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Abstract. Mo del-c hec king v eri�cation systems can return coun terex-

ample traces when desired prop erties are sho wn to b e violated. Unfortu-

nately , it can b e v ery di�cult to determine ho w to repair a system design

from a coun terexample trace. In this pap er, w e describ e an automatic

tec hnique for extracting repair candidates from coun terexample traces,

in the con text of an on-the-
y algorithm for timed automaton con troller

syn thesis (reactiv e planning). By mapping a coun terexample trace bac k

in to a set of searc h stac k en tries (forming a no go o d ), w e iden tify decisions

that ma y b e causing the v eri�cation failure. These nogo o ds allo w us to

use bac kjumping searc h in the con troller syn thesis. Bac kjumping searc h

is guaran teed to visit few er no des than con v en tional c hronological bac k-

trac king searc h, and in man y problems visits far less. W e presen t data to

sho w that, in large con troller syn thesis problems, bac kjumping ma y pro-

vide substan tial sp eedup b y remo ving large p ortions of the searc h space,

without sacri�cing completeness.

1 In tro duction

Ordinarily , mo del-c hec king v eri�ers are used as part of an iterativ e, man ual sys-

tem design pro cess. Once an initial system design is complete, the designer asks

a mo del-c hec k er to v erify that some prop ert y holds o v er all p ossible traces of

system execution. If the mo del-c hec k er �nds that this prop ert y do es not hold, it

pro duces a coun terexample trace demonstrating ho w the system can violate the

desired prop ert y . Unfortunately , it is v ery di�cult for p eople to use these traces

to guide design revisions. Ha v elund argues that to ols are needed to supp ort h u-

man examination of error traces, and cites as one example the message sequence

c harts pro vided b y SPIN [10 ]. Simmons also rep orts \...it is usually quite di�cult

to diagnose the error directly from the coun terexample" [18]. Sev eral corresp on-

den ts agree that coun terexamples, esp ecially long coun terexamples, are hard to

comprehend [16 , 17 ].

W e use timed automaton v eri�cation as an in tegral, on-line comp onen t of

a fully-autom atic con troller syn thesis system. The syn thesis system is based on

heuristic searc h: the algorithm mak es heuristic decisions ab out what con troller

actions should b e tak en in particular states, and uses a v eri�er to con�rm that



these con trol c hoices will prev en t certain t yp es of failure. When the v eri�er �nds

that failure is reac hable, it can return a trace illustrating a path to failure. By

mapping this failure trace on to the searc h stac k c hoice p oin ts, our con troller

syn thesis system is able to pinp oin t the decisions that are resp onsible for failure,

and b ackjump to revise the most recen t implicated decision. This bac kjump-

ing a v oids revisiting more-recen t but irrelev an t decisions, and can considerably

impro v e the e�ciency of the searc h without sacri�cing c ompleteness .

The metho d describ ed here w as dev elop ed for con troller syn thesis in the

con text of the CIR CA in telligen t con trol arc hitecture [14 ]. Ho w ev er, the metho d

should b e generally useful in an y \on-the-
y" con troller syn thesis metho d, suc h

as that of T ripakis and Altisen [19 ].

W e b egin b y brie
y reviewing our con troller syn thesis metho d, the CIR CA

Con troller Syn thesis Mo dule. W e then review bac kjumping, a tec hnique for di-

rected bac ktrac king that is guaran teed to searc h few er no des than c hronological

bac ktrac king, without sacri�cing the complete en umeration of consisten t ( i.e. ,

safe) solutions. The correct b eha vior of bac kjumping dep ends on correctly form u-

lating eliminating explanations, or \nogo o ds," when an inconsistency is detected

in the searc h pro cess. After describing bac kjumping, w e presen t the metho d for

extracting nogo o ds from coun terexample traces pro duced b y a v eri�er (the core

con tribution of this pap er). W e presen t p erformance results from sev eral domains

illustrating the resulting reduction in searc h. W e conclude with comparisons with

related w ork and some summary remarks.

