A Com bination of Clasual and Non Clausal

T emp oral Logic Program

Shinji Kono

e-mail:kono@csl.son y .co.jp

Sony Computer Science Lab oratory Inc.

3-14-13, Higashi-gotanda, Shinagaw a-ku, T oky o 141, Japan

July 12, 1993

W e have developped T okio interpreter[5] for �rst order Intev al T emporal Logic[11]

and an automatic theorem prov er [6, 7] for Prop ositional Interv al T emp oral Logic. The

veri�er features deterministic tableau expansion and binary decision tree representa-

tion of subterms. Combining these, we can avoid rep eated similar clausal form time

constraints, and it is p ossible to execute wider range of sp eci�cation without time-

backtrac king.

1 Interv al T emp oral Logic

Interv al T emp oral Logic[11] (hereafter referred as ITL) uses a sequencing mo dal op erator as its

basis. In this logic, it is very easy to express control structures in conven tional programming

languages, (such as ‘;’, while statement). F rom this p oint of view a pro cess algebra such as CCS[9]

or CIRCAL[8] is also go o d for control structures, but it do es not supp ort negation and declarative

expressions (like sometime or always) which are common to T emporal Logic.

In this pap er, we show an implementation of interv al temp oral logic theorem prover. This

method is a tableau driven metho d[12, 14] and a practical implementation of [5, 7]. It also generates

a deterministic state diagram as a veri�cation result.

W e have developped �rst order Interv al T emporal Logic interpreter using a kind of clausal form.

It is easy to combine the result of veri�cation and the interpreter, since the generated state diagram

can b e easily translated into clausal form.

First we show informal visual representation of basic op erators in ITL. An interv al is a �nite

line which has number of clo ck ticks. An op erator empty is true on the length 0 interv al.

A lo cal v ariable p means p o ccurs at the b eginning of the interv al.

The nextoper ator @P means P b ecomes true after one clo ck cycle. Thus, in ITL @P ’s interv al

must b e one clo ck cycle longer than P ’s and @P is false on the empty interv al. W e call this

strong next. W e write w eak next P as @P _ empty . P can b e any temp oral logic formula.

W e introduce the chop op erator ‘&’ which combines two interv als. P &Q roughly means \do P

then Q".

Using the chop op erator we can express sometime 3 and alwa ys 2.

A pro jection op erator creates coarse grain time using a rep eated interv al. P pr oj Q means Q is

true on a coarse grain time interv al. In this interv al clo ck ticks are de�ned by the rep etition of P .

W e shall use the following abbreviations,

P _ Q � (:P ) ) Q

P ^ Q � :(P ) :Q)

P , Q � (P ) Q) ^ (Q ) P )

mor e � :empty

+P � P &(P _ empty )&:::&(P _ empty )

3P � T &P

2P � :3:P

P � @P _ empty

sk ip � @empty

l eng th(n) � @@:::@

| {z }

n empty

2 l ess(n) � :::

| {z }

n

F

8P f (P ) � :9P :f (P )

P &&Q � (P ^ :empty )&Q

� P � (P pr oj T ) _ (empty ^ P ) (closure)

f in(P ) � empty ) P

hal t(P ) � empty , P

+P is a closure of chop. The chop standard form is a formula which all these abbreviations hav e

been remov ed. Chop standard form may include variables and conjunction, disjunction, negation,

chop, pro jection and existential quanti�er op erations.

F or example, we can make a simple theorem, 3empty , since we use �nite interv al (every interv al

must include an termination p oint). Hence, its dual 2mor e is unsatis�able since we cannot extend

the interv al inde�nitely

. Later we prov e that

(23P ) , (32P ) , f in(P );

from which we deduce ITL cannot express fairness. As indicated in [13], the decision pro cedure is

simple for �nite interv als.

1.1 Sp eci�cation in Interv al T emp oral Logic

In ITL, it is easy to express sequential execution and time out.

((l ess(5) ^ 3p ^ 3q ) _ (l eng th(6)&s))&2r

This means that p and q have to b e done in 5 clo ck cycles, and after that r stays true until the end

of the interv al. Otherwise s is happ en b efore r .

