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Abstract. In this paper, we extend the verification method based on
the failure semantics of process algebra and the resulting trace theory by
Dill et al. for bounded delay asynchronous circuits. We define a timed
conformance relation between trace structures which allows to express
both safety and responsiveness properties. In our approach, bounded
delay circuits as well as their real-time properties are modelled by time
Petri nets. We give an explicit state-exploration algorithm to determine
whether an implementation conforms to a specification. Since for 10-
conflict free specifications the conformance relation is transitive, this
algorithm can be used for hierarchical verification of large asynchronous
circuits. We describe the implementation of our method and give some
experimental results which demonstrate its efficiency.
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1 Introduction

One of the main problems in the design of wafer-scale integrated circuits is
the distribution of the global clock signal. Difficulties which arise in the design
of large synchronous circuits are clock skews, clock delay estimation in layout
design, etc. Therefore, asynchronous processors without a global clock are of in-
creasing interest. However, asynchronous circuits are difficult to construct since
the timing analysis often is very complex. Because of this reason, asynchronous
circuits are usually modelled with a speed independent model, where the gate
delays are unbounded, or are bounded by an unknown constant. Most of the
research on design, synthesis, and verification of asynchronous circuits has been
done under this model. Although the speed independent model is quite power-
ful, the possibility of unbounded delay can force the designer to add additional
complexity to the circuit. For example, Muller’s C element [MB 59], defined by
the truth table in Fig. 1(a), is implemented by the circuit of Fig. 1(b).

This implementation, however, is not correct under the speed independent
model. Assuming that each gate can have an unbounded delay, there exists a
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Fig. 1. Muller’s C element: truth table and gate-level implementation.

signal transition sequence in which the output illegally goes down before both
inputs go down (suppose all wires initially have the value 0) :

at bt wot et bl wel .

The reason for this alleged fault is an extremely large delay of the gate
with output wqi. With any well-processed VLSI, such a large delay should be
impossible. In actual designs, the given circuit can be safely used to implement
a C element. Thus, the speed independent model sometimes is not appropriate.
In this paper we use a bounded delay model to model asynchronous circuits,
where with each gate a lower and upper bound for the delay is associated.

In [Dil 88], an efficient verification method for speed independent circuits
was proposed, which i1s based on trace theory. The primary advantage of this
method is the possibility of hierarchical verification, which greatly reduces the
complexity of the verification procedure. However, this method is only suited for
verifying safety properties.

In this paper we adapt Dill’s verification method to the bounded delay model.
First, we show how trace theory can be extended to handle timed traces as
well as certain timing requirements. We then describe time Petri nets as an
appropriate model for asynchronous bounded delay circuits. Subsequently, we
derive an algorithm to check whether an implementation, consisting of a set of
modules, meets its specification. Finally, we give some experimental results and
concluding remarks.

2 Timed Trace Theory

Let us briefly describe verification based on trace theory. In this method, the
specification of a circuit is given as a trace automaton, i.e. a finite automaton
over an input alphabet Z and output alphabet (0. The implementation, which is
supposed to be a set of modules, is given as a set of trace automata, each one
representing the behavior of its related module. Then, special composition and
hiding operations on trace automata are defined. The implementation conforms



to the specification, if they agree on the input and output alphabets, respectively,
and the implementation can be safely substituted for the specification in every
context. This means, that the implementation causes a failure in an environment
only if the specification also causes a failure in that environment.

A failure of a module in an environment is an output of the module which
is not accepted by the environment, or an output of the environment which is
not accepted by the module. By this definition, conformance can be expanded to
the following requirements: the implementation should be able to handle every
input that the specification can handle, and 1t never produces an output unless
the specification can produce it. This in turn can be checked by considering the
mirror of the specification, where all inputs are outputs and vice versa. The
implementation conforms to the specification iff the result of hiding all internal
signal transitions in the implementation and composing it with the mirror of the
specification 1is failure-free.

The verification approach proposed here is the timed version of this method,
where time Petri nets and timed traces are used instead of automata and traces.
The extension to real-time makes it also possible to verify certain timing prop-
erties.

In the rest of this section, we define timed traces and their related notions,
and the conformance relation between specification and implementation.

Let W be a set of wires, and let QQ denote the set of nonnegative rational
numbers. For any w € W and t € Q, the tuple (w, t) is called an event. Intuitively,
(w,t) represents the change of the value of wire w at time ¢.