2 CIR CA Con troller Syn thesis

CIR CA's Con troller Syn thesis Mo dule (CSM) automatically syn thesizes real-

time reactiv e discrete con trollers that guaran tee system safet y when executed b y

CIR CA's Real-Time Subsystem (R TS), a reactiv e executiv e with limited mem-

ory and no in ternal clo c k. 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. T ransitions ha v e preconditions describing when they are

applicable, as w ell as temp oral c haracteristics. F or example, Fig. 1 sho ws sev eral

transitions tak en from a CIR CA problem description for con trolling the Cassini

spacecraft during Saturn Orbital Insertion [7, 15]. Discrete states of the system

are mo deled as sets of feature-v alue assignmen ts. Th us the transition descrip-

tions, together with sp eci�cations of initial states, implicitly de�ne the set of

p ossible system states.

The CSM reasons ab out b oth con trollable and uncon trollable transitions:

Action transition s represen t actions p erformed b y the R TS. 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 (uncon trol lab le) transition s represen t uncon trollable pro cesses.

Asso ciated with eac h temp oral transition is a lower b ound on its dela y . T ran-

sitions whose lo w er b ound is zero are referred to as events , and are handled



ACTION turn_on_ma in _en gi ne ;; Turning on the main engine

PRECONDI TIO NS: '((engine off))

POSTCOND ITI ONS : '((engine on))

DELAY: <= 1

EVENT IRU1_fails ;; Sometimes the IRUs break without warning.

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 CSM.

sp ecially for e�ciency reasons. T ransitions whose p ostconditions include the

prop osition (failure T) are called temp or al tr ansitions to failur e (TTFs).

Note that eac h transition is an implicit description of man y transitions in an

automaton mo del. Eac h of these transitions is enabled in an y discrete state that

satis�es its preconditions, and disabled ev erywhere else.

If a temp oral transition leads to an undesirable state, the CSM ma y plan an

action to pr e empt the temp oral:

De�niti on 1 (Preemption ). A temp or al tr ansition may b e pr e empte d in a

(discr ete) state by planning for that state an action which wil l necessarily o c cur

b efor e the temp or al tr ansition 's delay c an elapse.

Note that successful preemption do es not ensure that the threat p osed b y a

temp oral transition is handled; it ma y simply b e p ostp oned to a later state (in

general, it ma y require a sequence of actions to handle a threat). A threat is

handled b y preempting the temp oral with an action that carries the system to

a state whic h do es not satisfy the preconditions of the temp oral.

The con troller syn thesis (planning) problem can b e p osed as cho osing a c on-

tr 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 thesis 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 ensures

that the syn thesized con trollers are actually realizable in the R TS.

Algorithm 1 (Con troller Syn thesis)

1. Cho ose a state fr om the set of r e achable states (at the start of c ontr ol ler

synthesis, only the initial states ar e r e achable).



2. F or e ach unc ontr ol lable tr ansition enable d in this state, cho ose whether or

not to pr e empt it. T r ansitions that le ad to failur e states m ust b e pr e empte d.

3. Cho ose a single c ontr ol action or no-op for this state.

4. Invoke the veri�er to c on�rm that the (p artial) c ontr ol ler is safe.

5. If the c ontr ol ler is not safe, use information fr om the veri�er to dir e ct b ack-

jumping.

6. If the c ontr ol ler is safe, r e c ompute the set of r e achable states.

7. If ther e ar e no \unplanne d" r e achable states (r e achable states for which a

c ontr ol action has not yet b e en chosen), terminate suc c essful ly.

8. If some unplanne d r e achable states r emain, lo op to step 1.

The searc h algorithm main tains the decisions that ha v e b een made, along

with the p oten tial alternativ es, on a searc h stac k. The algorithm mak es decisions

at t w o p oin ts: step 2 and step 3.

The CSM uses the v eri�er mo dule after eac h assignmen t of a con trol action

(see step 4). The v eri�er is used to con�rm b oth that failure is unreac hable and

that all the c hosen preemptions will b e enforced. 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. W e

describ e this pro cess in detail in the follo wing sections.

3 Bac kjumping

Although the searc h algorithm includes heuristic guidance (using our o wn heuris-

tic, based on [12 ]), it ma y still need to explore a n um b er of p ossible con troller

designs (action assignmen ts) b efore �nding a safe con troller. If the heuristic

mak es a p o or decision at a state, the searc h pro cess will lead to dead ends, and

it m ust bac k up to that state and resume searc hing with a di�eren t decision.

