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Abstract—In this paper, we present a compositional method good reduced Petri-net model should be much less complex
with a failure-preserving abstraction approach for scalable than, and relatively accurate compared to the original one.
asynchronous design verification. Our approach builds a state g jneffectiveness results in undesirable consequepitber

transition graph for each module in a design, and composes the ificati t be d due to littl ducti
state transition graphs of all modules for the complete design. verification cannot be done due to liitie or no reduction, or

During composition, any state transitions irrelevant to the design the verification quality is poor in that a lot of false counter
failures are abstracted away to minimize the sizes of these examples are generated due to the poor quality of the reduced
graphs. Our approach is sound and no false positives may be models.
produced. Furthermore, we introduce an automated interface  Tpjg haner presents a method that develops on top of those
constraint extraction algorithm that can improve the accuracy . . . .
of the abstraction thus reducing the number of false negatives. in [25], [26]. In this method, an asynchronou_s de_S|gn 1S
Experiments on several examples show that the complexity of modeled as a set of concurrent modules in a hybrid logicteven
our method grows polynomially in the size of the examples. based Petri-nets. This method constructs a state tramsitio

Index Terms—formal verification, model checking, composi- graph for each module in a desigp, reduces the state t@msiti
tional, abstraction, refine, asynchronous. graph of each module by removing internal details invisible
on the interface, and composes the state transition graphs
to a reduced global model where verification can be done.
When building the state transition graph for each module, an

Asynchronous designs have many advantages compaesgironment needs to be found for the module. We show that
to synchronous ones [14]. However, ensuring correctnessthis method is sound as long as the module environment is an
asynchronous designs is not an easy job. Model checkioger-approximation of the module’s real environment when i
is widely viewed as an effective approach to asynchronoissembedded in the design. We also show reduction approaches
design verification. Compared to synchronous designs; veld state transition graphs which preserve the essentiaviih
fying asynchronous designs is much harder in that therefds verification to avoid false positive results.
no global synchronization, and all possible interleavim§s One problem with the above approach is that an over-
concurrent switchings in different modules of a design muapproximated environment is needed when considering a mod-
be considered. Furthermore, every wire in an asynchronauls locally. This over-approximation can seriously blowtbp
design has states and must be checked for hazard-freedsize of the intermediate state transition graphs, thustihigi
This usually leads to state explosion for almost all pratticthe capability of verification. Maybe more importantly, des
designs. accurate environment increases the chance of producisg fal

To address state explosion, we developed methods as megatives, and distinguishing the false negatives mayrincu
scribed in [25], [26] that compositionally verify asynchaus high computational penalty. However, hand-creating ari-env
designs based on Petri-net reductions. These methodsfyimpionment with high accuracy is very difficult, if not impostp
Petri-net models of asynchronous designs either followiand very time-consuming. In this paper, we present a simple,
the design partitions or directed by the properties to Welly automated approach to generate constraints for a feodu
verified, then verification is done on the reduced Petri-net® constrain its approximate interface. This approachdsin
However, the main problem of these methods is that the Petiito benefits. First, the generated interface constraimiease
net reductions are most effective for event-based Petri-ibe accuracy of the approximate environment for each mod-
models. For different types of Petri-nets such as the hybride, thus reducing the chances of introducing false counter
logic/event-based Petri-nets introduced in this papemssh examples. Second, the increased accuracy of the appreximat
structural complexity may be much smaller than the tradilo environment helps contain the size blowup of the interntedia
Petri-nets, either not much reduction can be achieved, re@sults by not generating the unreachable state space, thus
the quality of the reduced Petri-net models is not good. @nabling larger designs to be verified.

The contributions of our work presented in this paper are:
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may become more accurate, less number of false failures mtaygenerate environment assumptions for compositional rea
be generated while the complexity of the state transiti@plyr soning. Basically, assumptions are generated for a module o
for each module may be reduced as well. To the best of curdesign to eliminate the counter-examples of that module.
knowledge, there is no other approach similar to ours in sermiext, assumptions are validated by checking the rest of the
of constraint extraction and application in a compositlonaesign. The constraint extraction algorithm presentechis t
framework. The above approaches are fully automated apaper does not rely on the local counter-examples, and is not
integrated into a compositional verification framework. limited to a particular reasoning framework. It can be raltyr
The following shows the general framework of our methodpplied to designs with more than two modules.
1) Create the initial approximate environment for each Abstraction produces the reduced model of a system by
module in a design. abstracting away certain details that are unnecessary when
2) Use the compositional method described in this papeasoning about the system [7], [9]. In [17], a hierarchical
to find a reduced state transition graph for the comple@®pProach similar to that in [10] is presented. In this apphoa
design and verify the design correctness on this reduce@ abstraction for each module in a system is found and
graph. verification is applied to the composition of those abstoast

3) Determine the validity of the counter-examples. In [19], a constraint oriented proof methodology is applied

The high accuracy and low complexity of the initial apIO verify infinite systems. Constraints on infinite systems a

proximate environment for each module before state Spa{%ré)ken into an infinite number of simple constraints on finite
exploration are very important in that smaller state spac stems, then these constraints are grouped into finites-equi

and less false failures for the modules may be found fro ent classes. However, this methodology is not complete in

the outset. Generating the approximate environment may At gt]e reductlgnl ofh|nf|2!te systehmz IS TOt guarart])teedlm,[
done by adopting the approaches in [25], [26]. The efficien software model checking method ut |znlrgzy.a s.tractlon_
of determining counter-examples is also important in that' presented tq improve performance by adding information
determines the overall efficiency of any verification methoﬁurlng abstraction refinement only when necessary. It would

using abstraction. These two issues will be addressed Sengqter_esting to see if this method can be adapted to haedwar

rately, and this paper only reports the second item in thaeabove”f'cat'on' . .

framework. Methods in [25], [26] reduce the complexity of asyn-
a?lhronous design verification based on Petri-net reductiass

This paper is organized as follows: section Il gives . X : . .
overview of the previous work on compositional verificaindicated in the last section, the effectiveness of theiPetr

tion and abstraction. Section Il gives a brief introduntio "€t reduction and quality of the reduced models depends on

on the modeling and verification of asynchronous designtg'.e types of Petri-nets used to describe designs. For pure

Section IV describes our compositional verification metho%vzn:]—based Pdetn—nets, th(_a”:esultsthce(\jn be mutcr:j I_estshpo mple
and the failure-preserving abstraction. Section V dessrip?d Nave good accuracy. the method presented in this paper

our interface constraint derivation method. Section VI dam extends those in [25], [26], and performs reductions on the

strates our method on several examples, and the last sectiffe fransition graphs. It is more general in that it can be

concludes the paper, and points out future improvements ffglsred for d'ﬁere.nt high-level modeling formalisms as lorg a
our method. the state transition graphs can be extracted from the models

in these formalisms. This requirement is not restrictive in

most cases. For asynchronous design verification, pantikdr

reduction [16] is also a very effective technique to reduce
Our work is closely related teompositional minimization the state space. Our method can also be combined with

andabstraction In [12], a compositional minimization methodpartial-order reduction to enable verification of largesidas.

is described where the global minimized state transitigtesy Currently, our method does not support partial-order reédnc

is built by iteratively minimizing and composing the proses

in finite state system. To contain the size of the intermediat I1l. PRELIMINARIES

results, user-prowdeq context constraints are requitdus This section provides a brief background review necessary
may be a problem in that the state space may be Iarg)t? the methods reported later in this paper.

