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In tro duction

W e ha v e dev elop ed a no v el tec hnique for automatically

syn thesizing hard real-time reactiv e con trollers using

mo del-c hec king v eri�cation. Our algorithm builds

a con troller incremen tally , using a timed automaton

mo del to c hec k eac h partial con troller for correctness.

The v eri�cation mo del captures b oth the con troller de-

sign and the seman tics of its execution en vironmen t.

If the con troller is found to b e incorrect, information

from the v eri�cation system is used to direct the searc h

for impro v emen ts. This pap er describ es ho w our con-

troller syn thesis pro cess uses v eri�cation, and explains

in detail ho w w e mo del the execution of the real time

subsystem of the CIR CA in telligen t con trol arc hitec-

ture.

W e are dev eloping autonomous, 
exible con trol sys-

tems for mission-critical applications suc h as Un-

manned Aerial V ehicles (UA Vs) and deep space prob es.

These applications require h ybrid real-time con trol

systems, capable of e�ectiv ely managing b oth dis-

crete and con tin uous con trollable parameters to main-

tain system safet y and ac hiev e system goals. Using

the CIR CA arc hitecture for adaptiv e real-time con-

trol systems (Musliner, Durfee, & Shin 1993; 1995;

Musliner et al. 1999), these con trollers are syn thesized

automatic al ly and dynamically , on-line, while the plat-

form is op er ating . Unlik e man y other in telligen t con-

trol systems, CIR CA's automatically-generated con-

trol plans ha v e strong temp oral seman tics and pro vide

safet y guaran tees, ensuring that the con trolled system

will a v oid all forms of mission-critical failure.

CIR CA uses mo del-c hec king tec hniques for timed

automata (Alur 1998; Y o vine 1998) as an in tegral part

of its con troller syn thesis algorithm. CIR CA's Con-

tr ol ler Synthesis Mo dule

(CSM) incremen tally builds a hard real time reactiv e

con troller from a description of the pro cesses in its en vi-

ronmen t, the con trol actions a v ailable and a set of goal

states. T o do this, the Con troller Syn thesis Mo dule

m ust build a mo del of the con troller it is constructing

that is faithful to its execution seman tics, and use this

mo del to v erify that the con troller will function safely

in its en vironmen t.

In the follo wing section, w e giv e a brief o v erview of

the structure and purp ose of the CIR CA arc hitecture.

Then w e brie
y describ e the CSM mo dule and its syn-

thesis algorithm, wrapping up with a discussion of the

w a y the CSM uses a timed-automaton v eri�er. After

this, w e describ e the mo deling of the CIR CA real time

executiv e as a set of in teracting timed automata. Fi-

nally , w e conclude with some comparison to related

w ork and some men tion of future researc h directions.

CIR CA

The CIR CA arc hitecture is in tended to pro vide in telli-

gen t con trol to autonomously-op erating systems.
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T o

do this, CIR CA m ust op erate at m ultiple time scales.

CIR CA m ust b e able to reason ab out the pro�le of a

mission as a whole. F or example, if CIR CA is op erat-

ing an Uninhabited Com bat Aerial V ehicle (UCA V), its

mission-lev el planning m ust b e able to reason ab out is-

sues lik e fuel use and na vigation to its goal. A t a lo w er

lev el, CIR CA m ust ha v e a con troller that is able to

react to threats and opp ortunities that arise in its im-

mediate en vironmen t. F or example, when targeted b y

enem y radar, the CIR CA-con trolled UCA V m ust carry

out coun termeasures (e.g., release c ha� ) and initiate

ev asiv e maneuv ers. F urthermore, CIR CA m ust guar-

an tee that these reactions will b e tak en in time. It is

not enough to eventual ly release c ha�; CIR CA m ust

insp ect its en vironmen ts for threats su�cien tly often,

and m ust react to those threats within sp eci�ed time

b ounds.
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CIR CA has b een applied to real-time planning and con-

trol problems in sev eral domains includin g mobile rob otics,

sim ulated autonomous aircraft, space prob e c hallenge prob-

lems (Musliner & Goldman 1997) and con trolling a �xed-

wing mo del aircraft (A tkins et al. 1998).
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Figure 1: Basic CIR CA arc hitecture.