The simplest approac h to \bac king up" is chr onolo gic al b acktr acking : undoing

the most recen t decision in the searc h and trying an alternativ e. Ho w ev er, in

some problems, it is p ossible to determine that the most recen t decision w as not

relev an t to reac hing the dead end. Bac kjumping exploits suc h information b y

skipping o v er irrelev an t decisions and bac ktrac king directly to the most recen t

r elevant decision.

An example tak en from the CIR CA con troller syn thesis problem ma y help

understand wh y bac kjumping is useful. Consider the problem sho wn in Fig. 2.

The searc h algorithm has assigned con trol actions to the states in the order

indicated b y the state n um b ering. The planned actions and the un-preempted

temp oral transitions are sho wn b y the hea vy lines (dashed for actions, double-

solid for temp orals). A t this p oin t, the system has planned an action for state 1



3

2

1 4

BAD

Fig. 2. An example sho wing the utilit y of bac kjumping.

Backjump to here1

2

3

4

....Dead End....

Fig. 3. A searc h tree corresp onding to the con troller syn thesis problem in Fig. 2

that will tak e it to state 2, an action from state 2 that will tak e it to state 3, and

an action for state 3 that will return the system to its initial state. Unexplored

alternativ es are sho wn as fain ter dotted lines. There are t w o alternativ e actions

for state 1 and three eac h for states 2 and 3. The planner has also p ermitted a

non v olitional transition to carry the system from the initial state to state 4.

Unfortunately , when trying to c ho ose an action for state 4, w e will reac h an

impasse. All three p ossible action c hoices will lead us to BAD . W orse, w e cannot

simply do no-op , b ecause if w e do, there is a non v olitional transition that will

carry us to BAD . W e ha v e reac hed a dead-end in our searc h, and m ust bac k up.

A con v en tional, c hronological bac ktrac king algorithm w ould no w return to

state 3, and attempt to assign a new con trol action to it. Ho w ev er, it should b e

clear from Fig. 2 that this is a w aste of time. No revision to the c hoices for states

2 or 3 will solv e the problem, and it will tak e us an arbitrarily large amoun t of



time to �nd this out. It w ould b e far b etter for us simply to \jump" bac k to

state 1 and try to �nd a b etter solution to the problem p osed b y that state, in

this case b y preempting the temp oral to state 4. A searc h tree corresp onding to

this problem is giv en as Fig. 3. The w asted searc h is sho wn as shaded triangles.

Note that the subtrees corresp onding to these triangles ma y b e arbitrarily deep.

Bac kjumping mak es this kind of in telligen t, guided revision p ossible. It can b e

sho wn that bac kjumping is complete and nev er expands more no des than depth-

�rst searc h. Bac kjumping w as dev elop ed b y Gasc hnig [6 ], but our discussion

follo ws the presen tation b y Ginsb erg [8 ], whic h is admirably elegan t and lucid.

W e ha v e mo di�ed Ginsb erg's discussion somewhat to mak e it �t our searc h

algorithm more closely .

De�niti on 2 (Constrain t Satisfaction Problem (CSP)). A c onstr aint sat-

isfaction pr oblem is a tuple, ( I ; V ) with I a set of variables; for e ach i 2 I ther e

is a set V

i

= f v

i; 0

; v

i; 1

: : : v

i;n

i

g of p ossible values for the variable i . Ther e ar e

some c onstr aints that limit the ac c eptable assignments of values to variables.

In the case of the CIR CA con troller syn thesis problem, the v ariables in ques-

tion are the preemption decisions and the action assignmen ts. The constrain ts

are implicitly de�ned b y the scenario de�nition, and whether or not an assign-

men t is consisten t is determined b y consulting the timed automaton v eri�er.

E.g., in Fig. 2 there is no assignmen t to the action v ariable for state 4 that is

consisten t with the assignmen t of not-pr e empte d to the non v olitional from state

1 to state 4.

De�niti on 3 (P artial Solution ). L et ( I ; V ) b e a CSP. By a p artial solution

to the CSP, we me an an or der e d subset J � I , and an assignment of a value

to e ach i 2 J . A p artial solution c orr esp onds to a tuple of or der e d p airs, wher e

e ach or der e d p air h i; v i assigns the value v to i . F or a p artial solution, P , we wil l

write P for the set of variables assigne d values by P .

