E

( P ) is made up of the fol lowing

subsets of e dges:

2

(1)

�

h l

0

; �

�

( init ; s ) ; � ( s ) i j s 2 I

	

(2)

�

h � ( s ) ; f f

u

g ; l

F

i j s 2 S; u 2 � ( s )

	

(3) fh � ( s ) ; f f

u

g [ �

�

( u; s

0

) ; � ( s

0

) i j s 2 S; u 62 � ( s ) ; s

0

2 u ( s ) g

(4) fh � ( s ) ; f c

a

g ; s i j s 2 S; a = p ( s ) g

(5) fh � ( s ) ; f f

a

g [ �

�

( a; s

0

) ; � ( a ( s )) i j s 2 S; a 2 � ( s ) ; s

0

2 a ( s ) g

(6)

�

h � ( s ) ; f f

a

g ; l

F

i j s 2 S; a 62 � ( s )

	

2

The clo c k resets of these transitions are all ; , and the guards are all > , so w e ha v e

omitted them.



Edge set (1) is merely a set of initialization edges, that carry the base mo del

from its distinguished single initial lo cation to the image of eac h of the initial

states of P . (2) tak es the base mo del to its distinguished failure lo cation, l

F

, when

a preemption fails. (3) captures the e�ects of the uncon trollable transitions the

CSM didn't preempt. (4) sync hronizes with the R TS transitions that capture the

R TS committing to execute a particular action (i.e., the test part of the T AP).

(5) captures the e�ects of a successfully-executed action. (6) captures a failure

due to a race condition. Ev en t sets �

�

( t; s ) are used to capture the e�ects on the

v arious pro cesses of going to s b y means of t .

De�niti on 8.

�

�

( t; s ) = f e

u

j u 2 � ( s ) g [ f d

u

j u 6= t ^ u 62 � ( s ) g [ f r

a

g

The sym b ol set �

�

( t; s ) con tains an enable sym b ol for eac h u enabled in s ,

and a disable sym b ol for eac h u not enabled in s . The addition of the sym b ol r

a

ensures that the R TS mac hine will \notice" the state transition.

There will b e one automaton, � ( u ) for ev ery uncon trollable transition, u .

Eac h suc h mo del will ha v e t w o states, enabled, e

u

, and disabled, d

u

, and transi-

tions for enabling, disabling, and �ring: e

u

; d

u

, and f

u

, resp ectiv ely (see Fig. 3).

It will also ha v e a clo c k, c

u

, and the guards and in v arian ts will b e deriv ed from

the timing constrain ts on u :

De�niti on 9 (Uncon troll ab le T ransition Automata).

� ( u ) = hf e

u

; d

u

g ; d

u

; f c

u

g ; f e

u

; d

u

; f

u

g ; E ( v ( u )) ; I i

E ( v ( u )) = f h d

u

; f d

u

g ; > ; ; ; d

u

i ; h d

u

; f e

u

g ; > ; c

u

:= 0 ; e

u

i ;

h e

u

; f e

u

g ; > ; ; ; e

u

i ; h e

u

; f d

u

g ; > ; ; ; d

u

i ;

h e

u

; f f

u

g ; c

u

� lb ( �

u

) ; ; ; d

u

i g

I ( e

u

) = c

u

� ub ( �

u

) and I ( d

u

) = >

The mo del of the R TS, � , con tains all of the planned actions in a single

automaton. Execution of eac h planned action is captured as a t w o stage pro cess:

�rst the pro cess of committing to the action (going to the state c

a

), and then

the action's execution (returning to s

0

through transition f

a

).

De�niti on 10 (R TS Mo del).

� = hf s
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a
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a
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h c

a

; f f

a

g ; c

R TS

� ub ( �

a

) ; c

R TS

:=0 ; s

0

i ;

h c

a

; f r

a

g ; c

R TS

< ub ( �

a

) ; c

R TS
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0

i ;

h c

a

; f r

a

g ; c

R TS

< ub ( �

a
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a

i j a 2 p

	

�

I ( c

a

) = c

R TS

� ub ( �

a

) ; I ( s

0

) = c

R TS

� 0
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There are t w o classes of safet y violations the v eri�er m ust detect. The �rst

is a failure to successfully preempt some non v olitional transition. This case is

caugh t b y transitions (2) of De�nition 7. The second is a race condition: here the

failure is to plan a for state s but not complete it b efore an uncon trolled pro cess

brings the w orld to another state, s

0

, that do es not satisfy the preconditions of

a . The latter case is caugh t b y transitions (6) of De�nition 7.

3

4 Exploiting the Mo del in V eri�cation

A direct implem en tation of the ab o v e mo del will su�er a state space explo-

sion. T o o v ercome this, w e ha v e built a CIR CA-sp eci�c v eri�er (CSV) able to

exploit CIR CA's implicit state-space represen tation. The CSV constructs its

timed automata, b oth the individual automata and their pr o duct , in the pro cess

of computing reac habilit y . This on-the-
y computation relies on the factored

represen tation of the discrete state space and on the limitati ons of CIR CA's

R TS.

