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ABSTRACT

Equivalence relations are criteria for comparing the behavior of systems. They have important
applications in the verification and testing of communications protocols. This thesis presents our
investigation on equivalence relations in two parts. Part One contains mainly the theoretical results.
It first gives a survey on many important equivalence relations. It then proposes new types of
reachability for indeterministic distributed systems and a unified definition which reveals the
essential and common features of many equivalence relations. This uniform approach points out that
the various equivalence relations differ from one another mainly in the domain of the action
sequences, the types of reachability and the observable propertics of the reached sets of states.
Exhibited behavior equivalence relation is redefined and a new polynomial tme algorithm for its
verification is presented. Three reduction methods among the equivalence relations are discussed
and a number of results on property-preserved transformations are given. A proof that EB
equivalence is stronger than testing equivalence in non-strongly convergent labeled transition
systems is presented. A disproof of the conclusion existing in literature that EB equivalence is
stronger than weak equivalence is provided. Part Two reports our implementation of the various
verification algorithms in a system called LTS-EVS in the Sun Workstation.
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Chapter 1
INTRODUCTION AND FUNDAMENTALS

1.1 VERIFICATION OF INDETERMINISTIC DISTRIBUTED SYSTEMS

As communications systems and their protocols are becoming more and more complicated,
informal methods are no longer adequate for reducing the large number of errors bound to arise in
their design and implementation. Many formal description techniques have been developed for their
specification, verification and testing.

Verification is the process of proving that distributed systems are “error-free” in their design.
Several approaches have been developed for such purposes. For example, reachability analysis is
used for checking logical correctness, such as the absence of deadlocks, unspecified receptions and
non-executable transitions; invariance analysis is used for finding place invariants, ctc. But, these
approaches are not suitable for dealing with another objective of verification, namely, proving the
similarity and dissimilarity of behavior of two systems. To do this requires a drastically different
technique, especially if the systems exhibit indeterministic behavior.

Indeterminism is introduced into a specification partly for allowing the specification to have
more independency from the implementational details. But, it makes verification very complicated
and difficult since some of the behaviors of the system are not observable and controllable. One
way for comparing such systems is to provide a mode! for describing their indeterministic behavior
and to define some criteria for their comparison. For example, we can specify the observational
behavior of a protocol and its service by two labeled wransition systems and vse an equivalence
relation as a criterion for comparing their behavior. This is the same as proving the equivalence
between their specifications. Equivalence relations have also been applied to conformance testing
of protocols [BRI89). In fact, Conformance testing can be considered as the process of proving the
equivalence of an implementation under test and a specification based on which test sequences are
generated.

Many models, such as CCS (Calculus of Communicating Systems) [MIL80], LOTOS
(Language fOr Temporal Ordering Specification) {ISO8807] and IPN (Indeterministic Petri Net)
[CHE90b], have been developed for describing the indeterministic behavior of distributed systems
and facilitating the verification of their design. Based on these models, many equivalence relations
have been given [(MIL80, DEN84, POM86, BOL87b, BOL89] for comparing the behavior of the
systems. Different kinds of equivalent relations capture different properties of the specifications.
But, the definitions of these equivalence relations lack a sense of uniformity. This thesis attempts



to give a uniform approach for redefining them and provide a decper understanding of their
characteristics.

1.2 INDETERMINISM, OBSERVATION AND EQUIVALENCE RELATIONS

In this section, we give an example in CCS [MIL80] to show how the observable and
indeterministic internal behaviors of a system are described and observed and how the criteria for
comparison are represented.

Three systems S, T and R are shown in Figure 1.1 as black boxes for testing. An observer
wants 10 investigate their behaviors by asking them to accept actions one at a time. All of them can
execute the observable actions a, b, ¢ and d. Each box has four buttons, one for each of the four
actions. There are four atomic experiments an observer can do, one for each action. For example,
doing an a-experiment on a box involves pressing the a-button (at their starting states sg, to and 1p,
respectively), with two possible outcomes :

1) Failure - if the button is locked.

2) Success - if the button is unlocked and goes down (and a state transition occurs internally

)-

These two outcomes describe the possible deadlock situations at any state of the system. Two
states p and q are said to have the same deadlock situation if and only if, for any observable action
x, the outcome of the x-expericmnt is either failure or success at both of them.

In this example, we cannot distinguish between S and T at their initial states sg and tp by any
single atomic experiment. At both states, the a-experiment succeeds and the other three experiments
fail. After a successful a-experiment, S moves to state 51 and T moves to cither state 13 or state .
Suppose T moves to t. We may try another atomic experiment to see if the systems are equivalent
or not. Clearly, a b-experiment now succeeds for S but fails for T, though the other three
experiments fail to distinguish them. However, if T moves to tj, we still cannot distinguish
between S and T.

Next, let us conduct several b-experiments on S and T at these states. We find that S’s b-
button is always unlocked, but that T°s b-button is sometimes locked and sometimes unlocked.
This means that, after an a-experiment, S is not deadlockable at button b but T is deadlockable at
button b. Hence, we can conclude that S and T arc not equivalent at these states as far as their
deadlock behavior is concerned.

Let us now compare S and R. After an a-experiment, S moves 10 state s; where both the b-
experiment and c-experiment will be successfol. However, R may move 1o state 12 Or Staic i1
depending on whether it has executed an internal action T or not. If R has not executed the internal
action T and stays at state ry, 2 c-experiment may find the c-button sometimes locked but eventually
unlocked (evenmally, because although R may take a lile ime to decide on its internal action 1, it



will do so since no b-expertiment is attempted). In this way, we cannot distinguish between S and
R_ On the other hand, suppose R has executed the internal action T and moved to state 12, a b-
experiment on R may find the b-botton locked. Hence, we can conclude that after an a-cxperiment,
S is not deadlockable at button b but R is deadlockable at button b. Hence, S and R are not
equivalent.

Through this example, we see that the concepts of reachability and deadlock can be used to
describe 2n equivalence relation. That is, two systems are equivalent under observation if the
following statement is true of both or neither of them: for a given sequence of actions aj
a2...ap3n+1, it is possible to do an a)az...ap-experiment and reach a state where an ap+1-eXperiment
is either a success or a failure. Two systems with different deadlock situations are not considered
1o be equivalent.

From Figure 1.1, we see that there are two kinds of indeterminism existing in these systems.
One is due to a multiple choice of external actions, just as T at state tg. Another is due to internal
actions, just as R, where there is an internal action T from state rj to state r2. The existence of
different forms of indeterminism makes the system states possess different deadlock situations and
thus makes the comparison of systems more complicated.

S T R
(N
\a
CZ:/Q |

c E:)
a a a
(@) (@) (@]

1 @ e 13O o Cl b To Cu

(@) QO @)
c c c

Figure 1.1 Three systems which are not observationally equivalent .



13 MOTIVATION AND CONTRIBUTIONS OF THE THESIS

As the design of distributed systems becomes morce and more complicated, more
sophisticated methods for their verification are required. However, such advanced methods require
deep understanding of the behavior of the systems. Equivalence relations are rigorous means for
studying their behavior. R.Milner {MIL80] proposed the notion of equivalence based onr an
observer and on observable/unobservable actions. Since then, other proposals have appeared
[DENS84, CIN85]. But, in the literature, the concepts and definitions of equivalence relations are
not very well presented and are often uncoordinated, i.e., without a unified view. Some results are
even erroncous. Also, a recent trend in protocol research is to develop tools for experimental
investigation. Very few tools have been reported for systematically applying thesc equivalence
relations for verifying LOTOS specifications and CCS. We know of only two application systems
for verifying the equivalence refations of LOTOS specifications and one system for verifying CCS
processes. One of them is called SQUIGGLES [BOLS9]. Some of whose features are listed
below:

1) It can verify strong, weak and testing equivalence.

2) The verification algorithms are implemented acconding to the partifoning algorithm of

Paige and Tarjan [PAI87].

3) The behavior graph is obtained from the text of basic LOTOS.

Another system [SHI89] defines a quasi-strong bisimulation equivalence and implements a
verification method based on the partitioning algorithm of [AHO74] without any implementational
details. The third system [MIC87] is implemented in PROLOG and is capable of deriving a
bisimulation containing a given pair of CCS-processes in case they are equivalent.

In this thesis, based on the concepts of reachability and deadlock, we propose a uniform
approach for redefining the various equivalence relations and show that they differ from one
another only in the types of reachability and in the observable properties of the reached sets of
states. Based on this common view, we show how they are used to compare the behavior of
systems. Verification algorithms and transformation rules are then explored. Experimental works
have also been done. Original contribution of this thesis can be divided into two parts:

Part I (theoretical results):
1. We define new types of reachability for indeterministic labeled transition systems. Based
on these types of reachability, we give a new view of the various equivalence relations
and redefine exhibited behavior equivalence (Chapter 2).
2. We propose a unified definition of equivalence relation which captures the essential and
common features of the various equivalence relations. This unified approach shows that



the various equivalence refations differ from one another in their types of reachability and
in the propertics of the reached set of states for observation (Chapter 4).

3. We provide a proof that EB cquivaleace is swonger than testing equivalence in non-
strongly convergent labeled transition systcms and provide a disproof of the conclusion
existing in literature that EB equivalence is stronger than weak equivalence [POMBS6)
(Chapter 4).

4. We propose a rule for transforming one labeled transition sysiem to another so that the
verification of EB equivalence can be reduced to the verification of weak equivalence. We
derive many propertics which are satisfied and preserved under different transformations
(Chapter 3)-

5. We propose a new polynomial algorithm for verifying EB equivalence (Chapter 5).

Part II (experimental results):
6. We have implemented an equivalence verification system (LTS-EVS) which has the

following featres (Caapter 6):

a. It can verify strong, weak, exhibited behavior and testing equivalence relations. The
verification algorithms are based on the partitioning algorithms of [KANS3).

b. LTS-EVS can be either used as an independent tool or integrated into UO-GLOTOS
[CHES9A), a graphical system for research in the specification, verification and
testing of LOTOS. LTS-EVS serves the following two purposes : i) To provide a
prototype for commercial applications. ii) To provide a wol for further research.

The rest of the thesis is organized as follows. Chapter 2 includes a review of many
equivalence relations. New types of reachability are introduced and exhibited behavior equivalence
is redefined. This chapter provides the basis for the whole thesis. Chapter 3 discusses the
reduction between equivalence relations. Also, the tansformations and the properties preserved
under these transformations are discussed in this chapter. Based on the different types of
reachability defined in Chapter 2, Chapter 4 provides 2 unified definition for the various
equivalence relations. This uniform approach shows that these relations differ from one another
only in the types of reachabillity and in the properties of the reached sets of states for observation.
Chapter 5 presents the algorithms for verifying these equivalence relations. Chapter 6 describes
part of the implementation details of these algorithms in a system called LTS-EVS. In Chapter 7,
besides summarizing and evaluating the work of our study, some future work is pointed out.



Chapter 2
REVIEW ON EQUIVALENCE OF DISTRIBUTED SYSTEMS

2.1 INTRODUCTION

Among the many problems of verifying distributed systems, one is to show whether two
systems have the same behavior under 2 certain criterion for observation. For example, to verify
that a protocol does provide the rcqtiircd service, one can prove the equivalence of the
specifications of the protocol and service. For conformance testing, one can prove the equivalence
of a specification and the system under test. Different equivalence relations, such as strong
equivalence, weak equivalence, exhibited behavior equivalence and testing equivalence, capture
different aspects of the behavior of the specified systems.

In this chapter, we review the terminology and concepts of the most important cquivalence
relations [MIL80, DEN84, KAN83, POM86, BOL87b, BOLS29]. In addition, this chapter includes
our following original contributions:

1) We define different types of reachability for indeterministic labeled transition systems.

2) Based on these definitions of reachability, we give a new view of the various equivalence

relations.

3) We redefine exhibited behavior equivalence in terms of a labeled transition system.

2.2 LABELED TRANSITION SYSTEMS

The model used for formulating a behavioral equivalence relation plays an important role in
the design of strategics and tools for the verification and analysis of the specified systems,
especially in the case where the semantics of the specification langnage is based on such notions.
For example, deterministic finite state machines are mostly used for describing deterministc
systems without differentiating between external and internal actions. A labeled transition system
is a mare flexible model. For example, it is used as a semantic model for describing the behavior of
a system specified in LOTOS (Language fOr Temporal Ordcring Specification), a formal
description technique standardized by [ISO8807]. A property between two Systems specified in
LOTOS can'be verified by proving that some relation holds between the two LTSs representing the
two specifications.

In the following, we first give a formal definition of 2 labeled transition system.