Definition 1. A (timed) trace  over W is a finite or infinite sequence of events
T = xix9- -, where ¥; = (w;,t;), such that the following properties are satisfied:
— Monotonicity: for all 0 < i < |z|, t; <tig1.
— Progress: if x is infinite, then for every t € Q there exists an index 1 such
that t; > t.

In this definition, |z| denotes the length of trace . If |z| = 0, then z is the empty

trace ¢. For any finite trace z, trace y, and event e, the result of appending e or

y to x is denoted by z o e or z o y, respectively. z is a prefiz of y if y = = or
. - A

y = z o z for some trace z. The projection of a trace # = 1 oxzg0 .- over W

onto another alphabet W' can be defined as usual:

€, ifr=c¢
zioy, if 1 = (wi,1), w1 €W

A

project(z, W)
Y else, where y = project(za0oxzo-- -, W)

Definition 2. A module or canonical trace structure is a tuple M = (Z,0,7),
where I is a set of input wires, O is a set of output wires (ZNO =), and T

is a set of traces over W =T U 0.

The traces of a module can be regarded as the set of all maximal execution
sequences of some transition system. However, trace structures are insensitive to



nondeterminism; they can not distinguish between ao(b+c¢) and (aob)+(aoc). In
timed systems, usually the set of traces will be an infinite (or even uncountable)
set of infinite sequences.

Now we consider the composition of several modules. Assume we are given
aset M = {My, -+, M,} of modules, where M} 2 (Zr, Ok, Ti), W 27, U Oy,
and O; N O, = 0. That is, each wire is either an input, output, or both; in
the latter case we say the wire is internal. Any wire can be an output of at
most one module, and input of arbitrary many modules. Intuitively, modules
are composed by soldering wires with the same name together. Qutput wires of
one module are connected to input wires of other modules. However, in some
cases this connection of wires may cause failures in the composed module.

IfM = (Z,0,7), then M without w (M \w) is the module (Z', 0’, T"), where
' =7 —{w}, O' = O — {w} and T’ = project(T,Z' U O’). Module M allows
trace z (M [= z) if there exists some trace y such that z is a prefix of y and
project(y, W) € T. Furthermore, for M 2 (M, ..., M,}, we say that M = « if
My, =z for all k < n.

Definition 3. A safety failure of M is any nonempty finite trace x = yo (w,1),
where w € O for some k < n, such that M\ w |= z, and My, =z, but M [ z.

Intuitively, a safety failure occurs if any module M}, tries to send an output, but
some other module cannot receive this as internal input. M is safety failure free,
if no safety failure can occur, i.e., if every output which may be produced by
some module can be accepted by all other modules at the same time. Whenever
a module can change the value on one of its output wires, all modules which
have this wire connected as internal input must be able to process the signal
immediately.

Definition 4. A timing failure of M is any nonempty finite trace x = yo(w,t),
where w € Ty for some k < n, such that M\ w | z, and My |= z, but there is

no ' = yo (w', '), where w' € Iy, and M | 2’

Intuitively, a timing failure occurs if some module My expects an internal input
from some other module which is not provided in time. M is timing failure free
if whenever a module requests a signal on one of its internal input wires, there
exists a module which can produce some signal as output within the required
time interval. For any set M = {M;,---, M} of modules, failure(M) is the set
of all safety and timing failures of M. M is failure-free if failure(M) = 0.
Next, we define a conformance relation between a system consisting of a
set of modules and a specification given as a single module. Consider a set
Me = {My,---, M,} of modules, where M} £ (Zx, Ok, Ti), and a module Mg 2
(Zs,Os,Ts) such that Zg = UZk — JOk and Os C |J O. Module Mg can be
thought of as an abstract specification of the concrete circuit M¢: all external
inputs of the circuit M¢ appear as inputs of the specification Mg, and some (but
not necessarily all) outputs of the circuit M¢ are visible in the specification Mg.



Definition 5. M¢ conforms to Mg, if for any module Mg = (0s,Z5,Tr),
whenever {Ms, Mg} is failure-free, also Mc U{ Mg} is failure-free.

In other words, the circuit M may have a failure in the environment Mg only
if the specification Ms allows a failure in the same context. This conformance
relation is reflexive and transitive, but not symmetric: The circuit may be failure-
free even 1n contexts in which the specification fails.