CIR CA emplo ys t w o strategies to manage this com-

plex task. First, its mission planner decomp oses the

mission in to more manageable subtasks that can b e

planned in detail. Second, CIR CA itself is decom-

p osed in to t w o concurren tly-op erating subsystems (see

Figure 1): an AI Subsystem (AIS) reasons ab out high-

lev el problems that require p o w erful but p oten tially un-

b ounded computation, while a separate r e al-time sub-

system (R TS) reactiv ely executes the AIS-generated

plans and enforces guaran teed resp onse times. The AIS

con tains the CSM, whic h is the fo cus of this pap er, as

w ell as the mission planner and some supp ort mo dules,

none of whic h w e will discuss here.

The Con troller Syn thesis Mo dule (CSM) bridges

mission-lev el planning and reactiv e con trol. It tak es

descriptions of a phase of a system mission and dy-

namically , automatically , syn thesizes a set of reactions

that main tain the system's safet y and mo v e it to w ards

its goals. When this con troller is op erating, the CSM

will b e w orking to generate con trollers for other phases

of the mission.

The Con troller Syn thesis Mo dule

The ob jectiv e of the CIR CA CSM is to automatically

syn thesize hard real-time discrete con trollers that guar-

an tee system safet y when run on CIR CA's real-time

subsystem. The CIR CA CSM builds reactiv e discrete

con trollers that observ e the system state and some fea-

tures of its en vironmen t and tak e appropriate con trol

actions. In constructing suc h a con troller, the CSM

tak es a description of the pro cesses in the system's

en vironmen t, represen ted as a set of transitions that

mo dify w orld features and that ha v e w orst case time

c haracteristics. F rom this description, CIR CA incre-

men tally constructs a set of reactions and c hec ks them

for correctness using a timed automaton v eri�er.

CIR CA's reactiv e con trollers

The real-time con trollers that CIR CA builds sense fea-

tures of the system's state (b oth in ternal and exter-

nal), and execute reactions based on the curren t state.

That is, the CIR CA R TS runs a memoryless reactiv e

con troller. Note particularly , that CIR CA do es not

main tain an y in ternal clo c ks, so time is not a feature

used in c ho osing con trol actions. The CIR CA system

ac hiev es p erformance guaran tees b y analyzing the ex-

ecution time of its actions, the duration of external

pro cesses, and b y sensing features at appropriate in ter-

v als, not b y consulting clo c ks.
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W e will pro vide more

information ab out the execution seman tics of CIR CA's

real-time con trollers b elo w.

Giv en the ab o v e limitation on the form of the con-

troller, the con troller syn thesis problem can b e p osed

as cho osing a c ontr ol action for e ach r e achable state

(fe atur e-value assignment) of the system . This prob-

lem is not as simple as it sounds, b ecause the set

of reac hable states is not a giv en | b y the c hoice

of con trol actions, the CSM can render some states

(un)reac hable.

Indeed, since the CSM fo cuses on generating safe

con trollers, a critical issue is making failure states un-

reac 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. In the

pro cess of con troller syn thesis, the CSM ac hiev es pre-

emption b y c ho osing a con trol action for the state that

is fast enough that it is guaran teed to o ccur b efore the

transition to b e preempted.

Note that the question of whether a transition is pre-

empted is not a question that can b e answ ered based

on lo cal information: preemption of a transition, t in a

state, s is a prop ert y of the con troller as a whole, not

of the individual state. F or example, to kno w when a

b om b is going to go o� in a ro om with y ou, y ou can't

just consider ho w fast y ou can thro w the b om b out the

windo w | y ou m ust also consider ho w long its timer

has b een running b efore y ou got to the state in whic h

y ou will thro w it out the windo w. It is this non-lo cal

asp ect of the con troller syn thesis problem that has led

us to use automatic v eri�cation.