In general, w e cannot assign arbitrary v alues to v ariables | some of the

v alues are eliminated b y constrain ts:

De�niti on 4 (Eliminati ng Explanation). Given a p artial solution P to a

CSP, an eliminating explanation for a variable i is a p air h v ; P i wher e v 2 V

i

and S � P . That is, i c annot take the value v b e c ause of the values assigne d by

P to the variables in S . The set of eliminating explanations for i is E

i

.

De�niti on 5 (Solutio n Chec k er). A solution che cker for a CSP is a function

C : P ; i; v ! f>g [ E

i

. That is, the solution che cker, given a p artial assignment

P and an assignment to a variable i 62 P wil l r eturn either > (the assignment

satis�es al l c omplete c onstr aints), or wil l r eturn an eliminating explanation for

h i; v i .

No w w e can describ e c hronological bac ktrac king depth-�rst searc h using the

preceding de�nitions. W e presen t this to pro vide a p oin t of comparison that

should mak e bac kjumping easier to understand. The description of depth-�rst



searc h using eliminations is simply a dual of the con v en tional description: instead

of the algorithm trac king the remaining v alues for the v ariables, this v ersion

trac ks the v alues eliminated from the v ariables' domains.

Algorithm 2 (Eliminati on- based Depth-�rst Searc h) Given a CSP P and

a solution che cker C :

1. P := ; and N

i

:= ; for al l i 2 I . P wil l r e c or d the curr ent p artial solution,

and N

i

is the set of values eliminate d fr om the domain of i at this stage of

the se ar ch.

2. If P is a c omplete solution, r eturn it.

3. Sele ct a variable i 2 I � P .

4. L et S := V

i

� N

i

, the set of r emaining p ossibilities for i .

5. If S = ; , b acktr ack : if P = ; r eturn failur e, otherwise, let h j; v

j

i b e the last

entry in P . R emove h j; v

j

i fr om P , N

i

:= ; , add v

j

to E

j

and go to step 4.

6. If S 6= ; , cho ose a value, v

i;k

2 S to assign to i .

7. If C ( P ; i; v

i;k

) = > then P := P [ fh i; v

i;k

ig and go to step 3.

8. If C ( P ; i; v

i;k

) 6= top then add v

i;k

to N

i

and go to step 4.

Note that depth �rst searc h mak es only the most trivial use of the solution

c hec k er and the eliminating explanations. Indeed, for the purp oses of depth-

�rst searc h, the solution c hec k er need only b e a b o olean function, returning

either > or ? .

No w w e can presen t the de�nition of bac kjumping. F or bac kjumping w e will

require the solution c hec k er to pro vide more sp eci�c information.

De�niti on 6 (Solutio n Chec k er for Bac kjumping). F or an assignment

that violates some c onstr aints, we r e quir e C ( P ; i; v ) to r eturn some E

i

( v ) � P ,

such that the set of values assigne d to the variables E

i

( v ) , taken to gether with

the assignment h i; v i , violates some c onstr aint of the pr oblem.

As one w ould exp ect, the smaller the explanations, the b etter. In the w orst case,

where E

i

( v ) = P for all i and v , bac kjumping degenerates to depth-�rst searc h.

Note that these eliminating explanations can b e in terpreted as logical im-

plications. Giv en an eliminating explanation, e.g., E

i

( v ) = f j; k ; l g � P for

h i; v i , w e can in terpret this as a clause :h i; v i  h j; v

j

i ; h k ; v

k

i ; h l ; v

l

i , where

h j; v

j

i ; h k ; v

k

i ; h l ; v

l

i 2 P . With some abuse of notation, w e will write suc h clauses

as: :h i; v i  E

i

( v ). This in terpretation will b e helpful in understanding ho w the

bac kjumping algorithm up dates eliminating explanations.

Algorithm 3 (Bac kjumping) Given a CSP P and a solution che cker C :

1. P := ; and E

i

:= ; for al l i 2 I . P wil l r e c or d the curr ent p artial solution.

E

i

wil l b e a set of p airs of the form h v

i;k

; E

i

( k ) i wher e v

i;k

2 V

i

is a value

eliminate d fr om the domain of i and E

i

( k ) � P is an eliminating explanation

for h i; v

i;k

i . The set of variables mentione d in the eliminating explanations

for i , is E

i

�

S

f k j v

i;k

2 V

i

g

E

i

( k ) .

