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Abstract — This paper develops a modular synthe-
sis algorithm for timed circuits that is dramatically
accelerated by partial order reduction. This algorithm
synthesizes each module in a hierarchical design indi-
vidually. It utilizes partial order reduction to reduce
the state space explored for the other modules by con-
sidering a single interleaving of concurrently enabled
transitions. This approach better manages the state
explosion problem resulting in a more than 2 order of
magnitude reduction in synthesis time. The improved
synthesis time enables the synthesis of a larger class
of timed circuits than was previously possible.

I. INTRODUCTION

In order to satisfy the requirements of high perfor-
mance, designers are trying to implement aggressive and
complicated timed circuits. However, designing those cir-
cuits in a fully manual style is very difficult. Assistance of
CAD tools is essential for synthesis and verification. One
important issue in developing such CAD tools is how to
avoid the state explosion problem.

In the area of formal verification, a technique called par-
tial order reduction has been investigated for some time
[1, 2, 3, 4, 5, and others]. Based on the fact that all the
possible interleavings of concurrent events are not rele-
vant for the properties to be checked, this technique al-
lows us to do the verification in the reduced state spaces
efficiently. Partial order reduction is extremely impor-
tant because approaches based on decision diagrams do
not work well for the verification of timed systems.

Generating a reduced state space for the synthesis of
timed circuits using partial order reductions is seemingly
inapplicable. This is because a complete state space is re-
quired to synthesize a flat circuit. Work in [6] introduces
a POSET method that applies a partial order reduction
in the timing representation of a timed state space, but
it still explores all reachable states of the specification to
satisfy the synthesis requirements. Works in [7, and oth-
ers] show that the net unfolding technique can be used for
synthesis of untimed circuits without the whole explicit
state space. However, it is not clear that these methods
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can be extended efficiently to timed circuit synthesis.

Recent work in [8] presents a modular verification ap-
proach that verifies each subcircuit of a hierarchical de-
sign individually by conservatively abstracting away sig-
nals not on the interface of the target subcircuit. These
abstracted signals are invisible to the target subcircuit,
and thus can be handled differently to reduce the size
of the explored state space. This modular abstraction ap-
proach is extended to the synthesis problem in [9]. Exper-
imental results in [8] and [9] demonstrate that the mod-
ular abstraction approach can handle substantially larger
circuits than other approaches that ignore hierarchy in
the specification. However, because the modular abstrac-
tion approach generates a conservative approximation of
timing behaviors, it is possible for synthesis to generate
non-optimal subcircuit designs. The work presented in
this paper addresses this issue by reducing the explored
timed state space in the synthesis problem without ap-
proximating timing behaviors.

The work in this paper takes advantage of hierarchy in a
specification by applying partial order reductions to mod-
ular synthesis. The approach is similar to modular syn-
thesis using abstraction, however, rather than abstracting
away signals that are invisible to the target subcircuit,
this paper proposes to consider a single interleaving of
those signals. This approach always generates optimal
circuits because exact timing behavior at the subcircuit
interface is preserved by the partial order reduction. Fur-
thermore, this approach can potentially be applied with
the abstraction method to yield a further reduction in
the explored state space. This paper demonstrates that
the new approach reduces the state explosion problem in
synthesis yielding a more than 2 order of magnitude re-
duction in synthesis time when compared to approaches
that ignore hierarchy.

The rest of this paper is organized as follows. Section 2
reviews time Petri nets, which are the formal model of
our approach, and their related definitions. Section 3 for-
malizes modular synthesis, and explains it with a simple
example. Section 4 describes our main idea, the partial
order reduction for synthesis, as well as the proofs to show
that it is an exact method. The performance of the pro-
posed method is demonstrated in Section 5 using STARI
circuits. Finally, Section 6 summarizes our work.



II. TiME PETRI NETS

A time Petri net N is a six-tuple, N = (P, T, F, Eft,
Lft, o), where P is a finite set of places, T is a finite set
of transitions (PNT = 0), F C (PxT)U (T x P)
is the flow relation, Eft : T — QT, Lft : T — Qt U
{00} are functions for the earliest and latest firing times
of transitions satisfying Eft(t) < Lft(¢) for all t € T (QT
denotes the set of nonnegative rationals), and o C P is
the initial marking of the net.