in the first place. The requirement of user-provided context
constraints may also be a problem in that the constraints )
may be over restrictive, thus causing false positive vatiion A Boolean Guarded Petri-Nets
results. Similar work is also described in [5], [6], [18]][3 Our method uses a modified version of thetri nets[21]
where [5], [6], [18] are only for software verification. to model asynchronous designs. LBt be a finite set of

In general, compositional approaches need an approximaiiees in an asynchronous circuit. For amy € W, w+ is
environment for each module of a design under considerati@rising action which changes the valuewfrom 0 to 1, and
This approximate environment should be simple and religtivew— is a falling action which changes the value of from
accurate. However, coming up with such environment is nbtto 0. For a design, itdV is I UO U X where I, O, and
an easy task. This is especially serious when the environmeéh are the inputs, outputs, and internal wires of the design,
has to be created by hand. Lately, some automated approachkspectively. A Boolean guarded Petri net (BGPN) is a tuple
[8], [11], [4], [2] based on machine learning are proposedV,T, P, F, ", B, L) whereT is the set of transitions? the

II. RELATED WORK



set of placesF' C (T x P)U(P xT) the flow relationu® C P seventeen transitions, while the BGPN requires only siggda

the initial marking,B : (P xT)NF — {0,1}" a function that and six transitions.

labels arcs from places to transitions with Boolean exjoass

over w, anc_iL T — (W x {4, —}) labels each transition B. State Graphs

with an action on a wire. In the rest of the paper, we use

W(N), I(N), O(N), and X (N) to denote the complete set According to the firing semantics of BGPN described in the

of wires, inputs, outputs, and internal wires¥f respectively. last subsection, all reachable states can be found by exhaus

Given a transitiont € T, we also usev(t) to denote the wire tively firing all enabled transitions and executing thelveéed

thatt is defined on. actions at every state from the initial state. All reachaiéges
Fig.1(a) shows an inverter chain which consists of twand state transitions are stored in a state transition gi&@h

modules whereV; is a chain of two inverters in the upperfor a BGPN. A SG is a tuplgl, S U {r}, R, s") where

half, andN; is a single inverter in the lower half of the figure. 1) 1 is the set of wires where the SG is defined,

The BGPN model ofV, and its approximate environment is 2) S is the set of reachable states,

shown in Fig.1(b). In the figure, the circles are places, iiedt 3) s° ¢ S is the initial state,

bars are transitions. Each transition is labeled with amact 4) R C (S x E x (SU{r})) U ({n} x E x {r}), where

on a wire. The bullets in some places are tokens. The set of E = (W x {+,—})U{(}, is the set of state transitions.

places with tokens is the initial marking’. W of G is the same as that of the corresponding BGRNs

For eacht € T, its preset iset = {p € P | (p,t) € F'}, 3 special state indicating the failure statedf After entering
and its postset ige = {p € P| ({,p) € F'}. The preset and e fajlure state, the design is regarded as having a failure
postset of places are defined in a similar manner. A state 043 what happens afterward does not matter. This is defined by
BGPN is (1, ) wherey is a marking, andv is a valuation of (71 7 {71). In addition, a SG may include some vacuous
W in p. The initial state of a BGPN ¢, o) where’ is  state transitiongs; , ¢, s») which usually represent irrelevant
the initial marking, andx? is the vector of the initial values of gtate transitions to verification. The SG for the BGPN in
W. Given at € T, the se{(p,t,b) | p € ¢ AB(p,t) = Db} IS Fig 1(p) is shown in Fig.1(c). In the previous section, a BGP
the set of the enabling rules of denoted byenabling(t). A state is defined as a pair of marking and state vector. To
rule (p, ¢,b) € enabling(t) is satisfiedin a states = (1, @)  gimplify presentation, a SG state refers to the state vesftor
if p € p and boolean formula evaluates totrue OVer a. he corresponding BGPN state in the rest of this paper. Also,
Let satisfied(t,s) denote a set of satisfied rules ofn s. e useG(N) to denote the SG derived from a BGPM.
Given at € T'and a state, satisfied(t, s) C enabling(t). |5 some cases, we also uéeand G, to denote SGs without

A transitiont € T is enabledin s if satisfied(t,s) = referring to any BGPNs.
enabling(t). The set of transitions enabled inis denoted | ot & pe a BGPN. and: the corresponding SG. fxace
by enabled(s). of N, o = (to, 1, - ), is a sequence of transition firings. The

A transition can be fired after it is enabled. When firing g4ce (to,t1,--+) is avalid traceif there exists a path G
transition, its associated action is executed. &&b] denote ( ty  t

. .. .. . - So — S1 —>82"'), such that(si7ti,5i+1) € R for all i > 0.
_the value ofw |r/1 o. F|/r|n9 a transitiort in s = (u, ) results Given a valid tracer — (fo, 1, -- ), the projection operator,
in a new states’ = (1/, ') where

o[W'], removes all transition firings af whose wires are not

p = (u—eot)Ute in W’. More formally, if o # € (i.e., the empty trace), then
and O’[W’] _ { (OJ) if w(tO) € W or to = Cv
- / ! 1
1 if £ — wt (to, o' [W']) otherwise
Ywe W. ow] = 0 if t =w— whereo’ = (t1,ta,...)[W']. If o = ¢, theno[W] = {e}. This
afw]  otherwise. function is extended naturally to sets of traces. Since a SG

A transition firing is also referred to as an event. Our methdg@y contain vacuous state transitions, traces may cogtain

requires correct BGPNSs to tmafei.e., each place is allowed | €S€ vacuous state transitions are irrelevant to veititat

to contain no more than one token in any state. and we define two trages t.o be equwal_ent if and only if they
In the example shown in Fig.1(c), suppose the initial valués® the same after_ projecting out gll Given wo tracesr

of z and 2 are 0. Then, z+ is enabled in the initial state @"d2 0f @ SG defined onv,

because its preset is in the initial marking, and the initédlie

of 2 makes formula-z evaluate to true. After firing:+, the

token is moved to the postset of+, and the value of; is 1 The set of all possible valid traces of starting from the

in the new state. initial state is denoted b (V), which can be derived fror&
Compared with the traditional Petri-nets, the structurdly exploring all the paths from the initial state @f Similarly,

complexity of BGPNs may be much lower, thus the lowewre useP(G) to denote all the traces i¥. In the rest of the

analysis complexity. An example of the complexity compapaper, we use traces to denote a sequence of transitiorsfiring

ison between the traditional Petri-nets and the BGPNSs as a path in a SG if it does not cause confusions.

given in [21]. When modeling a simple two input AND gate, The projection of a SG to a set of wires can be defined

the traditional event-based Petri-net requires ten places similarly. First, we define state equivalence after pragecto

o1 = 03 & 01[W] = 09[W]



State vector: xyz

State vector: xz

(@ (b) (c) (d)

Fig. 1. (a) An inverter chain. (b) The SG of the inverter chgd) The BGPN forN» and its maximal environment. (d) The SG fdk with its maximal
environment.

W' C W as follows: Furthermore, a trace is a valid trace of the composite(5G
) ) ) if and only if it is a valid trace of bothG; and G after it is
s1W'] = 5:[W'] & Vw e W' s1[w] = s[w] projected toG; andG,. Formally, given a trace,

Given a SGG and a set of wire$¥V’ such thatW’ C W and o € P(G) & o[W] € P(G1) ando[Ws] € P(G2) (1)
W — W’ C OU X, the projection ofGG, denoted as7’ = )
G[W1], is defined as follows. Note thatP(G;) = P(Gy)[Wi] for i =1,2.