2. If P is a c omplete solution, r eturn it.



3. Sele ct a variable i 2 I � P .

4. L et S := V

i

� E

i

, the set of r emaining p ossibilities for i .

5. If S = ; , b ackjump : if E

i

= ; r eturn failur e, otherwise, let h j; v

j

i b e the

most r e c ent entry in P such that j 2 E

i

. R emove h j; v

j

i fr om P , E

i

:= ; ,

add h v

j

; E

i

� j i to E

j

and go to step 4.

6. If S 6= ; , cho ose a value, v

i;k

2 S to assign to i .

7. If C ( P ; i; v

i;k

) = > then P := P [ fh i; v

i;k

ig and go to step 3.

8. If C ( P ; i; v

i;k

) 6= > then add h v

i;k

; C ( P ; i; v

i;k

) i to E

i

and go to step 4.

R emarks T o understand the description of an actual bac kjump, in step 5 of

Alg. 3, recall the in terpretation of eliminating explanations as implicatio ns.

When bac kjumping w e ha v e eliminated all elemen ts of V

i

, so w e ha v e E

i

( v ),

or :h i; v i  E

i

( v ), for all v 2 V

i

. Implicitly , w e also ha v e

W

v 2 V

i

h i; v i . F rom

these, w e can use resolution to conclude

W

v 2 V

i

E

i

( v ), the E

j

up date computa-

tion p erformed in step 5.

4 Eliminati ng Explanations from V eri�er T races

As w e indicated earlier, CIR CA uses a timed automaton v eri�cation program as

its solution c hec k er (see Def. 5). The k ey to applying bac kjumping in our con-

troller syn thesis is to b e able to translate coun terexample traces in to eliminating

explanations, p er Def. 4 and Def. 6.

The mo del used b y the CIR CA Con troller Syn thesis Mo dule is not directly

in terpretable b y a timed automaton v eri�er. Since the CIR CA execution sys-

tem do es not use clo c ks, the CSM reasons only ab out the discrete state space.

Nev ertheless, one m ust reason ab out clo c ks in order to determine whether a

CIR CA con troller is safe. Accordingly , the CIR CA CSM translates its (partial)

con trollers in to timed automata, and then submits these automata to the v eri�er.

W e do not ha v e space here to fully describ e this translation pro cess, whic h

w e ha v e written ab out elsewhere [9 ]. Ho w ev er, there are three facts ab out this

translation relev an t to our discussion here. First, there is a function from the

lo cations of the timed automaton mo del to the discrete states in the CSM mo del,

CSMstate( � ). Second, there is a function from the jumps in the timed automaton

mo del to the transitions of the CSM, CSMtrans( � ). These are b oth computable

in constan t time. Third, the timed automaton mo dels of our con trollers con tain

a distinguished failure lo cation.

The coun terexample traces generated as a result of c hec king CIR CA plans

for safet y ha v e the follo wing form:

s

0

t

0

! s

1

t

1

! s

2

t

2

! : : : s

n

t

n

! s

fail

Eac h s

i

is made up of a lo cation and a clo c k zone (whic h represen ts an equiv-

alence class of clo c k v aluations for the same lo cation). In the follo wing, w e will

only b e concerned with the lo cation. Since eac h s

i

corresp onds to a single lo-

cation, w e will not b e fussy ab out the notation. The state s

0

is a distinguished



initial state that do es not corresp ond to an y CSM state. The state s

1

will map to

some CSM initial state. s

fail

is a state whose lo cation is the distinguished failure

lo cation.

The transition s

n

t

n

! s

fail

will corresp ond to one of t w o classes of failure:

either t

n

is a transition to failure in the CIR CA mo del or t

n

corresp onds to a

non v olitional, nv the CSM has c hosen to preempt.