A module M is called I/O-conflict free, if for any trace z, and for all events
e; = (w;, ;) and e, = (w,, 7,) with w; € Z and w, € O it holds that M =z oe;
and M = zoe, implies M |E woe;oe, and M |E zoe,0¢;. Since conflicts between
inputs and outputs often indicate hazardous situations, specifications usually do
not contain such conflicts. Thus, henceforth we assume that all specifications are
I/O-conflict free.

Definition 6. The mirror module M™ of a module M = (Z,0,T) is the module
M™ = (O,Z,7); that is, each input wire in M™ is an output wire of M and
vice versa.

For any module M, the set {M, M™} is failure-free. Moreover, the following
hierarchy lemma holds:

Lemma 1. Consider three modules My, Ms and Ms such that T = Iy = I3
and Oy D Oz = Os. If {My, M} is failure-free and {Ms, MY} is failure-free,
then {My, M*} is failure-free.

Proof. Assume that both {M;, MI*} and {Ms, MT*} are failure-free, and let
x = yo (w,t). We have to show that {M;, M§"} is failure-free. The following
cases have to be considered.

1. First, assume that w € Oy, M1 E @ and M{* \ w | «, and show that
M = z. If w @ Wa, then from W3 C Ws, we have w ¢ Ws. Thus, from
MP\w | ¢, we have M = 2. If w € Wy, then w cannot be from Z5 = 07,
since in this case it would be impossible to compose My with M3*. Hence w
must be in O3. Assume for contradiction that Ms \ w B 2. Then there must
be some 2’ = y' o (w',t') such that 2’ is an initial part of , Ms \ v’ = ¢/
and My \ w £ «'. Since My | o and M3 \ w |= , it follows that My | 2
and M3\ w |E 2. Since M3y \ w B 2, we must have w' € Wh. If v’ € O,
then w' € Oy. Since {M1, MJ'} is safety failure-free, M \ w |= @', which is
a contradiction. Similarly, if w' € Zo = Zs = OF, then since { My, M} is
safety failure-free, a contradiction arises. Thus, Ms\w |= «. Since {M1, M3*}
is safety failure-free, M3" = @, thus My | . Since {Ms, M35"} is safety
failure-free, w € Oy and MY \ w = 2 (hypothesis), we have M} |= .

2. The second case is symmetric to the first case: assume that w € O0F = Zs,
M = 2 and M, \w | z, and show that M, |= 2. To be able to compose M;
with M3, the set O1NOT = Z3 must be empty. If w ¢ Z1, then M} = M1\ w
and there is nothing to show. If w € 7y, then Z; C 75 gives w € Zy = OF".
Similar to the previous case, My \ w = z. Since {Ms, M3"} is safety failure-
free, we can infer that M = x. Since {My, MJ*} is safety failure-free, it
follows that My | .



3. Next, assume that w € Zy, M1 = « and M§* \ w | =, and show that
{M, M5} E yo (w,t') for some w' € Zy. Since {M1, M3"} does not have
timing failures, there is some (w1,?1) with wy € Zy such that {M;, M} &
yo(w1,t1). Since Zy C Ty and {Ms, M} does not have timing failures, there
is some (ws,2) with wy € I3 such that {Mas, MJ*} = yo (wa,t2). Since wy €
Iy = O and {My, M3*} does not have safety failures, My = yo (wa,ts).

4. Finally, assume that w € Z§' = O3, M§* |E « and My \w = z, and show that
{My, M} = yo(w',t') for some w' € Os. Since { My, M3} is timing failure-
free, there is some (w1, 1) such that wy € Oz and {Ms, MJ"} |= y o (w1,t1).
Since O3 C 02 = Z¥ and {My, M3"} is timing failure-free, there is some
(wa,ts) such that wy € Oy and {Mq, M3*} |= y o (ws,t2). Since { My, M}
is safety failure-free and Oz C Os, we have {Mi, MJ"} = yo (wa,t2) as
desired. O

This lemma can be extended to deal with sets of modules instead of a single mod-
ules. From the hierarchy lemma, the following mirror theorem can be obtained.
It gives a similar characterization of conformance as in [Dil 88]:

Theorem 1. M¢ conforms to Mg iff Mc U{MZ'} is failure-free.