1) §' = {s|W'] | s € S},

2) The initial state iss°[W’], C. Design Correctness Definition

3) For each(s1,t,s2) € R, there exists ds/,t,s5) € R The design correctness is defined as the absence of certain
such thats = s1[W], s = so[W], andt’ = (if w(t) ¢ failures. There are three types of failures considered is th
W' ort' =t otherwise. paper:ssafety failuresconsistency failuresandpersistency fail-

For example, Fig.1(b) shows the SG of the circuit in Fig.1(ayres Although this paper considers only these three properties
If the SG is projected to wires and z, the projected SG is Verifying other properties in CTL/LTL, for example, can be
shown in Fig.4(b). readily implemented on the generated SGs. However, it is not
If a design is composed of multiple modules, and eadh the scope of this paper.

of them is modeled as a separate SG, the SG for the entiré valid trace causes aafety failureif a transition firing
design is the parallel composition of the individual onest L adds another token to a place that already exists in thergurre
N; and N, be two BGPNSs, andV; and W, are the sets of marking. The one-safe requirement of BGPNs is common for
wires whereN; and N, are defined, respectively. Also letstate space exploration algorithms. An unsafe BGPN (iree, o
w(t) denote a wire il where the BGPN transition is that is not one-safe) typically indicates a problem with the
defined. Given two SG&';, = (W1,S; U {r}, Ry,s9) and underlying design. A valid trace causesensistency failure
Gy = (Wa, Sy U{r}, Ry, s9) such that the sets of their outputon wire w if a transition firing tries to change to the value
wires are disjoint, the parallel composition 6f; and Gs, that w has already acquired. Consistency failures are also
denoted byG' = G1||Ga, is (W1 UW,, S, (s9,59), R). The set @ common modeling error typically caused by the designer

of statesS is defined as while creating the circuit description when the set andtrese
phase of a wire are similar. persistency failurehappens if
S ={(s1,82) | s1 € S1, andss € Sy} U {(m,7)}. a transition firing causes some enabled transitions to becom
disabled before they are fired. It may indicate violations of
The set of state transitioR is defined as setup or hold time requirements of the underlying design or a
hazard in the circuit.
R = {((s1,52), 8, (51,52)) | (51, 52), (51, 8) € 5} In our method, we useF(N) to denote all failure traces

in a BGPN N such that they cause either safety failures,
., complement failures, or disabling failures on non-inputesi
1) (s1,85) = (m,m) if (s1,, ) € Ry or (s2,6,m) € R2. ot N Formally, a valid trace(to, t1,...) of N belongs to
2) (s1,1,51) € Rl’ (82’_75 ‘32) 65%2’ andz € £ N Ep. F(N) if for its corresponding path(sy —% s; % ...), one

) (s1,1,51) € Ry, 55 = s, andt € iy — By, of the following conditions is true:

) (s2,t,85) € Re, s1 = s}, andt € Ey — Ej. ' . e
. . . 1) Safety failure: there is a transition firing; on aw €
It has been proved in [6] that parallel composition of SGs is O(N) U X(N) in s, such that

commutative and associative. Fig.1(d) and Fig.4(a) shaw th
SGs of Ny and N, in Fig.1(a). Their parallel composition is (u(s;) —ot;) Nte £ D
the one shown in Fig.1(b).

Given G = G1||Go and W', according to the definition of
the SG composition, the following equation holds.

such that one of the following conditions holds.

2) Consistency failure there exists a transition firing on
aw € O(N)UX(N) in states; such that the following
is true:

GIW'] =G [W'] || Go[W'] a) ti=w+ A a(s;)[w] =1, or



b) ti=w— A a(s;)[w] =0. V. COMPOSITIONAL VERIFICATION

3) Persistency failure there exists a transition firing in In this section, we describe our compositional approach to
states; and there exists another transition such that construct a global reduced SG of a design for verification.
w(ty) € O(N)UX(N) andt; # t, and First, the local state transition graph is found for eacliviad

ual module of a design. To decouple a module from the rest
ty, € enabled(s;) — enabled(s; 1) of the design, an approximate environment is used to simulat

the interaction of the module and the rest of the design. When
The above condition states that if a transitignother puilding the state transition graphs for the modules, desig
than the fired ong; is enabled in a state but not in thefailures, as defined in the previous section, may be found,
next state, then the fired transitiondisables;,, causing and they are recorded in the state transition graphs using th
a disabling failure. failure state. Next, the state transition graphs for théviddal
Let 0 = (to, -, ti,tir1,---) be a trace of a BGPN modules are composed to form the global one for the complete
N. Suppose that firing; causes a failure. Then, all tracedlesign. The state transitions of a module invisible to thet re
(to,--,t;,7,7,---) are regarded as failure traces where Of the design are abstracted away to contain the peak size of
represents firing of an arbitrary transitionh In other words, the intermediate state transition graphs during comuusiti
any trace with a failure trace as a prefix is also regarded adR¢ failures found during local state space exploration for
failure trace. In Fig.1(c), firing:+ at the initial state causes&ach module are preserved during composition and abstnacti
a disabling failure. This is becauset is enabled to fire at Since they may be caused by extra behavior of the approximate

is fired. This failure implies a glitch on wire in the circuit false positive answers. At the end, a reduced state transiti

shown in Fig.1(a). graph with all possible behavior of the complete design is
According to the definition of failures, given a desigrPrOdL!CGd where the desigp co_rrectne;s can be determined.
represented by, the following property holds. Algorithm 1 shows the algorithmic description of our method
F(N) C P(N) (2)  Algorithm 1: verify(N = Ny|---||N,)
. . . 1 find SGG; for N;||EPP™* (1 < i < n);
A design N is correct if 2 G =Gy

3for2<i<ndo
4 reduce(G,W');
5 G = G||reduce(G;, W));

F(N)=0

In other words, a desigiV is correct if its corresponding SG s if = is reachable from® of & then
does not have any reachable failure state 7 return. N has failures
The following gives the definition of conformance relation8 else '
of two SGs. 9 return ” N is correct’;
Definition 3.1: Given SGsG; and G5, we defineG; con-
forms to Go, denoted asGy = G, if I(G1) = I(G>),

O(Gy) = O(Gy), X(G1) = X(G5), and First, we give some definition. Given a BGPN and an
environment€, we define that the set of wires of the SG found
Vo1 € P(G1) Joz € P(Ga). 01 =09 from N is the same as that df. Therefore, SGs found from

G, conforms toG, if there is an equivalent valid trace 6f, N with a different& have the same set of wires of, and
for every valid trace o€y, and so for every failure trace 6f,.  State transitions on wires ifi become vacuous. This definition
Therefore, if we verifyG, correct, we can readily concludesimplifies discussions of conformance between differens SG
that anyG, such thatG; < G, is also correct. According to of the same design but with a different environment.

the definition of conformance, the following equations hold In our method, a circuit is modeled as a set of parallel

The proofs can be found in [1]. modules using BGPNSY = Nq|| - - - || N,,. When finding the
SG for each modulév;, it is essential to preserve all possible
Gi =2 GyandGy; G = G =G5 (3) traces produced by the modul when it is embedded in the
H exact approxr
G1 <Gy = G|Gi =G|Gs (4) complete design. Lef; and¢&; be the exact and an

approximate environment d¥;, respectively. Note thaff~e<!
can be the composition of all modules W excludingN;. To

whereG, Gy, Gy, G, andG, in the above equations are SGS_satlsfy the environment requirement, the following prdyper

Sometimes, we also writ®; < N, to denoteG; < G where heeds to hold: Gezact . cappros 6
N; and N, are BGPNs, and+; andG» are SGs derived from - 6)

Ny and Ny, respectively. where G¢¥2¢t and GPPro* are the SGs ofV;||£¢*?¢t and
Fig.1(b) and Fig.4(a) show two SGs on the same set 0f||£°PP"°%, respectively. The following theorem proves that
wires. According to the definition of conformance, SG imur method is sound in that it may produce false failures, but

Fig.1(b) conforms to the one shown in Fig.4(a). never a false positive answer if Equation 6 is satisfied.