Definition 2.1 (labeled transition system)
A labeled transition system (LTS) is a quadruple < K, 2, A, pg >, where
K is a countable set of states;
.S is a countable set of actions, including the special action < called internal action;
A is a transition relationin K x X X K;and
po € K is the initial state.
A finite labeled transition system is an LTS in which K and ¥ are both finite.

In this thesis, we are concerned with finite LTSs only. From an observer's point of view, the
symbol 1 represents an unobservable action. It corresponds to an internal step of the system and is
analogous to the empty move denoted by the label € in classical automata theory.

For the rest of this chapter, all terminology and notation are based on the labeled transition
system LTS =<K, Z, A, po >.

Definition 2.2 (some notation)
Tobs = 2 - { T } denotes the set of observable actions.
T+ denotes the set of finite nonempty sequences from 2.
$* = T+u { € }, where € denotes the empty sequence.

Osip)={alae Zgps,3 p € K such that (p.a.p')e A } denotes the set of strongly
observable actions atstatep € K.

Definition 2.3 (unobservable state)
A state p is said to be unobservable iff p # pp , Os(p) =D and there exists at leastone p
€ K, such that (p,'l:,p')e A

At an unobservable state, all actions departing from it are internal. The initial state pgand all
werminal states (i.¢., states which do not have any departing transitions) are not considered as
unobservable. This is based on the assumption that it is possible to observe the beginning and
ending of a normal exccution of the system. Such an assuraption is consistent with similar
assumnptions used in the literature [MIL80].

Definition 2.4 (set of observable states)
Ko =K - { pl pis 2n unobservable state, p e K } is called the observable subset of K.



An cquivalence relation isused as a criterion for comparing certain propertics of the states of
an LTS. In the literature, the various equivalence relations are defined separately, i.c., without a
common theme or approach. In this chapter, we make some observations on these definitions and
come up with three common features based on which these equivalence relations can be defined.
The process of verifying the equivalence of two states p and q is as follows: For every action
sequence s, execute s starting atp and q, separately. Then, compare the states reached from p and
those from q.
Equivalence reladons can be distinguished according to the following three factors:
1) Which states are reached and how - this leads us to define different types of reachability
(Section 2.3).
2) What properties (¢.g., observable or unobservable) the reached states have.
3) Whether the states reached from p are compared with those rached from q individually ar
collectively.

In the following, we shall see how these factors influence our definition of equivalence
relations.

23 REACHABILITY IN LABELED TRANSITION SYSTEMS

In thissccﬁon,wcdeﬁnethrectypcsofxeachabﬂitywhichwcthinkarcncwinthclimunc.
They depend on the composition (purely observable or a mixture of observable and unobservable
actions) of the action sequence. The first two types, strong reachability --> and weak reachability
—>, differ from the third type, exhibited behavior reachability =, in that the third type is also
defined in terms of the observability of the reached states.

Definition 2.5 (-->, strong reachability)

Fortwostates pandq € Kandanactiona e 3., q is said to be strongly-reachable from p by
a,denoted asp—a —->q, iff (p,2,q)€e A

Fortwostatespandq € Kandascquenccofactionss=ala2....an(nE:1)eE"’,p—s-—>
q means that there exists a sequence of states pj.---Pp.] such that p — 2 —>P1s =2 Pp-1— 3 —> 4¢-

Definition 2.6 (==>, weak reachability)
For two states p and q € K and an action sequence s € Sobs » Q is said to be weakly-
reachable from p by s, denoted as p =s==>q, iff
1) if s = £ (the'empty sequence), there exists a sequence of states py---Pp.1 such that that p —
T ==> Plseews Pp-1 — T—> q; OF
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2) if s = 2)ap.....2n, there exists a sequence of states pypa--.Pa, such that

p ==€==>p; — 3] —>Pp=E€=>P3— 82 ~>P4--P2n-1 =~ (> Py == E==>Gq.
Note that it is always true that p == £ => p for any state p.

Definition 2.7 (=>, exhibited behavior reachability)

For two states p and g € K and an action sequence s € Yobs » G is said to be EB-reachable
from p by s, denoted as p==s==>q,iff qe€ Koand p = s ==> q, where Kg1is thc
observable subset of K.

For an action sequence s, the three types of reachability defined above can be distinguished
as follows: Let PATH be the action sequence leading from state p to state q. In general, PATH is
composed of segments of observable actions and scgments of internal actions. For strong
reachability, these actions, observable or internal, must be explicitly and definitely specified in s.
As a result, PATH and state q are quite rigidly specified, except when some of the observable or
internal actions in s can lead to different states. For weak reachability, however, only the
observable actions of PATH are explicitly specified in s. The segments of internal actions are quite
flexible. As a result, 2 wider scope of states will be reached. EB reachability is the same as weak
reachability but imposes on the reached states the additional requirement that they must be
observable. Hence, its scope of reached states is smaller than that for weak reachability.

Definition 2.8 (p ~ s ~>, p~ s ~> dead)

The notation ~ s ~> denotes cither — s —> or == 5 ==> 0r = s ==>, as will be indicated
from the context. Let pe Kandse T+ (ors€ Xops'). We say thatp ~ s = if there exists a
statcp'such_thatp"’s"')'p'.Othcrwisc,wesay p~ s~ >dead

Next, we extend the definitions of reachability from single states 10 sets of states.

Definition 2.9 (Reachable set of states)
For PCK,se 3. * (ors€ X *)and a reachability type ~~> thcse:ofszazes reachable

from P by s with respect to ~~2 is defined as follows:
Reach(P,s,~~>)={p!p € K.3pe Psuchthatp~ s~ Pl

Definition 2.10
For P,P CK, P~ s~> P iff P =Reach(P,s, ~~>).



Theorem 2.1

In general, for any s € Zgps® and any P C K, Reach(P,s,-->) C Reach(P,s,=>) and
Reach(P,s, =) C Reach(P,s, =>). In particular, If ¥ has no internal action T, —>, ==> and
= are all identical.
Proof: These results follow immediately from Definitions 2.5, 2.6 and 2.7. {}

Example 2.1

This example illustrates the distinction among the three types of reachability definzd above.
Figure 2.1 shows an LTS with K = { 123456789 }, T={abecdr}, A={ (1,22),
(2,,3), (2,7.4), (4.b,5), (5,7,6),(5.7,7).(6,¢,8),(7.d.9)} and po = 1.

We have: Reach({1}, ab, —>) = {3}, Reach({1}, ab, =) = {3,5,6,7} and Reach({1}, ab,
==} = (3,6.7). Note that state 5 is unobservable and is therefore not EB-reachable from state 1.
Next, we have: Reach({1}, 2, —>) = {2}, Reach({1}, a, =>) = {2,4} and Reach({1}, 2,=>} =
{2,4].

Figure 2.1 A labeled transition system for showing different types of reachability.



In the following sections, we review the definitions of several equivalence relations between
two labeled transition systems LTS1 = <P, I, Ap, pp> and LTS2 =< Q, X, A, qp > and
illustrate how the different types of reachability defined above can be used to charactenize them.

2.4 STRONG OBSERVATIONAL EQUIVALENCE

The notion of strong observational equivalence (or simply "strong equivalence™) is first
defined in [MIL80). Intuitively, strong equivalence of two LTSs requires them to be able to
‘simulate” each other action by action, including both external and internal ones. Here, ‘simulate’
means that one LTS accepts whatever transiion sequences the other one accepts. In other words,
LTS1 and 1.TS2 are strongly equivalent if, starting from their initial states, they can perform the
same sequences of actions ( not necessarily observable ) and then move t~ 10 sirongly equivalent
states.

Definition 2.11 (=5, strong equivalence of two states) [MIL80, KAN83]

Let pe Pandge Q.

L p #¢° qisalways true.

ii. p #8 q iff, ¥V ae X, the following two conditions are true :
a)VpePifp—a—> p,then(3q e Q:q—-2a->qandp ~ 5 q)
BWVqe Qifq—a—>q-then(3p"e P:p—-a->pandp" #1y5 q").

i p =Sq iff p # S q forallk20.

Definition 2.12 (=S, strong equivalence of two LTSs)
LTS1 and LTS2 are strongly equivalent, denoted as LTS1 =5 LTS2, iff pg =° qq_

In the literature, strong equivalence is also defined in terms of strong bisimulation [BOL89].

Example 2.2 [ELG89] (Figure 2.2)

LTS1 = SLTS2, as explained below: Since po. ps. 94, g and qg are terminating states, we
have ps =5 Qq, Pa=Sdqg. P2=S G and pp =" qg. Since {p3} - ¢ > {ps}, {q3} ~c > {q4) and
{q7) — ¢ —> {qg}, p3=5q3 and p3 =5 qy. Also, since {p;] — T > (p3}, (91} ~ 7> {q3} and
P2 =5 Qg, Py =5 q; . Similarly, py =S g5 . Lastly, since {pg} - a —> {p;} and {qp} -2 > {q),
qs}. Po=* qo-

11



Figure 22 Two strongly equivalent LTSs.

2.5 WEAK OBSERVATIONAL EQUIVALENCE

According to Definition 2.11, we can see that the condition for strong equivalence is very
restrictive for comparing the behaviors of LTSs. It requires that every action of one LTS,
including both external and internal ones, must be simulated by an action of the other LTS. A less
restrictive equivalence notion is weak equivalence [MIL80], which requires simulation only for
their observable actions. Briefly, two LTSs are weakly cquivalent if, starting from their initial
states, they can perform exactly the same sequences of observable actions and then reach two
weakly equivalent states.

Definition 2.13 (=W, weak equivalence of two states) [MIL80, KAN83]
Letpe Pandqe Q.
i p #o%¥ qisalways true.
ii. p # ¥ q iff, Vae Zgps U { £}, the following two conditions are true :
a)VpePifp=a==>p, then(3¢qe Q:q=a=>q andp’ #* q)
bVq e Qifg=2a=>q". then(@p"€ P:p=a==>p"andq" #1.;¥ p").
iii.p =¥ q iff p= ¥ qforallk20.

Definition 2.14 (=¥, weak equivalence of two LTSs)
LTS! and LTS2 are weakly equivalent, denoted as LTS1 =% LTS2, iff pg =¥ qq,

12



In the literature, weak equivalence is also defined in terms of weak bisimulation [ BOLS9].

Example 2.3 [BOL89] (Figure 2.3)

LTS1 =W LTS2, as explained below: Since pa, s, G2» 4 and g arc terminating states, pa

=W qo, P4 =¥ Q4 and p4 =¥ qg. Then, since {p3} ==c¢ => {ps}, laz} == ¢ ==> {q4) and {qs}

= ¢ => {gg}, wehave p3=Vq3 and p3 =¥ qs. Next, since (P} =¢e==> {p3}. @1} =€
==> {3}, {p1} ==c=> [ps), {q1} =c=>{ @4}, {;1} =b=>{pp} and (@1} =b=>
(qa}, we have py =¥ q;. Lasty, since (pg} == a => {p1, p3} and {gp] == 2 ==>{q1.93.95}.
Po=" G0

However, LTS1 =S LTS2 does not hold, because we have {po} -- 2 —> {p1} in LTS1 and
{qp) —a->{q1,qs} in LTS2, but qsis not strongly equivaleat to py.

LTS1 LTS2

°/
@ & G
© (2

Figure 2.3 Two weakly equivalent LTSs which are not strongly equivaient.

2.6 EXHIBITED BEHAVIOR EQUIVALENCE

In strong equivalence and weak equivalence, both observable or unobservable states are
reached and are compared. If the reached states are limited to the observable ones, we have the
notion of exhibited behavior equivalence ( or, in abbreviation, "EB equivalence™) [CINSS,
POMS6]. Similar to weak equivalence, EB equivalence requires two LTSs io be able to "simulate”
each other in their observable actions. In EB equivalence, only the observable reached states are
compared while the unobservable states are never reached and are thus ignored. If two LTSs have
no unobservable states, EB equivalence and weak equivalence are identical.

13



The original notion of EB equivalence was defined in terms of Peti nets {CIN85). The
author defined a firing rule for observable transitions such that their firing leads to markings which
have at least one firable observable ransition. The author also gave some transformation rules for
proving EB equivalence of Petri nets {CIN85]. In the following, we redefine this concept in terms
of LTSs and EB-reachability.

Definition 2.15 (2P, exhibited behavior equivalence of two states)
Let pe Pandqe Q-
i. p #o® qisalways true.
ii. p =0 qiff, Vae Zgs € }, the following two conditions are true:
)V pePifp=a== p.then(3q € Q:q== =>qandp =1 q)
bV q'e Qifq==a=> ¢, then (Ip" € P:p=a=>p" and Q" #1® p" )
iii.p =bq iff p = qforallk20.