Proof. Assume that McU{MZ} has a failure. Then for the environment Mg =
M2 we have that { Mg, Mg} is failure-free, but M¢c U {Mg} is not failure-free,
i.e., M¢ does not conform to Mg.

In the other direction, we have to show that failure-freeness of M¢ U {MZ'}
implies that M¢ conforms to Mg. Since Mg 1s a specification for the circuit
Me, Ts = UpZe — Up O and Og C U, Ok. If Mc U {MZ'} is failure-free,
then the hierarchy lemma asserts that for any module Mg such that Wg = Wy
and { Mg, Mg} is failure-free, Mo U {Mg} must also be failure-free. Thus, M¢
conforms to Mg. O

To get an intuitive understanding of the conformance relation, consider the case
of a single module Mq = (Ze, Oc¢, Ter) conforming to M = (Zs,0g,Ts). This
amounts to Zg = Z¢, O C O¢, and for all traces z such that {Mqc, Ms} | =,

and all events i = (ws, t;), w; € Zg, and o 2 (wo,t,), wo € Og, the following
holds:

— If Mg E zoi, then M¢ Ezoi,

— if Mc Ezoo, then Ms =Ezoo,

— if Ms = x o o, then there exists an o/ = (wh, 1), w!
{Mg,M¢c} = zoo, and

— if M¢ |= zoi, then there exists a ¢/ = (wi t)), wi € Ig such that {Mg, Mc} =

27 7
rot.

€ (s such that

The first and second condition state that {Mc, MM} is safety failure-free:
every input allowed by Mg is allowed by M, and every output allowed by M¢
is allowed by Mg. The third condition reflects the definition of timing-failure: as
long as Mg" expects an input, that is, Mg requires an output, M¢ should produce
some output in time. The fourth condition is similar. If M¢ is constructed as an
implementation for the specification Mg, then this can be read as:



— The implementation can handle every input that the specification can han-
dle,

— the implementation never produces an output unless the specification pro-
duces it,

— if the specification requires an output, the implementation produces it in
time, and

— the implementation never expects an input unless the specification expects
the input.

Therefore, our definition of the conformance relation includes not only safety
properties, but also a certain timing property. In the case of bounded delay asyn-
chronous circuits the absence of timing failure amounts to in-time-responsiveness,
which 1s an important issue for verification. For example, consider the specifi-
cation of an or-gate, where input a or b lead to output ¢ within a certain time.
Suppose that this specification is implemented erroneously by an and-gate. Then,
after sending a to this circuit, it can not produce the output ¢. However, since
the specification requires such an output, this situation leads to a timing failure.

Note that we do not actually compose the modules constituting the imple-
mentation. Therefore, in our approach it is not necessary to eliminate so-called
autofailures, which arise from internal communication errors in a composed mod-
ule. Also we do not have an explicit hiding operation: Failures resulting from the
effect of hiding variables are transparent to the specification and will also be
detected during the verification procedure. However, if we consider only safety-
failures in untimed systems, then our notion of conformance is equivalent to the

one in [Dil 88].

3 Analysis of Time Petri Nets

In the general setting of the previous section, there was absolutely no restriction
posed on the set of traces of a module. To be able to give concrete algorithms,
however, this set should at least be recursive, i.e., generated by some kind of
automaton. In this section, we consider trace sets generated by one-safe time
Petri nets [MF 76]. Tn contrast to timed Petri nets or stochastical Petri nets,
which are used in simulation for the optimization of processes [TSS 98], time
Petri nets have been applied successfully in the werification of hard real-time
constraints.

One-safe Petri nets can be seen as a subclass of finite automata, where dif-
ferent parallel activities can be modelled by multiple tokens. Therefore, a Petri
net model can be much more succinct than the corresponding automaton. Simi-
larly, time Petri nets can be regarded as a subclass of timed automata [AD 92].
Compared with timed automata, the expressive power of time nets with respect
to certain timing properties is restricted. This restriction, however, simplifies
the analysis: we can check the conformance relation by a simple state space
generation algorithm, traversing every state only once in a depth first search
manner.



