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Abstract

This paper develops a framework to support trace theo-
retic verification of timed circuits and systems. A theoretical
Sfoundation for classifying timed traces as either successes
or failures is developed. The concept of the semimirror is
introduced to allow conformance checking thus supporting
hierarchical verification of timed circuits and systems. Fi-
nally, we relate our framework to those previously proposed
for timing verification.

1 Introduction

For the formal verification of asynchronous circuits, a
method called trace theoretic verification is proposed [1].
In this method, both specification and implementation are
given by automata, Petri nets, or similar formal models.
The advantages of this method are (1) its decision proce-
dure is simple and efficient, (2) performance improvement
by partial order reduction can be quite large [2, 3], and (3)
verification can be done hierarchically.

Recently, designers often use timed circuits in order to
implement fast and compact circuits [4, and others]. Thus,
for the formal verification of such timed asynchronous cir-
cuits, it 1s desired to extend the verification methods so that
they can handle timed circuits. Since it is not easy to ap-
ply symbolic methods based on BDDs to timing verifica-
tion, partial order reduction is one of the most promising
solutions to the state explosion problem. Thus, methods in
which partial order reduction is well-suited are preferred.
One direction is model checking based on real-time logics
and timed transition systems [5, 6, and others]. The partial
order reduction is applied to the timed LTL. model check-
ing in [7, 8], but it seems that the cost to handle LTL can
be quite high. The second direction is the language con-
tainment checking based on timed automata [9}. In order
to use this method for circuit verification, input generators
are often required on the circuit side which makes hierar-
chical verification difficult. Furthermore, to our knowledge,
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partial order reduction has not yet been applied to it in the
timed domain. As the third direction, we have proposed
a framework of timed trace theoretic verification based on
time Petri nets [10, 11, 12]. The works most related to ours
are [13, 14] and [15]. However, in the former work, the
models are restricted such that a single transition has only
one behavioral place, and in the latter work, the notion of
mirrors is not discussed.

In [12, 16], safety failures and timing failures are de-
fined, and the notion of pseudo failures is introduced. And
then, the decision procedure based on pseudo failures is
shown. Although this approach is certainly one extension
of the trace theoretic verification, it differs from the original
trace theoretic method in the following two points.

1. Failures are defined between modules, i.e., a module is
defined without the failure trace set.

In timed trace theory, a mirror module obtained by
swapping the inputs and the outputs of the original
module is not equivalent to maximal environment of
the original module. - Hence, the decision procedure
based on. mirroring cannot be used for conformance
checking.

In this paper, we reformalize the framework of the timed
trace theoretic verification in accordance with the origi-
nal untimed trace theory, and introduce the concepts of
the semimodule and the semimirror to allow conformance
checking.

2 Trace theoretic verification

We briefly recall the idea of the trace theoretic verifica-
tion from [1] for the discussion of the next section.

A Petri net N is four-tuple, N = (P, T, F, o), where
P is a finite nonempty set of places, T is a finite set of
transitions ( PNT =0, F C (PxT)u (T x P)is
the flow relation, and o C P is the initial marking of the
net. For any transition ¢, ot = {p € P | (p,t) € F} and
te = {p € P | (t,p) € F} denote the source places and the
destination places of t, respectively. For a place p, ep and
pe are defined similarly.



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(y) be
the set of transitions enabled in . In marking p, transition
t; € enabled(p) can fire, and a new marking 4’ = (u —
ot;) U tyeis obtained.

Arunp = po 2\ 7 B2 o 13 ... of N is a finite or
infinite sequence of markings and transitions such that g is
the initial marking, and p;4q is obtained from p; by firing
transition ¢; ;1. We assume that every prefix of a run is also
arun. A Petri net is one-safe, if in any marking p; of any
run p = g 3 Hi1 g M2 3 sy (ﬂz - .ti+l) mti—H. = 0
In the sequel, a net is always a one-safe Petri net.

A trace is a finite or infinite sequence of transitions. A

un p = po k2% 1y B generates a trace tyto---. Let
trace(N) be a set of all the traces generated by a Petri net
N. Note that the set trace(/N} is prefix-closed and always
includes an empty trace.