Gl = G3 andG2 =< G4 = GlHGQ = G3||G4 (5)



Theorem 4.1:Let N = N;|| N3, G the SG derived froniV, 1
and& """ some approximate environmentaq for i = 1, 2.
The following equation holds

G = (GG ¢ y
: t
where G¢PP7°" are the SGs ofN;|| £ for i = 1,2, 3 I
respectively. :
b

Proof: First, note tha€f®ect is Ny, £5*2“t is Ny, and
G — Gizact”Gvgmact

where G§**“* are the SGs ofV;||Ef~e* for i = 1,2, respec-
tively. According to Equation 6,

ngact = G;_lpl)ro.'c for i = 17 2.

Fig. 2. (a) A SG before abstraction. (b) The abstract SG.

y
. . t
According to Equation 5, 2
Gi,xact ||G§xact j Gt{tpp?"om || Ggpprom l‘3 t4
Therefore, the theorem is proved. ] ls

Intuitively, this theorem states that the SG resulting from
composing SGs of the individual modules within some ap-
proximate environment preserves all traces of the SG dijrect (a) (b)
obtained from the complete design. We refer to the former SFG
as the abstract SG, the later one as the concrete SG. Acgordl
to Theorem 4.1, the concrete SG does not contain failures if
the abstract one has none.

3. (a) A SG before abstraction. (b) The abstract SG.

transition, the abstract SG is shown in Fig.2(b) whereand
. s are merged, and so are their incoming and outgoing state
A. State Space Reduction transitions. Note that this abstraction preserves all iptss
When composing the SGs of the modules, all the interleayaces on BGPN transitiong;, t,, t3, and t4, and may
ings of their state transitions on internal wires are ciatéintroduce more traces. For example, trdce ,t3,t,,---) is a
This causes state explosion. However, only the interfaceswi new trace that does not exist in the concrete SG. Fig.3 shows
need to be preserved for SG composition. Before compositt@ abstraction when there is the failure state. In this gkem
SGs of two modules, state transitions on wires that ase andr are merged to be, and all state transitions fromy
not connected to the other modules are abstracted away.afe removed. If states previously reachable frombecome
maintain the soundness of Theorem 4.1, it is required thaireachable, they are removed too. This example illustrate
the abstraction approaches must conservatively presdkvehaw the failures are preserved during abstraction. Moraildet
possible traces on the interface of each module, includia@out the state transition abstraction can be found in [1].
failure traces. This failure-preserving abstraction, elan The following lemma shows that the abstraction approach
function reduce (G, W), is crucial to contain the size of thedescribed above preserves all possible traces projected to
intermediate composite SGs. Functipaduce(G;, W;) takes set of wires. LetG; be the SG for the BGPNV;, W/ a
a SGG; of a moduleN; and a set of wire$V; C W;, and set of wires, andabstract(G;, W) the function for the
returns a reduced SG where state transitions notijnare state transition abstraction. First, we defingoming(s;) and

abstractedlV/ can be determined as follows: outgoing(s;) for a states; in G; as follows:
U W ﬁ W Nk) forl1 <k <n. (7) incoming(sj) = {(Si,ti,Sj) | (Si,ti,Sj) S R}
i#k outgoing(s;) = {(sj,ti,sk) | (s5,t;,5:) € R}

Basically, the above equation is used to determine a sethofsj — 7, thenoutgoing(s;) = 0.

wires of G; that should be preserved by checking if a wire Lemma 4.1:Given a SGG and a set of wiresV”’ C W/,
is connected to other modules. If so, the wire needs to be
preserved. G[W'] = abstract(G,W’)

In our method, we usestate transition abstractiorand Proof: For every (s;,t;,s;) € R such thatw(t;) ¢ W,
autofailure reductiorin reduce(G;, W/). The state transition function abstract(G, W’):
abstraction tries to remove all state transitions in a S@iloke 1) replaces; with 7 if s; = 7.
on the interface of a module. An example is shown in Fig.2. 2) removeincoming(s,;) andoutgoing(s;) from R,
The concrete SG is shown Fig.2(a) where state transition3) removes; from S,
(s1,¢, s2) is invisible with ¢ representing a BGPN transition 4) add (sp,t,,s;) into R for every (sp,tp,s;) €
on an internal wire of a module. After removing this state incoming(s;), and



5) adds (s;,t;,s,) into R for every (s;,t;,sx) €
outgoing(s;) if s; # 7.
For every pattp = (- - - sp, In S; N S 5, .. -)in G, there is a
valid traceo = (- - -, tp, ¢, t;,- - -) in G[W']. After abstraction
abstract(G, W’), pathp becomeq- - - s, I 55 5, --+), and
its corresponding trace’ = (---,t,t;,---). Therefore,o =
o’. The case wherg containsr can be proved similarly.

Therefore, for every tracer € P(G), there exists an
equivalent’ in P(abstract(G, W')) after both are projected

to W', thus proved the lemma.

abstract(G,W’) and autofailure(G) are combined
into reduce(G, W’) in our method. The following theorem
shows that every trace in a concrete model has a corresgpndin
projected one in the global reduced model by the algorithm in
Algorithm 1.

Theorem 4.2:Let N = N;||Na, G the SG derived froniV,
and&; """ some approximate environmentaq for i = 1, 2.
Also, let W’ = W; N W,. The following equation holds

G[W/] < (Gwl"educe ||G£educe)

[ |
. . . . d _ approx /
The other technique, autofailure reduction, is based Yf1€reGi“"* = reduce(G; S W).

the following observation. The failure state of a design m

al

&

be entered by an event on an output or an internal wi _rooft: In the following, i = 1,2. First, note that{**" is Ny,
However, the real cause to the failure can be traced back&o " is N1, and

an input event. This is because if an environment produces
an input event that a design cannot handle, then the failure

G _ Gclixact || Ggwact

will happen immediately or through a sequence of events WhereGe=a<t are the SGs ofV;||££7<t respectively. Also, we
internal or output wires, and the environment cannot preveggpye '

it from eventually happening. This is referred toaagofailure

manifestionin [10]. However, autofailure manifestion in [10]

GIW'] = (Gy™ < W] || G5 [W])

is only used to canonicalize trace structures for hierasthi According to Lemma 4.1 and 4.2, we can conclude that
verification. We adopt it in our method as a technique to appros i educe
reduce SGs. The operation of the autofailure reduction is G; W] = G°

similar to the state transition abstraction with the appeee

of the failure state as shown in Fig.3. The difference is th

é‘tccording to Equation 6G¢7ect < GiPP™", we have

the autofailure reduction can be applied to state tramstio GEoet W] < GIPProT (W)
oy . —_ K2
(si,t;, ™) wheret; can be a BGPN transition on output wires

as well as internal ones while state transition abstraat&m

Therefore,

only remove state transitions on events on internal wirgs. O Gs™ W] = G;’Educe
the other hand, autofailure reduction does not remove ag st . _
transitions if a SG does not contain the failure state. Mofccording to Equation 5,

details about autofailure reduction can be found in [1]. Let
autofailure(G) be the function for autofailure reduction.