Definition 7. A time Petri net N is a siz-tuple, N = (P, T, F,Eft, Lft, uo),
where

P2 {p1,ps,- . pm} is a finite nonempty set of places;

-T= {71, 72,++,Tn} is a finite set of transitions (PNT = 0);

F C (PxT)U(T x P) is the flow relation;

Eft : T—Q, Lft : T — QU{oco} are functions for the earliest and latest
firing times of transitions, satisfying Eft(r) < Lft(r) for all T € T';

— o C P is the initial marking of the net.

For any transition 7, 7 = {p € P | (p,7) € F'} and Te Z{peP| (r,p) € F}
denote the preset and the postset of T, respectively.

In the following we will restrict ourselves to one-safe Petri nets, where each
place can contain at most one token. Therefore, a marking p of N is defined to
be any subset of P. A transition is enabled in a marking p if @7 C u (all its input
places have tokens in u); otherwise, it is disabled. Let enabled(p) be the set of
transitions enabled in p.

A state o of a time Petri net is a pair (u, clock), where p is a marking and clock
is a function 7' — Q. The initial state oo is (p0, clockg), where clocko(7) = 0 for
all T €T

The states of time Petri nets change, if time passes or if a transition fires. In
state o = (, clock), time t € Q can pass, if for all 7 € enabled(p), clock(r)+t <

Lft(r). In this case, state o’ = (1, clock') is obtained by passing t from o, if

1. p=py', and
2. forall T €T, clock"(r) = clock(t) +1 .

In state 0 = (u, clock), transition 74 € T can fire, if 7y € enabled(p), and

clock(rs) > Eft(rs). In this case, state o' = (¢!, clock’) is obtained by firing ¢
from o, if
1.y’ = (p—er) U 740, and
2. forallT € T, clock’(r) = {0 if 7 € enabled(p'), 7 ¢ enabled (1 — o7y)

clock(r) else .

Intuitively, this can be interpreted as follows: Passing time ¢ does not change
the marking, but advances all clock values. Firing a transition 7; consumes no
time, but updates p and clock such that the clock values associated with newly
enabled transitions (i.e. transitions which are enabled in y' but not in u — e7y)
are reset to 0. Clock values of other transitions (i.e. transitions not affected by
7¢) are left unchanged.

In contrast to untimed Petri nets, not all enabled transitions may be firable
in a given state; certain firing sequences which can occur without timing may
not be possible in the time Petri net. A run p 200801 B0y 3 ... of Nis
a finite or infinite sequence of states and transitions such that oq is the initial
state, and ;41 is obtained from o; by passing time and then firing transition
Ti+1. We write o;(p) for the i-th state of p, and similarly p;(p) and clock;(p), and



omit the argument (p) whenever appropriate. A run is mazimal, if it is infinite
or in its last state there is no enabled transition. The behavior B(N) of N is the
set of all maximal runs of N.

Given any run p and ¢ > 0, we define time;(p) to be the sum of all times
t passed between og(p) and o;(p); that is, timeq(p) 2 0 and time;41(p) 2
time; (p) + clock;41(7) — clock;(7) for some 7 which is not newly enabled in
Hit1. A state o 1s reachable if there exists a finite run whose last state is o.

Definition 8. A time Petri net is one-safe, if for every state ¢ = (1, clock)
obtained by passing time from any reachable state o', and for every transition T
which can fire in o, TeNpu = 0.

The restriction to one-safe nets simplifies the verification algorithm.

In order to satisfy the progress condition, we assume that time certainly
passes in any cyclic behavior of N. For example, this requirement is satisfied if
the sum of earliest firing times of transitions forming any loop in N is positive.
In the sequel, a net will always be a one-safe time Petri net satisfying the above
restriction.

Let wire be a function from a set of transitions to a set of wires. Ev-
ery maximal run p = 00 B o1 2 ... of anet N generates the timed trace
((wire(my ), timey (p)), (wire(T2), timez(p)), - - -). We also say that a net N repre-
sents the module consisting of all traces generated by maximal runs of N.

(b)

Fig. 2. Nets specifying AND gate and C element



Bounded delay asynchronous circuits can be easily described by nets. For
example, an and-gate which has inputs a,b and an output wg with gate delay
[5,10] can be represented by the net shown in Fig. 2(a). In this modelling, we do
not distinguish between the change of a wire from 0 to 1 and from 1 to 0. An
or-gate can be represented similarly. Even though it would be possible to give
a more detailled description of gates (e.g., transistor level behavior), for most
verification purposes the given net is an adequate representation.