A module is a tuple (1,0, N), where I is a set of input
wires, O is a set of output wires, and N = (P, T, F, pg)
is a net, satisfying I U O = T'. Note that we may call a
transition a wire, since the firing of a transition ¢ represents
the change of value on a wire. We use a module as a formal
model for a circuit element (e.g., a gate) or a specification.
In the rest of this section, we use A (or As, - - -) to represent
TUO (or I U Os,---). A (canonical) trace structure of
amodule M = (I,0,N), denoted by T (M), is a tuple
(I,0,8, F), where S is the set of success traces, and F' is
the set of failure traces, satisfying

1. S = trace(N), and

2. F={an|ze€ ({yi|yeS,iel}-S),ne A}
The above definition of failure traces can be interpreted
such that if a trace obtained by appending an input to a suc-
cess trace is not a success, then the trace is considered to
be a failure. That is, an input which cannot be accepted al-
ways causes a failure. Thus, fory € S,7 € I, 0 € O, and
P=SUF,

yigdS = yi€F, (N

yog€S = yogP @
hold. A trace in P is called possible. Furthermore, a trace
extended from a failure is also a failure, and a trace extended
from an impossible trace is also impossible. Hence, for a €
A, we have

yeF = wyackF, 3)

y¢P = yagP. CY)
A trace structure is called failure-free if its failure set is

empty.
We use the following definitions in this paper. For a trace
T = ejeges - - - and a set D of wires,

ife; € D
del(D, z) :{ gly elsel’
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where y del(D,esez---). For a set X of traces,
del™}(D, X) is the set {z | del(D, z) € X}. For X whose
elements do not contain any wires in D, del™'(D, X) is
the set of all traces that can be generated by inserting mem-
bers of D* between any consecutive wires in traces of X.
This is extended for a trace structure T' = (I, 0, S, F') such
thatdel™ (D, T) = (IUD, 0,del" (D, S),del ™} (D, F)).
Note that the inserted wires are always considered to be
the inputs. The intersection of two trace structures 77 =
(I], 04, Sl,Fl) and T = (12, 05,5, Fg) such that A4,
Ay and O; N Oy = ( is a trace structure

TlﬂTQ = (I} 012,01 UOz,SlnSQ, (F1 ﬂPg)U(PlﬂFg))

The composition of Ty and Ty suchthat O1 N0y = Pisa
trace structure

Ti||T> = del™' (Ay — Ay, T)) Ndel ™ (4; — A, T).

Now, we show the core notions of the trace theoretic
verification. For two modules M; = (I;,01,N;) and
M, = (Ig, O‘Z,Ng), we say M, conforms to Ms,if C I,
O1 D O-, and for any (composable) trace structure £ =
(Ig,0g,SE, Fg) such that I, C Og and Oy 2 Ig, if
E||T (M>) is failure-free, so is E||T(M;). This is the cor-
rectness criterion of trace theoretic verification. That is, we
consider that a circuit M¢ is correct with respect to a spec-
ification Mg, if Mo conforms to Mg. For a trace struc-
ture T = (1,0, S, F), its maximum environment is called
a mirror of T, denoted by T™, which is also a trace struc-
ture (I',0',S', F') satisfying I' = O, 0' = 1,58 =8,
and F' = A* — P. The following lemma holds.

Lemma 1 Suppose that M; = (I;,01,N;) and A4,
(I5, O3, N3) are modules such that I; C I, and O; D Os.
M, conforms to Mo iff T(M)||T (M2)™ is failure free.

Lemma 1 is very important, because we can check con-
formance without considering all possible environments E.
But, it is useful only when the mirror of a trace structure is
casily obtained. This is guaranteed by the following lemma.

Lemma 2 For a module M
T(M'), where M’ = (O,I, N).

(I,O,N), T(M)™ is

We say that a module (O, I, N) is the mirror of a module
M = (I,0,N), denoted by M™. Note that M™ is sim-
ply obtained by swapping inputs and outputs of M. These
two lemmas straightforwardly derive the following theo-
rem, which actually allows us to implement the decision
procedure for conformance checking.

Theorem 1 Suppose that M} = ([;,01,N;) and My =
(I3, 02, N») are modules such that I C I and O; D Os.
M, conforms to Mo iff T (My)]|T (M3") is failure free.