Definition 2.16 (=Y, exhibited behavior equivalence of two LTSs)
LTS1 and LTS2 arc EB equivalent, denoted as LTS =0 LTS2,iff pg =P qq,

Example 2.4 [POMS6] (Figurc 2.4)

LTS] =P LTS2, as explained below: Since pg, Ps» G4 and s are terminating states, ps =¢tb
q4 2nd ps =%b qs. Furthermore, since {p;} =b== {ps), ip3} =c = {ps).{qx} =b=
{qq) and {q3) == c==> {qs]}, we have P =tb q, and p3 =% q3. Lastly, since {pg} =2=>
(p2, P3} and (o) = 2= (q. 3}, P0="" % |

However, it is not true that LTS1 =% LTS2, because we have {pp} =2 => {p1-P2.P3} in
LTS1 and {gg} =2 =>[q,,q3} in LTSZ, but neither p; =V gy norp; =¥ qs.

14



LTS1

T T

b c

O ©

Figure 2.4 Two EB equivalent LTSs which are not weakly equivalent.

2.7 FAILURE EQUIVALENCE

Eb equivalence is defined on the basis of weak reachability and the observability of the
reached states. In this section, we study a kind of equivalence, namely, failure equivalence, which
is based on weak reachability and the refusing capability of the reached states.

Definition 2.17 (refusal set)
For p € K and Z C Tgps Z is said 1o be a refusal set of p, if, foreveryae Z,p==a==>
dead. Also, Refusal(p) = { Z | Zis arefusal setof p } denote the set of all refusal sets of p.
max-Refusal(p) is the largest set in Refusal(p).

Refusal(p) includes all observable actions which will lead p to deadlock . -
Example 2.5 (Figure 2.5)
Let Tops = {a, b, ¢} and state p; be the initial state of LTS. Refusal(py) = {{b}, {c}. {b.c]}

and max-Refusal(py) = {b.c}.
In Figure 2.5, each state is shown with its max-Refusal set attached.
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{b,c}

{a)

{a,c) {a,b}

C
{a,b,c} @ {a.b.c}

Figure 2.5 An example showing the refusal sets of an LTS.

Definition 2.18 (=f, failure equivalence of two states)
Letpe Pandge Q. pandg are said to be failure equivalent , denoted asp =f q, iff, V's
€ S and V Z C Ty, the following conditions are satisfied:
1)If 3p'e Psuchthatp=—=s=>p'andZe Refusal(p*), then 3q° € Q such thatq
==s==>q" and Z € Refusal(q’). '
2)If 3q" e Qsuchthatq==s==>q"andZ€ Refusal(q™), then 3 p € Q such thatp
==s==>p" and Z € Refusal(p").

Intuitively, failure equivalence of two states requires them to be able to accept the same
sequences of observable actions and to reach states which have the same "refusal sets” of
observable actions.

Definition 2.19 (= f, failure cquivalence of two LTSs)
LTS1 and LTS2 are failure equivalent, denoted as LTS1 =f LTS2, iff po=f qo

Example 2.6 (Figure 2.6)

LTS1 = LTS2 because, for all observable action sequences a, ab and ac, poand gg have the
same refusal sets at the reached states. For s = 2, pg ==a ==> {p1, P2} and g ==2a==> (q1, @2,
q3. Q4 States p; and g have the same refusal sets {{a).{c}.{ac}), p2 and q4 have the same
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refusal sets {{a}.{b}.{a.b}}. Both q; and g3 have refusal sets {a} and it is also refused by py or
po- Additionally, for s = ab, pg == ab ==> {p3} and o = ab ==> {qs, qg): fors =2c.pp==ac

=> {p4} and qp == ac ==> {qy, qg}. State p3, P4. 45, 96- 97> 98 have the same refusal sets
(a,b,c}.

Since a, ab and ac are the only observable sequences in both LTS1 and LTS2, po =l qo.

LTSt LTS2

c
b
O b'CZ
© G
Figure 2.6 Two failure equivalent LTSs.

2.8 TESTING EQUIVALENCE

In order for pgand qg to be strong, weak or EB equivalent, it requires that, for every state in
Reach({pg},a,~ ~>), there exists a state in Reach({gg}.a,~~2) such that these two states arc
equivalent under the same equivalence relation. Note that these reached states are compared
individually. By comparing the two sets Reach({pp}.2,~~>) and Reach({qo}).2,"">) collectively,
we can desctibe another useful equivalence relation, namely, testing equivalence. For this purpose,
we will concentrate only on strongly convergcht LTSs, that is, systems which cannot perform any
infinite sequence of internal actions. For non-strongly convergent systems, testing cquivalence
[DEN84] is stronger than failure equivalence [HOAB81] in its ability to distinguish two systems.
They are equivalent in the case of strongly convergent systems. Testing (Failure) equivalence
presents a rather general approach for comparing the behavior of distributed processes by
tabulating the possible cffects of the interactions between observers and processes. Processes are
distinguished w.r.t. their ability in passing tests and inability not to fail tests. Testing (Failure)
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equivalence differs from the equivalence relations studied previously in that it is not sensitive 10
where an indeterministic choice is made.

Definition 2.20 (weakly observable actions)
For p € K, the sct of weakly observable actions at p is defined as follows :

Owlp)={alae Zobs.ap'e Ksuchthatp-—-a——=>p' 1.

Definition 2.21 (Outs(P), MinOuts(P))
For P CK , Outs(P) = { Ow(®) tp€ P }. MinOuts(P) is the largest subfamily of Outs(P)
such that, if Lj, L, € Outs(P)and Ly is a proper subset of L , then L, € MinOuts(P).

Definition 2.22 (=!, testing equivalence of two states) .
let pe Pandqe Q. pand q arc said to be resting equivalent ,denoted as p =*q, iff,
Vse Zgps MinOutsReach({p),s.==>)) = MinOuts(Reach({a}.s:=>)) .

Intuitively, the testing equivalence of two states requires that the same set of observable
actions sequences can be executed at both states and that their sets of reached states must have the
same group of "acceptable sets” of observable actions.

Definition 2.23 (=%, testing equivalence of two LTSs)
LTS1 and LTS2 are said to be testing equivalent, denoted as LTS1 =t LTS2,iff pg=tqp-

The following theorem describes the relationship between failure equivalence and testing
equivalence in a strongly convergent LTS. |

Theorem 2.2

Foreverype K,s € Eobs* and L C 2. L € MinOuts(Reach({p}.s,=>)) iffApre K
such that p = s => p’ and T - L = max-Refusal(p’).
Proof: It follows directly from the definitons of MinOuts(P) and max-Refusal(p) (Definitions 2.17
and 2.21). [j

Theorem 2.2 states that if L is an acceptance set of actions which represents the weakly
observable actions after LTS executes the action sequence s at p, then 2 obs - L is a refusal set of

actions which cannot be exccuted.
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Example 2.7 (Figure 2.7)

In the following, it will be shown that MinOuts(Reach{{pg}.s,==>)} =
MinQuts(Reach({qgp},s,==>)) for each of the observable action sequences s = a, s = ab, s =abc
and s = abd. Hence, pg = Qo-

For s = a, we have Reach({pg),2=>) = { py }. Reach({go)2==>) = { q1. 2. 93 ).
and MinOuts(Reach({po},&,=>)) = MinOuts(Reach({qo}.2.==>)) = {{b}}.

For s = ab, we have Reach({pp}.ab==>) = { p2, P3 }, Reach({qo}.ab==>} = { q4. a5 ],
and MinOuts(Reach({po),ab,=>)) = MinOuts(Reach({gg).ab~>)) = { {c].{d} ).

For s = abc or s = abd, we have Reach({pg}.s,==>) = { po }; Reach({qp}.si=>)={qp }
and MinOuts(Reach({pg},s—>)) = MinOuts(Reach({qp}.s==>)) = {{aH}.

However, neither pg =¥ qg nor pg = qo. In fact, we have Reach({pg},2,=>) = (p;} and
Reach({qq}.2==>) = {q1, Q> q3}. but neither ny =V qa nor p) =W q3. Also, we have
Reach({pg),a=) = {p1} and Reach({qp}.a.=>) = (Qo» q3). but neither py =P gy nor py =cb
q3-

LTS1 LTS2

Figure 2.7 Two testing equivalent LTSs which are neither weakly equivalent nor EB equivalent.

In the literature, testing equivalence is also defined in terms of sets such as Must and
MinMust. Their relationships are explained below.

Definition 2.24 (Must)
ForPCX and L CZops PMustL iff, Vpe P, LAOw(p)=9D.
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Definition 2.25 (Must(P), MinMust(P))

For PCK,Must(P)= { L1 L C Zps PMustL ]
MinMust(P) is the largest subfamily of Must(P) such that, if L1, Ly € Must(P) and L, is a proper
subset of L, , then Ly € MinMust(P).

Theorem2.3 Suppose P and Q C K. The following three conditions imply one another:
1) Must(P) = Must(Q)
2) MinMust(P) = MinMust(Q)
3) MinOuts(P) = MinOuts(Q)

Proof : See: [BOL89]. []

2.9 TRACE EQUIVALENCE

In this section, we introduce a weaker cquivalent relation, namely, trace equivalence. Two
LTSs are considered to be trace equivalent if they can execute the same set of sequences of
observable actions starting from their initial states. Trace equivalence differs from the equivalent
relations investigated previously in the fact that, after the two LTSs have executed a sequence of
observable actions, it does not require the two reachable states to satisfy any additional conditions.

Definition 2.26 (Traces)
Traces(p) = {sls€ Tops -3 P € K such thatp==s=>p }.

Definition 2.27 (=, wace equivalence of two LTSs)
LTS1 and LTS2 are said to be trace equivalent, denoted as LTS1 =X LTS2, iff Traces(pg) =
Traces(qg)-

Theorem 2.4
If p =t q then Traces(p) = Traces(q).[J
Proof: Omitted because of its triviality. [

Example 2.8 (Figure 2.8) We have LTS1 =tr _TS2 because Traces(pg) = Traces(qg) = {2, ab,
ac). It can be proved that LTS1 and LTS2 are not strong, weak, exhibited behavior and testing
equivalent.

Example 2.8 will be repeated as Example 4.1 undera unified definition of equivalence.

20



LTS LTS2

£y 4

Figure 2.8 Two trace equivalent LTSs which are not strong, weak , EB and resting equivalent.
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Chapter 3
REDUCTION BETWEEN EQUIVALENCE RELATIONS

3.1 INTRODUCTION
Chapter 2 provides a review on several equivalence relations for LTSs. In this chapter, we
study the interrelationships between these equivalence relations under a transformation of the LTS.
In fact, when one LTS is transformed to another LTS', a type of equivalence relation in LTS may
be reduced to a different type in LTS". Also, the transformation should be “property preserving”,
i.c., some properties of the LTS should be semantically maintained in LTS’ under certain criteria.
In the following sections, we first consider those wransformations which lead to three types of
reduction: (1) weak equivalence reduced to stong equivalence, (2) EB equivalence reduced to
weak equivalence, and (3) testing equivalence reduced to extended trace equivalence. Then, we
discuss the property-preservation issues under these transformations.
This chapter includes our following original contributions:
1) We propose a rule (Transformation Ruie R2) for transforming one LTS to another so that
verification of EB equivalence can be reduced w venification of weak equivalence
(Theorem 3.3, Collary 3.1, Lemma 3.1, Theorem 3.4).
2) We show the properties which are preserved under transformations (Theorems 3.2,
Lemma 3.2, Theorem 3.5).
3) We provide a general property satisfied by the transformations (Theorems 3.7,3.8,3.9
and 3.10).

3.2 REDUCTION FROM WEAK EQUIVALENCE TO STRONG EQUIVALENCE
[KANS3]

It is possible to verify the weak equivalence of two states of an LTS by showing that they are
strongly equivalent in another LTS', which is derived from LTS by using the following
transformation.

Transformation Rule R1: (changing weak-reachability to strong-reachability) [KANS3]

Transform LTS = <K, S, A, po> 0 LTS =<K, Zgps U { £}, &', pg >, where
A=Au{(padlpqeKae Sp{e)p=a=>qinLTS}.
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The only difference between LTS’ and LTS is in their transition functions A and A. In
simple words, A'is obtained by adding the transition (p.2.9) to A wheacver q is weakly-reachable
from p by ain LTS. This is equivalent 10 changing every p==a==>q0p--a~>q.

Example 3.1 (Figure 3.1)
According to Rule R1, since pg==2a ==>p2 is in LTS, transition (po,a.p2) is added.
Similarly, since p; = b ==> p3is in LTS, transition (p1.b.,p3) is added.