Using pr oj , the rep eated even t and time sharing task are easily describ ed as in [3]. The

expression

(l eng th(2) ^ 3p) pr oj T

represents a pro cess in which p happ ens every 2 clo ck cycles (its timing is not sp eci�ed).

Conv ersely some preemptable task p which takes 10 ticks can b e represented as follows

T pr oj (length(4) ^ 2p)

Of course, we can add a time limit easily . F or example, if task p has to b e done b efore q will

happen:

((T pr oj (l eng th(4) ^ 2p)) ^ k eep(:q ))&q :

3

F or a more complex example, if we have 2 p erio dical tasks (interv als are 3 clo cks and 5 clo cks)

and one time sharing task with dead line with l eng th(15), which shares one resource. (Fig.1).

Figure 1: Real-time T ask Combination

((T pr oj (l eng th(5) ^ 2(c))) ^ l eng th(15))&T )^

(((l eng th(3) pr oj @3(a)) ^ T )&l ess(3))^

(((l eng th(5) pr oj @3(b)) ^ T )&l ess(5))^

2(:((a ^ b)))^

2(:((b ^ c)))^

2(:((c ^ a)))

2 V eri�cation Metho ds

T o verify a temp oral logic, several metho ds are known such as the T ableau Metho d [14], Finite

Automaton Generation [2] and Mo del Checking[10, 4].

Lo cal ITL is also known to b e decidable [11] using conv ersion to Quanti�ed Linear Time T emporal

Logic. Howev er, this conv ersion generates one extra variable for each & op erator which makes

veri�cation space/time hard. It also introduces in�nite the interv al and fairness unnecessarily .

Hereafter we restrict ourselves in Lo cal ITL. There is a mo del chec ker for Branching T emp oral

Logic / Computation T ree Logic [10] which has p olynomial order complexity

. However this is not

a complete veri�er.

3 Deterministic T ableau Expansion

In ITL, a temp oral logic formula P can b e separated into tw o parts: the current clo ck p erio d and

the future clo ck p erio d. This separation can b e represented by a disjunctive normal form with the

empty and the @ ( strong next) op erators.

‘ P , (empty ^ P

e

) _

_

i

P

i

^ @P x

i

A formula P is true on an empty interv al if P

e is true. In the case of a non-empty interv al, the

required condition P x

i at the next clo ck p erio d dep ends on the current state condition P

i

. P

e and

P

i must not contain temp oral logic op erator. W e call this separated form the @ � nor mal f or m.

Each P and P x

i represents a p ossible world, and which are connected by a p ossible clo ck transition.

T o make all p ossible world, this transformation has to b e applied to the generated formula P x

i

repeatedly . T ermination of this pro cedure will b e discussed in later section.

4

F or exapmle, @ � nor mal f or m for p&q &r is

‘ p&q &r , (empty ^ r ^ q ^ p)

_ (r ^ q ^ p ^ @T )

_ (:(r ) ^ q ^ p ^ @(T &r _ T &q &r ))

_ (:(q ) ^ p ^ @(T &q &r )):

This @ � nor mal f or m represents a non-deterministic state transition shown in Fig.2.

&%

’$

&%

’$

&%

’$

&%

’$

�

�

�

�

�

�

�

�

�

�

�

�

� *

-

H

H

H

H

H

H

H

H

H

H

H

H

H

H j p&q &r

T &r _ T &q &r

T &q &r

T

:(r ) ^ q ^ p

:(q ) ^ p

r ^ q ^ p

6

&%

’$

F

:p

Figure 2: State T ransiton for Chop Op erator

This separation is p erformed recursively on temp oral logic op erators in the formula. F or example,

if we hav e two @-normal forms for P and Q then,

P = (empty ^ P

e

) _

_

i

P

i

^ @P x

i

Q = (empty ^ Q

e

) _

_

i

Q

i

^ @Qx

i

The @-normal form for P &Q will b e,

P &Q = (empty ^ P

e

&Q) _

_

i

P

i

^ @P x

i

&Q:

The expansion is easy b ecause we use non-deterministic state transition, but there is a problem.