Represen ting a con trol problem

CIR CA's State Space Planner system builds reaction

plans based on a w orld mo del and a set of formally-

de�ned safet y conditions that m ust b e satis�ed b y fea-

sible plans (Musliner, Durfee, & Shin 1995). T o de-

scrib e a domain to CIR CA, the user inputs a set of

transition descriptions that implicitly de�ne the set of

p ossible system states. These transitions are of four
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Of course, it w ould b e p ossible to feature-enco de cer-

tain k ey time p erio ds for CIR CA's b ene�t b y , for example,

using a one-shot timer to set a register when that p erio d

has expired.



t yp es:

Action transition s represen t actions p erformed b y

the R TS.

T emp oral transition s represen t the progression of

time and con tin uous pro cesses that ma y need to b e

preempted.

Ev en t transitions represen t w orld o ccurrences as in-

stan taneous state c hanges.

Reliable temp oral transitions represen t con tin u-

ous pro cesses (suc h as the op eration of a con trol la w)

that ma y need to b e emplo y ed b y the CIR CA agen t.

F or example, Figure 2 sho ws sev eral transitions used

in a situation where CIR CA is to con trol the Cassini

spacecraft in Saturn Orbital Insertion.
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While in general there is no guaran tee that an im-

plicit represen tation lik e this will b e smaller than en u-

merating the state space, in practice w e �nd this repre-

sen tation far more e�cien t. The irredundan t represen-

tation of pro cesses (e.g., the pro cess of IR U failure that

can o ccur in an y state in whic h the IR U is not already

failed), is also easier to engineer. F urthermore, w e use

this implicit represen tation in concert with algorithms

that allo w us to a v oid en umerating unreac hable states,

pro viding a further adv an tage.

CSM algorithm

A t the highest lev el of abstraction, the con troller syn-

thesis algorithm is as follo ws:

1. Cho ose an elemen t of the set of reac hable states

(at the start of con troller syn thesis, only the initial

state(s) is(are) reac hable).

2. Cho ose a con trol action (an action or a reliable tem-

p oral) for that state.

3. In v ok e the v eri�er to con�rm that the (partial) con-

troller is safe.

4. If the con troller is not safe, use information from the

v eri�er to direct bac ktrac king.

5. If the con troller is safe, recompute the set of reac h-

able states.

6. If there are no unplanned reac hable states (reac h-

able states for whic h a con trol action has not b een

c hosen), terminate successfully .

7. If some unplanned reac hable states remain, lo op to

step 1.

Figure 3 pro vides a simple \comic-b o ok" illustration

of the pro cess of con troller syn thesis. Initially (i), there

is only one state reac hable, the initial state. In (ii), the

CSM has c hosen a con trol action (dashed line) for the

initial state (planned states are shaded gra y), that will
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The problem is tak en from Erann Gat's \F rom the

T renc hes" (Gat 1996).

;; the action of switching on an Inertial

;;Referenc e Unit (IRU)

ACTION start_IR U1_ war m_ up

PRECONDITI ON S: '((IRU1 off))

POSTCONDIT IO NS: '((IRU1 warming))

DELAY: <= 1

;; the process of the IRU warming

RELIABLE-T EMP OR AL warm_up_IR U1

PRECONDITI ON S: '((IRU1 warming))

POSTCONDIT IO NS: '((IRU1 on))

DELAY: [45 90]

;;sometime s the IRUs break without warning

EVENT IRU1_fail s

PRECONDITI ON S: '((IRU1 on))

POSTCONDIT IO NS: '((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_b urn _w ith _b rok en_ IR U1

PRECONDITI ON S: '((engine on)(active_ IR U IRU1)

(IRU1 broken))

POSTCONDIT IO NS: '((failur e T))

DELAY: >= 5

Figure 2: Example transition descriptions giv en to

CIR CA's planner.

carry the system to a goal state, s1 (goal states are

indicated b y b old outlines). There is also a temp oral

transition (double line) that ma y carry the system to

s2 . In (iii), w e see the CSM decide to assign no-op as

the con trol action for s1 . This is p ermissible b ecause s1

is a safe state (there are no transitions to failure from

that state), and is desirable b ecause s1 is a goal state.