For any transition ¢, e¢ = {p € P | (p,t) € F} and
te = {p € P| (t,p) € F} denote the source places and the
destination places of t, respectively.

A marking p of N is any subset of P. A transition ¢ is
enabled in a marking p if et C p (all its source places have
tokens in u); otherwise, it is disabled. Let enabled(u) be
the set of transitions enabled in p. A (timed) state o of
a time Petri net is a pair (u, clock), where p is a marking
and clock is a function T — Q7. The initial state oy is
(10, clocke), where clockg(t) = 0 for all ¢t € T. The states
of a time Petri net change if time passes or if a transition
fires. In state o = (u, clock), time 7 € QT can pass, if for
all t € enabled(p), clock(t) + 7 < Lft(t). In this case, state
o' = (u',clock’) is obtained from o by passing 7, if

1. ' = p, and
2. for all t € T', clock(t) = clock(t) + T .

In state o = (u,clock), transition t; € T can fire, if t; €
enabled(y) and clock(ts) > Eft(ty). In this case, state
o' = (', clock’) is obtained from o by firing ty, if

1. p' = (pn—oty) U tye, and

2. forallteT,
0 if t € enabled(u')—
clock'(t) = enabled(y — eoty),

clock(t) else .

That is, firing a transition ¢y consumes no time, but up-
dates p and clock such that the clocks associated with
newly enabled transitions (i.e., transitions that are en-
abled in p' but not in p — ety) are reset to 0, and clock
values of other transitions (i.e., transitions not affected by
ty) are left unchanged. Our method assumes that there
is no loop structure in which every transition has 0 as its
earliest firing time.

A module is a tuple (I,0,N,wire), where I is a
set of input wires, O is a set of output wires, N =
(P, T, F,Eft,Lft, o) is a time Petri net, and wire : T —
(I'U0) x {+,-}. For simplicity, this paper also uses
wirename(t) to represent the wire name only, i.e., if
wire(t) = u+, then wirename(t) = u. If wirename(t) € I, ¢
is called an input transition. Similarly, if wirename(t) € O,
it is called an output transition. This paper assumes that a
firing of a transition ¢ causes a change of value in the wire
wirename(t), and its direction (0 — 1 or 1 — 0) is repre-
sented by + or —. Our method uses modules to represent
specifications of subcircuits or behavior of environments.

Our method considers a set { M1, Ma,---, My} of mod-
ules, only if for any ¢ and j such that i # j, O; N
Oj = 0, PNP = ¢, and iNT; = ¢, where M =
(Ik, Ok, Nk,wirek) and N, = (Pk, T, Fy, Eftk, Lftk, ,Ll,(]k)
for 1 < k < n. If the set satisfies |J;_, O; 2 Ui, I;, then
the system is closed. Since the transition sets of any two
modules are disjoint, this paper uses wire or wirename in
every module instead of wire; or wirenamey,.

In a set of modules, an output transition fires accord-
ing to the firing rules of time Petri nets. However, an in-
put transition fires only in synchronization with the cor-
responding output transition in some different module.
More precisely, when an output transition ., fires, ev-
ery module whose input wire set includes wire(tyq:) must
have one input transition t;, with wire(t;,) = wire(tout)
that can fire at the same moment as t,y;-

In order to handle the possible infinite behaviors of a
time Petri net, we use a timed state class that is a finite
representation of a set of (infinitely) many (timed) states.
A timed state class is s = (u,I), where p is a marking
and [ is a set of inequalities. Intuitively, in a state o, if a
transition t can fire after passing some time 7, and a new
state ¢’ is obtained, then there exists a timed state class

transition s - s’ such that o € s and o' € ' , and vice
versa. The details about timed state classes can be found
in [10] and [11], although some different terminology is
used. When considering a set of modules, u and I of
a timed state class are the union of the markings and
the inequality sets respectively for each of the time Petri
nets in the module set. When our method obtains the
timed state classes sy, s, by firing output transitions
t1,t2, -+ from sg, it is represented by sg R2N S1 A2 R
which is called a timed state class sequence, or a TSCS

for short. We write s - s’ € p, if the timed state class
transition s - s' is included in a TSCS p (e, p=sg k2N

s1 Bolsh .. -). This notation is also used for a set
of TSCSs.