W e extract an eliminating explanation from the coun terexample using a func-

tion from state-jump-state triples, s

i

t

i

! s

i +1

in to searc h decisions. This func-

tion is de�ned o v er the CSM states and transitions, �

i

� CSMstate ( s

i

) ; �

i +1

�

CSMstate( s

i +1

) and �

i

� CSMtrans ( t

i

), as follo ws:

De�niti on 7. Eliminating Explanations fr om Counter examples

f ( �

i

; �

i

; �

i +1

) =

8

>

>

>

>

>

>

>

>

>

<

>

>

>

>

>

>

>

>

>

:

f � ( �

i

) g if �

i

is a TTF and �

i +1

= s

fail

.

f � ( �

i

) ; $ ( �

i

; �

i

) g if �

i

2 � ( �

i

) and �

i +1

= s

fail

.

f � ( �

i

) g if �

i

is an action or an event

(se e Se ct. 2) and �

i +1

6= s

fail

.

f $ ( �

i

; �

i

) g if �

i

is a temp or al tr ansition

(and not an event) and �

i +1

6= s

fail

.

R emarks The �rst and second pairs of cases are m utually exclusiv e and co v ering

( �

i +1

= s

fail

v ersus �

i +1

6= s

fail

) and the cases in eac h pair are also m utually

exclusiv e and co v ering.

In this de�nition, w e mak e use of t w o classes of searc h decision: action de-

cisions, � ( � ), and preemption decisions, $ ( � ; � ). Eac h of these searc h decisions

corresp onds to an en try in the searc h stac k. The domain of an action decision,

� ( l ) is the set of actions enabled in state l . Preemption decisions are b o olean,

$ ( l ; t ) = > (resp., ? ) means that t m ust b e (need not b e) preempted in l .

Using the function of Def. 7, a timed automaton v eri�er can act as a solution

c hec k er for bac kjumping, p er Def. 6. When the v eri�er returns a coun terexample

trace, w e apply the mapping giv en in Def. 7 to the trace, remo v e duplicate deci-

sions, and then remo v e � ( s ) from the result to get a nogo o d. Searc h using these

eliminating explanations pro ceeds p er Alg. 3. Note that the pre-c hec ks (used to

a v oid unnecessary calls to the v eri�er) also return eliminating explanations.

There are three conditions required of the solution c hec k er to ensure the

soundness and completeness of Alg. 3 [8 ]. Our approac h meets all three:

1. Correctness: If C ( P ; i; v ) = > then ev ery c omplete constrain t

1

is satis�ed

b y P [ fh i; v ig .

Pro of: The set of completed constrain ts is determined b y the reac hable

subspace of the state space. That is, a set of v ariable assignmen ts in the CSM

searc h is consisten t i� the sub-space generated b y those v ariable assignmen ts

1

A constrain t is complete if all its participating v ariables ha v e b een assigned a v alue.



is safe. If the timed automaton v eri�er w e use is correct the correctness

condition is met. )

2. Completeness: Whenev er P [ fh i; v ig is consisten t, P

0

� P and P

0

[ fh i; v ig

is not consisten t, then C ( P

0

; i; v ) \ ( P

0

� P ) 6= ; . That is, if P can b e extended

b y assigning v to i and P

0

cannot b e, at least one elemen t of P

0

� P is

iden ti�ed as a p ossible reason for the problem.

Pro of: Corresp onding to P [ fh i; v ig there is a timed automaton subspace

that is safe. Corresp onding to P

0

[ fh i; v ig there is a timed automaton sub-

space that is not safe. Ergo, there m ust b e a trace of the follo wing form:

s

0

t

0

! s

1

t

1

! : : : s

m

t

m

! : : : s

n

t

n

! s

fail

where s

m

corresp onds to a state that w as not y et planned in P (note that s

m

ma y or ma y not b e equal to s

n

, s

1

, or b oth), otherwise a correct v eri�er w ould

ha v e found the path when c hec king P [ fh i; v ig . Examining the mapping

giv en in Def. 7, w e can see that applying that mapping to s

m

t

m

! s

m +1

will

add to the nogo o d at least one v ariable in P

0

� P . )

3. Concision: Only one reason is giv en wh y a particular v ariable cannot ha v e

the v alue v in a partial solution P .

Pro of: The explanations are generated b y our timed automaton v eri�er. F or

eac h safet y v eri�cation failure, the v eri�er will generate a single coun terex-

ample, from whic h Def. 7 will generate a single nogo o d. )

It follo ws that Alg. 1, using bac kjumping according to the solution c hec king

mec hanism prop osed here, will b e sound and complete.