In (iv), the CSM attempts to complete the con troller

syn thesis pro cess b y assigning an action to s2 that will

carry the system to s3 . Ho w ev er, this action do es not

preempt the transition to the failure state (blac k). This

triggers a bac ktrac k (v), and the system c ho oses an al-

ternativ e action (vi) that will carry the system to s1

(instead of s3 ). This alternativ e action do es preempt

the transition to the failure state (dark bar sup erim-

p osed on the transition arro ws), so the con troller is

safe. (vi) sho ws ho w the set of reac hable states ma y

v ary as the con troller syn thesis pro cess pro ceeds: at

this p oin t s3 is no longer reac hable, since the CSM has

c hosen not to emplo y the action that made it reac h-

able in (iv). All reac hable states ha v e b een planned

for, so the con troller syn thesis pro cess has terminated

successfully .

During the course of the con troller syn thesis run

ab o v e, the CSM will ha v e emplo y ed the v eri�er mo d-

ule after eac h assignmen t of a con trol action (i.e., after
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Figure 3: A simple example of con troller syn thesis.

ii, iii, iv and vi). Ho w ev er, at stages ii, iii and iv,

the con troller is not 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 (e.g., s2 in iii) as if they are \safe

ha v ens." Unplanned states are treated as absorbing

states of the system, and an y trace that en ters these

states ends and is regarded as successful. When the

v eri�er indicates that a CSM-generated con troller is

unsafe , the CSM will query it for a path to the distin-

guished failure state. The set of states along that path

pro vides a set of candidate decisions to revise.

Mo deling for v eri�cation

In con troller syn thesis, the CSM uses a mo del whic h

is o v ersimpli�ed and is biased to b e o v eroptimistic. It

relies on the automatic v eri�cation system to assure

that the con trollers it builds are safe. This means it

is critical that the v eri�cation system ha v e a faithful

mo del of the execution of the system and of the en-

vironmen t in whic h it op erates. This section explains

ho w w e constructed this mo del.

Execution seman tics

In order to mo del the of the R TS accurately , w e m ust

understand ho w its con trollers are represen ted and ex-

ecuted. The con trollers of the CIR CA R TS are not ar-

bitrary pieces of soft w are; they are in ten tionally v ery

limited in their computational p o w er.
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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
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These limitation s serv e to mak e con troller syn thesis

computationally more e�cien t and mak e it simpler to

pro vide an op erating platform that can pro vide timing

guaran tees.

#<TAP 8>

Tests : (AND

(TYPE_OF_ CON VEY OR _PA RT SQUARE)

(PART_IN_ GRI PPE R NIL)

(EMERGENC Y NIL))

Acts : pickup_kno wn_ par t_ fro m_ con ve yor

Figure 4: Sample T est-Action P air from a CIR CA

con troller for a sim ulated PUMA rob ot

arm attac hed to a con v ey er b elt.

has a b o olean test expression that distinguishes b e-

t w een states where a particular action is and is not to

b e executed. The test expression is a function of the

plan as a whole, rather than lo cal action assignmen ts,

b ecause the same action ma y b e assigned to more than

one state. A sample T AP for the Puma domain is giv en

in Figure 4.

The set of T APs that mak e up a con troller are as-

sem bled in to a lo op and sc heduled to meet all the T AP

deadlines. The deadlines are computed from the de-

la ys of the transitions that the con trol actions m ust

preempt.
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It is p ossible that sc heduling will not suc-

ceed. In this case, the AIS will bac ktrac k to the CSM

to revise the con troller, generate and sc hedule a new

set of T APs.

Timed automata

No w that w e ha v e a sense of the execution seman tics

of CIR CA con trollers, let us brie
y review the mo del-

ing formalism , timed automata, b efore presen ting the

mo del itself. A timed automaton is a nondetermin-

istic �nite automaton (NF A) augmen ted with timing

information. In the explication in this section, w e fol-

lo w Ra jeev Alur's notation for describing timed au-

tomata (Alur 1998), and refer the in terested reader to

his pap er for more details.