The e�ciency gains from our factored state represen tation come in the com-

putation of successor states. A naiv e implemen tation of the searc h w ould com-

pute all of the lo cations (distinct discrete states) of the timed automaton up

fron t, but man y of those migh t b e unreac hable. W e compute the pro duct au-

tomaton lazily , rather than b efore doing the reac habilit y searc h, th us construct-

ing only reac hable states.

The individual automata, as w ell as their pro duct, are computed on-the-
y .

The timed automaton formalism p ermits m ultiple automata to sync hronize in

arbitrary w a ys. Ho w ev er, CIR CA automata sync hronize in only limited w a ys.

There will b e only one \primary transition" that o ccurs in an y state of the

CIR CA pro duct automaton: either a con trolled transition that is part of the

R TS automaton, or a single uncon trolled transition. Th us w e ma y disp ense with

comp onen t transitions and their lab els.

The transitions that sync hronize with the primary transition are of three

t yp es:

1. up dates to the w orld automaton, recording the e�ect (the p ostconditions) of

the primary jump on the discrete state of the w orld;

2. enabling and disabling jumps that set the state of uncon trolled transitions

in the en vironmen t;

3. a jump that has the e�ect of activ ating the con trol action planned for the

new state.

Accordingly , w e can v ery e�cien tly implem en t a lazy successor generation

for a set of states S = h s; C i ; where s is a discrete state and C is a sym b olic

represen tation of a class of clo c k v aluations, in our case a di�erence-b ound ma-

trix. When one needs to compute the successor lo cations for the lo cation s , one

3

Chec king for the race condition is not fully implemen ted in our curren t v ersion; its

implemen tation is in progress as of this writing.



T able 1. Comparison of run times with di�eren t searc h strategies (F orw ard and D AP),

timed automaton v eri�er (R T A) v ersus CIR CA-sp eci�c v eri�er (CSV). Times are giv en

in millisecon ds.

F orw ard D AP

Scenario Size Kronos R T A CSV Kronos R T A CSV

1 1920 9288 190 188 22431 483 417

2 72 6777 173 124 7070 385 309

3 100 4765 114 97 4399 783 385

4 560 5619 138 156 5599 366 288

5 3182592 1 1 1 1 1 16278

6 40304 16983 762 568 506897 3035 1349

7 191232 258166 23030 25194 12919 4102 1833

8 191232 14637 652 533 436450 1157849 79855

9 991232 231769 21923 15474 1 1 2254

10 448512 1 1063321 466631 1 1 5661

11 411136 1 1064518 444657 1 1 5571

12 193536 37500 2585 1568 321626 3382 1626

13 129024 56732 3453 2933 77022 9958 1218

14 4592 16025 478 427 20220 1251 1036

15 7992 4680 183 176 75941 7672 5568

16 768 11535 426 337 13983 859 621

17 120 5730 100 368 5695 754 680

18 2880 16425 1349 1102 28922 2484 1669

19 192 6474 170 117 5715 331 308

20 768 9016 303 246 6870 564 416

need only compute a single outgoing edge for the R TS transition and mak e one

outgoing edge for eac h uncon trollable transition.

Making the outgoing edges is a matter of (again lazily) building the successor

lo cations and determining the clo c k resets for the edge. The clo c ks that m ust b e

reset are: (a) F or eac h uncon trolled transition that is enabled in the successor

lo cation, but not enabled in the source lo cation, s , add a clo c k reset for the

corresp onding transition; (b) If the action planned for the successor lo cation is

di�eren t from the action planned for the source lo cation, reset the action clo c k.

These computations are quite simple to mak e and m uc h easier than computing

the general pro duct construction.

Our exp erimen tal results sho w that the CSV substan tially impro v es p erfor-

mance o v er Kr onos [15 ] and also o v er a con v en tional mo del c hec k er (denoted

\R T A") that w e built in to CIR CA b efore dev eloping the CSV. T able 1 con-

tains comparison data b et w een the con v en tional v eri�ers and the CSV, for t w o

di�eren t searc h strategies.

4

The columns mark ed \forw ard," corresp ond to the

algorithm describ ed in this pap er. The columns mark ed \D AP" corresp ond to

the divide-and-conquer alternativ e [6 ]. The times, giv en in milli seconds, are for

4

The problems are a v ailable at: http://www .h tc. hon ey wel l. com /pr oj ect s/ ant s/



runs of the CSM on a Sun UltraSparc 10, SP AR C v. 9 pro cessor, 440 MHz, with

1 gigab yte of RAM. An 1 indicates a failure to �nd an automaton within a 20

min ute (i.e., t > 1 ; 200 ; 000) time limit.

T o giv e a sense of the ra w size of the problems, the \Size" column presen ts

a w orst-case b ound on the n um b er of discr ete states for the �nal v eri�cation

problem of eac h scenario. This v alue is computed b y m ultiplying the n um b er

of p ossible CSM w orld mo del states (for the base mo del) times the n um b er of

transition mo del states (2

j U j

) times the n um b er of R TS mo del states ( j A j + 1).