3 Timed trace theoretic verification
3.1 Definitions

Let Q' be the domain of nonnegative rational numbers
for time-points. For a transition t and 7 € Q%, (¢,7)
is called a timed event. T represents the time when the
transition ¢ fires, or the corresponding wire changes. A
timed trace z is a finite or infinite sequence of timed events
T = egep --- where e; = (t;,7;) such that monotonicity
(i.e., 7; < Ti41 for all ¢ > 0) and progress (i.e., if z is infi-
nite, then for any 7 € Q™ there exists an ¢ such that ; > 7)
are satisfied. '

A time Petri net N is a six-tuple, N = (P, T, F, Eft,
Lft, uo), where P, T, F, and pq are the same as a Petri net,
and Eft : T — Q*, Lft : T — QT U{eo} are functions for
the earliest and latest firing times of transitions, satisfying
Eft(t) < Lft(t) forall t € T.

A state o of a time Petri net is a pair (u, clock), where p
is a marking and clock'is a function T — Q. The initial
state aq is {0, clockg), where clocko(t) =0 forallt € T.
The states of a time Petri net change, if time passes or if a
transition fires. In state ¢ = (u, clock), time 7 € Q% can
pass, if for all € enabled(p), clock(t) +7 < Lft(¢). In this
case, state o' = (', clock’) is obtained from o by passing
7,if 4 = p, and for all t € T, clock’(t) = clock(t) +
7. In'state 0 = (u, clock), transition ty € T' can fire, if
ty € enabled(y) and clock(ty) > Eft(ty). In this case,
state ¢’ = (', clock’) is obtained from o by firing ¢y, if
@' = (u—eotf) Utpe andforallt € T, clock'(t) = 0 for
newly enabled transitions ¢ and clock’(t) = clock(t) for the
others.

A run p = oy 301 302 5 ... of N is a finite or infi-
nite sequence of states and transitions such that oy is the ini-
tial state, and o, is obtained from o; by passing some time
and then firing transition ¢; 1. time;(p) is the sum of all
times passed between oo(p) and o;(p); that is, timeg(p)
0 and time;+1(p) = time;(p) + clock;41(t) — clock;(t) for
some t which is not newly enabled in p;1;. ! Thus, arun p
generates a timed trace (1, time; (p))(¢2, timez(p)) - - -. Let
trace(IV) be a set of all timed traces generated by a time
Petri net N. In order to satisfy the progress condition, we
assume that time certainly passes in any loop structure that
N contains. In the sequel, a time net is always a one-safe
time Petri net satisfying the above restriction.

Suppose that a timed trace y is an element of trace(N).
Let enabled(y, V) denote a set of transitions (of N) which
are enabled in the state obtained by y. For a transition
t € enabled(y, N); EN_time(t,y, N) is the time when ¢
got newly enabled in y most recently. TL(y, N) = min{
EN_time(t,y, N) + Lft(t) | t € enabled(y, N)} is the lat-
est time until when the firings of all enabled transitions can
be postponed. If enabled(y, V) is empty, we assume that

'In order to define time; (p) precisely, we may consider an auxiliary
transition tqux which never becomes enabled.
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TL(y,N) is co. limit(y, N) = {t | t € enabled(y, N),
EN_time(t,y, N) + Lft(t) = TL(y, N)} is a set of enabled
transitions which determine TL{y, N). We say that a timed
trace y(w, T) is overstepped, if it satisfies 7 > TL(y, N).

3.2 Timed trace structures

A module is defined similarly except that IV is a time
net. A timed trace structure for a module (1, 0, N) is also a
tuple (1,0, S, F), but S and F are now sets of timed traces.
We classify non-overstepped timed traces into S, F', or nei-
ther of them in the same way as the untimed cases. That
is, S always includes an empty timed trace, and for a timed
trace y(w, 7) such that y € trace(N) and 7 < TL(y, N),

o if y(w, ) € trace(N), then y(w,7) € S,
e clse if w € I, then y(w, 7) € F (from property (1)),
e else (i.e., w € O), y(w, ) ¢ P (from property (2)).

On the other hand, it has never been considered which set
an overstepped timed trace belongs to. Actually, S and F’
cannot be determined as simply as in the untimed cases,
because some timed events cannot occur after a certain time
point due to the timing constraints on the transitions. Thus,
before classifying overstepped timed traces, we intuitively
discuss when failures should and should not occur.