De�nition 1 (Timed Automaton) A time d

automaton A is a tuple




L; L

0

; � ; X ; I ; E

�

wher e

1. L is a �nite set of lo c ations;

2. L

0

� L is a subset of initial lo c ations;

3. � is a �nite set of lab els;

4. X is a �nite set of clo cks;

5. I is a mapping, L � ! �( X ) fr om lo c ations to clo c k

constrain ts (se e b elow) and

6. E � L � � � 2

X

� �( X ) � L is the set of switc hes |

tr ansitions augmente d with clo ck c onstr aints ( �( X ) ),

clo ck r esets ( 2

X

), and a lab el ( � ).

The clo c k constrain ts that w e use in our mo deling

will all b e of the form c

i

� k or c

i

> k for some clo c k
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The tests and actions that the R TS can execute as part

of its T APs ha v e asso ciated w orst-case execution times that

are used to create and v erify the T AP sc hedule.
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c

i

and in teger constan t k . Note that while the clo c ks

are alw a ys compared to in tegers, they ma y tak e on ar-

bitrary real v alues; this is a c ontinuous time mo del.

The lab els (sometimes referred to as ev en ts) are used

in the de�nition of pro ducts of timed automata, in or-

der to sync hronize switc hes in di�eren t mac hines. They

are imp ortan t to our mo deling e�ort, since w e explicitly

mo del the m ultiple pro cesses as separate automata.

Mo deling CIR CA with timed automata

CIR CA translates the CSM mo del in to a set of in ter-

acting timed automata for a timed automaton v eri�er

(see Figure 5). There is one \base mac hine," the lo-

cations of whic h corresp ond to the states of the CSM

mo del. The base mac hine captures the o v erall state

of the system and its en vironmen t. The base mac hine

in teracts with a n um b er of \transition mac hines," that

corresp ond to the transitions the CSM reasons ab out.

This in teraction is captured b y the lab els on the tran-

sitions of the v arious mac hines; these ensure that the

base mac hine state re
ects the e�ect of the transitions

and ensure that the state of the transition mac hines

accurately indicate whether or not a giv en pro cess is

enabled in a particular system state. The use of m ul-

tiple automata p ermits us to accurately and elegan tly

capture the in teraction of m ultiple, sim ultaneously op-

erating pro cesses.

There are t w o classes of safet y violations that w e lo ok

to the v eri�er to detect. The ob vious one is a tran-

sition to the CSM's distinguished failure state. The

second is a failure to successfully preempt some transi-

tion that do es not carry the system directly to a failure

state. These are transitions that the CSM has decided

to preempt in order to mak e other states unreac hable,

p ossibly to mak e the con troller smaller and more ef-

�cien t or to a v oid other states from whic h the failure

state will b e reac hable. T o detect the second class of

safet y violations, for eac h state s , w e add to the base

Disabled Enabled

Fire T

Disable T

Enable T

Figure 6: A timed automaton corresp onding to a

CSM transition, T .

mac hine a transition to the distinguished failure state

for eac h transition that the CSM in tends to preempt

in s .

The actual timing c haracteristics of the transitions

are represen ted in separate transition mac hines. As w e

ha v e outlined ab o v e, the CSM's automaton is a p o or

represen tation of the actual execution seman tics of the

CIR CA con trol system. There is not a single plan t tak-

ing one action at a time; the en vironmen t is made up of

a n um b er of pro cesses that are executing concurren tly .

These pro cesses are represen ted as the non v olitional

transitions in a CSM domain description: the temp o-

rals, ev en ts and reliable temp orals. The actions of the

CIR CA con trol system o ccur concurren tly with these

en vironmen t pro cesses.

Therefore, for eac h suc h pro cess (CSM transition),

w e add a separate mac hine, with a distinguished clo c k,

to the v eri�er mo del. These mac hines are all of the

same form: they ha v e t w o states, one for when the

pro cess is enabled, and one when it is disabled. These

mac hines ha v e three transitions: one from enabled to

disabled, one in the opp osite direction, disabling the

pro cess, and one self-arc from the enabled state corre-

sp onding to the completion of the pro cess, when it has

its e�ect on the en vironmen t.