Since we use @-normal form (which is a kind of disjunctive normal form) negation b ecomes ex-

pensive. If P contains n disjunction then n-times normalization is necessary to achieve @-normal

form. This corresp onds the fact that this transformation generates non-deterministic transition.

How ever, if the conditions P

e

; P

i do not ov erlap each other (i.e. if the transition conditions P

e

; P

i

are deterministic) negation b ecomes very easy ,

‘ :P , (empty ^ :P

e

) _

_

i

P

i

^ @:P x

i

: (if P

e

; P

i do not overlap each other)

5

W e call @-normal form deterministic if the conditions P

e and P

i do not overlap. F ortunately

, it is

possible to keep deterministic @-normal form in every tableau expansion of an ITL op erator.

Since P

i and P

e contain no temp oral logic formulae then non-ov erlapp ed conditions can b e

represented as a binary decision tree, in which leaves are ITL formulae. If the condition contains

n v ariables then each no de has a maximum of 2 n

leav es. W e do not need to simplify P

i

; P

e part,

since the expansion is unique. In fact, for a binary decision tree, P

i

; P

e is represented by a path

in the tree (i.e a set of v ariables and empty or its negation). If we need tw o v ariables a; b for P

e

,

the p ossible paths are: [empty ; +a; +b]; [empty ; +a; �b]; [empty ; �a; +b]; [empty ; �a; �b]. Then W e

write @-form for P like this:

P : [empty ; +a; +b] ! P

e0

[empty ; +a; �b] ! P

e1

[empty ; �a; +b] ! P

e2

[empty ; �a; �b] ! P

e3

[mor e; +a; +b] ! P

x0

[mor e; +a; �b] ! P

x1

[mor e; �a; +b] ! P

x2

[mor e; �a; �b] ! P

x3

! means a state transition here. P

ei are T or F b ecause it contains no temp oral logic op erator

or v ariables. P

xi are temp oral logic formulae, which lab el p ossible worlds as states. In this way ,

the tableau expansion can generate a deterministic automaton. T o check the �niteness of the

automaton, another normal form technique is necessary for the leav es (which will b e discussed in

the later section).

F or �xed P

i

; P

e

, the deterministic tableau expansion rules can b e describ ed as a b o olean op eration

on the leaves. Here we assume P ’s leaf for an P

i condition is mor e(P ) and P ’s leaf for a P

e condition

is empty (P ). If we meet a lo cal variable p, a no de is added to the binary decision tree, that is, P

i is

changed into two leaves P

i

^ p and P

i

^ :p. Since empty (P ) contains no ITL op erator, no v ariable

and no connectives, empty (P ) is T or F .

T

empty (T ) = T

mor e(T ) = @T

P ^ Q

empty (P ^ Q) = empty (P ) ^ empty (Q)

mor e(P ^ Q) = mor e(P ) ^ mor e(Q)

P _ Q

empty (P _ Q) = empty (P ) _ empty (Q)

mor e(P _ Q) = mor e(P ) _ mor e(Q)

:P

empty (:P ) = :empty (P )

mor e(:P ) = :mor e(P )

@P

empty (@P ) = F

mor e(@P ) = @P

P &Q

empty (P &Q) = empty (P ) ^ empty (Q)

mor e(P &Q) = (empty (P ) ^ mor e(Q)) _ (mor e(P )&Q)

6

9y Q y is removed from leaf conditions

empty (9y Q) = (empty (y ^ Q) _ empty (:y ^ Q))

mor e(9y Q) = 9y ((mor e(y ^ Q) _ mor e(:y ^ Q)))

�(P )

empty (�(P )) = empty (P )

mor e(�(P )) = mor e(P )& � (P )

P pr oj Q

empty (P pr oj Q) = empty (Q)

mor e(P pr oj Q) = mor e(P )&(P pr oj mor e(Q))

These transformation rules are part of the complete axiom system in ITL. T o see the soundness

of these transformations, we have to lo ok at the mo del de�nition of the temp oral logic op erator.

F or the chop rule, we have

M

ij

(P &Q) = T when i � 9k � j ;

M

ik

(P ) = T ; M

k j

(Q) = T

F otherwise.