G[W/] — (Gimact[W/]”GSmact[W/]) j (quduce”Ggeduce)

The following lemma shows that the autofailure reductioftnerefore, the theorem is proved. 1

preserves all possible traces of a SG.
Lemma 4.2:Given a SGG,

G =< autofailure(Q)
Proof: Let I denote the set of input wires ofi. For
every (s;,t;,m) € R such thatw(t;) ¢ I, function
autofailure(G;) recursively does the following:

1) remove(s;,t;, ) from R,
2) removes; from S,
3) add (sp,tp,m) into R for every (sp,tp,s;) €
incoming(s;).
For every pathp = (--- L, Sh ALY S; LN ) in G where

w(t;) € I, autofailure(G) has a path(--- %, sp

m) after autofailure reduction. As defined in section lll, -8

failure trace corresponding to the path - L, Sh In, ) is

Although the above lemma is presented for designs with
two modules, it is still valid for designs with more than two
modules. In that case, the wires to be preserVEf], for each
module N; can be obtained using equation 7.

V. STATE SPACE REFINEMENT WITH INTERFACE
CONSTRAINTS

As discussed in the previous section, an over-approximated
environment is needed in place of the actual environment
for each module for our compositional method to be sound.
However, the over-approximate environment introducesaext
behavior into the modules. The extra behavior may increase
the size of the intermediate SGs, and cause false failures.
igher runtime penalty will be incurred if more false faibsr
need to be distinguished from the real ones. To reduce the

(- tg,tn, 7, 7,---) Where T represents an arbif[rary eventexira behavior produced from the approximate environment,
Trace(- - -, g, tn, 7,7, - -) represents any traces with the prefixye describe a method to derive interface constraints toerefin
(+++,tg,tn), including the one corresponding to the pathe approximate environment for the modules by examining

(--- I, sp B s B 7). On the other hand, every trace™{G)
without the prefix(---,t4,t,) is in P(autofailure(G)).

the interactions on the interfaces of the modules. This atkth
can be used along with the reduction techniques described in

Therefore, every trace if?°(G) has a corresponding trace inthe previous section to further contain the peak size of the

P(autofailure(), thus proved the lemma. |

intermediate results during composition.



A. Basic Concepts of Constraints conformance, the SG@ in Fig.4(b) conforms to the on@” in

In this section, we describe the basic concepts of con‘atraiﬁ'g'l(d)' Therefore,
and their properties with respect to BGPN transition firiagd c=>cd e =G,
SGs. In general, a constraint imposes additional regiristi , . .
that prevent a BGPN transition from being fired unless tHe&t C1 = C3 if ¢f = ¢} for everyt € T". It is easy to see
imposed constraint is satisfied. In a BGPN, a constraint {32t the following property also holds.
associated with each transition. The new definition of BGPNs T = T & (Rgr C Rea) (10)
including a boolean constraint mapping functiéhis given 1 2
as follows: A BGPNN is the tuple(W, T, P, F,u°, B, L,C) whereR . =|JR. forall t € T’ andc’ € cT'.
whereC' : T' — b is a boolean constraint labeling function Since imposing constraints on BGPN transitions to a SG
andb is a boolean formula ovel, while the definitions of reduces the possible state transitions caused by thesititsan
the other elements remain the same. firings, this causes some traces produced by the SG to be
The addition of the constraint mapping function changeeduced. On the other hand, we can also conclude that one
the BGPN firing semantics. First, let denote the constraint constraint is stronger than the other if one SG displays less
labeled for a BGPN transition € T'. Let eval(s,b) be a behavior than the other in terms of possible traces aftergoei
predicate where = (1, ) andb is a Boolean formula over restricted by the corresponding constraints. This cohmiuts
W. eval(s,b) returnstrue if b evaluates totrue with o formalized in Lemma 5.1. First, we defifé[C]"] as follows:
andfalse otherwise. LetN be a BGPN, and a state ofN.
Given a transitiont € T, its constraint! is satisfied at a state VteT.Ct) = {
s if eval(s,c') holds.

For a transition to be enabled at a state, we retain thguitively, N[C7*] results in a new BGPN where the con-

requirement that all enabling rules be satisfied at thaestadtraints of transitions iff” is updated with constraints a7
plus that the transition’s constraint also be satisfied@sdme \yhile other elements olV remain the same.

state. LetV be a BGPN, and a state ofNV. A transitiont € T Lemma5.1:Llet N = (W,T,P,F,°,B,L,C) be a

is enabled at state if BGPN, C; and C, two sets of constraints of’. Then, the
following equation holds.

Ci=Cy & N[Cl] =< N[OQ}

The addition of constraints also requires modification .4t First. we prove thatV[C;] < N[Cs] if C = C,. Let
our failure definitions. The previous definition states that p = (s0 o g B ..) be a path inG(NV) such that it satisfies

transition firing causes a failure if certain condition isisf@ed. the following condition:
With constraints, transition firings are not considered nvthe '
constraints are not satisfied, even though these firingsdvoul Vi > 0. eval(s;, ci') A (si,ti,si41) € R
cause failures without considering constraints. Theeefon-
posing constraints may eliminate some failures.

Ina SGG = (W,S U {r},R,s%), a transitiont € T S T _ o
is enabled in a state € S if (s,t,s') € R. According to EVeIYp = (so = s1 = ---) € P(N[C1]) it also satisfies the
the above definition, a constraint is a condition that muf@/lowing condition.

declh iftem,
ct otherwise.

(enabling rules(t) C satisfied(t,s)) A eval(s,c')

wherecl’ € C;. We can find all paths satisfying the above
condition and group them i?(N[C4]). SinceCy = Cs, for

be satisfied in every state where the transition is enabled. Vi > 0. eval(si, c5) A (siti, sip1) € R
Therefore, a constrainf on a BGPN transitiort corresponds . o o
to a set of state transitions defined as follows: wherecy' € Cs. Similarly, we can group all paths satisfying

the above condition ifP(N[Cs]). Obviously, P(N[C4]) C
Re = {(s,t,5") € R | eval(s,c') holds. } (8) P(N[C,]). Then according to the definition of conformance,
. : . we haveN|[C,] < N[Cy].
A_c_cordlng to the _relat|0n between constraints and state tra Next, we prove thaC; = Cs if N[C1] < N[Cs]. Since
sitions, the following property holds. N[Ch] < N[Ch], everyo = (so o g h, ) € P(N[C4])
(t =) & (Re CRy) (9) is also in P(N[C]). Let Rc, and Rc, be the sets of
! : state transitions extracted from every pathAQN|[C;]) and
where ¢! and ¢, are two different constraints on. This P(N[C,]), respectively. And we havBc, C R¢,. According
property states that the behavior in a SG regardisgeduced to Equation 10, we havé;, = C,. This completes the proof.
by imposing a stronger constraint gnand vice versa. For g
example, R, includes all state transition&, ¢,s’) € R in The following lemma states that the conformance relation
a SG if ¢4 = true, and R. C R, for all other ci. Let between two BGPNs is maintained when restricted by the
CT' be a set of constraints for all transitionsT# C 7. As Same constraints.
another example, refer to SGs shown in Fig.1(d) and Fig.4(b) Lemma 5.2:Let N; and N, be two BGPNs,C; a set of
The constraint’ for z+ is true in the SG shown in Fig.1(d), constraints or". If Ny < N, then N;[C] X N2[C4].
while the constraint for z+ is # A =z in the SG shown in Proof: Since N; < N, we haveP(N;) C P(N,). For every
Fig.4(b). Obviously,c = ¢'. According to the definition of patho = (s A2\ $1 4, -+-)in P(Ny) such that for ali > 0 ¢t



is satisfied at state; on o andct* € C7, it must be inP(Ny), deriveC(G;) and Cy = deriveC(Gs). The following equa-
too. Since such a path belongs?gN;[C}]), it also belongs tion holds.