The timing c haracteristics of the pro cess are cap-

tured in the clo c k constrain ts of the transition ma-

c hine. The �r e T transition in the transition mac hine

will con tain a guard that expresses the lo w er b ound

constrain t on the pro cess. F or an ev en t or action, the

guard will b e v acuous. F or a temp oral, there will b e

a guard of the form c

T

� �

min

( T ). F or example, for

warm_up_IRU1 in Figure 2, there w ould b e a constrain t

c

warm_up_IRU1

� 45

�

�

min

( warm_up_IRU1 )

�

.

The guard on the transition only captures limits on

ho w early a transition can o ccur. Upp er b ounds (on

reliable temp orals and actions) are captured b y plac-

ing an in v arian t on the enable d state of the transition

mac hine. F or example, it is imp ossible to sta y in the

enabled state of the warm_up_IRU1 mac hine for longer

than 90 time units. The mac hine m ust lea v e this state,



either b y �ring the transition, or b y b ecoming disabled,

b efore this time (�

max

( T )) is up.

The in teraction b et w een the base mac hine and the

transition mac hine for a CSM transition T is captured

using lab els. The arcs of the transition mac hine for

T are giv en the lab els enable T , disable T , and �r e T

(Figure 6). Those lab els are added to appropriate tran-

sitions of the base mac hine as outlined b elo w, in order

to capture the enabling and disabling of pro cesses, and

the e�ect of those pro cesses on the system and its en-

vironmen t.

The o v erall system state determines whether or not

a giv en transition is enabled. F or example, the transi-

tion warm_up_IRU1 is only enabled in states when the

IRU1 feature has the v alue warming (Figure 2). Ac-

tions are enabled only in CSM states for whic h that

action has b een c hosen for execution. This is mo deled

b y tagging those transitions of the base mac hine that

carry it from a state where T is enabled to one where

it is disabled, with the disable T . This lab eling will

force the transition mac hine to its disabled state when

that transition is follo w ed. The enabling of pro cesses

is handled analogously , mutatis mutandis .

In the CSM mo del, there will b e an edge from eac h

state in whic h a transition T is enabled (and not pre-

empted) to its successor state b y that transition. F or

example, in states where the transition warm_up_IRU1

is enabled, there will b e arcs that carry the system

to a new state in whic h the feature IRU1 has c hanged

its v alue from warming to on (Figure 2). In the con-

struction of the base mac hine, the corresp onding arcs

will b e lab eled with the corresp onding �r e T , e.g., �r e

warm_up_IRU1 . This ensures that the e�ects of tran-

sitions will b e re
ected in the state represen ted in the

base mo del.

Final v eri�cation of complete con troller

Recall that the descriptions of action transitions tak en

b y con trollers ha v e asso ciated with them dela ys that

corresp ond to the w orst case execution times of the ac-

tion itself. F or example, when con trolling the Puma

arm, w e ha v e w orst-case execution times that corre-

sp ond to the time it tak es to actually mo v e the arm.

These execution times are not realizable in an y actual

system; they only serv e as lo w er b ounds on the actual

times, whic h are functions not of the actions alone, but

of the en tire con trol program.

The actual w orst-case time to execution of a T AP

cannot b e kno wn un til the en tire con troller is con-

structed b ecause eac h T AP is a part of the o v erall re-

action lo op. This means that in general, the R TS will

not b e running the appropriate T AP imm ediately after

the transition to the state for whic h its action should

b e run. In the w orst case, the R TS migh t ha v e to run

tests actions

tests actions
t )wcet(

state X
event

state Y

Figure 7: A w orst-case execution of a particular

T AP .

(and fail) the tests for all other T APs in the reaction

lo op b efore getting to the righ t one (see Figure 7).

Figure 7 illustrates this p ossibilit y . The T AP that

handles state Y has b egun its tests just b efore the tran-

sition from X to Y . So the appropriate action will not

b e tak en un til all other T APs (sho wn as half-solid bars,

indicating that they do not run to completion) ha v e

failed their tests.