III. SYNTHESIS OF TIMED CIRCUITS

Let us consider a set M = {E,Sy,---,8;,---,Sn} of
modules which is a closed system, where E is the en-
vironment of the whole circuit and S; is a specification
of the i-th subcircuit. Let S; = (I;,0;, N;,wire) and
N; = (P;, T;, F;, Eft;, Lft;, po;). The goal of modular syn-
thesis is to synthesize a subcircuit specified by S;. Note
that our method expects that the synthesized subcircuit
works correctly with respect to S; in M. It may, however,
work incorrectly with respect to S; in a different mod-
ule set. Thus, the synthesis procedure depends on the
behavior of the other modules E, Sy, ---, S,.-

For a set T of TSCSs and a module S;, we define the
following.

visible(7, S;) = {(m, m') | wirename(t) € I, U O;,
345,67—58:(”5[)5 (W', I'),
!
N

s’ =
m=pNP,m' =p' NP}
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where m and m' are markings of N;. This represents the
set of marking transitions (projected to P;) that can occur
in T changing the values of wires in S;. Let (u1,uz, - -, u;)
be an ordered set of input and output wires of S; (i.e., for
1<k<lLu, € ;UO; and [ = |Ii U Oz|) val(ug, m)
denotes the value of wire u in S; when the marking of
S; is m. st(m, S;) denotes a vector (z1,x2,- -, x;) for the
values of input and output wires in S;, where

R if t € enabled(m) such that
wire(t) = urp+ and uy € O;
if t € enabled(m) such that
wire(t) = up— and uy € O;
m) else.

T = F
val(ug,

Thus, st(m,S;) represents a state vector of S; that also
indicates the excited output wires by R (rising) and F
(falling). A reduced state graph is defined as follows:

rsg(T,5i) = {{v =~ v') | (m
v = st(m, S;),v' = st(m/

,m') € visible(T, S;),
,Si)}

rsg(7,S;) represents the transition relation between
state vectors of S; which is defined by 7. Thus, rsg(7,.S;)
specifies a state graph of S;.

Let T(M) denote the set of TSCSs of M such that
every TSCS starts from the initial timed state class sg
of M. A modular synthesis with respect to S; in M is
done by applying a synthesis algorithm for timed circuits
in [12], denoted by synthesis, to rsg(7 (M), S;). Hence,
C; = synthesis(rsg(7T (M), S;)) is our goal.

Fig.1(a) shows an example of a set of modules, and
(b) and (c) are the time Petri nets for E and S;, re-
spectively. Since input transitions cannot fire by them-
selves, the earliest and latest firing times for them are not
shown in the figure. Formally, they have [0, o] bounds.
FE simply sets r1 and waits for ro to rise, and then re-
sets r1. Concurrently, E waits for r, to rise and then
sets r5 followed by the reseting phase. E again raises rq

(a) a simple example, (b) the environment E, and (c) the module being synthesized S;.

when both 7, and r5 fall. When r; rises, S; sets 7,41 and
waits for both r;;2 to rise and r; to fall. Then, S; re-
sets r;+1 and waits for r;12 to be reset. Thus, it has a

TSCS like sq Tl s1 =y S9 3 S3 =y S4 "5¢ ... Note
that for simplicity, r1+,r2+, - - - are used instead of their
real transition names in this example. Let us consider the
synthesis of the subcircuit Sy = ({re,74}, {rs}, Na, wire).
Since only 79, r3, and 74 change the markings of Ny, we
have !