to P(N2[C1]). According to the definition of conformance, we (N1 X N2) = (C1=Cy)

have N1[C1] <X No[C4]. B Proof: SinceN; < Ny, everyo = (s 2> s1 25 ---) in P(Ny)
is also inP(N,). For everycti € C; such that it is satisfied in

B. Derivation and Application of Constraints s; wheret; is enabled, it is also irf',. Therefore,C; = Cs.

Now, we describe how to derive constraints automatically |ln

our compositional method. The basic idea is as follows. Befo The following theorem shows the soundness of our com-
P . ) : - rﬁositional method when the interface constraints are ddriv
state space exploration for a module, we first derive so

fid applied during the composition process. More spedifjcal
Boolean constraints for the inputs of this module from thesSGa ; . : o
that have already been found. Next, the derived constraiets applying the constraints derived as described above fram th

. artial SGs in our compositional method to other modules in
;pephsec(;jst(c))ft?r?estrI:m,(;ldSu:re]ztar::Vfiunnoc; been handled, and t f8 same design does not produce false positive results.
In general, inferface constraints are some invariant co Theorem 5.1:Let N = Ni|[ Nz, &P and £ be
ng ' N ~-some approximate environment f§, and N,, respectively.
ditions that communications between modules must satisy. . approw
. A 50, let C; = deriveC(G(Ny||&] ), G, G1, and G4
Interface constraints derivation is based on the observati approz approx
that the output behavior of a design may be more restrictiee. e, SO 0NN, Nif|&; , and N | [Cl,
. ) P o ar Y o rgspectively. The following equation holds:
if the input behavior is more restricted. At the beginning,
there is no constraint for the first module considered during G 2 Gi]|G2
composition. However, some constraints on the outputs mByoof: In the following,: = 1,2. For Ny, ££%%¢! has the same
be derived from the STG of this unconstrained module. Afténterface behavior as that df, for Ny, and £57%¢! has the
applying the constraints to the inputs of the second modukame interface behavior as that &f for N,. According to
it is possible that the interface behavior of the second rieodiEquation 6,
becomes more restricted, therefore more restricted @ntdr Nollgesacty < (N, ||gaprros
can be derived for the following modules in the composition (N[ &) = (NVll€; )
process. In the worst case, no constraints may be derivéd, Rdcording to Lemma 5.3, we have
this does not affect the soundness of our method. Based on et
the manner of how constraints are derived and applied, there Cy = O (11)
is no C|rgular dependen.cy in our method. where €579t = deriveC(G(IV;||E5%<t)). According to
To derive the constraints for an outputof a module from | o yma 5.2
a given a SG, we first find all the state transitigrs w+, ) ’
for each output wire in the SG. Statg captures the interface (N2 ||ESTa) Ot < (No||EgPPTo)[CF )
state of the module where+ can fire. We create a product .
. . ! According to Lemma 5.1,
term on the interface wires from; to represent a particular
interface state. Then, the disjunction of all the producnte (N2 ||ESPPT o) [O5™ Y] < (No||ESPP %) [C]
obtained from the above step forms the constraintdo. o
The constraint for— can be derived similarly. The constrainfCOmpining the above two steps, we have
derivation algorithm is shown in Algorithm 2. (Na||ES7act)[CEmaet] < (N||ESPPTo)[CY]

First, notice that the interface behavior betwegg€n and N,

Algorithm 2: deriveC(G = (W, S U {r}, R, s")) N, and &7, and N, and £5°°* is the same. Sinc€'{»ect

1 foreach w € O(N) do is extracted for output wires aV; from G(N;||E§*e<t), and

2 foreach (s,w+,s') € R do the interface behavior betweeN, and £6%°, and N, and

3 Obtain a product ternf from s on I U O; &sract is the same, the following equation holds.

4 vt =tV f;

5 C=CU {cw-f-}; (N2 ngezact) =< (N2 ||€261act)[cleazact]

° foreach (.S’w_’s/) € R do _ This means that the interface behavior between two modules
! %bfa'n iPrOdlfCt ternf from s on I'U O; does not change after applying the constraints extracted fr

8 © = wa \_/f’ the same interface behavior between these two modules. By
o O=CU{e" ] combining the above steps, we have the following equation.
10 return C

(N2[[&57) = (N2]|€5777)[C1]

The following lemma states that the conformance relatigince both(IVy[|£7""%) and (N[|€5™"")[C1] satisfy the
between two BGPNs can be expressed by the implicatieduirement in Equation 6, according to theorem 4.1,
between their constraints.

G = G1]|G2

Lemma 5.3:Let N; and N, be two BGPNs, and~s; and

G, the SGs forN; and N, respectively. Also, letC; = 1
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State vector: xyz The following equation holds for the maximal environment,

G(N[E) = G(N[E™™)
State vector: xz

(00> where £ is some environment forV, while £™* is the
maximal environment forN. The BGPN of the maximal
00>+ w(10) (11 environment for an inverter is shown in Fig.1(b). Of course,
(b) a user-provided and more accurate environment can make our
Fig. 4. (a) SG forNy in Fig. 1(a). (b) The SG for\ after applying the method more efficient, and can be integrated into our method
constraints. pretty easily.
The first three designs used in our experiments are a self-
timed FIFO [20], a tree arbiter which is a tree of arbiter
Next, we give a simple example to illustrate how th8ells [10], and a distributed mutual exclusion element Wwhic

constraints are derived. Refer to Fig.1(a) where a design'?sa ring of V. DME celis in [10]. Although all designs have

composed of two modulesy; and N. The input of Ny, , regular strupturgs to make them easily scalable, the ragula

is driven by N;. Suppose we have found the SG b as is not exploited in our method, and all t_he modules' are tc§a§e
shown in Fig.4(a). Before the state space explorationey as black’ boxes. The fourth example is a tag unit circuit in
we wish to derive constraints far. First, we find all the states the Intel's RAPPID asynchronous instruction length decode

wherez+ or -— is enabled inG(N;). In this examplez-+ is [23]. This example is an unoptimized version of the actual

enabled af 100}, and-— at {011}. The product terms on the pircuit used in RAPPID, and has higher complexity, which

interface ofN; from these two states ateA —z and -z A z is more interesting for experimenting our methods. The last
. . : ample is a pipeline controller for an asynchronous psmes

Sincez+ or z— is enabled at only one state, then the set LT . N

—2 Az andz A —z forms the constraint€’, for z. The new ITAC2 [24]. The circuit diagrams for the tag unit and pipedi