LIS LTS

a a

&
B
@4_

Figure 3.1 Changing LTS to LTS' by Transformation Rule R1.

Theorem 3.1 [KAN83]

Suppose LTS ' is transformed from LTS by applying Rule R1. p =¥ qin LTS iffp=* q in
LTS
Proof: This follows from the fact that LTS and LTS' have the same state space and action set and

that, for any states p and g, p==a==>qin LTS iffp—~a->qinLTS.[]

Based on Transformation Rule R1 and Theorem 3.1, verification of weak equivalence in LTS
can be done in LTS as follows: 1) Transform LTS to LTS’ by Rule R1. 2) Verify strong
equivalence in LTS

The following theorem states some equivalence relations between LTS and LTS.
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Theorem 3.2

Supposc LTS' is transformed from LTS by applying Rule R1. LTS and LTS are weakly,
testing and trace equivalent.
Proof: Note that the definitions of weak, testing and trace equivalences arc all based on weak
reachability ==>. Let X = Reach({p},2, =>) in LTS and X = Reach({p}.2,=>) in LTS. By
considering the facts thatp =2 ==>q in LTS iff p - a—>q in LTS, thatp--a—>q s the same
asp—a—->quTS and that LTS and LTS’ havcd:csamestatcspaoc we can conclude that,
for every state p € K and every actiona € Iobsu{e} X =X'. Furthermore, for every state p.€
K.p(mX)-"pm(X)and MinQuts(X) = MinOuts(X). In particular, these cases hold for initial
state pg. It follows from Definitions 2.13, 2.15 and 2.22 that LTS =x LTS', where =X stands for
weak, testing or trace equivalence. {J

3.3 REDUCTION FROM EB EQUIVALENCE TO WEAK EQUIVALENCE

It is possible to verify the EB equivalence of two states in one LTS by showing that they are
weakly equivalent in another LTS', which is derived from LTS by the transformation Rule R2 to
be described below. But, let us define the following term first.

Definition 3.1 (isolated state)
A state p € K is said to be isolared if there do not exist any state q € K and action 2 € z
such that (p, a, q) or (g, 2, p) € A.

The following rule cannot be used for non-strongly convergent LTSs which have £-loops
(i.e., loops containing only trznsition 1) originating and ending at the same unobservable state.
This kind of unobservable states cannot be eliminated from LTSs by the rule. It has been proved
[POMS6] that, in the non-strongly convergent case, there exists two EB equivalent LTSs which are
not testing equivelent. For our application, under the assumption that it is possible to observe the
beginning and ending of a normal execution (see the assumption of Definition 2.3 and Definition
2.23), we consider strongly convergent LTSs only.

Transformation Rule R2 ( Eliminating unobservable states from an LTS)

Transform LTS =<K, I, A, pg > to LTS =< Ko, Z, A', pg >, where Ko is the subset
of observable states of K and A’ is obtained from A by applying the following steps repeatedly
until it is no longer possible.

Step 1. In A, for every (p,a,q), where a € T and q is an unobservable state, execute the following
operations:

a) If (p,a,q) is the only transition ending at q, then delete (p,2,9) and all (q.7, 1), where

24



r € Reach(q,z,—>); otherwise, delete just (p.a.q).
b) For every r € Reach(q,t,—>), add (p,a.x) into A.
Step 2. Delete q from K if q is isolated.

The main difference between LTS and LTS is in their transition functions A and AL Ais
obtained from A by deleting all unobservable states and their incident transitions, and by adding
the transition (p,a,r) whenever r is EB-reachable from p by a and there exists at least one
unobservable state q such that p=—a=>qandq-—-t->rinLTS.

Essentially, Rule R2 transforms indeterminism caused by unobservable states to
indeterminism caused by the multiple occurrences of observable actions. It reflects the
characteristics that EB equivalence ignores unobservable states.

Example 3.2 (Figure 3.2)

Assume that al, a2, b1, and b2 are observable actions. State p3 is the only unobservable state
in LTS. First, consider (py,al,p3) in A. Since (p2,a2,p3) is also in A and Reach(p3,t,—>) = {pa,
ps}h (p1,al,p3) is deleted (Step 1.2 of Rule R2) while (p1,a1,p4) and (p1,al,ps) are added (Step
1.b of Rule R2). Now, since (p2,22,p3) has become the only transition leading to p3 in A,
(p2,32,p3), (p3.%.P4) and (p3,T,ps) are all deleted (Step 1.a of Rule R2) while (p2,22,p4) and
(p2,a2,ps) are added (Step 1.b of Rule R2). Lastly, p3 is deleted because it becomes isolated by
this time.

LTS LTS

Figure 3.2 An example of changing LTS to LTS' by Transformation Rule R2.
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The following theorem states that Transformation Rule R2 preserves weak reachability
"_=s* between two observable states. Note that this is not true for unobservable states, because
LTS does not have unobservable states.

Theorem 3.3 Suppose LTS' is transformed from LTS by applying Rule R2. For every p, § €
Koandevery ae€ ZpsVU{EDL p=a=>qinLTS iff p=a==>qin LTS\

Proof; For every (pa,Q) € A', we call it "new” if it is added into & during the transformation;
otherwise we call it "old”.

(<=)p== a=>qinL'I‘S' means that there exists a sequence of states qy, @3, ---» dm € Ko
such that p = q - T~>q2, Q2= T —> Q3s == G~ 2 =2 Qj1> - Qm-3 — T —> Qq = Q- Consider
each g; - T (Or 2) —> G4, Where 1 <= i <=m-1.If it is "old", it also exists in LTS. K itis "new",
k (>= 0) unobservable states q; 1» Gi2» - ik in LTS may have been deleted between qj and
gi+1. So before the mansformation, we must have g; — T (or @) —> G 1, Qi1 == T ~> Qi ~» ik~
- T — g;, in LTS. That is, g; == T (0or a) =>Qjy1 in LTS. By combining all these wansitions, we
have p==a==>qinLTS.

(=>)wcarcgoingtoprovcthatthefactp=awqinLTS implies that p==a==>qn
LTS' by induction on m, where m is the number of unobservable states occurring on the path p ==
a==>qin LTS.

i. m =0, which means there exists a sequence of states 43,92, «» dm » suchthatp=q;—-1T->

Q2 Q2 — T => Q35 = Q== 2 > Qjs 1> +»m-1 " T —> qp=qin LTS, where every q;-- T

(or 2) —> Qj4 is "old" and every q; (1=2,3, ..., m-1) € Ko. So after transformation,

p == a ==>q exists in LTS’

ii. Assume for m-1, p = a=>q in LTS implies p = a=> qin LTS.

iii.Supposctha:mcrcammunobscrvablcstaminﬂlcuaccp = a ==>q in LTS. We consider the
following two cases :

a) There is no observable state on the path from ptoq (see Figure 7.3). Based on Transformation

Rule R2, we will add p —a—>q in LTS  and all the m unobservable states will be deleted. so

p = a ==> q exists in LTS..
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Figure 3.3 All states on the path between p and q are unobservable .

b) Suppose q* is the last observable state in the trace (see Figure 3.4). Then either (p==2 => q*
andq*=a=>q)or(p=e=>q* and q*"==a ==> q) holds in LTS. We now prove that
fp=a=>q"andq* =e=>qinLTS then p==2 ==>q in LTS". Similar proof can be
used in the case where p ==& ==>q* and q*==a==>qinLTS.

If a1l m unobservable states arc between g* and g, then according to Transformation Rule
R2, ¢*—1—>q will be added in LTS'. Since p=2a==>q" in LTS, sop == =>q" is wue
inLTS'(whercm=0).Byoombiningth&sctwou'aocs.wchavcp=a—=>qinLTS'.

If there is at least one unobservable state between p and g, by induction, we have both
p==a==>q" and q*==e=> qin LTS. This implicsp==2=>¢ inLTS. ()
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Figure 3.4 There is at least one observable state q* on the path between p and q.

The above result can be extended to sequences of observable actions, as stated in the
following corollary.

Corollary 3.1 Suppose LTS is transformed from LTS by applying Rule R2. Forevery p,q €
Koandeverys e Eobs*, p=s=>qinLTSiffp=5s=>qinLTS'.
Proof: By induction on the length of s. ]

Lemma 3.1 Suppose LTS' is transformed from LTS by applying Rule R2. For every p.q €
Ko and every k >=0, p#1® qin LTS iff p#¥ qin LTS'.

Proof : By induction on k, Theorem 3.3 and the fact that, V p,q € KoandVae Xy {E
},p=a==qinLTSiff p==a==>qinLTS.[]

Theorem 3.4 Supposc LTS is transformed from LTS by applying Rule R2. For every p,q €

Ko, p=bqin LTS iff p=¥ qin LTS.
Proof: This follows from Lemma 3.1 and the definition of =%, ]
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Based on Transformation Rule R2 and Theorem 3.4, verification of EB equivalence in LTS

can be carried out in LTS’ as follows: 1) Transform LTS to LTS by Rule R2. 2) Verify weak
equivalence in LTS.

Next, we shall show some propertics between LTS and LTS .

Lemma 3.2 Suppose LTS is transformed from LTS by applying Rule R2. For every s €
Tobs » MinOuts(Reach({pg}.s,=>)) in LTS = MinOuts(Reach({pg).s,=>)) in LTS".

Proof: By Definition 2.3, the initial state pg is observable and hence will not be deleted by Rule
R2. Let R = Reach({pg},s,==>)) in LTS and R = Reach({pp).s,==>)) LTS'. According to
Transformation Rule R2, every q € R’ is observable, By Corollary 3.1, q € R and hence R CR.
Suppose, in LTS, R = R U X, where X is the set of unobservable states. By Definition 2.21,
Outs(R) = Outs(R’) L Outs(X) and Outs(X) = {Ow(p") l p* € X}. For every unobservable state
p* in X, since p* is not the tcrminating state, there must exist a subset X of R', such that for
every state p € X, pp=Ss => p*. p* ==& ==> p and Ow(p) C Ow(p*). (See Figure 3.5). By
the definition of MinQuts(R), we know that OW(P*) will be eliminated from Outs(R). Hence in
LTS, MinOuts(R) = MinOuts(R). {J

Po

S

O
At
P g

Figure 3.5 Construction of MinOuts(Reach((pg}.s,==>) in LTS.

Theorem 3.5 Suppose LTS is transformed from LTS by using Rule R2. LTS and LTS are
EB, testing and trace equivalent.
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Proof: (For EB equivalence) By Theorem 3.3, for any observable states pand g, p==a =>q in
LTS iff p=a==>qin LTS. By the facts that p=a=>qiff p==a== qin LTS and that
LTS and LTS have the same observable state space, it follows that LTS =¢b LTS,

(For testing equivalence) By Lemma 3.2 and the definition of =I.

(For trace equivalence) For every sequence s = 2jay...a, € Trace(pg) in LTS, there exists a
sequence of states py, py, .-, Pp € Ko, such that py == 2) ==>py, p; == 2 => P9, .y Pp] ==
3y ==> Py. By Theorem 3.3, pj==a ==>p;,; in LTS iff pj==a==>p,,, in LTS" Thus, s €
Trace(py) in LTS The reverse can be proved in a similar manner. [)

3.4 REDUCTION FROM TESTING EQUIVALENCE TO EXTENDED TRACE

EQUIVALENCE [BOLS89]

It 1s possible to verify whether LTS1 and LTS2 are testing equivalent or not by showing
whether LTS1 and LTS2' satisfy an extended version of trace equivalence, called extended trace
equivalence, where LTS1 and LTS2' are derived from LTS1 and LTS2 by using the following
transformation rule, respectively.

Transformation Rule R3: (changing an indeterministic LTS to 2 deterministic LTS)
Transform LTS =<K, £, 8, pg > 0 LTS = <K/, T, A, pg > by the following steps.
Step 1. (changing weak reachability to strong reachability)
Obtain LTS" =<K, 3, A", py > from LTS by Transformation Rule R1 (Section 3.2).
Step 2. (changing an indeterministic LTS to a deterministic LTS)
Obtain LTS = <K/, T, A', pp > from LTS by applying a classical "subset
construction” algorithm for transforming an indeterministic finite state machine to a
deterministic one which has the same sequences of observable actions [AFIOS8S8],
where K is the sctofstam transformed from K. Each state in K’ represents 2 subset of
states of LTS and p| o Tepresents the subset including py. A'is a transition relation in
K'x Topsx K. A'= {([p), 2, [q]) | [p], [q] € K, where [p] and [q] represent the
subsets of K, respectively, ae Ygcand [p]==a=> [qlin LTS"} (See definition 2.10)
. After LTS is obtained, the internal action < is removed from action set 2.
Step 3. (assigning labels to the states of LTS
For every state p of LTS, if 35 € T such that pg - s ~> p, then assign the label
MO 10 p, where MO = MinOuts( Reach({pg},s,=>)) in LTS".
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Definition 3.2 (=%, extended trace equivalence)

Suppose LTS1'= <P, Tps, AP, Po > and LTS2'= < Q, Zepss 4Q- Qo > are
transformed from LTS1 and LTS2 by using Rule R3, respectively. p g and q g are said to be
extended trace equivalent, in notation, p o =t q g, iff the following two conditions are satisfied :

i. Trace(pq) = Trace(qg); and

ii. forevery s€ Tguc*, every pe P and every q € Q, where pg - s-->p in

LTSI and q‘o —-5—> q' in LTS2, states p and q have the same MO-label.

