Syn thesis of con trollers from

Interv al T emp oral Logic sp eci�cation

Masahiro F ujita

�

and Shinji Kono y

F ebruary 2, 1993

W e present a metho d which accepts Interv al T emporal Logic (ITL) formu-

las as sp eci�cation and automatically generates state machines. Since ITL is

based on interv als and their sequences, we can easily describ e b oth concurrent

and serial b ehaviors by sp ecifying b ehaviors inside interv als and sequences

among them. ITL formulas are expanded into the ones for the cases that the

present state is the �nal state of the current interv al and those for the cases

that there is next state in the current interv al, which can b e easily conv erted

into state machines, by tabulated rules for temp oral op erators. The sp eci�ca-

tion in ITL can also b e used as a constraint for a (p ossibly non-deterministic)

state machine which is an abstraction for an existing sequential circuit. In

that case, the �nal synthesized circuit satis�es the prop erties b oth in ITL

and the original state machine, which can b e useful for redesign or engineer-

ing change. The generated state machines can b e further pro cessed by logic

synthesizer, such as SIS, and transformed into synchronous/asynchronous se-

quential circuits. W e present exp erimental results and show the usefulness of

our metho d.

1 Intro duction

T emporal Logic is an extension of traditional logic with temp oral op erators, which sp ecify

allow ed v alues of variables in multiple time frames. W e can sp ecify b ehaviors of digital

systems concisely using temp oral logic just like we can sp ecify combinational circuits using

traditional logic.

�

FUJITSU LABORA

TORIES L

TD. Pro cessor Lab. 1015 Kamiko danak a, Nak ahara ku, Kawasaki

211, JAP

AN, fujita@ ab.fujitsu.co.jp

y

Sony Computer Science Lab oratory Inc. Higashi-gotanda, Shinagawa ku, T okyo 141, JAP AN,

kono@csl.sony

.co.jp

There have b een many research activities on veri�cation based on temp oral logic (ex-

amples are [1, 6, 3, 8]) and some are rep orted on synthesis. Synthesis from temp oral logic

formulas means the automatic generation of state machines from temp oral logic formulas.

In almost all cases it is based on tableau expansion: the prop erty of temp oral logic that

any temp oral logic formulas can b e expanded into ones for the current state and those for

the next state [14, 2]. Using this prop erty

, we can translate any temp oral logic formulas

into state transition forms.

How ever, all metho ds rep orted so far use Linear Time T emporal Logic (L

TTL in short

and its extension, Extended T emporal Logic, ETL in short) or Branching Time T emp oral

Logic (BTTL in short). These logics hav e temp oral op erators such as, al w ay s; ev entual l y ; next,

and until . These op erators are useful when we describ e concurrent b ehaviors, such as

handshaking proto cols, it is not easy to describ e serial b ehaviors, which are common in

(serial) programming languages. The latter is necessary when we wan t to design practical

state machines, b ecause almost always digital systems have serial b ehaviors in some way .

Interv al T emp oral Logic (ITL in short) is prop osed and used to describ e digital circuits

in [11]. ITL is based on the idea of interv als which are collections of states. T emporal

op erators in ITL can sp ecify allow ed sequences of interv als and also allowed values of

v ariables among the states within an interv al. So, we can easily sp ecify b oth serial and

concurrent prop erties in terms of interv als in ITL.

There are several research activities on ITL. Interpreter and simulator for subsets of

ITL are rep orted in [7, 9]. Howev er, there have b een no literature on the synthesis from

ITL formulas. This is b ecause there hav e b een no tableau metho ds which can handle ITL

formulas completely and e�ciently .

In this pap er, we present a tableau expansion metho d [8], assuming that every interv al

is �nite, i.e., every interv al must terminate. Using this assumption, we can directly expand

any ITL formulas into the ones for the case that the present state is the �nal state of the

current interv al and those for the case that there is next state in the current interv al. The

resulting ITL formulas form state transition relations, which can b e further pro cessed by

logic synthesizer, such as SIS.