First we note that M

ij

((P _ Q)&R) = T if M

ij

(P &R) = T or M

ij

(Q&R) = T . Since leav es in a

binary tree are all connected by disjunctions, a pro of on a leaf is su�cient.

In the case of empty

, i = j in M

ij

(P &Q) = T , then i can b e used as a k , and M

ii

(P ) = T

and M

ii

(Q) = T . This is equiv alent to the M

ii

(P ) ^ M

ii

(Q). That is empty (P &Q) = empty (P ) ^

empty (Q). If j > i then k = i or k > i. In case of k = i, M

ik

(P ) = T and M

k j

(Q) = T are

necessary

, so that empty (P ) = T and mor e(Q). Otherwise k > i, requires mor e(P )&Q. QED.

Since all the mapping function has distribution rule for disjunciton, other rules can b e proved in

the same wa y . This is b ecause ITL’s chop op erator has the same prop erty as existential quanti�er.

3.1 Expansion Example

The tableau expansion of p&q generates a tree with 6 leaves. F or the empty condition we can

replace & with ^. Then we have

empty ^ (p&q ) : [empty ; +q ; +p] ! T

[empty ; �q ; +p] ! F

[empty ; �p] ! F :

F or the non-empty condition,

mor e ^ (p&q ) : [mor e; +q ; +p] ! T

[mor e; �q ; +p] ! (T &q )

[mor e; �p] ! F :

The �rst line comes from empty (P ^ Q) _ (mor e(P )&Q) and empty (P ^ Q) = T . The second line

comes from empty (P ^ Q) = F and mor e(P ) = T .

3.2 Binary Subterm T ree

During p ossible world generation, v arious kind of ITL formulae are generated. Unlike L

TTL or

ETL [14], generated formulae contain more complex terms than the original subterm. It is not easy

to see the �niteness of generated formulae.

7

T o ov ercome this situation, we introduce a binary subterm tree. This subterm tree contains

typed no des:

� A triple ?(P ; Q; R ) is a binary decision no de, in which if v ariable P is T then Q else R.

� 9xQ, where x is a free v ariable.

� a numbered no de for a unary temp oral logic op erator O (P ). (ex. @; �)

� a numbered no de for a binary temp oral logic op erator O (P ; Q). (ex. &; pr oj )

T ranslation from ITL formula to binary subterm tree is done b ottom-up. F or example, 32p is

expanded into a chop standard form: T &:(T &:p). First :p is translated into,

?(p; F ; T ):

Then we need a numbered no de s

1 for the chop op erator, such that,

s

1

= T &?(p; F ; T ):

Then the original formula is transformed into a numbered no de, such that,

s

2

= T &?(s

1

; F ; T ):

After tableau expansion of this formula, we hav e a complex formula, (:(T &:p)) _ (T &:(T &:p)).

But the result of the transformation is simple (Fig. 3),

s

3

=?(s

2

; T ; ?(s

1

; F ; T )):

T

B

B

B

B

B

B

B

B N

�

�

�

� �

�

�

� �

Q

Q

Q

Q

Q s

S

1

F

F

F

T

S

2

= S

3

T

:((T &not(p))

| {z }

s

1

) _ T &:(T &:(p)

| {z }

s

1

)

| {z }

s

2

| {z }

s

3

Figure 3: Binary Subterm T ree

In this way

, we can store generated formulae compactly in a binary subterm tree. As with the

binary decision diagram, if we �x the ordering of no des from top to b ottom, the form of a no de

becomes unique to the logical connectives such as negation, conjunction or disjunction.

8

3.3 T ermination of tableau expansion

If binary subterm trees contain �nite numbered no des, a set of the binary subterm trees must

be �nite, During the tableau expansion, we generates a formula which contains temp oral logic

operators. If this generated formula contains a new form of binary subterm tree in the argument

of the op erator then it may require a new no de.

The expansion rules for logical connectives and the op erator do not increase num b ered no des.

Other rules generate only a �xed amount of temp oral logic op erators. Although we do allow

recursion, we ensure that the depth of the temp oral logic op erator is monotonically decreased in

an argument. F or example, in pro jection the former part decrease the depth monotonically but the

latter part increases by a single & op erator. Subsequently there are no in�nitely applied rules, and

only a �nite number of new temp oral logic op erators are generated.