Theorem 3.6 [BOLS9]

Suppose LTSI and LTS2' are transformed from LTS1 and LTS2 by using Rule R3,
respectively. LTS1=tLTS2 iff LTSI =*tLTS2.
Proof : This follows directly from Definitions 2.23 and 3.2. ]

Example 3.3 (Figure 3.6)

Figure 3.6 shows two LTSs LTS1 and LTS2 and their extended LTSs LTS1 and LTS2'
obtained by applying Rule R3. In this example, since no T actions are involved, the two
intermediate LTSS LTS and LTS1" are the same as LTS1 and LTS2, respectively. The MO-
labels are attached to the states of LTS1' and LTS2'. Although Trace(p o) = Trace(qg), itis not

true that LTS1 =t LTS2', because p 1 and q 1 have different labels. Hence, it is not true that
LTS1=tLTS2.
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{{b.c}} {{b}.{c]]
Figure 3.6 Two LTSs which are not testing equivalent.

35 PRESERVING PROPERTIES UNDER TRANSFORMATION

In the previous sections, we have seen that the verification of weak, EB and testing
equivalences between two LTSs can be reduced to the verification of strong, weak and extended
trace equivalences between two LTS's which are derived by using Transformation Rules R1, R2
and R3, respectively. Also, we have proved the existence of some propertics between LTS and
LTS'. In this section, we formalize and generalize these results as a problem called Correctness
Preserving Transformation (CPT). Here, CPT means that after using a transformation ruie, some
important features of the original LTS have to be kept in the transformed system. ie., they should
be “scmantically equivalent” under certain criteria. The CPT problem has been investigated for the
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design and verification of communication protocols, for example, in the Petri-net model [CIN8S]
and LOTOS [LANS0). In this section, we discuss the problem of cquivalence-preserving
transformations between LTSs.

Definition 3.3 (Satisfaction)

Fora set S of LTSs, let R : § —> S be a transformation rule. R is said to satisfy equivalence
relation == in S iff, VLTS € S, LTS =X R(LTS).

Theorem 3.7 Suppose =* and =Y are two equivalence relations, where =% C=Y,andRisa
transformation rule. If R satisfies =%, then R satisfies =Y.

Proof: Since = C =, it follows that LTS =% R(LTS) implies LTS =Y R(LTS), for every LTS €
s.d

Definition 3.4 (Preservation)

For a set S of LTSs, let R : S --> S be a transformation rule. R is said to preserve
equivalence relation =% in S iff, VLTS1,LTS2 € §, R(LTS1) =X R(LTS2) if LTSI =*LTS2.

Theorem 3.8 Suppose =* is an equivalence relaton and R1s 2 transformation rule. If R satisfies
=X , then R preserves =X,

Proof: Suppose LTS1 =X LTS2. Since R satisfies =%, it follows that LTS1 =% R(LTS1) and LTS2
=X R(LTS2). Since =X is an equivalence relation, it follows that R(LTS1) =X R(LTS2). {

Thecrem 3.9 Transformation Rule R1 satisfies and preserves weak, testing and trace
equivalences in S.

Proof: It follows from Theorem 3.2 and Definition 3.3 that R1 satisfies weak, testing and trace
equivalences. By Theorem 3.8, these equivalence relations are preserved by R1. [}

Theorem 3.10 Transformation Rule R2 satisfies and preserves EB, testing and trace
equivalences in S.

Proof: It follows from Theorem 3.5 and Definition 3.3 that R2 satisfies EB, testing and trace
equivalences. By Theorem 3.8, these equivalence relations are preserved by R2. []
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Chapter 4

A UNIFIED DEFINITION AND
COMPARISON OF EQUIVALENCE RELATIONS

4.1 INTRODUCTION
This chapter presents the main theoretical results of this thesis. It includes two parts. In the
first part (Section 4.2), by extracting three essential and common characteristics of the various
equivalence relations defined in Chapter 2. we give a unified definition for them. Based on this
definition, we illustrate by several examples the fact that the various equivalence relations differ
from onc another in their types of reachability and in the observable properties of the reached sets
of states. In the second part (Section 4.4), we compare the strength of the various equivalence
relations. Some of the equivalence relations have stroug=s Sounditions than the others. This means
that their partitions of the universe of states into equivalent classes are more refined than those
based on the others. These conditions ¢an be strengthened or weakened -to reflect various
conditions for observation.
This chapter includes our following original contributions:
1) We propose a unified definition of equivalence relation (Definition 4.2).
2) We create many examples for illustrating the unified definition and for comparing the
strength of the equivalence relations (Sections 4.3 and 4.4).
3) We provide a proof that EB equivalence is stronger than testing equivalence (Theorem
4.3).
4) We provide a disproof of the conclusion existing in literature that EB equivalence is
stronger than weak equivalence [POMS36] (Theorem 4.4).

4.2 A UNIFORM APPROACH FOR DEFINING EQUIVALENCE RELATIONS

In the literature, various equivalence relations have been defined by using different concepts
and approaches. However, in Chapter 2, we have been able to single out the following three
important preperties for describing these telatons :

1) The type of reachability of the action sequences.

2) The property of the reached set of states.

3) The relationship imposed between the reached sets of states.

In this section, based on the above properties, we give a unified definition for the various
equivalence relations. This definition is based on our observation that, for the types of equivalence
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relation studied in Chapter 2, verifying the equivalence of two labeled transition systems LTSI =<
P, Ap,p>and LTS2=<Q, I, Aq . q> can be done by the following uniform process.

A uniform process for verifying equivalence relations

First, depending on the equivalence relation =* to be verified, select a type of reachability
~~> (out of —>, ==> and ==>), 2 domain D of action sequences (from a subsct of cither ¥ or
Sobs ) and a criterion C; from the sct described below. Then, for cach s € D, carry out Step 1 and
Step 2 below. p =X q iff the result of Step 2 is affirmative.

Step 1: Find Reach({p},s,~~>) and Reach({q},s,” ).

Step 2: Show whether Reach({p},s,~~2) and Reach({q},s,~~>) satisfy criterion C; or not.

Set of possible criteria: |
Cl. Forevery p € Reach({p}.s,~~>),3q € Reach({q},s,~~>) such that p'=* q. Also,
forevery "€ Reach({q).s,~~>),3p" e Reach({p},s,”~>) such thatp”=*q".
C2. MinOuts(Reach({p},s,~ ~>) = MinOuts(Reach({q},s,” ).
C3. Both Reach({p}.s,~~>} and Reach({q},s,”~>) arc not empty.

The following terminology is needed in order to give a unified definition of equivalence
relations.

Definition 4.1 (identity of sets of states)
For two subsets A and B of the state space of a LTS, different types of identity =* can be
defined as follows:
1. A and B are said to be strongly-identical, denoted as A =SB, iff, Vae€ A,3be Bsuch
that a =S b; and vice versa.
2. A and B are said to be weakly-identical, denoted as A =¥ B, iff, Vae A,3be Bsuch
that a=W b; and vice versa.
3. A and B are said to be EB-identical, denoted as A =P B, iff, Va€ A,J b e B such that
a=¢tbb; and vice versa. .
4. A and B are said to be zesting-identical , denoted as A = B, iff MinOuts(A) = MinOuts(B).
5. A and B are said 10 be trace-identical, denoted as A =% B, iff both A and B arc not empty.

Based on the three types of reachability defined in Chapter 2 and the identities defined above,
we can now give the following unified definition of the various equivalence relations.
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Definition 4.2 (unificd definition of equivalence relations)

Two states p and q of 2 LTS are said to be x-equivalent iff, Vse D, Reach({p}, s, x-
reachable) =* Reach({q}, s, x-reachable), where the domain D of the action sequences, the type of
reachability ‘x-reachable’, the type of identity ‘=% ", and the way they arc associated are defined
according to a given set of rules.

In general, the unified definition is dependent on the given set of rules. Its essense is that its
three properties characterize the different aspects of observing the behavior of an LTS.

i) The domain describes the scope of action sequences 1o be observed.

ii)‘Ihctypcofmadmbi]itydcscn‘bcsthcvmiouswaysofhding from one state to the others

where further observation is to be made.

i Tne idcnﬁtymlaﬁonsummmizcsmcmcmhdmshipbctweenthcwomachedscsof

states. -

Note that, in the case of strong, weak and EB equivaleaces, Definitdon 4.2 is recursive.
Strictly speaking, therefore, we have to use their k-equivalences.

As particular cases of this unified definition, the five equivalence relations investigated in
Chapter 2 are summarized in Figure 4.1. It shows how the different types of reachability, action
sequences and propertics of the reached states are used to distinguish the various equivalence
relations.
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Note : X =Reach({p}.s,”~>); Y = Reach({q}.s,”~?)

Figure 4.1 Three properties used for characterizing five equivalence reiations

under the unified definition.

43 EXAMPLES ON THE VERIFICATION OF EQUIVALENCE BASED ON THE

UNIFIED DEFINITION

In this section, several examples are presented for illustrating how to verify an equivalence
relation based on the uniform approach described in Section 4.2. These examples clearly show that
the different equivalence relations depend on the three common characteristics. These examples are

also used for comparing these equivalence relations in Section 4.4.

Example 4.1 (Figure 4.2)

In the following, let s € Tobs* » ~~> denote ==>, X = Reach({pg},s,==>) and Y =

Reach({qp)}.s,==>).
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1) LTS1 = LTS2 holds for the following reason: For cach of the sequences s =a, s=ab,and s =
ac, we have X # @ iff Y # @. Hence, X =Y.
2y LTS1 =t LTS2 does not hold for the following reason: For s =2, we have X = {1},

MinOuts(X) = { {b,c}}, Y = {q),q3} and MinOuts(Y) = {{b}.{c}}. Hence, X = Y does not

hold.

After action a, both b and ¢ are acceptable at state p;. However, only b (resp., ©), but not both,
is acceptable at state q; (resp., q3). This means that the reachable sets {p;} and {(qg q3} have
different deadlock phenomena. To sce this, consider a process S which accepts only action b after
action 2. LTS1 will never deadlock when communicating with S, but LTS2 will deadlock if, the
system transfers to g3 after action a.

LTS1 . LTS2

PR

Figure 42 Two LTSs which are trace equivalent but not testing equivalent [PEH89].

Example 4.2 (Figure 4.3)

In the following, let s eZobs*. X = Reach({pg}.s,”~>)and Y = Reach({qp},s,~~>), where

~~3> denotes ==> for testing equivalence and denotes => for EB equivalence.

1) LTS1 =! LTS2 holds for the following reason: For s = a, we have X = {p p2 3},
MinOuts(X) = {{b}.{c}}, Y = {ql,qz'cg.m} and MinOuts(Y) = {{b},{c}}).Fors=abands=
ac, we have MinQuts(X) = MinOuts(Y) = {&}. Hence, X =t Y.

2) LTS1 =tb LTS2 does not hold for the following reason: For s =2, we have X = {p2p3}

and Y = {qpq3G4}- But, p=*®q3does not hold for g3 € Y and forevery p X. Hence, X =¢b

Y does not hold.

The main point of this example is that, because of the internal operation T following the
interaction a, LTS1 and LTS2 reach two different sets of observable states X = {po p3} and Y =
(q2.93q4), respectively. State q3of Y has 2 different deadlock phenomenon from p2 and p3-
Therefore, po =¢b qo does not hold.
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" Figure 4.3 Two LTSs which are testing equivalent but not EB equivalent [POMBS6].

Example 4.3 (Figure 4.4)

In the following, let s eEobs*, X = Reach({pg}.s,~ ~?) and Y = Reach({qg}.s,~~>), where
~~> denotes ==> for both testing equivalence and weak equivalence and denotes ==> for EB
equivalence.