The presented metho d can also b e used to add a constraint to an existing design. In

other words, we can sp ecify the constraint in ITL which we wan t to add to an existing

design in state machines and then synthesize circuits using that existing design and ITL

formulas, which is a kind of recti�cation or redesign of sequential circuits. Similar situa-

tions can happ en in high-level synthesis where the detailed scheduling is not �xed and in

the synthesis of sequential circuits with don’t care sequences [12]. In b oth cases, designs

hav e non-determinisms which can b e restricted by adding ITL formulas for the constaints

to the designs.

W e have implemented the ab ove metho d using Prolog on PC noteb o ok. This imple-

mentation demonstrates that ITL formulas much larger than trivial ones can b e pro cessed within a practical time, even if PC noteb o ok is used.

This pap er is organized as follows. In section 2, we introduce ITL and show how to

sp ecify serial and concurrent b ehaviors in ITL. In section 3, we present the expansion

metho d which generates state machines from ITL formulas. In section 4, we present

a redesign metho d for sequential circuits using ITL. Section 5 gives some exp erimental

results and section 6 is a concluding remark.

2 Interv al T emp oral Logic

Interv al T emporal Logic[11] (ITL in short) uses a sequencing mo dal op erator as its basis.

In this logic, it is very easy to express control structures in conv entional programming

languages, (such as ‘;’, while statement). First we show informal visual representation of

basic op erators in ITL. Here we assume that there is a minimum unit of time and clo ck

is working on that time unit. System can change its internal state at each clo ck. Thus,

we use the terms clo ck and state interchangeably .

An interv al can b e viewed as a �nite line which has number of clo ck ticks. An op erator

empty is true on the length 0 interv al, and l eng th sp eci�es the length of that interv al.

A lo cal (or atomic) variable p means p o ccurs at the b eginning of the interv al.

The next op erator @P means P b ecomes true after one clo ck cycle (or in the next state).

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 str ong next. W e write w eak next P as @P _ empty

where 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 always 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 .

Now we are ready to de�ne the semantics of ITL in a formal way

. An interv al is a

�nite sequence of states. An interv al which is a part of some other interv al is called a

subinterv al. In a mo del of ITL, a series of states b eginning from clo ck 0 to �nite future

time determines all the states of its subinterv als. Such subinterv als are determined by

tw o indices which de�ne the start and termination clo ck p erio ds. So we use a mapping

function M

ij

: P ! fT ; F g which has two integer time indices, where i � j .

Here we use capital letter P ; Q; R for temp oral logic formulas and small letter p; q ; r

for prop ositional v ariables.

M

ij

(T ) = T (tr ue)

M

ij

(F ) = F (f al se)

M

ij

(p) = 8j: a v ariable p has a v alue T or F

M

ij

(P ) Q) = T when M

ij

(P ) = F or M

ij

(Q) = T

F otherwise

M

ij

(9p:f (p)) = for a free v ariable p in f (p), there is a mapping

function M

0

which contains a v ariable p

M

0

ij

(f (p)) = T

M

ij

(P &Q) = T when i � 9k � j ; M

ik

(P ) = T ; M

k j

(Q) = T

F otherwise

M

ij

(@P ) = T when i + 1 � j; M

(i+1)j

(P ) = T

F otherwise

M

ij

(empty ) = T when i = j

4

F otherwise

M

ij

(P pr oj Q) = there is a length n ordered sequence k of integer such as,

0 � 9n � j � i; 8 r in 0::n � 1; i � k

r

� j; k

r

< k

r +1

This sequence is constrained by P ,

M

k r k

r+1

(P ) = T

Q is true on the coarse grain time;

8 s in 0::n there are some mapping functions M

0

r s

= M

k

r k

s

M

0

0n

(Q) = T

M

ij

(lo cal(P )) = T ; if i � 8k � j; M

ik

(P ) = M

ii

(P )

lo cal(P ) means P is indep endent of the termination clo ck p erio d (i.e. P is only dep endent

on lo cal time). W e use Lo cal ITL since our variables do not dep end on the termination

time. If the v alue of a variable is dep endent on the termination time, the logic b ecomes

undecidable.