SG for N3 [C4] is shown in Fig. 4(b) where all state transitiongolnr;{r(:uer a)r(e Srri]rc:lwztm lg%’ée sr?)rildre, rﬁgpiflt:'\gly‘x Mol
to the failure states are gone. This simple example illtestra € experiments, , aroiter, a examples

how false failures can be removed by imposing the constraift © partitioned a_ccordlng to their natural st_r uc_turgs._theo
derived. words, each cell is a module. For the tag unit circuit, it is-pa

titioned into three modules, where the middle five blocksrfor
a module, and gates on the sides of the middle module form
the other two modules. The pipeline controller is partigéidn
The method described in this paper has been implementedive modules as shown in Figure 6.
and incorporated into an asynchronous design verificatioh t  In the following experiments, all examples are verified with
Softinspect, and we have applied it to several examples. Ththe method described in [25], the same method but with
goal of these experiments is to show that the capability tife maximal environment for each module, the compositional
verification can be improved dramatically. Also, the pealesi method described in this paper without automated constrain
of SGs during the compositional process can be significantigrivation, and the same method with the automated constrai
reduced as well as the occurrences of false failures. derivation. The results are shown in Table I. In the resalbdet
Softinspect is an explicit model checker for asynchronouand the rest of this section, these methods are referred to as
circuits and systems verification. It can perform flat anthethod 1, 2, 3, and 4, respectively. All results are obtained
compositional verification. Its closest relativeASACS [22]. on a Linux server with a AMD Opteron dual-core CPU and 4
Although ATACS also supports compositional verification and@sB memory.
failure-directed abstraction, the abstraction is donaguBetri- In the table, column 2 is the number of modules in a design,
net reduction, and not effective on the BGPNs use8dftin- column 3 the total number of wires in a design, which indisate
spect. In addition,SoftInspect supports automated constrainthe size and complexity of the designs. Under each method
derivation which is not supported INTACS. There are other there are four columns. The first column is the total runtime
tools supporting compositional verification, but we coulnt nto complete the verification for a design. The second and
find one that supports the asynchronous circuit verificatiaghe third columns show the peak memory used and the size
similar to our tool. of the largest SG found during verification. The last column
According to Theorem 4.1, it is necessary to have ahows the number of modules that have failures at the end
approximate environment simulating the actual one. As dd verification, while for method 3 and 4, the fourth column
simple approach, we use theaximal environmertb decouple shows if the final SG contains the failure state. The memory
a module from the rest of the design. The concept of thein MB and the time is in seconds.
maximal environment introduced in [13] is adapted to the First of all, all these examples are too large to be handled
BGPN formalism in this paper. The maximal environmenising the flat approach. For each example, we ran the exper-
defines all possible behavior for all inputs of a design. Thments using all four methods. Method 1 performs Petri-net
behavior of each input is completely independent to othezduction on the BGPN models of these examples before veri-
inputs, and how each input changes its values is totally ndication starts. As mentioned earlier in this paper, theifetr
deterministic. In other words, the behavior of each input reduction described in [25] is not effective on BGPN models.
completely unconstrained. Lé¥ be the BGPN for a design. In the experiments, little or no reduction is achieved, dmal t

VI. EXPERIMENTAL RESULTS
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TABLE |
EXPERIMENTAL RESULTS

Method 2 Method 3 Method 4
Design #M | (W] | Time [ Mem [ [S[ [ #=' | Time [ Mem. | [S] [ «® [ Time [ Mem [ [S] [ «~°
6 66 <1 3 360 6 1.5 3 461 N 1.3 2 383 N
7 7 1 3 360 7 2.1 4 915 N 1.7 3 915 N
DME 8 88 1.2 3 360 8 2.6 5 915 N 2 4 915 N
9 99 1.3 4 360 9 3.2 7 1531 N 2.6 5 1148 | N
10 110 1.5 4 360 10 4.8 7 1531 N 3.3 5 1148 | N
6 50 <1 1 328 6 <1 1 300 Y <1 1 129 N
7 58 <1 2 452 7 <1 1 304 Y <1 1 133 N
ARB 8 66 <1 2 312 8 1.1 2 304 Y <1 1 129 N
9 74 <1 2 360 9 1.4 2 388 Y 1.1 2 129 N
10 82 <1 2 328 10 1.5 2 388 Y 1.2 2 129 N
10 42 <1 1 57 10 <1 1 57 Y <1 1 21 N
15 62 <1 1 57 15 <1 1 57 Y <1 1 21 N
20 82 1 2 57 20 1 2 57 Y 1.1 2 21 N
FIFO 25 102 1.4 2 57 25 1.4 2 57 Y 1.5 3 21 N
30 122 1.7 3 57 30 1.7 3 57 Y 1.8 4 21 N
35 142 2 4 57 35 2.0 4 57 Y 2.2 4 21 N
40 162 2.3 4 57 40 2.3 4 57 Y 2.7 5 21 N
[TAGUNIT [ 3 [ 48 [ 5 [ 12 [7204 [ 3 [ 27 [ 15 [704 [ N[ 15 [ 8 [3697 ] N |
[PIPECTRL] 5 [ 61 | 31 | 16 [ 5873 ] 5 | 80 | 18 [ 5873 | Y | 70 | 17 [ 5849 [ Y |
Method 2 : Method in [25] with the maximal environment for each module.
Method 3 : Softinspect without automated constraints extract.
Method 4 : Softlnspect with automated constraints extraction.
1 : the number of cells that have the failure state
2 : Y indicates that the final SG has the failure stateN otherwise

verification for each example is like the flat one. Thereftine, except for the example of the pipeline controller. In the
table does not show the results of using this method. Siree #xperiment, there are not many useful constraints gerkerate
Petri-net reductions are not effective, in method 2 we ereaduring composition. This is why the reduction for this exdenp
the maximal environment for each module when verifying not as significant as for other examples. The reason is
each example. In all these examples, verification finishets fahat not as much state space irrelevant to verification can be
however, the results are not good in that all modules in evaegmoved for the pipeline controller as it can be done for othe
example using method 2 contain failures. As mentioned examples. Nevertheless, the number of failure traces aoh mu
the beginning of this paper, distinguishing false failuiesn smaller than that in method 3. From the results table, it can
real ones may incur high computational penalty. In method Be seen that for those scalable examples, the runtime, ngemor
after generating the SG for each module with the maximakage, and the size of the largest SGs grow polynomiallys Thi
environment, the SGs are composed and form a global reducddervation shows that the methods described in this paper a
SG. For DME and the tag unit examples, the final SGs dmpable of handling large designs.
not contain the failure state, which indicates these dssign Another point to notice is that the order of choosing
do not have failures. Now, the runtime and memory usage nmodules to compose may have big impact on the sizes of the
method 3 are larger than those numbers seen in method 2. Thisrmediate SGs. In our method, we follow two rules. First,
is because the SGs are repetitively composed and reducedhm increased number of inputs should be minimal. Second,
method 4, the automated constraint derivation is used durithe composed module should result in the large number of
composition. As shown by the results, all examples exceipternal wires for abstraction. The reason for the first risle
the pipeline controller are failure free. It is also intdiieg that the size of composed SGs may explode if the number of
to notice that the runtime, memory usage, and the size wiconstrained inputs becomes large. The second rule i€deed
the largest SGs of all examples are less than those seerbégause the size of composed SGs can be reduced significantly
method 3 in general. This is because derived constraints é¢hit contains many invisible state transitions.
reduce the size of SGs before they are composed. Also, byAlthough not a focus of this paper, we study the impact
reducing the sizes of SGs during composition, the runtimg maf design partitioning on the complexity of our method. The
be shortened due to the less computation needed to operateasnlts are shown in Table II. In this experiment, we use
these SGs. However, deriving and applying constraints mB\ME with 10 cells and FIFO with 40 cells. For DME,
incur some overhead for aforementioned benefits shown ibyis partitioned into 5 modules, each of which has two
the results of FIFO using method 4. cells. For FIFO, it is partitioned into 8 modules, each of
which has 5 cells. From the table, it can be seen that the
Overall, using constraints leads to significant positiauhes runtime, memory usage, and the sizes of the largest SGs grow