We basically consider that modules interacting with each
other have some kind of failure, if either an output produced
by a module cannot be accepted by some other module or an
input expected by a module is not given in time by any other
module. In the example shown in Figure 1, the output of
M) is safely accepted by M3, and the input of M is given
in time. Note that input transitions fire in synchronization
with the corresponding output transitions. In the example
shown in Figure 2, the output w of M3 can be accepted
by M, if it occurs before u, and otherwise, the firing of
w is disabled by that of u. Since these properties hold for
the other transitions, it is natural to consider that there exist
no failures in these examples. On the other hand, in the
modules shown in Figure 3(a),(b), the input expected by My
is never given by M», because the corresponding output is
disabled. Neither does the input u of M3 in Figure 3(a).
This is a situation called deadlock, and so, there must exist
some kind of failure between them. In Figure 4, (w, 8), for
example, can be produced by M>, but it cannot be accepted
by M; due to its latest firing time. Thus, a failure exists also
in this case.

The key criterion to classify overstepped timed traces is
whether limit(y, N) includes an output or not. If an output
is included in limit(y, V), then N itself does not allow time
to pass after TL(y, V) without firing any transitions. It is
under the control of V. Thus, we should consider that the
overstepped timed traces are not in P. On the other hand,
if every wire in limit(y, N) is an input, N can only wait for
the other modules to produce the expected outputs. In other
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Figure 1. Example 1.
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Figure 2. Example 2.

words, if no outputs are produced, the only action that N
can do is to fail. Thus, it is natural to consider that those
overstepped timed traces are in F.

Consider the modules AM; and M, shown in Figure 1.
We have TL(g, N;) 5 and TL(e, N3) 10, and
limit(e, N1) has an output w and limit(e, N3) has an out-
put u. Thus, for 7 > 5, either (w, 7) or (u,7) is not in P,
and for 7 > 10, either (w, 7) or (u, ) is not in P». From
this, the overstepped timed traces of M; and M> cannot be
in the failure set of 7(M1)||7T (M2). The non-overstepped
timed traces cannot be, either. Hence, we can conclude that
T (M1)||T (M>) is failure-free. Thus, the above criterion is
consistent to our intuition. A similar discussion holds for
the example in Figure 2. Note that y(w,7) is not in P in-
dependent of the attribute (i.e., input or output) of w, if it is
overstepped and limit(y, N) N O # 0.

In the modules shown in Figure 3(a), on the other hand,
limit(e, V1) contains only an input w. According to the
above criterion, we consider that (w,7) € F; for 7 > 5.
However, if (w,7) € P> holds, we cannot put this timed
trace into the failure set of 7 (My)||7 (Mz). Thus, we pro-
pose to consider that (w,7) € F3, even if w is disabled
in M>. Note that this is consistent to the above criterion,
because limit(e, ;) contains only an input, and (w,7) is
overstepped in M>. Then, we have T (M;)||T (M) whose
failure set contains (w,7) for 7 > 5. The same discus-
sion holds for (u, 7). Unfortunately, we still have a prob-
lem in the example shown in Figure 3(b) where some fail-
ure must exist too. Since there are no enabled transitions
in M,, which implies TL(y, N2) = oo, it’s impossible to
put some timed trace except for ¢ into P, and so, it’s diffi-
cult to force 7 (M,)||T(M>) to have a failure. In order to
overcome this problem, we further propose to assume that
every module has a virtual output which is always disabled,
and that every other module has the corresponding virtual
input which is also always disabled. In the example of Fig-
ure 3(b), we assume that M; has a disabled virtual output
v; and M has a disabled virtual input v; as shown in Fig-
ure 5. Similarly, v; is the disabled virtual output of Ms and
the disabled virtual input of M;. Then, according to the
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Figure 4. Example 4.

above criteria, we have (v,,7) € F} with 7 > 5 because
this is overstepped, and we have (v;,7) € F; because this
is neither overstepped nor in trace(Nz).

In Figure 4, limit(e, Ny) includes only an input, while
limit(e, N2) has an output. Thus, we have (w,7) € F}
for v > 5 and (w,7") € P, for 7 > 10. Our in-
tuition is satisfied also in this case, because (w,7") for
5 < 7" < 10 is included in F and S, and is in the failure
set of T(M)||T (M3).