W e shall use the following abbreviations,

P _ Q � (:P ) ) Q

P ^ Q � :(P ) :Q)

P , Q � (P ) Q) ^ (Q ) P )

mor e � :empty

3P � T &P

2P � :3:P

P � @P _ empty

sk ip � @empty

l eng th(n) � @@:::@

| {z }

n empty

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

The chop standard form is a formula which all these abbreviations hav e b een remov ed.

Chop standard form may include v ariables and conjunction, disjunction, negation, chop,

pro jection and existential quanti�er op erations.

Here we assume that every inerv al is �nite. This makes a simple theorem, 3empty ,

(every interv al must include an termination p oint). Hence, its dual 2mor e is unsatis�able

5 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. Howev er, the decision pro cedure is

simple for �nite interv als.

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

In ITL, it is easy to express sequential execution and time out. W e can describ e a little

complex prop erty like:

((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. If p and q do not happ en within 5 clo ck cycles, 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 [7].

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 happ en:

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

3 Deterministic T ableau Expansion

In ITL, a temp oral logic formula P can b e separated into two 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

6 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 rep eatedly . T ermination of this pro cedure will b e

discussed in later section.

F or example, @ � 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.1.

&%

’$

&%

’$

&%

’$

&%

’$

�

�

�

�

�

�

�

�

�

�

�

�

� *

-

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 1: 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 have tw o @-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

7

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 exp ensive. If P contains n disjunction then n-times normalization is

necessary to achiev e @-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 overlap 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 ov erlap each other)

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

e and P

i do not overlap. F ortu-

nately

, it is p ossible 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 formulas then non-ov erlapp ed conditions

can b e represented as a binary decision tree, in which leaves are ITL formulas. If the

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

leaves. 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 formulas, which lab el p ossible worlds as

states. In this wa y , the tableau expansion can generate a deterministic automaton. T o

chec k 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 leav es. Here we assume P ’s leaf for an P

i condition is mor e(P ) and P ’s

8 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 leav es 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)

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. Soundness

of these transformations can b e seen by checking the de�nition of the temp oral logic

op erators.

9

3.1 Expansion Example

The tableau expansion of p&q (where p and q are atomic v ariables) 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 Diagram

During p ossible world generation, various kind of ITL formulas are generated. Unlike

L TTL or ETL [14], generated formulas contain more complex terms than the original

subterm. It is not easy to see the �niteness of generated formulas.

T o overcome this situation, we introduce a binary subterm diagram. This 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 diagram is done in a b ottom-up way .

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 ):

10

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

But the result of the transformation is simple (Fig. 2),

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 2: Binary Subterm T ree

In this wa y , we can store generated formulas compactly in a binary subterm diagram.

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 b ecomes unique to the logical connectives such as negation, conjunction

or disjunction.

In other words, we regard each subterm as an indep endent v ariable and generate

Binary Decision Diagram using that variable. This results in a canonical form for sub-

formulas generated by tableau rules from a given temp oral logic formula. So, we can

easily check whether the newly generated sub-formulas are those that hav e b een already

pro cessed or not. This is one of the key p oint in our implementation of our synthesis

program.

3.3 T ermination of tableau expansion

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

trees must b e �nite. During the tableau expansion, we generates a formula which contains

temp oral logic op erators. If this generated formula contains a new form of binary subterm

diagram in the argument of the op erator then it may require a new no de. How ever, we

can ensure that expansion of a given ITL formula only generate �nite varian ts.

Here we prove this for the pr oj op erator. Others can b e proved in the same way .

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

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 v ary according to the v ariant. The latter part of the chop

11

Figure 3: Flow of Our Redesign Metho d

can v ary according to the v ariant of mor e(Q). So the number of generated formulas is

less than the number of pro ducts of v ariants for mor e(P ) and mor e(Q).

Since the tableau expansion generates a �nite number of binary subterm diagram

no des, it generates only a �nite binary subterm diagrams. When we expand all binary

subterm diagrams, the expansion completes.