The composition of several gates in a circuit can be described by simply
putting together all nets representing single gates. Assuming that all wires in
the circuit have unique names, for each transition the corresponding wire can
be assigned. Then, the disjoint union of all these nets represents the complete
circuit. Thus, the implementation of Muller’s C element shown in Fig. 1(b) can
be represented by a collection of nets which are similar to the one in Fig. 2(a).

This implementation works correctly under the following assumptions:

1. if an input changes, then the same input never changes again before an
output changes, and

2. no input changes before some constant time passes after the change of the
output.

The net shown in Fig. 2(b) specifies the behavior of a C-element with these
assumptions. Verification consists in showing that the gate-level representation
conforms to this specification. This is done by exploring the reachable states of
the composed net.

We now describe an algorithm to generate these reachable states of time
Petri nets. Since for time Petri nets the time domain consists of rational (not
real) numbers, the state space can be finitely represented by sets of systems of
inequalities. Basically, we use a system of inequalities to represent a number of
different clock functions of time Petri nets. By an inequality we mean any string
of the form “z — y ~ ¢”, where 2 and y are from a designated set of variables,
¢ € Q and ~ is a relation symbol from {<,>1}. If I is a set of inequalities, then
var(l) denotes the set of variables that I contains; we say that 7 is a set of
inequalities over var(I). Let I be a set of inequalities over {1, 29, -+, 2p}. A
feasible vector for I is a tuple (c1,¢a, - -+, em) of constants ¢; € Q, such that every
inequality obtained by replacing every z; by ¢; (1 < ¢ < m) in any inequality
from I holds in the theory of rational numbers. The solution set of I is the set
of feasible vectors for I. A set of inequalities is consistent if its solution set is
nonempty. Two sets of inequalities are isomorphic, if they have the same solution
set.

If the net N = (P, T, F, Eft, Lft, u°) represents the module M = (Z,0,7),
we denote this by M = (Z,0, N, wire). An abstract state of the net is a pair
(u,I), where p C P and I is a set of inequalities. Each abstract state denotes an
equivalence class of reachable states of the net, namely all states for which the
clock values form a feasible vector in the solution set of I. The initial abstract
state of N is (u®, Iy), where Iy = {“Eft(r) < T —v < Lft(t)” | T € enabled (u°)}.
Here, T in Iy is a variable to represent the next firing time of the transition 7.
The variable v indicates the initial time point.



The next step is to compute the set of abstract successor states o’ of an
abstract state ¢ of V. To this end we need the notion of deletion of a set U of
variables from a set I of inequalities. For every such I and U there exists an (up to
isomorphism) unique set I’ = delete(I,U) of inequalities over var(I) — U, such
that the solution set of I’ is equal to the solution set of I, projected on var(I)—U.
For example,if | = {“y—2 > 2" “y—z <7, “y—z<3, “z—y< 117}, then
delete(I,{y}) = {“e — 2 < 1”7, “2 — 2 < 18”}. I can be computed incrementally
by a shortest path algorithm in time O(|var(I)|?)[Rok 93,Shi 94].

Let ¢ = (u,I) be an abstract state of N, and ¢ € enabled(p). Then,
first(p, 77) = {“T — Ty > 07| 7 € enabled(p)} is a set of inequalities describ-
ing that ¢ is the first transition which fires in p. firable(o) = {r | 74 €
enabled(p), I U first(u, 7¢) is consistent} is the set of transitions that can fire
earlier than all other transitions in the given marking.

— 74 is a transition in firable(o).

— p is the marking of N obtained by firing transition ;.
That is, ' = (u — oTf)UTy @,

— Ris a set of newly enabled transitions obtained by the firing of 7;. That is,
R = enabled(p') — enabled (j — o1y) .

— J={T =1, > Bft(r)’| T € RYU{“T

- JET U first (g, Tout) U J.

— D = {7 | 7 made some transition 7’ enabled, and 7’ is still enabled in p'}.

— I' 2 delete(Js, {T | ¢ enabled(u')} — D)

< Lft(r)” | € R}.

out

Intuitively, J, J', D and I’ can be read as follows: J relates the variables of newly
enabled transitions to the variable of the fired transition 7,,:. J’ is the union
of I, J, and a set of inequalities representing that 7,,: fires earlier than others.
Transitions related to variables in D are currently parents of enabled transitions
in p', and these variables are necessary to check the coverability between the
firing domains of transitions. Finally, in I’ the variables of disabled transitions
except for those in D are deleted. We write o — o if o/ £ (', I') is a successor
of the abstract state o = (u, I) with respect to ;.