TABLE I
DESIGN PARTITIONING ON COMPLEXITY
Method 3 Method 4
Design | #M [ Time | Mem. | [S] Time [ Mem [ [5]
[DME—10 [ 5 | 609 | 213 | 74785 | 446 | 192 | 61185 |
[FIFO—40 | 8 | 377 | 248 | 40583 | 220 | 137 | 20277 |

(3]

(4]

(5]

dramatically compared to the results obtained with the finé!

partitioning. For each module with the coarse partitioning

its state space increases exponentially. As well known, thel
state space grows exponentially as the size of designs grows
However, the maximal environment make it worse since every
input is completely unconstrained. These large SGs lead to
the large increase in runtime since the larger the SG for ead¥l
module is, the more time is needed to reduce it. Although

the maximal environment is used in our experiments becausel

we assume we know nothing about the interface behavior of

each module, user-provided or automatically derived fater (11

constraints can make our method more efficient. With respect

to design partitioning, it would be beneficial to have a finﬁz]

partitioning especially when the interface behavior of the
modules is not clear and only the maximal environment is

safe to use. In that case, all partitions can be processed Viérl

quickly leading to shorter overall runtime even though the

number of partitions can be large. If such a fine partitioninig4]
cannot be readily obtained, it would be desirable to have
state space exploration algorithm that combines the raguct
techniques as discussed in the previous section or theabarti

3

order reduction to avoid producing large SGs in the first@lad6]

VIl. CONCLUSIONS

(17]

This paper describes a compositional method with a failurés]

preserving abstraction on SGs and interface constrairh@xt

tion for asynchronous design verification. Since the abstna

is applied to STGs, this method is not limited to any particul (19
modeling formalism, and can achieve significant reduction
when constructing a global reduced STG for verificatiori0]

Also, false failures often found in abstraction verificatican

be reduced or even eliminated with an automated interfa@@l

constraint extraction during the compositional verifioatiThe

experimental results show the effectiveness of our methtd!

on several large designs. Our method is general, and can be

12

D. Bustan and O. Grumberg. Modular minimization of deterstioi
finite-state machines. IRroceedings of the 6th International workshop
on Formal Methods for Industrial Critical Systems (FMIC$)0July
2001.

S. Chaki, E. Clarke, N. Sinha, and P. Thati. Automated m&sguarantee
reasoning for simulation conformance. Pnoc. Int. Conf. on Computer
Aided Verification Springer-Verlag, 2005.

S. Cheung and J. Kramer. Context constraints for comjpusiti
reachability analysisACM Trans. Softw. Eng. Methodob(4):334-377,
1996.

Shing Chi Cheung and Jeff Kramer. Checking safety progentising
compositional reachability analysi8CM Trans. Softw. Eng. Methodol.
8(1):49-78, 1999.

E. Clarke, O. Grumberg, and D. Long. Model checking andtrabs
tion. ACM Transactions on Programming Languages and Systems
16(5):1512—-1542, 1994.

J. Cobleigh, D. Giannakopoulou, and C. Pasareanu. lmgrassump-
tions for compositional verification, 2003.

D. Dams, R. Gerth, and O. Grumberg. Abstract interpretatibreactive
systems.ACM Transactions on Programming Languages and Systems
19(2):253-291, 1997.

David Dill. Trace Theory for Automatic Hierarchical Verification of
Speed Independent CircuithD thesis, Carnegie Mellon University,
1988.

D. Giannakopoulou, C. Pasareanu, and H. Barringer. ugtion
generation for software component verification. Rroceedings of the
17th Int. Conference on Automated Software EngineeiSept. 2002.
Susanne Graf and Bernhard Steffen. Compositional mirititia of
finite state systems. I€omputer Aided Verificatignpages 186-196,
1990.

Orna Grumberg and David E. Long. Model checking and maduga-
ification. ACM Transactions on Programming Languages and Systems
16(3):843-871, May 1994.

S. Hauck. Asynchronous design methodologies: An oesvviProceed-
ings of the IEEE83(1):69-93, January 1995.

Thomas A. Henzinger, Ranjit Jhala, Rupak Majumdar, anégGire
Sutre. Lazy abstraction. IThe 29th Symposium on Principles of
Programming Languagepages 58-70, January 2002.

Gerard J. Holzmann. The model checker SP8¢ftware Engineering
23(5):279-295, 1997.

Henrik Ejersbo Jensen, Kim Guldstrand Larsen, and Akeu. Scaling
up uppaal automatic verification of real-time systems using asitipn-
ality and abstraction. IFTRTFT, pages 19-30, 2000.

J.P. Krimm and L. Mounier. Compositional state space gaie from
Lotos programs. In E. Brinksma, editofpols and Algorithms for the
Construction and Analysis of Systenpages 239-258, Enschede, The
Netherlands, 1997. Springer Verlag, LNCS 1217.

K.G. Larsen, B. Steffen, and C. Weise. A constraint meel proof
methodology. InFormal Systems Verificatiprvolume 1169 ofLNCS
pages 405-435. Springer-Verlag, November 1996.

A. J. Martin. Self-timed fifo: An exercise in compiling mmams into
visi circuits. Technical Report 1986.5211-tr-86, Califiar Institute of
Technology, 1986.

E. Mercer. Correctness and Reduction in Timed Circuit AnalystD
thesis, University of Utah, 2002.

Chris J. Myers, Wendy Belluomini, Kip Killpack, Eric Meer, Eric
Peskin, and Hao Zheng. Timed circuits: A new paradigm for high
speed design. IfProc. of Asia and South Pacific Design Automation

combined with other state space reduction approaches such Conferencepages 335-340, 2001.

partial-order reduction. The way of deriving constraimtshis

[23]
paper can be improved so that stronger constraints may be

derived for higher reduction and less false failure geiamat [24]
In addition, a partitioning strategy needs to be developed s
that a good partition of a design can be found quickly for

better verification.

REFERENCES

[1] Jared Ahrens.
verification with automated state space reduction.
University of South Florida, 2007.

[2] R. Alur, P. Madhusudan, and W. Nam. Symbolic compositioreifit

A compositional approach to asynchronoesigd
Masttrssis,

cation by learning assumptions. Rroc. Int. Conf. on Computer Aided

Verification Springer-Verlag, 2005.

(25]

(26]

Ken Stevens, Ran Ginosar, and Shai Rotem. Relative timirig
Proc. International Symposium on Advanced Research inchsynous
Circuits and Systempages 208-218, April 1999.

T. Yoneda and T. Yoshikawa. Using partial orders forcéraheoretic
verification of asynchronous circuits. Proc. International Symposium
on Advanced Research in Asynchronous Circuits and Systé&iRE
Computer Society Press, March 1996.

H. Zheng, E. Mercer, and C. Myers. Modular verificatioh tomed
circuits using automatic abstractiolEEE Transactions on Computer-
Aided Design22(9):1138-1153, 2003.

H. Zheng, C. Myers, D. Walter, S. Little, and T. YonedaerNication
of timed circuits with failure directed abstractionEEEE Transactions
on Computer-Aided Desigr25(3):403-412, 2006.



=rEa

to7

|t
e
ERI
.
it
[
L=
3
r—
—

,_,
[ g
[
=

52— —== " 2 1

tia7

Fig. 5. A tag unit circuit in Intel's RAPPID design.

Fig. 6. An asynchronous pipeline controller.