4 A Redesign Metho d for Sequential Circuits

W e can simply use the metho d which generates state machine representation from any

ITL formulas as a pro cedure to synthesize state machines and hence sequential circuits

from ITL formulas. How ever, we cannot handle very complex ITL formulas within a rea-

sonable time, since the expansion time grows exp onentially with the number of temp oral

op erators in the worst case. So, more practical situation is to use ITL formulas as a

partial sp eci�cation for the system b eing designed. In other words, we assume a (p ossibly

non-deterministic) state machine as a skeleton of the required design and add necessary

constraints to it in terms of ITL formals. In this scenario, we do not have to handle very

complex ITL formulas. Instead those are represented as state machines abstracted from

existing circuits and ITL formulas are only given for the remaining prop erties which must

b e satis�ed by those state machines.

This redesign metho d for sequential circuits are shown in Figure 3. The (p ossibly non-

deterministic) state machines can b e obtained from existing sequential circuits. First we

12 extract state machines from given sequential circuits by the pro cedure such as stg extr act

in SIS (1. in Figure 3). Then the conditions for v ariables which must b e mo di�ed

are eliminated from the generated state machines. This pro cess generates p ossibly non-

deterministic state machines in the sense that the eliminated constraints for v ariables

are not sensed and controlled (2. in Figure 3). Then we provide ITL formulas for the

sp eci�cation of the eliminated v ariables so that they satisfy the required prop erties. These

ITL formulas are expanded into state machines (3. in Figure 3). In this stage, we hav e

tw o di�erent state machines, one is obtained from the existing sequential circuits, and the

other is obtained from ITL formulas. By making the pro duct of these two state machines,

the resulting state machine is the one we wanted, i.e., the one which satis�es b oth the

prop erties in the extracted state machine and the ones in ITL formulas (4. in Figure

3). The �nal state machine can b e logic synthesized and the desired sequential circuit is

obtained (5. in Figure 3).

The ab ov e is a straight forward way to redesign an existing circuit and the �nal circuit

can have completely di�erent circuit structure, which cannot b e a�ordable in some case.

If we want a sequential circuit which satisfy the new constraints but whose structure are

similar to the existing circuit, we can use the metho d presented in [4, 13, 5, 10]. By

using these metho d, we can obtain a �nal circuit which has a very similar structure, e.g.,

a circuit having most part of the original circuit, or a circuit having only small extra

circuit.

5 Implementation and some results

The current implementation has b een written in Prolog (s.t. C-Prolog or SICStus Prolog)

and is very short (730 lines).

Standard forms are used for b oth the conditional part (classical prop ositional logic

formula) and lab elling formula (binary subterm diagram). So ad-ho c simpli�cation is not

necessary

. This implementation includes X window interface to o.

The synthesized state machine for (l eng th(2) ^ @3p) pr oj T is shown in Figure 4.

The CPU time for this expansion only takes 1.3 seconds on PC noteb o ok with 16MHz

386 chip. As you can see from the �gure, some transition has no conditions. This can b e

considered that the generated machines only satisfy partial requirements. By making the

pro duct b etw een this and a state machine which is an abstraction of an existing design,

we can get the �nal design. F or example, supp ose we have an existing design as shown

in Figure 5. In this circuit the ouptut is q . Now supp ose we want to mo dify the output

v alue of q as follows: when transitioning from state S0 to S1 and from S2 to S3, the

output v alue q must b e 0. Otherwise, the output q must b e one every 2 clo ck cycles. In

this case, �rst we mo dify the existing design in Figure 5 to the one shown in Figure 6.

Here only the necessary 0 v alue for q is sp eci�ed. Then we compute the pro duct of the

13

Figure 4: Synthesized state machine for (l eng th(2) ^ @3p) pr oj T

Figure 5: An existing design

machines shown in Figure 4 and Figure 6 and get the �nal state machin which satis�es

the requirement for q . F rom the state machine we can synthesize the �nal circuit using

the recti�cation metho ds shown in [4, 13, 5, 10].

Exapansion of a more complex formula,

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

takes 17.7 seconds on PC noteb o ok to b e expanded. The number of the generated states

is 28. As can b e seen from this expansion, rather complex formulas can b e expanded

within practical time on PC noteb o ok.

W e will show practical size examples including the synthesized sequential circuits in

the �nal version of the pap er.