Finally, criteria C1 can be used for both non-overstepped
and overstepped timed traces. 2(b) and (c) are for the over-

_stepped timed traces. 2(b) is for the case that the limit set

consists of only inputs, and handles the failures explained
for Figure 3 and Figure 4. 3 and 4 below are from proper-
ties (3) and (4) of Section 2.
Cl: 1. S =trace(N)
2. fory € S and y(w,7) € S,
(a) if 7 < TL(y), then
i. ifwe I, theny(w,7) € F
ii. else y(w,7) & P
(b) else if limit(y, N) C I, then y(w,7) € F
(c) elsey(w,7) € P
3. forye F,y(w,7) € F
4. fory & P,y(w,7) ¢ P
wherew € TUQO,and 7 € Q™.

3.3 Mirroring

For untimed systems, Theorem 1 allows us to decide the
conformance between a circuit and a specification very eas-
ily by using a mirror module. Here, we present a similar
approach for timed systems. '
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Figure 5. Virtual transitions for Example 3(b).

Also for a timed trace structure (I, O, S, F), its mirror is
defined as a timed trace structure (O, I, S, A* — P), where
P=SUF, A= {(w,7)lweluO,7 € QF} and A*is
a set of all timed traces over A. Thus, Lemma 1 holds also
in timed cases. However, Lemma 2 does not hold in general.
Suppose that M, = ({w}, {u}, N1) is the module shown in
Figure 2, and T (M;) = ({w}, {u}, S1, F1) with P, = 5;U
F,. According to C1 above, we have, for example, (w, 6) ¢
P,. If we consider M| = ({u}, {w}, N1), and T (A7)
({u}, {w}, S, F]) with P{ = S{UF]. we have (w, 6) & P|
again from C1. This derives (w,6) ¢ F] and so F| #
A} — Py, and that T (M) is not a mirror of 7 (M, ). Hence,
Lemma 2 does not hold in this case. Actually, there does
not exist a module whose timed trace structure is exactly
the same as the mirror of this 7 (My).

However, we can still construct an algorithm to decide
the conformance of timed systems as follows. We first de-
fine a semimodule (I, O, N), which is the same as a mod-
ule except that its timed trace structure is defined differ-
ently from that of a module. The timed trace structure
(1,0, S, F), denoted by T5(M), of a semimodule M =
(I,0, N) is defined as follows.

C2:

1. S = trace(N)
2. fory € Sand y(w,7) € S,
(a) if 7 < TL(y), then
i ifwel, theny(w,7) € F
ii. else y(w,7) € P
(b) else if limit(y, N) C O, then y(w,7) € P
(c) elsey(w,7) € F
3. fory € F,y(w,7) € F
4. fory € P,y(w,7) ¢ P
wherew € TUO,and T € Q™.

Note that only 2(b),(c) are different from C1. If we consider
a semimodule ({u}, {w}, Ny) in the previous example, its
timed trace structure is exactly a mirror of 7 (M;). Actu-
ally, we have the following lemma.

Lemma 3 For a module M = (1,0, N) and a semimodule
M'=(0,1,N), T(M)™ = T,(M') holds.