1) LTS1 =tLTS2 holds for the following reason: For s = a.. we have X = {p; Pz p3ls

MinOuts(X) = {{b}.{c}}, Y = {q; g3} and MinOuts(Y) = {{b},{c}}. Fors =abors =ac, we

have MinOuts(X) = MinQuts(Y) = {&}. Hence, X =Y.

2) LTS1 =b LTS2 holds for the following reason: For s = a, we have X = {p2p3}, Y =
{q1,93}, 2= q; and p3 =P q3. Similar properties hold for s =ab and s = ac. Hence, X =<
Y.

3) LTS1 =¥ LTS2 does not hold for the following reason: For s = a, we have X = {p1p2p3}

and Y= {q) g3}. But, p =¥ q does not hold for every q € Y. Hence, X =V Y does not hold.

In LTS1, indeterminism is caused by the internal action 7. In LTS2, indeterminism is caused by
the multiple occurrences of the external action 2, and after a, eitherborc is acceptable but never
both. Thus, p; can be simulated by neither qy nor 3.
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Figure 4.4 Two LTSs which are testing equivalent and EB equivaleat but not weakly cquivalent
[POMB6].

Example 4.4 (Figure 2.3)
In the following, let X = Reach({pg},s.~ ~>) and Y =Reach({qg}:s,~ ), where ~=~> denotes
==> for weak equivalence and denotes —> for strong equivalence.
1) Lets € Sops » LTSI =¥ LTS2 holds for the following reason: For s =2, we have X =
{p1p3}. Y= {ql_q3,q5}, nsv¥qnLr=V and p3 =¥ qs. Similar properties hold for s = ab
and s = ac. Hence, X =V Y.
2) Let's € 5%, LTS1 =5 LTS2 does not hold for the following reason: For s =3, we have X=
{p;) and Y = {q) g5}- But, 1 =°Qs does not hold. Hence, X =S Y does not hold.

Example 4.5 (Figure 4.5)

Let s € Sobs'» X = Reach({pg).s,~~>)and Y = Reach({qg},s,~ ~>), where =~ denotes
= for weak equivalence and denotes = for EB equivalence.

1) LTS1 =% LTS2 holds for the following reason: For s = a, we have X = {p1 p2P3}. ¥ =
{qaal.-p1=VanLp2 =W q, and p3 =¥ q3. Similar properties hold for s=ab, s =ac ands=
ad. Hence, X =V Y.

2) LTS1 =0 L'TS2 does not hold for the following reason: For s =a, we have X = {p1p2.p3}
and Y = {q2q3}). But. py =¢b q does not hold for every q cY.Hence, X =<0 Y does not hold.
Initially, action a is acceptable in both systems. However, after the interaction a, LTS1 reaches

the obscrvable state py in which actions d, band c are all acceptable. But, in the observable state gy

or g3 of LTS2, not all of d, borccanbe accepted. Hence, pg =<P qpdoes not hold.
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Figure 45 Two LTSs which are weakly equivalent but not EB equivalent.

4.4 COMPARISON ON THE STRENGTH OF EQUIVALENCE RELATIONS

In this section, we compare the strength of the various equivalence relations. By means of a
counter example, we also disprove the conclusion existing in literature that EB equivalence is
stonger than weak equivalence {POMS6].

Definition 4.3 (=, swonger than; >, strictly stronger than; =, equal; ><, overlapping)
Let =* and =Y be two equivalence reladons.
1)=* 2 =Y iff, for any two LTSs LTS1 and LTS2, LTS1 =X LTS2 implies LTS1 =Y LTS2.
2)=x > =Y iff=X 2 =Y and there exists at least one pair of LTSs LTS1 and LTS2 such that
LTS1 =Y LTS2 but LTS1 =% LTS2 does not hold. .
PN=x = =¥ iff =X 2 sYand =Y 2 =X
4)=x >< =Y iff neither =X2=Y nor =¥2=* holds. =* and =Y are said to be "overlapping”.

Theorem 4.1 =5 > =W,
Proof: It follows directly from Definitions 2.11 and 2.13 that strong reachability --> is a

particular case of weak reachability ==>. Example 4.4 shows that two weakly cquivalent LTSs
may not be strongly equivalent. []
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Theorem 4.2 =¥ > =L

Proof: Suppose LTS1 =¥ LTS2. It follows from the definition of weak equivalence that, for any
sequence S €  ops + if Pp =5 =>P,3 o suchthat gg=s=>q andp =¥q.p =¥ q
means that the set of observable actions acceptable at p' = the set of observable actions acceptable
at q'. That is, MinOuts(Reach({po},s,—>)) = MinOuts(Reach({qp}.s,=>)- Fencs, LTS1 =t
LTS2. Example 4.3 shows that two testing equivalent LTSs may not be weakly equivalent. {]

Theorem 4.3 =% > =t

Proof: Suppose LTS1 =t LTS2. Let LTS1 and LTS2 be transformed from LTS1 and LTS2 by
using Rule R2, respectively. Since Rule R2 preserves EB equivalence (Theorem 3.11), LTS1' =P
LTS2. Also, LTS1 =% LTS2' because no unobservable states exist in LTS1' and LTS2. By
Theorem 4.2, it follows LTS1 =t LTS2. By Theorem 3.6, LTS1 =tLTSI and LTS2 tLTS2,
respectively. Hence, LTS1 = LTS2. Example 4.2 shows that two testing equivalent LTSs may not
be EB equivalent. {}

It has been claimed in the literature [POMBS6] that weak equivalence is stronger than EB
equivalence. The following theorem nullifies such a claim.

Theorem 4.4 : =W >< =,

Proof: Example 4.3 shows that two EB cquivalent LTSs may not be weakly equivalent. Hence,
EB equivalence is not stronger than weak equivalence. Example 4.5 shows that two weakly
equivalent LTSs may not be EB equivalent. Hence, weak equivalence is not stronger than EB
equivalence. []

Theorem 4.5 : =t >=U,
Proof: Erom the definition of testing equivalence, =! implies =¥, Example 4.1 shows that two

trace equivalent LTSs may not be testing equivalent. []

Figure 4.6 shows the partial order of the strength of the five equivalence relations under
consideration.
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Notation ; The stronger equivalence relations are represented as subsets of the weaker onces.

Figure 4.6 Comparison on the streagth of five equivalence relations
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Chapter 5
ALGORITHMS FOR VERIFYING EQUIVALENCE RELATIONS

5.1 INTRODUCTION
Chapters 2 and 3 provide the definitions of equivalence relations and reduction methods

between them. In this chapter, we review some existing algorithms and also proposc a new
algorithm for verifying these relations. We first introduce the problem called "relational coarsest
partition” [KANS3]. Its solution is useful for the verification of stong, weak, EB and testing
cquivalences. Then, we show: (1) strong equivalence can be verified by solving a sct of relational
coarsest partition problems; (2) weak equivalence can be verified by solving an instance of the
strong equivalence problem; (3) EB equivalence can be verified by solving an instance of the weak
equivalence problem; and (4) testing equivalence can be verified by solving an instance of the trace
equivalence problem, which in turn can be formulated as a " relational coarsest partition” problem.
The algorithms for verifying strong, weak and testing equivalences can be found in the literature
[KANS3, BOL89].

This chapter includes our following original contributions:

1) We propose a new algorithm for verifying EB equivalence.

2) We provide a proof that the problem of EB equivalence verification can be solved in

polynomial tme.

‘An equivalence relation is defined in terms of the initial states of two different LTSs.
However, the verification algorithms are applied to two different states of the same LTS. Hence,
we have to define the union of two LTSs in order to apply a verification algorithm. Obviously, a
necessary condition for equivalence is that the two LTSs have the same action set. In the following
definition, without loss of generality, we may assume that the two LTSs have disjoint state spaces
but the same action set.

Definition 5.1 (Union of LTSs)

Let LTS1=<P, 3, Ap,pp> and LTS2=<Q, I, A, qp > be two LTSs with disjoint
state spaces out the same action set. The unio.z of LTS1 and LTS2 is the labeled transitior: system
LTS =<K, %, A,-> whee K=F U Q, A = ApU Ag and the initial state of LTS is
immaterial (as far as application of the verification algorithms is concerned).



5.2 THE RELATIONAL COARSEST PARTITION PROBLEMS (RCP) [KANS3]

In this section, we describe the RCP problem and some existing algorithms for solving it.
These algorithms are used in Secton 5.3 for verifying strong equivalence. Based on these
algorithms, we can derive efficient algorithms for verifying weak and EB equivalences (Sections
5.4 and 5.5).

Tt is very unlikely that efficient ( i.c., polynomial-time ) algorithms will ever be found for the
other equivalence relations, such as trace equivalence (similar to traditional language equivalence),
and testing (failure) equivalence. Both problems have been shown to be PSPACE-complete
[KANS3] (Sec_tion 5.6).

A partition of a set S consists of nonempty disjoint subsets called blocks of S whose union
is S itself. The relational coarsest partition (RCP) probiem is described below:

The Relational Coarsest Partition (RCP) Problem
Given a set S, an initial partition 119 = { E, Ey,.....E, } of S and a function F: § — 25,
derive a new partition IT = { B1,Bo,....uBq } Of S such that
i. II is consistent with IO in the sense that every By is a subset of some E; ;
ii. for every pair p, q in block By and any block B; of I, F@)n B;= @ iff FQ NnB;#
@ ; and '
fi. TT has the smallest number of blocks.

The RCP problem is said to be bounded fanour if there exists a constant C such that, for’
every p € S, IF(p)l <= C, where IX] denotes the number of elements of X. Obviously, for finite
LTSs, any RCP problem is bounded fanout.

The function F can be represented as a directed graph G whose node set is S and arc setis { (
p.q)Ip,qe S,qe F(p)}. The size of RCP is ( N, M), where N is the number of nodes and M
is the number of arcs of the graph. In the particular case where F: S — S and thus M =N, the

RCP problem can be solved by an O( NiogN ) algorithm [AHO74). In general, we can use the
algorithrns described below [KANS3].

Algorithms for solving the RCP problem

An obvious solution to the RCP problem is to start with the initial partition IT =10 = (
E},Ep,---—Ep } 2nd refine the blocks of IT as follows. Let B; be a block of IT.Foreachpe B,
examine F(p). We partizion B; so that two clements p and q of B; are put in the same subblock if
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and only if, for any block B; of IT, F(p) N Bjand F(q) N Bjare cither both empty or both non-
empty. This naive method is formally described below.

Algorithm RCP-1 (naive) [KANS83]

Input : A st S, a function F : $ — 25 and an initial partition I0 of S.

Output : A partition IT which is a solution to the RCP problem.

Method :

Begin .
Starting with i = 0, repeat the following process until IIi = [Ti+1 for certain i. Then, let IT
= Ti.
Process: Suppose ITt = { By,Bs,......Bp }. Obtain ITi+1 as follows: Partition each By of ITi
into sub-blocks Byj,Byp,--Byy i such a way that p,q€ Byare grouped into By, iff, for
every block Bjof I, F(p) NB; and F(q) N B; arc cither both empty or both nonempty.

end

Lemma 5.1 Algorithm RCP-1 solves the RCP problem of size (N, M) in O( NM ) tme.
Proof: See [KANS83). [J

The complexity of the above naive algorithm can be improved substantially by a
generalization of the divide-and-conquer method {AHO74). The generalization appears in the form
of an algorithm for solving the bounded fanout RCP problem in O( CleogN } [KANS83]. First,
we describe the concept behind this algorithm.

For any block B of a given partition I1i, define C non-overlapping and possibly empty
blocks, Fg1(B), F~1(B)..., Fe.171(B), where Fj'l(B) = { bI F(b) " B # & and there are exactly
j other blocks B'of ITi such that F(p) N\B'= 3 }.

Now, instead of partitioning a block By based on the image set F(b) of b in By as in the naive
method, By is partitioned into at most C+1 blocks based on F;~1(B) as follows:

By;=({blbe Byandbe Fl(B)}. i=0,1,.., Cl,and

By = By - U; By, where the subscript i of U; nd By; runs from QwC-1
Once we have partitioned By, with respect to B, we need not partition By further with respect to B
unless B itszIf is split. However, if B itself is split into C+1 pieces B0,B1,..., B, then Similar to
[AHO74], we need not partition By further with respect to all of BO,B1,....BC but with respect to
the C smallest of them.

The above method is formally described below.
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Algorithm RCP-2 (divide-and-conquer) [KAN83]
Input : A set S, a funcion F: § — 28, an initial partition IO of S and C = max {IF(p)! Ip € S}.
Output : A partition II' which is a solutior: :0 the RCP problem.