We now describe how conformance can be checked, using this successor rela-
tion between abstract states. We consider a set { Mg, My, -+, M,,} of modules,
where M; = (Z;, O, N;, wire;), N; = (P;, Ty, Efti, Lft;, ul), and assume that for
i#j, NP =T,NT; = P;NT; = 0. Some module in the set is a mirror of a
specification, and input transitions and output transitions must not be in conflict
in the module. If there is no confusion, we use the notation wire instead of wire;,
and 7 € M;, when 7 € T;. Let m(7) be the module number of 7, i.e., m(r) = i, if
7 € M;. Transition 7 is called an output transition if wirey, (- (r) € Om(r), and an

input transition if wirey,(;y(7) € Ly(r). If o = (s, I;), 1 < m, are abstract states

of the nets N;, and K is a set of inequalities, we say that s = (og, -+, 0pn,K) is
an abstract state of the module set { My, My, -+, My, }.



The initial abstract state is so = (03,-++,02,0). We extend the definitions of

enabled(y) and firable(o) with respect to s = (ayg, - - -, 0, K) as follows.

enabled(s) = {r| T € enabled(fi, (7))}, and

globally_firable(s) = {r | 7 € enabled(s), first(s,T)U U I; UK is consistent },
i=0

where first(s,7) = {“r — 7/ < 0" | 7' € enabled(s)}. Furthermore, for an output

transition 7o such that ro € globally_firable(s),

sync_trans(to, s) = {7 | wire(r) = wire(ro), T € globally_firable(s)}.

When {Mqo, M1, -+, M,}isats = (og,++,0n, K), it movesto s’ = (oh,- -+ 00, K')
with respect to 7o € globally_firable(s) by firing all transitions in sync_trans(ro, s).

—for1<i<n
e if 7 € sync_trans(ro,s) N T}, then ¢; = o, and
o if sync_trans(ro,s) NT; = 0, then o} = o;.

— K'2 KU{“c=1" |11 €sync_trans(ro,s)}.

Let s =25 s’ denote this state transition relation of the module set. For any tran-
sition 7 and abstract state o, the variable parent(r, o) indicates which transition
enabled 7. Formally, if o = (u, 1), o' = (i, I'), 0 — o', and 7/ € enabled(c’),
then

T, if 7' € enabled(p') — enabled(p — o7)

oA
parent(t', o') = {parent(r’, o), otherwise.

For a set I of inequalities, let earlier(z,y, I) be the predicate expressing that
solution({“z >y’ YUI) = 0, i.e., earlier(z,y, I') holds iff z < y for every solution
vector of I. We write earlier(x,y, o;) for earlier(x,y, I;), where o; = (s, 1),
and earlier(z,y, s) for earlier(z,y, i, I; U K), where s = (cg, -+, 0n, K). Let
TEM;, o; 2 (s, I3), and 7 € enabled(s).

— earliest_firing_time(s, 7) = parent(r, 0;) + Eft(r), and
— latest_firing time(s, 7) = parent(t,0;) + Lft(r).

A state s = (oo, -+, 00, K) is called safe, if for every output transition 7o
such that 7o € globally_firable(s), and for every module M;(0 < j < n) such
that wire(ro) € Z;, there exists an input transition 77 such that wire(rr) =
wire(to), 71 € enabled(s), earlier(earliest_firing time(s, 77), 70, s) holds, and
either

1. earlier(to,latest_firing time(s, 1), s), or
2. for some output transition 7 such that 7 € enabled(s),
earlier(r, latest_firing time(s, 17), s).



A state s = (ca, -+, 00, K) is called live, if for every input transition 77 such
that 71 € globally_firable(s), there exists an output transition 7 (of an arbitrary
module) such that 7 € globally_firable(s).

Let modules My, ..., M, be represented by nets Ny, .-, N,. A safety fail-
ure corresponds to a non-safe state in the reachable state space, and a tim-
ing failure occurs if a state can be reached which is not live. In other words,
fatlure(My, Ms, - - -, My,) is empty, iff every state which is reachable from the
initial state of {(N1,---, Np) is both safe and live. Therefore, the verification
of conformance between modules can be done by traversing the state space of
(N1, -+, Ny) and checking if non-safe or non-live states are reachable.