Proof: Let T(M) = (I,0,S8,F) and T,(M') = (I',0',
S',F'), where I' = O and O' = I. Then, T(M)™" =
(0,1,5,A*—P). From S = trace(N) and S’ = trace(N),
we have S’ = S. Thus, we only have to show F’ = A* - P,
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that is, bothz € F!/ = r € A*~Pandz ¢ F' =
z ¢ A* — P. If = is non-overstepped, the proof is similar
to that of Lemma 2. Thus, we only consider the case that
z is overstepped. This can be proven by induction on the
length of 7, denoted by ||, where z = yn and y is the
longest prefix of = such that y € S’. First, suppose & € F".
We show that £ € A* — P holds. If || = 1, then from
2(b) and 2(c) of C2, limit(y, N) € O’ = I must hold in
Ts(M'). Thus, in T (M), from 2(c) of C1, z & P holds,
and it implies that z € A* — P holds. If || > 1, letz =
yn = y'a witha € A. From 4 of C2 and yn € F’, we have
y' € F'. From the induction hypothesis, we can assume
that y' € A* — P. This implies that y' ¢ P. Thus, from 4
of C1, y'a & P, which derives y'a € A* — P. Hence, we
have shown z € F' = z € A* — P. Similarly, we suppose
z ¢ F' and show that z ¢ . A4* — P holds. If || = 1, then
from 2(b) and 2(c) of C2, limit(y, N) C O’ = I must hold
in 75(M'). Thus, in T(M), from 2(b) of C1, z € F holds,
and it implies that ¢ A* — P holds. If [p| > 1, letz =
yn = y'a with a € A. From 3 of C2 and yn & F', we have
y' & F'. From the induction hypothesis, we can assume
that y' ¢ A* — P. This implies thaty’ € Pandsoy’ € E.
Thus, from 3 of C1, y'a € F, which derives y'a ¢ A* — P.
Hence, we have shownz ¢ F/ => ¢ ¢ A* — P. Q.E.D.

We say that a semimodule (O, I, N) is the semimirror of a
module M = (1,0, N), denoted by M *™. From Lemma 3
and the timed version of Lemma 1, we have the following
theorem.

Theorem 2 Suppose that M; = (I,,01, Ny) and Ms
(I, 02, N2) are modules such that I; C I and O; 2 Os.
M, conforms to Mo iff T(Mq)||Ts(M3™) is failure free. .

From this theorem, the decision procedure of conformance
between timed systems can be actually implemented, if the
failure trace sets of modules and semimodules are con-
structed differently.

4 Comparison with the previous framework

In this section, we compare the above framework with
the one we proposed in [11]. The related works are pre‘-
sented in [12, 16]. In [11], when a set of modules are given,
the safety failures and timing failures are defined among
those modules. Then, the conformance is defined similarly.
Let failure(M;, M>) denote all safety and timing failures
between M7 and M,. In order to distinguish the confor-
mance defined in this paper and the one defined in [11],
we call the latter p-conformance. That is, for two mod-
ules My = (11,01, N1) and My = (I2,03, N3), we say
that M; p-conforms to M, if I; C I,, Oy D O, and
for any (composable) module E = (Ig, Of, Ng) such that
I, C Og and Oy D Ig, if failure(E, M>) is empty, so is
failure(E, M;).



- According to [11], if an input » with Lft(u) = oo is
enabled in M;, and M> has no enabled transitions, then
failure(M;, M>) has a timing failure. On the other hand,
T{(M;)||T (Mz) is failure-free from C1. Whether a failure
should exist in this case or not depends on the purpose of
verification. . Since we want to compare both frameworks
independent of this situation, we assume below that every
transition has a finite latest firing time. This does not mean
that those frameworks are insufficient to handle transitions
with infinite latest firing times.

Under this restriction, failure(M;, M) is still not equal
to the failure trace set of 7 (M,)||T(Mz). However, we can
prove the following lemma.

Lemmad4 Let Tl = (II,Ol,Sl,Fl) and T2 = (I-Z,OQ,
S2, F5) be the timed trace structures of M, = (I, 01, Ny)
apd My = (Iz,'Oz,NQ) such that I; € Oz and I C Os.
T, ||T is failure-free, iff failure(My, M,) = §.

The proof of this lemma can be found in [17]. This lemma
directly derives the following theorem, which shows the
equivalence between the two frameworks.

Theorem 3 M, conforms to My, iff M, p-conforms to Ms.

5 Conclusion

In this paper, we have proposed a framework to support
trace theoretic verification of timed circuits. First, we have
developed a criteria to classify timed traces of time Petri
nets as successes, failures, or impossible, and then intro-
duced the notions of semimodules and semimirrors which
allow us to implement conformance checking procedures.
This framework is simpler and more comprehensible than
what we proposed previously, but the theorem shown in this
paper shows that these two frameworks are equivalent in the
final decisions.

The direct implementation of the conformance checking
procedure shown in this paper is not difficult, but we know
that it is easily faced with the state explosion problem. In
order to overcome this problem, we are now developing a
partial order reduction algorithm for conformance checking
using this framework, and we will implement it in our tool
VINAS-P[18] in the future.
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