5 T est Results

Bac kjumping is critical to making c hallenging domains feasible. W e can assess

the results of trace-directed bac kjumping b y comparing against the CSM p erfor-

mance when bac kjumping is disabled, and the system only engages in c hrono-

logical bac ktrac king. F orcing the CSM to use c hronological bac ktrac king is fairly

simple: w e still call the same v eri�er to assess whether the curren t plan is ac-

ceptable, but if the v eri�er �nds failure is reac hable w e do not return a culprit,

instead simply bac ktrac king one step and c hanging the last decision on the stac k.

F or example, on one of our mid-sized regression testing domains, the c hrono-

logical bac ktrac king v ersion requires 105 bac ktrac ks and 1.5 seconds to solv e the

problem, while the bac kjumping v ersion uses only 32 bac kjumps and 0.9 seconds.

Larger domains sho w m uc h more dramatic impro v emen ts. F or example, on one

of our larger testing domains the c hronological bac ktrac king v ersion p erforms

o v er 14,000 bac ktrac ks b efore timing out after 20 min utes and failing to solv e

the problem

2

. The bac kjumping v ersion mak es only 25 w ell-directed bac kjumps

and solv es the problem in 9.5 seconds.

2

Exp erience sho ws that, if a solution has not b een found b y then, the searc h is t yp-

ically hop elessly lost. These tests w ere p erformed on a 750MHz P en tium mac hine

running Lin ux.



These p erformance impro v emen ts can also b e seen in a closely-related system

dev elop ed at the Univ ersit y of Mic higan [4 ]. Their searc h algorithm w as recen tly

extended to include bac kjumping. Their ev aluation of bac kjumping on a large

set of randomly-generated domains also illustrates the v alue of this tec hnique.

6 Related W ork

Buccafurri, et. al. [2 ] also attempt to tac kle the problem of automatically ex-

tracting repair information from coun terexamples. They describ e a tec hnique

for adding automatic repair to mo del c hec king v eri�cation. They use ab duc-

tiv e mo del revision to alter a concurren t program description in the face of a

coun terexample. The class of systems and repairs they consider seem most ap-

propriate for handling concurrency proto col errors, esp ecially in v olving m utual

exclusion and deadlo c ks, and rather less appropriate for con trol applications lik e

the ones that in terest us.

T ripakis and Altisen [19 ] ha v e indep enden tly dev elop ed an algorithm v ery

similar to ours. They use the term \on-the-
y" for algorithms that generate

their reac hable state spaces at the same time as they syn thesize the con troller. AI

planning algorithms, including the original CIR CA planning/con troller syn thesis

algorithm [13 , 14 ] ha v e t ypically b een on-the-
y in this sense. W e b eliev e that

a suitably-mo di�ed bac kjumping sc heme could b e pro�tably incorp orated in to

their algorithm.

Bac kjumping pro vides a restricted form of guidance to bac ktrac king, us-

ing limited record-k eeping. There are other algorithms that pro vide more guid-

ance, at the exp ense of more record-k eeping. Three of the most signi�can t are

dynamic bac ktrac king [8], dep endency-directed bac ktrac king (sometimes called

T ruth Main tenance Systems or TMSes) [5], and m ultiple-con text (assumption-

based) systems (A TMSes) [11 , 3]. Dynamic bac ktrac king is similar to bac kjump-

ing, but additionally p ermits the searc h algorithm to salv age some of the w ork

done b et w een the bac kjump p oin t and the p oin t at whic h failure is detected.

Ho w ev er, for man y applications, this seems to b e coun terpro ductiv e, sometimes

b eha ving exp onen tially w orse than simpler approac hes [1]. It is no w generally

agreed that for almost all applications TMSes pro vide a p o or return for their

space cost. On the other hand, A TMSes ha v e b een widely used in diagnostic

applications. It is p ossible that they w ould b e useful here.

7 Conclusions

W e ha v e presen ted a tec hnique for extracting repair candidates from coun terex-

ample traces in a con troller syn thesis application. These repair candidates tak e

the form of en tries in a searc h stac k, and allo w us to use bac kjumping searc h in

the con troller syn thesis. In di�cult con troller syn thesis problems, bac kjumping

pro vides a crucial adv an tage. Our tec hnique should b e directly usable in other

on-the-
y con troller syn thesis and AI planning metho ds. W e hop e that it will

also p oin t the w a y to impro v emen ts in other uses of mo del-c hec king v eri�cation.
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