Here we prov e this for the pr oj op erator. Others can b e proved in the same wa y .

Supp ose mor e(P ); mor e(Q) generate �nite v ariant. In the tableau expansion of pr oj ,

mor e(P pr oj Q) = mor e(P )&(P pr oj mor e(Q));

it generates a new no de for the chop op erator and the pro jection op erator. The former part of the

chop mor e(P ) can vary according to the v ariant. The latter part of the chop can v ary according to

the v ariant of mor e(Q). So the number of generated formulae is less than the number of pro ducts

of v ariants for mor e(P ) and mor e(Q). QED.

Since the tableau expansion generates a �nite num b er of binary subterm tree no des, it gener-

ates only a �nite binary subterm tree. When we expand all binary subterm trees, the expansion

completes.

3.4 V eri�cation Example

First try to prove f in(p) , 2(3 p). The chop normal form is rather complex:

(:(T &(empty ^ p)) _ :(T &:(T &p))) ^ (T &(empty ^ p) _ T &:(T &p))

W e number this state as S

1

. It lo oks complex but it has a simple binary subterm tree form. It has

only three &, so we hav e three binary subterm no des:

s

1

: T &?(p; ?(empty ; T ; F ); F )) = T &(empty ^ p)

s

2

: T &?(p; T ; F )) = T &p

s

3

: T &?(s

2

; F ; T )) = T &:(T &p):

The original formula has binary subterm tree: ?(s

3

; ?(s

1

; F ; T ); ?(s

1

; T ; F )).

It is translated into @-normal form.

S

1

: [empty ; +p] ! T

[empty ; �p] ! T

[mor e; +p] ! S

1

[mor e; �p] ! S

2

S

2 is a newly generated state,

(:(T &(empty ^ p)) _ :((:(T &p) _ T &:(T &p)))) ^ (T &(empty ^ p) _ :(T &p) _ T &:(T &p)):

9

Its subterm tree form is ?(s

3

; ?(s

1

; F ; T ); ?(s

2

; ?(s

1

; T ; F ); ?(s

1

; F ; T ))), and it is expanded into:

S

2

: [empty ; +p] ! T

[empty ; �p] ! T

[mor e; +p] ! S

1

[mor e; �p] ! S

2

This is exactly the same as S

1

’s transition function. There are no newly generated formula in this

case, so we can �nish the tableau expansion pro cedure. It is easy to check every empty leaf has T ,

so the original formula is v alid.

4 Generated Mo del and Coun ter Example Generation

After tableau expansion, we have a deterministic �nite automaton. Each state in an automaton

is lab elled by a unique binary subterm tree. The transition condition of the automaton is a list

of +v ariable and -v ariable. The initial state is lab elled by the original formula, and the empty

transition (i.e. transition in which condition contains the empty op erator ) generates T or F .

This automaton returns T or F for �nite series of even ts represented by lo cal interv al temp oral

logic v ariables. That is, it characterize the original temp oral logic formula. Since we are handling

�nite sequences, the termination condition of an automaton is a part of the assumption.

The output automaton state indicates which subterm is true or false; it can b e used as a sp eci-

�cation tester in hardware implementation.

If for all transitions which contain empty results T then it must accept all p ossible sequences of

truth v alue assignments for the v ariables. That is, the original formula is v alid. If there are no T

nodes in the empty transition then the original formula is unsatis�able.

Once we have an F no de in the empty transition, it is easy to generate a counter example. The

problem is how to discover a path from the initial state to the F no de. The shortest path is easily

found, if we reverse all links and mark the states in the automaton with a number in generated

order.

First we check the least numbered F no de, then pick up the least numbered no de from the reverse

links from the F no de. W e rep eat tracing the least num b ered no de in the reverse links. Even tually

we will reach the initial no de which has the least numbered no de in the ro ot of reverse links.

The generated shortest path should b e acyclic. The traced path represent the shortest counter

execution. If we start from a T no de, we will hav e the shortest sample execution. Unfortunately ,

the shortest examples need not necessarily b e useful.