visible(T (M), S2) =
{ {po}:{p1}); ({p1}; {p2,p3}),
({p2,p3},{Pa,p3}), {Pa,p3}, {Pa>p5}),
({P1;ps5},{p6}), ({P6}, {Po})

Initially, all wires take the value 0. Thus, the method
finds the state graph of S;, specified by rsg(7 (M), S2), as
shown in Fig.2 by the unshaded states. Since only the
subcircuit with output r3 is being synthesized, only the
excitation information (such as R and F') with respect to
r3 is indicated in the state graph. Once a state graph
is obtained, an actual circuit is synthesized by a timed
circuit synthesis method. In this case, r3 is produced
by a simple buffer with 72 in its input. The marking pair
({p2,p5},{p4,p5}) is not included in visible(7 (M), S2) be-
cause the environment E changes r; very slowly compared
to other outputs. Thus, ro— always occurs later than
r4+. The shaded state in Fig.2 represents this marking
pair that is omitted due to the timing specification of E.
A traditional speed independent approach ignores timing
information and would include the shaded state of Fig.2.
This extra state forces the use of a Muller C-element to
produce r3. The resulting circuit is larger and slower than
the simple buffer produced by timed circuit synthesis. A
key advantage of timed circuit synthesis is this potential
to generate smaller faster circuits.

I The superscripts indicating the i-th specification are omitted in
the place names for simplicity.
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Fig. 2. State graph of Sa.

If we consider {Si,---,S,} to be one module and
assume that there are no internal signals in the envi-
ronment, it is equivalent to the non-modular synthesis
method. In modular synthesis, the state graphs (i.e.,
rsg(T(M),S;)) are much smaller than those for non-
modular synthesis, because many variables are projected
out in rsg(7 (M), S;). In order to obtain 7 (M), however,
this method has to generate the full state space of the
whole system M, even if one subcircuit S; is being consid-
ered at a time. Thus, as long as this method uses 7 (M),
there is no advantage to modular synthesis. Work in [9]
proposes to use a reduced state space 7'(M) by means of
an automated abstraction technique. In that case, the run
time and memory space for synthesizing a subcircuit are
reduced. Although 7'(M) needs to be computed for each
subcircuit, the total run time for synthesizing all sub-
circuits is much shorter than the non-modular method.
The advantage with respect to maximum required mem-
ory space in modular synthesis is obvious. The problem
with this method is that not all invisible behavior can
be easily abstracted, and the abstractions can result in
additional timing behavior leading to non-optimal circuit
realizations. This paper proposes another approach to
generate a reduced state space Tg, (M) by means of par-
tial order reduction. The advantages of the partial order
approach are two-fold: first, concurrent interleavings of
invisible behavior are not considered; and second, an op-
timal circuit realization is always obtained. The disad-
vantage of the partial order approach is that the invisible
behavior still needs to be considered. Note that it is pos-
sible to apply the abstraction technique and then to apply
the partial order reduction.

IV. PARTIAL ORDER REDUCTION

T (M) is obtained by firing every possible output tran-
sition from every reachable timed state class. This total
order exploration algorithm often suffers from the state
explosion problem. A partial order exploration algorithm

generates a set of reduced TSCSs with respect to S; that
still has sufficient information to synthesize a correct cir-
cuit for S;.

In order to explain the proposed idea more formally,

this section first defines untimed-project. For a TSCS s 4
s L ... with s = (1, I) and a specification S;,

untimed-project(s Lgly -8 =
m5Y if wirename(t) € I; U O;
Y else ’

where Y = untimed-project(s’ LA -,8;), and m = uN P;.
This definition can also be extended for a set of TSCSs.

Now, for a given set M of modules and a module S;
for the specification of the target subcircuit, our method
constructs a set Tg, (M) of reduced TSCSs such that the
following property holds.

Property 1

untimed-project(7 (M), S;) = untimed-project(7s, (M), S;).
If this property holds, then the following lemma and the-
orem can be proven as follows.

Lemma 1 The following relation holds.
visible(T (M), S;) = visible(Ts, (M), S;).