Method :
Begin
BLOCKS :=IT0; WAITING :=TI10; /#BLOCKS is the current partition. WAITING is the set of
blocks waiting to be partitioned™*/
While WAITING not empty do
Begin

Select and delete a block B; from WAITING
Compute F;"1(B; ) fori=0.1,....C-1
Suppose BLOCKS = { By,B,,.....B }
Fork=1.2,.p,
Begin
If By satisfies the following conditions: a) By is not a subset of
Fi1(B;), for everyi; and b) By N (U; Fl®B;) =9,
then
Begin
Delete By from BLOCKS
Partition By into C+1 new subblocks Byj={blbe Byandbe Fil(Bp 1, i=0.1,
ey C-1,2nd Bpe =Bp - U; By -
Put the nonempty new blocks into BLOCKS.
If By is in WATTING then delete it from WAITING and add all nonempty new
subblocks to WAITING else add the C smallest subblocks of By to WAITING;
end /* end if */
end /* for */
end /* while */
Return with IT = BLOCKS.
end

Theorem 5.1 The bounded fanout RCP problem is solved by Algorithm RCP-2 in time
O( C2NlogN ), where N is the number of elements of S.
Proof: See [KANS3]. ]
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5.3 AN ALGORITHM FOR VERIFYING STRONG EQUIVALENCE

In this section, we show that, fora given LTS =<K, X, A, - >, the problem of verifying
the strong equivalence of two of its states can be reduced to solving IZI instances of RCP
iteratively. In each iteration, the function F is defined in terms of an actiona€ Y asFa: S — 25,
where Fy(p) = {q 1 (p.2,Q) € Al. In the first itcration, the initial partition IT?is {K}; and, in the ith
iteration, the initial partition is the outcome of the (i-1)th iteration.

Algorithm Verifier-strong [KAN83]

Input: AnLTS =<K, =, A, ->, where £ = (a}, a2, .., ap}, and p, g€ K.
Output : A partition IT of K for making the following verdict.

Verdict : p =5 q iff p and q belong to the same block of IT .

Method :

£3

Begin
IN:=({K).
repeat
For evety Fa; (i =1,2,.., 121), IT : = RCP(K, Fa;, I).
(Note: The above notation means that the newly generated partition ITis the output of
Algorithm RCP-1 or Algorithm RCP-2 with inputs K, every F; and previous partition)
until no changes are made on IL
m:=0.
End.

Theorem 5.2 For two states p and q of an LTS with N states and M transitions, Algorithm
Verifier-strong verifies p =5 q by solving 121 RCP problems.

Proof: (sketchy) We provide a proof different from the one given in [BOL87]. Suppose p and q
belong to the same block of IT. Then, solving the | 3| RCP problems means that, foreverya e
S, ifp-a->pandq-a—> q,then p and q belong to the same block of IT. By consideririg
each block of IT as an equivalent class for strong equivalence, this means that if p' and q' are
strongly equivalent, so arc pand q. (]

Corollary 5.1 [KANS3] For two states p and q of an LTS with N states and M transitions, p =
q can be verified in O( IZI NM ) time. In particular, if there are at most C transitions departing
every state, p =5q can be verified in O( I3 C2NiogN ) time.

Proof: By Lemma 5.1, Theorem 5.1 and Theorem 5.2, {]
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5.4 AN ALGORITHM FOR VERIFYING WEAK EQUIVALENCE
Tn Section 3.1, we prove that the weak equivalence of two states of an LTS can be verified

by showing that they are strongly equivalent in LTS', which is derived from LTS by using
Transformation Rule R1. In the mransformation, the main step is to compute A'. Based on the

definition of =>, p_a__>q1ff(p=-—e_>p.p a-->q and q= t-:-——>q)Acanbc
computed as follows:

Foreachpa:rofsmtcspandq.ﬁmcrccmtp qeXandae Zobssuchthat(p.a.q)m
A, p—-—e-->p andq—e—>q,thcntransmon (r,a.9 is added into A'.

The following algorithm and theorem show that the problcm of weak equivalence verification
can be solved in O(N3).

Algorithm Verifier-weak [KAN33]

Input: AnLTS =<K, X, A,->andp,qe K.

Output : A partition IT of K for making the following verdict.
Verdict : p =¥ q iff p and q belong to the same block of IT.
Method :

Begin
Obtain LTS =<K, 3, A, - > from LTS by applying Transformation Rule R1.
II : = Verifier-strong (LTS, IT0), where 10 = {K]}.
(Note: The above notation means that 11 is the output of Algorithm Verifier-strong with
inputs LTS’ and ITC).

End.

Theorem 5.3 [KANS3] For two states p and q of an LTS with N states, Algorithm Verifier-
weak checks p =% qin O( N3). '
Proof: We first use 2 transitive closure algorithm [AHO74] to compute the transition relation == a
=—> from A, a € 3. This requires O( N3 ) time and results in a new LTS with at most O( N2 )
more edges than the original one.

Theorem 3.1 says that p =¥q in the original LTS iff p =5 q in the new LTS. By Corollary
5.1, the verification of p =S q requires O( {31 C2NiogN ) time in the new LTS. Thus, the time
complexity of Verifier-weak is dominated by the transitive closure operation. {]
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5.5 AN ALGORITHM FOR VERIFYING EB EQUIVALENCE

In Section 3.2,wcptovcthattthBequivalcnceoftwostatcsofanL'I'S can be verified by
showing that they arc weakly equivalent in LTS', which is derived from LTS by using
Transformation Rule R2. Based on this transformation, the following algorithm can be used to
verify EB equivalence of two states.

Algorithm Verifier-EB
Input: AnLTS =<K, X, A,->andp.q € Ko, where Kg is thcobscrvablcsubsetofK.

Qutput : A partition I of Ko for making the following verdict. : -
Verdict: p=FP qiff pandq bclongwthcsamc block of IT .
Method :
Begin
Obtain LTS = <Ko, 3, A', - > from LTS by applying Transformation Rule R2.
I : = Verifier-wezk (LTS).
(Note: The above notation means that IT is the output of Algorithm Verifier-weak with input
LTS).
End.

Theorem 5.4 For two states p and q of an LTS with N states, Algorithm Verifier-EB checks

p =2 q in O(N3) time.

Proof : We first identify all unobservable states. This step requires O(N2) time. Then, we delete
all such states by using Transformation Rule R2_ It needs O(N3) time to do so since there are at
most O(N) different unobservable states on the path between any pair of states p and q and we
have 1o inspect O(N2) pairs of states. Lastly, we have to decide if p=¥ q in LTS'. This requires
O(N3) time. ]
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5.6 AN ALGORITHM FOR VERIFYING TESTING EQUIVALENCE [BOLS89]

In Section 3.4, we prove that the testing equivalence of LTS1 and LTS2 can be verified by
showing that LTS’ and LTS2 are extended trace equivalent, where LTSI and LTS2' arc derived
from LTS! and LTS2 by using Transformation Rule R3, respectively. The following algorithm
solves the testing equivalence verification problem.

Algorithm Verifier-testing [BOL89]
Input: AnLTS =<K, X, A, ->andp,.qe K.
Output : A partition IT of K and p, q € K for making the following verdict.
(Note: LTS =<K, Zobs A', - > is transformed from LTS by using Transformation Rule
R3, p' and q' represent the subset of K including p and q, respectively.
Verdict: p=tq iffp and q belong to the same block of II.
Method :
Begin
Obtain LTS =<K, Soper A» - > from LTS by applying transformation Rule R3.
IT : = Verifier-strong (LTS , IT0), where 10 the initial partition of K’ in which the states
of K are grouped together according to their MO-labels.
(Note: The above notation means Lhat IT is the output of Algorithm Verifier-strong with
inputs LTS and IT0).
End.

It has been proved [KANS3) that the verification of failure equivalence between two LTSsis
a PSPACE-complete problem. Since testing cquivalence is identical with failure equivalence in
strongly convergent LTSs, the verification of testing equivalence is also PSPACE-complete.

Theorem 5.6 Let p, q be two states of an LTS. Checking whether p =f q is PSPACE-complete.
proof: See [KANS3]. (]

By Theorem 2.2 and Theorem 5.6, we have the following result:

Corollary 5.2 Let p, q be two states of LTSs. Checking whether p =t q is a PSPACE-complete
problem.
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Chapter 6

IMPLEMENTATION OF ALGORITHMS FOR VERIFYING
EQUIVALENCE RELATIONS

6.1 INTRODUCTION

In this chapter, we present the second major contribution of this thesis: Implementation of the
verification algorithms described in Chapter 5 in a system called LTS-EVS (Labeled Transiton
System Equivalence Verification). At the curreat stage of implementation, LTS-EVS accepts as
inputs the matrix representatior of two indeterministic labeled Petri-nets, derives their state-
transition matrices representing the two LTSs internally and outputs the equivalent classes of their
union. States which are equivalent should belong to the same equivaleat class. LTS-EVS can be
extended *o accept the state-transition matrices derived from other models, such as finite state
machine and L.OTOS. -

LTS-EVS is an interactive menu-driven system. It can be used as an independeat tool or be
integrated as a subsystem of UO-GLOTOS [CHES9a], a graphical LOTOS environment for the
specification, verification and testing of distributed systems. LTS-EVS is implemeated with the C
language on a SUN Workstation under the UNIX system.

6.2 PETRI-NETS WITH INDETERMINISTIC BEHAVIOR

In this section, we introduce a labeled Petri-net model, one ~f the input forms (in fact, the
only input form already implemented) to LTS-EVS. It can be used to describe the behavior of
indeterministic systems. This model has been used in UO-GLOTOS [CHES0b] for expressing the
conuol flow of LOTOS specifications.

Definition 6.1 (IPN, indeterministic labeled Petri-net) [CHE90b]
An indeterministic labeled Petri-net IPN is a2 6-tuple <P, T, F, Mp, L, h >, where
P is a non-empty set of places;
T is a set of transitions, where PN T =&;
F is a set of arcs, i.e., F C (PxXT) U (TxP).
Mg is the initial maridng;
L =L¢u{‘t]uLsisasctoflabcls,whcrcL¢isthesctofcmcmallabcls,tis the internal
label and Ly is the set of special labels (such as terminations); and
h: is a mapping T -> L.
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Remember that a marking is a vector the value of whose jth element denotes the number of
tokens existing in the jth place of IPN. In comparing an IPN with an LTS =<K, 2, A, pg >, we
see that the set of all reachable markings from the initial marking Mg corresponds to K; L
corresponds 10 X Le U Lg corresponds 10 obe: the set {M[t>M® | M and M” are markings, te T,
h(t) € L} corresponds to the transition relation A; and Mg commesponds to po-

The techniques of transforming LOTOS specifications to IPN have been developed in
[CHE90b). L.TS-EVS includes a subsystem for deriving the state-transition matrices from the
matrix representation of an IPN.

6.3 FUNCTIONS OF LTS-EVS

Functionally, LTS-EVS is divided into the following two subprograms (Figure 6.1) :

(1) DERIVATION first accepts the matrix representation of two IPNs and derives their state-
transigon matrices (marking transition graphs) from the input IPNs. These state-transition
matrices represent the labeled transition systems internally.

(2) EQUIVALENCE VERIFIER outputs the equivalent classes according to the equivalence
relation specified by the user.

In the following sections, some implementational detail of these two subprograms is given.

6.4 SUBPROGRAM - DERIVATION

DERIVATION derives the Marking Transition Graph from the input matrix representation of
an IPN by using the depth-first search technique and a hashing technique. The data structures,
algorithms, and functions of DERIVATION are described in the following subsections.

6.4.1 Data structures used in DERTVATION
DERIVATION uses three main data structures: the Marking Transition Graph matrix MT; the

Hash_Map, a bit state space for reducing the search time for new states; and a stack for depth-first
search. These structures are briefly described below.
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Matrix representation of IPN

(Indeterministic Petri-Net)

Subprogram
DERIVATION
(depth-first scarch)

State-Transition Matrices
(Mark Transition Graph)

Subprogram

EQUIVALENCE VERIFIER

Verification Result
(Equivalence Classes)

Figure 6.1 Functional diagram of Equivalence Verification System LTS-EVS.