4.1 Execution Examples

Consider next formula:

(p&&p&&p&&p&&p&&:p&&p) ! 2(3p):

Using our veri�cation program, it generates 13 states, 13 subterms, 42 state transition. It takes

13.7 sec on T2200SX, 386sx IBMPC compatible Laptop. There is a counter example b ecause p

is a lo cal variable and there are no constraints on the end of an interv al on the assumption in the

formula. It is p ossible to make p false at the end of an interv al which violates 23p, that is f in(p).

10

| ?- diag.

counter example:

0:+p 2

1:+p 3

2:+p 5

3:+p 7

4:+p 9

5:-p 11

6:+p 12

7:-p F

Figure 4: Example of Counter Example Generation

The next one is more complex.

(((T pr oj (l eng th(5) ^ 2(dc))) ^ l eng th(15))&T )^

((l eng th(3) pr oj @3(ac)) ^ T )^

((l eng th(5) pr oj @3(bc)) ^ T )^

((l eng th(5) pr oj @3(cc)) ^ T )^

2(((ac ^ :(bc) ^ :(cc) ^ :(dc))_

(:(ac) ^ bc ^ :(cc) ^ :(dc))_

(:(ac) ^ :(bc) ^ cc ^ :(dc))_

(:(ac) ^ :(bc) ^ :(cc) ^ dc)_

(:(ac) ^ :(bc) ^ :(cc) ^ :(dc))))

The �rst line is a time sharing task which has a deadline l eng th(15) and requires 5 clo ck cycles to

be done. Between the second and the fourth lines are 3 p erio dical tasks. The reminder consists of

shared resource conditions, that is, ac; bc; cc and dc cannot happ en together. If it has no p ossible

execution, these real-time tasks are not schedulable.

Using the veri�er, it generates 242 states, 115 subterms and 799 state transition. It takes 336.591

sec on 386sx 20Mhz, and it �nds there are no p ossible executions. If we change the load on time

sharing task from 5 clo ck cycle to 4 clo ck cycle it �nds a p ossible execution. This time it requires

392.28 sec and it generates 303 states, 107 subterms and 982 state transition. A generated p ossible

execution is shown in Fig. 5.

The implementation includes X window Interface as shown in Fig. 6.

5 Com bination of Clasusal F orm Program and Constrain ts

First order logic version of Interv al T emporal Logic interpreter is called T okio. The relationship

between T okio and �rst order ITL is just like the one b etween Prolog and �rst order predicate logic.

If we do not use temp oral op erators, the execution of T okio is just the same as that of Prolog.

The syntax of Dec-10 Prolog is chosen here [1].

ap([]; X ; X ): (1)

ap([H jX ]; Y ; [H jZ ]) : � ap(X ; Y ; Z ): (2)

This is a Prolog app end program. [XjY] means a cons pair and [] means nil. A form ap(...) is

called a predicate. V ariables in T okio are words b eginning with capital letters or .

11 execution:

0:-ac-b c-cc+dc 2

1:-ac-b c-cc+dc 3

2:-ac-b c-cc+dc 8

3:+ac-b c-cc-dc 13

4:-ac+b c-cc-dc 16

5:-ac-b c+cc-dc 19

6:+ac-b c-cc-dc 20

7:-ac-b c-cc+dc 21

8:+ac-b c-cc-dc 27

9:-ac+b c-cc-dc 31

10:-ac-b c+cc-dc 33

11:+ac-b c-cc-dc 35

12:-ac+b c-cc-dc 50

13:+ac-b c-cc-dc 52

14:-ac-b c+cc-dc 54

15:-ac-b c-cc+dc 0

Figure 5: A Possible Execution

Figure 6: X window display

12

A T okio program: p1; p2; :::; pn is true in the interv al int is describ ed as:

int : �p1; p2; :::; pn:

That is, the interv al name is used as a predicate name, and p1, p2, ..., pn are used as b o dies. The

Horn clause in T okio is extended with temp oral op erators, such as

t1 : �2w r ite(0); l eng th(3)&&2w r ite(1); l eng th(5):

This writes four ‘0’ and six ‘1’ for each clo ck p erio d.