Proof: Suppose (m,m') € visible(T(M),S;). Then,
there exists a TSCS p = so 3 -5 5 s'--- in T(M)
such that wirename(t) € I; U O;, m = pnN P;, and
m' = p' N P;, where s = (u,I) and s = (p/,I'). From
Property 1, there also exists a TSCS p' in Tg, (M) such
that untimed-project(p, S;) = untimed-project(p’, S;). This
implies (m, m') € visible(Ts, (M), S;). The other direction
can be proven similarly. O

Theorem 1 The following relation holds.
rsg(7 (M), Si) = rsg(Ts; (M), i)

Proof: From Lemma 1, we have the same sets of pairs
(m,m') for both T(M) and Ts,(M). Thus, we have
the same sets of (v — ¢') for them. Hence, we have
rsg(T(M), i) = rsg(Ts: (M), Si)- O

This theorem shows that the proposed method gives not
an approximation but an exact solution.

Next, this section shows how to construct Tg, (M) such
that Property 1 holds. The idea of partial order reduc-
tion is to prune some successor timed state classes during
state space traversal. This means that some firing orders
between transitions are omitted. However, if some firing
orders between transitions in 7; are missed, then obvi-
ously Property 1 does not hold. Thus, our method has to
guarantee that every possible firing order between tran-
sitions in T; is generated. In addition, suppose that ¢;
and t2 which are outside S; are in conflict (i-e., only one
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Fig. 3. Concurrent and conflicting transitions.

of t; or t2 can occur). If the firing of t;, for example, is
missed in Tg, (M), then the behavior of S; that is caused
by the descendant of ¢; may be missed too. This results
in a wrong subcircuit. Thus, for n in 7 (M), we have to
guarantee that Tg, (M) includes i’ such that the same set
of transitions eventually fire in both n and 7'.

This latter requirement is also necessary for verification.
Thus, we first explain how the partial order reduction
algorithm for verification constructs reduced state spaces.
Basically, it generates only one firing order for concurrent
transitions, and generates every possible firing order for
conflicting transitions. For example, for the time Petri net
shown in Fig.3(a), it fires either ¢; or 5 from the current
timed state class, and for the one in the Fig.3(b), it fires
both ¢; and t». However, it is not so simple. Consider the
time Petri net shown in the Fig.3(c). In this case, t3 is not
enabled currently, and so, it is not possible to fire both
t; and t3. However, the firing sequence starting from ¢
can make t3 ready to fire if the firing of ¢; is postponed.
Thus, if #; is fired alone, then the possibility of the firing
of t3 is missed. Therefore, our method cannot prune the
successor timed state class obtained by to even if ¢; and
ty are concurrent. In order to handle general cases, if
our method wants to fire a transition ¢ at a timed state
class s, it must compute dependent(s,t) which is a set of
enabled output transitions such that the interleavings of
the firings of those transitions should be generated for the
correct results. For example, dependent(s,t;) = {t1} for
Fig.3(a), and dependent(s,t1) = {t1,t2} for Fig.3(b) and
().

The above algorithm can be modified to satisfy the fol-
lowing 2 requirements that are necessary for property 1
to hold: 1) all firing orders of T; are explored; and 2) all
firing orders of conflicting transitions are explored. Since
the above algorithm tries to generate every possible firing
order between conflicting transitions, our new algorithm
for modular synthesis treats the transitions in T; as being
in conflict. That is, this method uses the following set
conflict(t) as the set of transitions which are in conflict
with ¢.

conflict(t) = { (| ot ot £ 0} !

else.

time

Fig. 4. Time separations between transitions.

The rest of the algorithm remains unchanged as explained
below. The details can be found in [11].