This sho ws, then, that the actual dela y times for

the v arious actions cannot b e kno wn un til after the en-

tire con troller has b een constructed and c ompile d into

a sche dule d T AP lo op . Accordingly , the �nal step of

con troller syn thesis is to re-run the v eri�cation pro cess

with a new mo del that con tains, instead of the lo w er-

b ound estimates on action times, accurate w orst-case

b ounds on the con trol actions, deriv ed using the full

reaction lo op, with sensing actions as w ell as con trol

actions.

Related W ork

In indep enden tly-dev elop ed w ork, Asarin, Maler,

Pneuli and Sifakis (AMPS) (1995; 1995) dev elop ed a

game-theoretic metho d of syn thesizing real-time con-

trollers. They view the problem as trying to \force a

win" against the en vironmen t, b y guaran teeing that all

traces of system execution will pass through (a v oid)

a set of desirable (undesirable) states. Their w ork

stopp ed at the dev elopmen t of the algorithm and

deriv ation of complexit y b ounds; it w as nev er imple-

men ted. Our w ork concen trates on the implemen tatio n

asp ects of this problem and on making it computation-

ally practical.

AI researc hers at IRST ha v e dev elop ed an approac h

to con troller syn thesis that they call \planning as

mo del c hec king." (Giunc higlia & T ra v erso 1999) Their

w ork is similar to our o wn in b eing concerned with

e�cient con troller syn thesis, but more lik e AMPS in



that the v eri�cation system is used as a pro v er to solv e

the problem of con troller syn thesis, rather than b eing

wrapp ed inside a syn thesis program. F urthermore, the

IRST researc hers assume a simpler mo del of execution,

ignoring the duration of actions, and the question of

ho w the con troller is to b e implemen ted.

Kabanza, et. al. ha v e dev elop ed w ork (Kabanza

1996; Kabanza, Barb eau, & St.-Denis 1997) v ery sim-

ilar to ours in scop e and in ten tion. Their early w ork

(fully presen ted in (Kabanza, Barb eau, & St.-Denis

1997)) is similar to the original CIR CA State Space

Planner w ork, but do es not tak e in to accoun t metric

temp oral information. Later w ork (Kabanza 1996), ex-

tends the original framew ork b y incorp orating metric

time, but do es so b y e�ectiv ely imp osing a system-

wide clo c k and progressing the con troller one \tic k"

at a time. In con trol problems with widely v arying

time constan ts, this approac h will lead to an explosion

of states; w e ha v e adopted mo del-c hec king tec hniques

that minimi ze this state explosion.

Conclusions

The CIR CA CSM is a no v el application of automatic

v eri�cation systems to automatic syn thesis of con-

trollers. Previous attempts to use automatic v eri�ers

in con troller syn thesis ha v e limited themselv es to sim-

pler execution seman tics. Our system has a ric h mo del

of the execution of its timed con troller, that re
ects

the b eha vior of a hard real-time executiv e.

The CIR CA system describ ed ab o v e has b een im-

plemen ted as a Common Lisp program. The CSM

curren tly w orks with t w o di�eren t v eri�ers, Kr o-

nos (Y o vine 1998) and a timed automaton v eri�er of

our o wn that is tailored sp eci�cally to the timed au-

tomata CIR CA builds. Kr onos has b etter bac kw ard-

v eri�cation and our o wn v eri�er has b etter forw ard v er-

i�cation (measured in terms of states explored). This

means that Kr onos pro vides b etter p erformance at

determining whether or not a giv en CIR CA con troller

is safe, but in the case where the con troller is not safe

our custom v eri�er is able to �nd a path to the failure

state more rapidly . W e are curren tly w orking b oth to

impro v e our o wn v eri�er and to determine whether to

use b oth v eri�ers together.

Other areas of curren t w ork include expanding the

CIR CA framew ork to the syn thesis of more complex

con trollers. W e are curren tly lo oking at automatically

syn thesizing h ybrid con trollers where the con tin uous

asp ect of the problem is expanded to linear con trol of a

set of con tin uous parameters, rather than simply clo c k

constrain ts.
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