Furthermore, it 1s possible to replace an abstract description of a module by a
more concrete implementation. If {My, -+ Mp_1, M, Mgy1,- -, M} conforms
to Ms, {Mg,,..., Mg, } conforms to M}, and (U;n=1 Wk, — Wi) N U?:] W; =
0, then {My, -, Mx_1, My, ..., Mg, , M11,---, Mp} conforms to Ms. The set
of wires in a specification usually is much smaller than the set of wires in
the implementation. Thus, the total computation cost to determine whether
{My,- -, Myg_1, My, Mgy1,---, My} conforms to Ms and {My,,---, Mg, } con-
forms to My 1s significantly smaller than the computation of whether
{My, -, My_1,My,, -+, Mg, Mg41,- -, M} conforms to Mg. This is the pri-
mary advantage of hierarchical verification.

4 Experimental Results

We have implemented the algorithm shown in the previous section on a UNIX
workstation in C4++. In this section, we present some experimental verification
results.

First, our verifier shows that the implementation in Fig. 1(b) is correct with
respect to the specification in Fig. 2(b) after traversing 51 states, which takes
about one second on a 17 MIPS workstation.

pr —| — s

ASM
pa«~— —sa

@

pr

(b)

Fig. 3. An automatic sweeping module, gate level implementation, and specification



The second example is a control circuit of the request-acknowledgement hand-
shake mechanism for asynchronous circuits. This circuit called an automatic
sweeping module (ASM, for short) has two inputs (a primary request pr, a sec-
ondary acknowledgement sa) and two outputs (a primary acknowledgement pa,
a secondary request sr) (Fig. 3(a)). It has the following functionality:

1. When the primary request goes high with the secondary acknowledgement
low, ASM sets the secondary request.

2. When the secondary acknowledgement becomes high, ASM resets the sec-
ondary request with setting the primary acknowledgement.

3. When the primary request becomes low, ASM resets the primary acknowl-
edgement.

This functionality with almost the same assumptions as for the C-element is
specified with a net as shown in Fig. 3(c). On the other hand, Fig. 3(b) was
proposed as the gate level implementation of ASM. We assume that each gate
has a delay [5,10].

Our verifier shows that this implementation is correct with respect to the
specification in Fig. 3(c). In Table 1, the column flat shows the size of the nets,
the number of states, and CPU times needed for this verification when C elements
are expanded by using their gate level implementations shown in Fig. 1. The
column hierarchical shows the results of the hierarchical verification. That is,
the specification net shown in Fig. 2(b) is used for the verification of ASM.
In this case, the total verification time is the sum of the verification times for
both ASM and C-element. These results show the advantage of the hierarchical
verification as well.

Table 1. Results of verification

flat hierarchical
size! [states|CPU time (s)|| size’ [states] CPU time (s)
C-element - - - p:30, t:34| 51 1.3
ASM p:78, t:90| 391 81.8 p:34, t:34| 58 1.2
Total p:78, t:90| 391 81.8 p:64, t:68| 109 2.5

1 “p:” and “t:” represent the numbers of places and transitions, respectively.

5 Conclusion

In this paper, we have extended the trace theoretic verification method for speed-
independent asynchronous circuits to handle bounded delay asynchronous cir-
cuits. Our method is based on timed traces, and can check (timed) safety proper-
ties as well as responsiveness properties. It also inherits from the original method
the possibility of hierarchical verification.

We use time Petri nets to describe both specification and implementation.
Time Petri nets are a natural extension of ordinary Petri nets, which are widely



used in conventional verification methods. In this formalism, both (timed) prop-
erties and bounded delay asynchronous circuits can be described. We have de-
veloped a decision algorithm to check whether an implementation is correct with
respect to its specification. It is based on state space traversal of a set of time
Petri nets, and checking if any failure states are reachable.

First experimental results show that hierarchical verification works extremely
well. Nevertheless, the increase of the number of modules can have a bad influ-
ence on the verification time. In the future we want to apply partial order anal-
ysis techniques [YY 96,YS 97,BM 98] to our method. This could help to further

reduce the average complexity of the verification.
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