6 Combination Example

Let’s consider a toy GUI (Graphical User Interface) (Fig. 7). There are two buttons named start

Figure7:AtoyGUI

andstopandonesignal.WhenstartbuttonispushedthesignalturnsgreenandtheGUIstarts

movingasmallball.Whenstopbuttonispushedthesignalturnsredandtheballstops.The

speci�cationisexpressedinITLlikethis:

+(((stop^keep((red^:(start)))_start^keep((green^:(stop))))))^

2((red^:(green)_:(red)^green))^

2((green!move))^

2((red!:(move)))halt(quit)

Thisistranslatedintostatediagramusingourveri�er.Ittakes2.97secin386SX20MhzIBMPC

andgenerates3states,10subterms,13/90statetransitions.Thespeci�cationcontainsmany

variables,sostatetransitionsarelarge,butactualstatesaresmall.

TheresultedstatetransitonsareautomaticallytranslatedintoTokioprogram.Generationof

clausalformisstraightforward.Hereweuse*forstaticvariableinTokiointerpreter.Theevents

areclassi�edforinputeventsandoutputevents.Inputeventsaretranslatedintoequationand

outputeventsbecomeassignments.

s1:-empty,*stop=1,*quit=1,*green:=0,*move:=0,*red:=1,empty.

s1:-empty,*stop=1,*quit=1,*green:=1,*move:=1,*red:=0,empty.

s1:-empty,*stop=0,*start=1,*quit=1,*green:=0,*move:=0,*red:=1,empty.

s1:-empty,*stop=0,*start=1,*quit=1,*green:=1,*move:=1,*red:=0,empty.

13 s1:-more,*stop=1,*start=0,*quit=0,*green:=0,*move:=0,*red:=1,@s2.

s1:-more,*stop=0,*start=1,*quit=0,*green:=1,*move:=1,*red:=0,@s3.

s2:-empty,*quit=1,*green:=0,*move:=0,*red:=1,empty.

s2:-empty,*quit=1,*green:=1,*move:=1,*red:=0,empty.

s2:-more,*stop=1,*start=0,*quit=0,*green:=0,*move:=0,*red:=1,@s2.

s2:-more,*stop=0,*start=0,*quit=0,*green:=0,*move:=0,*red:=1,@s2.

s2:-more,*stop=0,*start=1,*quit=0,*green:=1,*move:=1,*red:=0,@s3.

s3:-empty,*quit=1,*green:=0,*move:=0,*red:=1,empty.

s3:-empty,*quit=1,*green:=1,*move:=1,*red:=0,empty.

s3:-more,*stop=0,*start=1,*quit=0,*green:=1,*move:=1,*red:=0,@s3.

s3:-more,*stop=0,*start=0,*quit=0,*green:=1,*move:=1,*red:=0,@s3.

s3:-more,*stop=1,*start=0,*quit=0,*green:=0,*move:=0,*red:=1,@s2.

WecantestthegeneratedimplementationforasetofinputeventsusingaTokioprogram.Next

programgeneratesastarteventandastopevent.

test:-

static([green,red,move,stop,start]),

*green:=0,*red:=1,*move:=0,*stop:=1,*start:=0,*quit:=0

&&((

length(3),*stop:=0,*start:=1&&

length(3),*stop:=0,*start:=0&&

*stop:=1,*start:=0,@(*quit:=1)

),

s1,

[]((G=*green,R=*red,S=*start,P=*stop,M=*move,

write((green,G,start,S,red,R,stop,P,move,M))))).

Hereisapossibleexecutionresult.

?-tokiotest.

t0:

t1:green,0,start,0,red,1,stop,1,move,0

t2:green,0,start,1,red,1,stop,0,move,0

t3:green,1,start,1,red,0,stop,0,move,1

t4:green,1,start,1,red,0,stop,0,move,1

t5:green,1,start,0,red,0,stop,0,move,1

t6:green,1,start,0,red,0,stop,0,move,1

t7:green,1,start,0,red,0,stop,0,move,1

yes

|?-

Theexamplelookssmallbutitbecomeslargequicklyifweaddmoretimeconstraints.But

ourveri�erisrobustforlargerulesandsmallnumberofvariables.SinceGUIprefersmallnumber

ofbuttonstocontrolcomplexcontrolsuchasdoubleclick,itseemsthatthismethod�tsfor

GUIapplicationgenerator.Especiallysimpleaddingoftemporalconstraintsarefareasierthan

modicationsofthestatediagram,whichisbuggypartofGUI.