Using the forw ard searc h strategy , the CSV is faster on 16 out of 20 scenarios.

Using D AP , the CSV is faster on all 20 trials. The probabilit y of these o ccurring,

if the CSV and the con v en tional v eri�er w ere equally lik ely to win on an y giv en

trial, is .0046 and .000019, resp ectiv ely . T able 1 indicates a sp eed-up of t w o

orders of magnitude on the larger scenarios, n um b ers 9-11, using D AP .

T able 2 sho ws the state space reductions ac hiev ed b y exploiting the implicit

represen tation. This table compares the total n um b er of states visited b y eac h

v eri�er in the course of con troller syn thesis.

A few facts should b e noted: A v eri�er will b e run man y times in the course

of syn thesizing a con troller. T o minimi ze this, a n um b er of c heap er tests �lter

con troller syn thesis c hoices in adv ance of v eri�cation, in order to a v oid v eri�ca-

tion searc h whenev er p ossible. The comparison is only with Kr onos used as a

c omp onent of the CSM , not Kr onos as a general v eri�cation to ol. Finally , the

computations done b y Kr onos and R T A are of a sp ecial-purp ose pro duct mo del

that is sligh tly simpler and less accurate than the CSV's mo del.

5 Related W ork

Asarin, Maler, Pneuli and Sifakis (AMPS) [2 , 8 ] indep enden tly dev elop ed a game-

theoretic metho d of syn thesizing real-time con trollers. This w ork stopp ed at the

design of the algorithm and deriv ation of complexit y b ounds; to our kno wledge

it w as not implem en ted. The AMPS approac h has b een implemen ted for the

sp ecial case of automatically syn thesizing sc hedulers [1]. The \planning as mo del

c hec king" [5 ] approac h is similar to w ork on game-theoretic con troller syn thesis,

but limited to purely discrete systems.

Kabanza [7 ]'s SimPlan is v ery similar to our CSM. Ho w ev er, SimPlan

adopts a discrete time mo del and uses domain-sp eci�c heuristics.

T ripakis and Altisen (T A) [14 ] ha v e indep enden tly dev elop ed a con troller syn-

thesis algorithm for discrete and timed systems, that also uses forw ard searc h

with on-the-
y generation of the state space. Note that on-the-
y syn thesis has

b een part of the CIR CA system since its conception in the early 1990s [10 , 11 ].

T A's on-line syn thesis has some di�eren t features from ours. They allo w for m ul-

tiple con trol actions in a single state, and they allo w the con troller to consult

clo c ks. T A's implicit represen tation of the state space is based on comp osition

of automata, as opp osed to our feature and transition approac h. W e hop e to

compare p erformance of CIR CA and a recen t implemen tation of the T A algo-

rithm [13 ].



T able 2. Comparison of state spaces explored with di�eren t searc h strategies (F or-

w ard and D AP), timed automaton v eri�er (R T A) v ersus CIR CA-sp eci�c v eri�er (CSV).

Units are v eri�er state ob jects, i.e., a lo cation � a di�erence-b ound matrix.

Scenario F orw ard R T A F orw ard CSV D AP R T A D AP CSV

1 30 30 30 33

2 34 34 33 33

3 15 15 15 15

4 18 18 18 18

5 153147 229831 170325 3069

6 122 120 500 54

7 2826 5375 631 83

8 146 131 301165 24065

9 4361 4799 163133 259

10 219885 129329 184972 871

11 219885 129329 189184 871

12 585 513 509 99

13 685 675 1782 93

14 106 106 141 142

15 17 17 1054 1389

16 117 101 131 116

17 27 27 29 25

18 284 290 355 269

19 18 18 18 18

20 63 60 33 34

T A do not ha v e a fully on-the-
y algorithm for timed con troller syn thesis.

Their algorithm requires the initial computation of a quotien t graph of the au-

tomata, in turn requiring a full en umeration of the discrete state space. The

disadv an tages of suc h an approac h can b e seen b y considering the state space

sizes of some examples, giv en in T able 1. W e do not need to pre-en umerate

the quotien t, since w e build only a clo c kless reactiv e con troller and so can use

the cruder time abstraction, whic h w e compute on-the-
y . Note that this means

that there are some con trollers that T A (and AMPS) can �nd, that w e cannot.

Ho w ev er, clo c kless reactiv e con trollers are easy to implemen t automatically , and

this is not true of con trollers that emplo y clo c ks. Also, and again b ecause of the

size of the state space, w e use heuristic guidance in our state space searc h.

6 Conclusions

In this pap er, w e ha v e presen ted the CIR CA con troller syn thesis algorithm,

pro vided a timed automaton mo del for CIR CA CSM problems, and sho wn ho w

a CIR CA-sp eci�c v eri�er (CSV) algorithm can exploit the features of the mo del.

The CSV sho ws dramatic sp eed-up o v er a general-purp ose v eri�cation algorithm.



While our mo del w as dev elop ed for CIR CA, it is a general mo del for sup ervisory

con trol of timed automata, and could readily b e used in other applications.
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