For an output transition ¢ enabled in a timed state class
s, let sync_trans(s, t) denote the set of enabled transitions
that fire synchronously with ¢. That is, all transitions in
sync_trans(s, t) are input transitions except for ¢, and for
any t' € sync_trans(s,t), t' is enabled in s and wire(t') =
wire(t) holds. An output transition ¢ is called firable in
a timed state class s, if for some timed state class s’,

s 5 s' € T(M). For a firable output transition ¢ and
a timed state class s, dependent(s,t) must include ¢ and
satisfy the following.

if t; € dependent(s,t), then

for every u € Uy esync_trans(s 1) conflict(t'),
active(s,u, t;) C dependent(s, ),

where active(s, u, t) is the set of output transitions whose
firings possibly lead the time Petri net to a timed state
class where u is enabled in time in the sense that u can
fire earlier than ¢. If u cannot get enabled in time, then
our method does not have to consider the interleavings of
the firings of ¢t and u. More formally,

active(s,u,t) = {z | (z,d) € necessary(s,u, {t}),
z can fire d time units earlier than ¢},

where necessary(s, u, Tp) is a set of enabled output transi-
tions (with some timing information) such that in order to
fire u, the firing of at least one transition in this set is nec-
essary. Intuitively, the computation of necessary(s,u,Tp)
is implemented such that empty source places of out-
put transitions are searched upwards from u until some
enabled output transition is found. For example, when
our method computes necessary(s, t3,Tp) in Fig.3(c), this
search is continued until ¢5 is found. During this pro-
cess, if an input transition is reached, the upward search
is restarted from the corresponding output transition, be-
cause input transitions cannot control their firings. Tp
is used to terminate loops. necessary(s,t,Tp) is actually
the set of pairs (z,d) where z is a transition found in the
above search process, and d is the sum of the earliest fir-
ing times in the shortest path from z to u (with Eft(z)
not included and Eft(u) included). This property of d im-
plies that it takes at least d time units for v to become



ready to fire after the firing of z (see Fig.4). Therefore,
if the maximum time separation & between z and ¢ is less
than d time units, it means that u can never fire before
t as shown in Fig.4. In other words, our method does
not have to consider the interleavings between ¢ and u
in this case. Hence, active(s,u,t) only contains those z
which can fire d time units earlier than ¢. For example,
necessary(s, ts, {t1}) = {(t2, 3)} in Fig.3(c), and so ¢, is in
the active set. If the latest firing time of ¢; is 2, there is
no possibility for ¢3 to fire, and hence t5 is not included
in the active set.

Finally, our method constructs 7s,(M) by firing only
transitions in ready(s) in each s, where ready(s) is
dependent(s,t) for some output transition ¢ firable in s,
such that all transitions in the set are firable.

Now, we have the following lemma.

Lemma 2 Property 1 holds.

Sketch of Proof: In this sketch, we assume that multiple
firings of the same transitions can be distinguished by
some appropriate way, and we simply use transition names
here. For a more formal proof, the technique shown in [10]
can be used.

(i) We first show that for any TSCS 7 in
T(M), there exists a TSCS 7' in Ts,(M) such that
untimed-project(n, S;) = untimed-project(’,S;). To do
this, we define several notations. For a transition ¢ that
fires in a TSCS ), let n* be the prefix of  up to ¢, and
Vis(n) be the set of transitions in outtrans(l; U O;) ap-
pearing in 7', where outtrans(I; U O;) is a set of output
transitions u such that wirename(u) € I; U O;. Further-
more, we define cong(t,n), which is a subset of TSCSs in
Ts, (M), satisfying, for each v € cong(t,n),

e every transition in 7 also fires in v (maybe in a dif-
ferent order), and

e the transitions in Vis(n?) fire in exactly the same or-
der in both n* and +, although in v the transitions
in outtrans(I; U O;) — Vis(n!) fire only after those in

Vis(nt).