6 Conclusions

W e hav e presented a synthesis metho d which generate sequential circuits from ITL formu-

las. W e have also shown a redesign metho d for sequential circuit which has, we b elieve,

14

Figure 6: Mo di�ed design: some conditions for output q are eliminated

practical values in real designs.

Although our metho d requires exp onential computation in terms of the number of

v ariables and the depth of the temp oral logic op erators, its computation is linear to the

num b er of the generated states due to binary subterm diagrams. Hence it works well for

the complex formulas if it do es not include many v ariables and temp oral op erators, which

are common cases when we apply our metho d to redesign.

Our program can work and pro cess practical examples on PC noteb o ok. So, if we

install logic synthesizer, such as SIS, on PC noteb o ok, we can easily do redesign for

sequential circuits out of o�ce. This can b e imp ortant, since redeign can b e a collection

of many trial and errors, and designers may want to do them at home.

References

[1] J.R. Burch, E.M. Clarke, K.L. McMillan, D.L. Dill, and J. Hwang. \Symbolic mo del

checking: 10

20

states and b eyond". In Pr o c. of the Fifth Anual IEEE Symp osium on

Lo gic in Computer Scienc e, Jun. 1990.

[2] E.M. Clarke and E.A. Emerson. \Synthesis of Synchronizatoin Skeletons from

Branching Time T emporal Logic". In Pro c. of the Workshop on Lo gics of Pro gr ams,

LNCS-131, Springer-V erlag, 1982.

[3] G.G. de Jong. \An Automata Theoretic Appro cah to T emp otal Logic". In Pr o c. of

Computer Aide d V eri�c ation, Jul. 1991.

[4] M. F ujita, T. Kakuda, and Y. Matsunaga. \Redesign and automatic error correc-

tion of combinational circuits". In Pr o c. of IFIP Working Confer enc e on Lo gic and

Ar chite ctur al Synthesis, May 1990.

15

[5] M. F ujita, Y. T amiya, Y. Kukimoto, and K.C. Chen. Application of Bo olean Uni-

�cation to Combinational Logic Syn thesis. In Pr o c e e dings of IEEE International

Conferenc e on Computer-Ai ded Design, pp. 510{513, Nov. 1991.

[6] M. F ujita, H. T anak a, and T. Moto-oka. \Logic Design Assistance with T emporal

Logic". In Pro c. of IFIP WG10.2 International Confer enc e on Har dwar e Description

Languages and their Applications, Aug. 1983.

[7] R. Hale. \T emp oral Logic Programming". T echnical Rep ort PhD thesis, Computer

Lab oratory

, Cambridge University

, 1988.

[8] S. Kono. \Automatic veri�cation of interv al temp oral logic". In Pr o c. 8th British

Col lo quium for theor etic al computer science, Mar. 1992.

[9] S. Kono, T. Aoy agi, M. F ujita, and H. T anak a. \Implementation of temp oral logic

programming language T okio". In Pro c. Lo gic Pro gr amming Conferenc e, LNCS-221,

Springer-V erlag, 1985.

[10] Y. Kukimoto and M. F ujita. \Recti�cation Metho d for Lo okup-T able Type FPGA’s".

In Pr o c. of ICCAD-92, pp. 54{61, Nov. 1992.

[11] B. Moszkowski. \Reasoning ab out digital circuits". T echnical Rep ort ST

AN-CS-83-

970, Dept. of Computer Science, Stanford University

, Jul. 1983.

[12] J-K. Rho, G. Hachtel, and F. Somenzi. \Don’t care sequences and the optimization

of interacting �nite state machines". In Pro c. of EDAC-91, pp. 418{421, F eb. 1991.

[13] Y. W atanabe. \Minimization of Multiple-V alued Relations". T echnical Rep ort

UCB/ERL M91/48, Electronics Research Lab oratory

, University of California,

Berkeley

, May 1991.

[14] P . W olper. \Synthesis of communicating pro cesses from temp oral logic sp eci�ca-

tions". T ec hnical Rep ort ST

AN-CS-82-925, Dept. of Computer Science, Stanford

University

, 1982.

16