ApartofactualGUIcodeisshownbelow.ThisGUIusesInterViewspackageofSICStusProlog.

14 toy:-static([green,red,move,stop,start,quit]),

*move:=1,*quit:=0,*stop:=0,*start:=1,*red:=0,*green:=1,

bounce_init(W,R,G),@toy1(W,R,G).

toy1(W,R,G):-

[](event),%input

s1,%automaton

[]((button_red(R),button_green(G),bounce(W))).%output

event:-nextevent(E),E=E1,event_select(E1).

event_select(noevent):-true.

event_select(button(_,start)):-*start:=1,*stop:=0.

event_select(button(_,stop)):-*stop:=1,*start:=0.

event_select(button(_,quit)):-*quit:=1.

button_red(Out):-

*red=0,Out=>out("").

button_red(Out):-

*red=1,Out=>out("Red").

event/0generatesinputvariablessuchas*start.s1/0handlesstatetransition.button_red/1is

anobjectwhichhandlesnecessarydisplayprocedures.UnlikeotherGUIpackage,eventhandling

issepratedfromGUIobjectssuchasbuttonorbounceprocedure.SinceGUIisinherentryparallel,

acombinationoftemporallogicandobjectorientedgraphicpackageseemsuseful.

7FutureWorks

Tomakethingsfaster,sincethesubtermvectorisusedintheBDDimplementation,itispossible

touseasetofBDDsratherthanasinglehugeBDD.Amodicationofexistingstatediagramis

important,becausesynthesizedstatetransitionscanbeverylarge.

References

[1]W.F.ClocksinandC.S.Mellish.ProgramminginProlog.Springer-Verlag,1981.

[2]GjaltG.deJong.AnAutomataTheroreticApproachtoTemporalLogic.InComputerAided

Veri�cation.Springer-Verlag,July1991.3rdInternationalWorkshop,CAV’91.

[3]RogerHale.Temporallogicprogramming,1988.

[4]HiromiHirahashi.DesignVeri�cationofSequentialMachinesBasedonaModelChecking

Algorithmof"-freeRegularTemporalLogic.TechnicalReportCMU-CS-88-195,Department

ofComputerScience,Carnegie-MellonUniversity,September1988.

[5]S.Kono,T.Aoyagi,M.Fujita,andH.Tanaka.Veri�cationofTemporalLogicProgramming

LanguageTokio.InLogicProgrammingConference’86,1986.(inJapanese).

15

[6]ShinjiKono.AutomaticVeri�cationofIntervalTemporalLogic.TechnicalReportSCSL-TM-

92-007,SonyComputerScienceLaboratoryInc.,October1992. 9!"#$%&’()*+

’,-./0.

[7]ShinjiKono.Automaticveri�cationofintervaltemporallogic.In8thBritishColloquiumFor

TheoreticalComputerScience,March1992.

[8]G.J.Milne.CIRCAL:ACalculusforCircuitDescription.Integration,Vol.1,No.2,pp.121{

160,1983.

[9]R.Milner.ACalculusofCommunicatingSystems,volume92ofLectureNoteinComputer

Science.Springer-Verlag,1980.

[10]B.MishraandE.M.Clarke.Automaticandhierarchicalveri�cationofasynchronouscircuits

usingtemporallogic.TechnicalReportCMU-CS-83-155,Dept.ofComputerScience,Carnegie-

MellonUniv.,September1983.

[11]B.C.Moszkowski.Reasoningaboutdigitalcircuit.TechnicalReportNo.STAN-CS-83-970,

Dept.ofC.S.StanfordUniv,July1983.

[12]NicholasRescherandAlasdairUrquhart.TemporalLogic.Springer-Verlag,1971.

[13]RoniRosnerandAmirPnueli.Achoppylogic,1986.

[14]P.Wolper.Synthesisofcommunicatingprocessesfromtemporallogicspeci�cations.Technical

ReportSTAN-CS-82-925,StanfordUniversity,1982.

16