We show inductively that such cong(t, ) is nonempty for
any t in 5. Assume that for some ¢ in 7, we already have
cong(t,n) satisfying the above properties, and suppose the
next transition in 7 is ¢'. Here, we only consider the case
that ¢’ is in outtrans(; U O;), because the remaining case
can be proven similarly. Let T, be a subset of cong(t,n)
such that each element of ', includes a transition ¢/, with
ot Net' £ (i.e., t, which is in conflict with ¢’ fires in the
element). T is a subset of cong(t,n) — 'y, such that each
element 7y of T satisfies Vis(y!') — Vis(nt) — {t'} # 0 (i.e.,
t' € outtrans(I; U O;) fires in 7, while some different tran-
sition in outtrans(I; UO;) fires before ¢’ in elements of T'p).
T, is equal to cong(t,n) — 'y — ['y. In order to construct
cong(t',n), we discard ', and T’y because it’s impossible to
fire t' from them in the correct positions, and cong(t', n) is
equal to I'.. Here, we should note the following two points.
First, from the definition of conflict(t) and the construc-
tion of the ready set, it’s not possible that every element

®

t1 [1,10] ——

O

ts [0,0] —_

ta [2,3]

t4 [5,5]

Fig. 5. An example of a time Petri net.

of cong(t,n) is classified into either T, or 'y. For example,
if v € Ty includes #, € outtrans(I; U O;) — Vis(nt) — {t'},
then the necessary set for ¢’ should be included in the
ready set and TSCSs obtained by firing those transitions
are included in I'.. Second, t' occurs in all TSCSs in T,
because t' is enabled from the first property of cong(t,n)
and time certainly passes from the assumption that there
is no loop of transitions with Eft(t) = 0. From these
considerations, we can say that cong(t',n) is nonempty.
Thus, the proof for the induction step is done. We can do
the proof for the base step also similarly but very easily,
because in this step, we only have to consider I'. above.
Now, we have shown that for any n € T(M) and any ¢t
in 7, we can construct a nonempty set cong(t,n). This
implies that there exists a TSCS 5’ € Ts, (M) such that
untimed-project(n, S;) = untimed-project(n’, S;).

(ii) Next, we show that for any TSCS n €
Ts; (M), there exists a TSCS o' € T (M) such that
untimed-project(n, S;) = untimed-project(n’, S;). Since ev-
ery transition in the ready sets is firable, there exists
n' € T(M) that is obtained from 1 by permuting only
concurrent transitions outside S; (i.e., transitions which
are not included in the ready set at the same time) in
7. For example, in Fig.5, suppose that every transition
is an output transition not in outtrans(I; U O;), and that
every token in the figure is produced at the same time 7.
Then, the partial order exploration algorithm may gener-
ate a TSCS so 2 51 3 s, 3 3, where ready(so) = {t1},
ready(s1) = {t2}, and ready(s2) = {¢3,t4}. On the other
hand, the total order exploration algorithm gives the tim-
ing constraint like v(t1) < v(t2) when firing ¢; before ta,
where v(t) is a variable representing the firing time of a
transition ¢. From wv(t3) = v(t1) < v(t2) < 70 + 3 and
7o + 5 < v(t4), t3 must fire before ¢4, and so, the above
TSCS cannot be produced by the total order exploration
algorithm. However, this situation occurs only for con-
current transitions. Since the partial order exploration
algorithm assumes that all transitions in outtrans(; U O;)
are in conflict even though they are structurally con-
current, it generates only firing orders which have cor-
rect timings for those transitions (i.e., if every transition
in Fig.5 is in T;, sg LN S1 L2y So 24 83 is not gener-
ated by the partial order exploration algorithm). Thus,
the firing order between conflicting transitions or transi-



tions in Tj is identical in n and n’. Hence, for such 7/,
untimed-project(n, S;) = untimed-project(n’, S;) holds. O

V. EXPERIMENTAL RESULTS

In order to show the performance of the proposed
method, we have developed the following experimental
system. We have modified the verifier of VINAS-P[13]
such that it works as a partial order explorer for synthe-
sis. It generates a timed state class graph which represents
Ts, (M). rsg(Ts,(M),S;) is then generated from it by a
Perl script. Finally, the subcircuit is synthesized by using
ATACS [12]. Note that in this experimental system, AT-
ACS is used only for generating circuits from state graphs.
Its state space exploration function is not used.

This section demonstrates the synthesis of the STARI
circuit [14]. The STARI circuit is composed of a num-
ber of FIFO stages. The block diagram for a two-stage
STARI circuit is shown in Fig.6(a). The purpose of this
circuit is to absorb the clock skew between the sender
and the receiver which are synchronous circuits with the
same clock frequency. In the STARI circuit, each Boolean
signal is represented by using the dual-rail code. Thus,
(20t, z0f) takes (1,0) or (0,1) to represent the data “1”
or “0”. (0,0) is used to separate each data. The sender
sends each data at the rising edge of the clock and the
separator at the falling edge. The receiver samples the
data and produces the acknowledgment (active low) at
the rising edge of the clock. At the falling edge, the sepa-
rator is sampled, and the acknowledgment is reset. They
are modeled by the time Petri nets in Fig.6(c) and (d). As
shown in the figures, the output transitions in the sender
and receiver have the earliest firing times 0 and latest fir-
ing times 1. Since those transitions are triggered by the
clock edges, it models the clock skew from 0 to 1. Fig.6(e)
shows the specification of a FIFO stage. It simply waits
for the data from the preceding stage and the acknowl-
edgment from the next stage, and propagates the data to
the next stage as well as the acknowledgment to the pre-
ceding stage. Then, the reseting phase is followed. Our
goal is to synthesize circuits for all stages.

Table I shows the CPU times (in seconds) for synthesiz-
ing STARI circuits with various number of stages by the
proposed method and ATACS only without using the ab-
straction method described in [9]. They are measured on
a UNIX workstation (1GHz, 2GB memory). It uses an im-
proved POSET timing analysis algorithm [15]. Since the
proposed system synthesizes only one subcircuit once, the
CPU times shown in the table is the sum of CPU times
for all runs. ATACS runs in nonmodular synthesis mode,
so the CPU times are for generating all subcircuits.

Table II shows CPU times for the synthesis of each
subcircuit of STARI 12. Two of the obtained subcircuits
are shown in Fig.6(f). We believe that the difference in
CPU times of VINAS-P comes from the difference of the
concurrency between the signals of subcircuits. This table
also shows the number of literals required for each stage
of the STARI circuit. Note that although the STARI

TABLE I
PERFORMANCE COMPARISON.

n_| Proposed | ATACS

8 1.0 5.6

9 1.0 10.7

10 1.2 25.2

11 2.0 95.5

12 15.3 | 1980.1

13 11.9 | 3509.6
TABLE II

CPU TIMES (SEC.) TO SYNTHESIZE STARI 12 SUBCIRCUITS.

stage ID || VINAS-P | Perl | ATACS | literals
1 0.33 0.13 0.04 4
2 0.37 0.16 0.03 4
3 0.36 0.13 0.04 4
4 0.95 0.18 0.05 4
5 2.02 0.18 0.03 10
6 4.81 0.24 0.04 10
7 1.47 0.17 0.03 10
8 1.03 0.20 0.03 10
9 0.64 0.11 0.04 10
10 0.32 0.11 0.05 8
11 0.29 0.13 0.06 8
12 0.29 0.11 0.06 8

circuit is a regular structure, the circuits for each stage
do not need to be the same. In particular, the circuits
at the beginning and the end of the FIFO circuit can be
optimized using the available timing information. Those
near the beginning appear as shown at the top of Fig.6(f).
Note that since the ack signal is now not used by prior
stages, the circuits for several of the early stages can be
simply optimized to two wires. As expected, the circuits
derived by the proposed method are identical to those
found using flat synthesis.

VI. CONCLUSION

We have proposed an idea to apply partial order re-
duction to the modular synthesis of timed circuits. Each
module from a hierarchical design is synthesized individu-
ally. Partial order reduction is utilized to reduce the state
space explored for the other modules by only considering
a single interleaving for concurrently enabled transitions.
By avoiding the state explosion problem, the STARI cir-
cuit can be synthesized up to two orders of magnitude
faster than the total order synthesis approach.

The proposed method can be improved, if we apply the
POSET method to the analysis of the target subcircuit,
and combine this work with the abstraction technique.
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Fig. 6. Specification and environment of STARI circuit.
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