1) Marking Transition Graph matrix MT

MT is the output marrix of DERIVATION. This matrix represents the markings (states)
and their transition relation. It is an MxM matxix, where M is the number of markings in

the Marking Transition Graph. MTTi, j] contains the set of actions {a1,a2,..,an}, any of

which is firable at the ith marking and leads o the jth marking

Data type

integer the set of transitions between markings

integer the size of ran

Figure 6.2 The two ficlds of an element of matrix MT.
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- 2)Hash_Map
"This bit staw: space is used for hashing a marking vector to the state space. The use of a
hashing technique in DERTVATION greatly reduces the search time for deciding if a newly
generated marking is new or not. For cach marking vector, we first hash it as a 16-bit hash
value vector. In this vector, the ith bit is a number transformed from the ith segment (each
consists of 16 bytes) of the marking vector. Then, we use the folding method in hashing
to hash this 16-bit vector to a fixed size bit state space Hash_Map (1..216=65536). For a
given marking M, Hash_Map(hash(M)).mark = 1 means that M is an “old” state otherwisc
M is a “new” state. If M is a new state, Hash_Map(hash(M)).order = i means M is ith new
state in Marking Transition Graph. (See Figure 6.4)

Field Data type Jsage
mark integer flag of new state
order integer sequential number assigned 1o new state

Figure 6.3 The two fields of each marking vector in Hash_Map.

16 \ ! 1-bit flag
1 U .. AU
32 13 \ ] //:'
2 R
= address :
161 |
| / l- :
056 Fixed Size Bit State Space
- 16-bit Hash Value 65536 hit
Marking Vector
(Hash Key)

Fisure 6.4 The hash processing used in subprogram DERIVATION

6.4.2 Algorithm used in DERIVATION
Algorithm TRANS_GRAPH is the only algorithm within DERIVATION. It is uscd to
produce a Marking Transition Graph from the matrix representation of the given IPN. The depth-
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first scarch technique is used to generate all the reachable markings from its initial marking. The
algorithm is iterative. In cach iteration, it gencrates all the markings reachable from a current
markingMThcn,mcscrcachedmaﬂdngsammappcdintoabitstancspaoctocheckifthcyare
new or not. If a reached marking is new, it is assigned a sequential number and its flag is changed.
After that, the transition relation between the current marking M and the reached markings is built
up and stored in the Marking Transition Graph matrix. A pseudo-code description of the algorithm
is given below.

Algorithm TRANS_GRAPH
Input : D- and DY, the matrix represcatation of an IPN.
Output : MT, the matrix representation of the Marking Transition Graph of the IPN.
Method:
Begin
Let M = initial marking of IPN
Put M into MT
Push M into stack
While stack < @ do
Begin
Pop up a marking from stack and assign itto M
Find all firable transitions X at M
Generate all the reachable markings M’ from M based on the computation
M’ = M+X.D, where D =D- - D+ '
For each reached marking M’ do:
Begin
Check whether M is a new marking or not by hashing it into MT
if M’ is new
Begin
put M’ into MT
push M’ into stack
end /*if*/
Save the transition relation between M and M” in MT
end /*For¥/
end /*While*/
End A#METHOD*/
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6.5 SUBPROGRAM - EQUIVALENCE VERIFIER

By accepting as input the state-transition matrices of two LTSs produced by DERIVATION,
EQUIVALENCE VERIFIER verifies if the two LTSs are equivalent or not by generating all the
cquiiralcnt classes and checking if the two initial states belong to the same class or not. In fact, it
implements those verification algorithms described in Chapter 5. In this section, we describe the
data structures used in EQUIVALENCE VERIFIER and the control flow among the various
verification algorithms.

6.5.1 Data structures used in EQUIVALENCE VERIFIER

EQUIVALENCE VERIFIER uses the following main data structures : MT, the matrix
representation of an LTS (Section 6.3.1) and a set of the cquivalent classes PAI generated by
EQUIVALENCE VERIFIER. Each equivalent class is represented by a linear table. Also, a closure
matrix CLO for computing the weak reachability, a set of the deterministic states DSTATE in
which each state consists of a set of the indeterministic states in LTS, 2 MO-label table MO_L for

each of the deterministic states are used in EQUIVALENCE VERIFIER, where DSTATE and
MO_L are used in the verification of testing equivalence =L,

1) The set of the equivalent classes PAL
This set is the output of EQUIVALENCE VERIFIER. PAI(i] is 2 linear link table whick
represents the ith equivalent class (block). During the partition, each block is built up

or split in the PAL
Field - Data type Usage
state integer the state belong to Block
father pointer point to front state
son pointer point to back state
link array a Block, linear table of states
len integer the length of the link

Figure 6.5 The five fields of each block in the equivalence class set PAL

2) The set of the deterministic states DSTATE

In the verification of testing equivalence, the first step is to transform an indeterministic
LTS into an deterministic LTS. Each state in the deterministic LTS consists of a sct of the
equivalent states in the indeterministic LTS. DSTATE is the set of states in the '
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deterministic LTS. DSTATE[i] is the ith deterministic state which is a linear tablc including

all the equivalent states of the indeterministic LTS and DS_LEN[i] is the size of

DSTATER].
3) The MO_label table MO_L.
Dmingmcdctcrminizaﬁonofanl.:rs,wcﬁrstgcncmtcancwdctcrminisﬁcstancp&om
the indeterministic LTS; Then, we compute MO-label for state p. MO-label is a set of sets
with respect to the all the firable transitions at state p. For example, suppose in the
deterministic LTS, p == a =>p’, then the set Ow(p")=(21, 22,.... ap) is in MO-label of
state p, where , 2}, 82, 3mE Sobs - In the verification of testing equivalence, the initial
partition of the statcs is obtained by grouping together those states with the same MO-
label.

Field Duaa type ) Usage

state integer the reachable state

act actionlist - the set of all firable actions from state
1.e., act = Ou(state)

len integer the size of act

Figure 6.6 The three fields of the weakly observable actions of a state.

Field Data type ' Usage

outlabel. out the set of outs for each action.
len integer ~ the size of outlabel.

Figure 6.7 The fields of MO-label of a deterministic state.
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state 1

state2 —_—

‘actiona

actionb

¢

reachable state pl reachable state p2

'

a

b

e

out(pl)

'

out(p2)

Figure 6.8 The data swuctures used for an MO-label.

6.5.2 Implementational control flow among various verification algorithms

The main algorithm used in EQUIVALENCE VERIFIER is Algorithm RCP-2 of Section
"5.2. This algorithm can be used directly for the verification of strong equivalence. Since weak
equivalence can be reduced to strong equivalence (by Transformation Rule R1), EB equivalence
can be reduced to weak equivalence (by Transformation Rule R2), and testing equivalence can be
reduced to the strong equivalence (by Transformation Rule R3), all the algorithms are basically
dependent on RCP-2. Figure 6.9 shows the implementational control flow among these

algorithms.
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¢b equivalence

p =2q
Transfonnanon Rule R2
wcakoqmvalcncc
testing equivalence
P =t q? T-ansfonnauon Rule R1
Transformation Rule R3 strong ‘fmvalm“
Pp= q?

(" parit )
Partitioning Algorithm
RCP-2 (divide-and-conquer)
are p andq in the same

k equivalence class ? )

Figure 6.9 The implementational control flow among various algorithms.

6.6 SOME EXPERIMENTAL RESULTS

In this section, we show part of our experimental results of applying LTS-EVS by two
examples. In these examples, the inputs to LTS-EVS are two labeled transition systems LTS1 and
LTS2 and a user-specified equivalence relation and the outputs arc the equivalence classes.

Example 6.1

In this example, the weak equivalence of two LTSs is verified by applying LTS-EVS (Figure
6.10). The inputs are the state-transition matrices of LTS1 and LTS2. Algorithm Verifier-weak
first obtains LTS1" and LTS2" by using Transformation Rule R1, then outputs the equivalent
classes as follows:
Class #1 = {p3, ps. ps, 2. 94}
Class #2 = {p2. p4. q3}
Class #3 = {p1, q1}
Class #4 = [po. Qo]

Since po and qo belong to the same equivalent class, LTS1 and LTS2 are weakly equivalent.
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Example 6.2

In this example, the testing equivalence of two LTSs is verified by applying LTS-EVS (See
Figure 6.10). The inputs are the state-transition matrices of LTS1 and LTS2. Algorithm Verifier-
testing first obtains LTS1" and LTS2" by using Transformation Rule R1 (Step 1 in Rule R3), then
obtains LTS1' and LTS2 by a "subset construction” algorithm [AHO88] (Step 2 in Rule R3).
Each subset of states in LTS1" (resp., LTS2") becomes a state of LTS1® (resp., LTS2)). For
example, {p1, p2, p4} of LTS1” becomes state py’ of J.TSY'.

In LTS1", Reach({po}, 2. =>) = {p1. p2. P4}, Outs({p1, P2, P4}) = (Ow(pP1). Ow(p2).
Ow(pa)} = {{b, c}, {c}}. Thus, MinOuts(Reach({po}, a, =>)) = {{c}}. By the Step 3 of
Transformation Rule R3, state py' of LTS1' is assigned the MO-label {{c}]. Similarly, in LTST',
po = {po}. pt' = {P1. P2, P4}, P2’ = {P3), P3' = {Ps. P6). P’ has MO-label {{a}], p1” has MO-
label {{c}}, p2' and p3' have MO-label ({@}}. In LTS2, qo’ = [qo}. @' = {41, q3), a2’ =
{q2}, q3' = {qa)- qo' has MO-label {{a}}, q1" has MO-label {{c}}, q2' and q3' have MO-label
{{D}}.

After obtaining LTSI’ and LTS2', Algorithm Verificr-testing verifies if they are extended
trace equivalent (Definition 3.2) or not. The following is the output of Verifier-testing:

Class #1 = {p2’, p3’, @2, @3'}

Class #2 = {p1’, q1'}

Class #3 = (pg', 90’}

Since po’ and qo', and thus pp and go belong to the same equivalent ciass, LTS! and LTS2
are testing equivalent.
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Figure 6.10 Experimental results of verifying weak equivalence and testing equivalence.

62



Example 6.3 (Figure 6.11)

This example shows two LTSs which arc EB equivaleat but not weakly equivalent. This can
be shown by comparing the outputs of Verifier-EB and Verifier-weak as follows.

The output of Verifier-EB is (Note that unobservable states py and pg have been climinated
from LTS2 after transformation by Rule R2)

Class #1 = {p3, P11, P12, P15: P16, 42, 47. G8}

Class #2 = {p9, P13, @5}

Class #3 = {p10. P14, 96}

Class #4 = (ps, p6» 94}

Class #5 = {p2, p4. q3}

Class #6 = {p1. q1}

Class #7 = {po. 90}

Since pg and qo belong 1o (e same equivalent class, LTS1 and LTS2 are EB cquivalent.

The output of Verifier-weak is :

Class #1 = {p3, P11, P12, P15, P16- 42, 97- 48}
Class #2 = (p9. P13, 95}

Class #3 = (p10. P14, 6}

Class #4 = {qa}
Class #5 = {p7.ps}
Class# = {q3}
Class #7 = {ps. ps}
Class #8 = {q1}
Class #9 = {p2, ps}
Class #10 = {p1)
Class #11 = {po)
Class #12 = {qo}

Since pg and qo do not belong to the same equivalent class, LTS1 and LTS2 are not weakly
equivalent.
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t Transformatior: Rule R2

LTS2'

Figure 6.11 An experimental result of EB equivalence.
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Chapter 7
SUMMARY AND FUTURE WORKS

In this thesis, we have reported our research work concerning some of the problems of
verifying distributed systems which exhibit indeterministic behavior. Qur main results include the
proposal of a unified definition of equivalence relation and the implementation of the various
verification algorithms in a system called LTS-EVS on a Sun Workstation under the UNIX
system. This unified view is based on several new types of reachability defined for indeterministic
systems. In the literature, strong, weak, and testing equivalences are defined on labeled transition
systems and EB equivalence is defined on petri-nets [MIL80, DEN84, KAN83, CINSS). These
definiitions are based on different angles and lack a sense of uniformiiy. Our unified definition
seems to be the first attempt to unify these concepts. In addition, there are many relatively less
important results: EB equivalence is redefined in terms of labeled transition systems. A new
transformation rule by which EB equivalence in an LTS can be reduced to weak cquivalence in
another LTS is proposed. A new polynomial algorithm is . esented for verifying EB equivalence.
# proof that EB equivalence is stronger than testing equivalence in non-strongly convergent labeled
transition systems and a disproof of the conclusion existing in literature that EB equivalence is
stronger than weak equivalence [POMS6] are provided. Also, many propertics which are satisfied
and preserved under different transformations are derived.

We can foresee some future research developments based on our work, as described briefly
below.

At present, LTS-EVS is implemented as an independent system. A set of small-sized LTSs
have been used for checking its performance. In the future , we shall integrate LTS-EVS into UO-
GLOTOS so that it can be used for verifying large LOTOS specifications. More detail follows.

UO-GLOTOS is an interactive menu-driven LOTOS-based graphical system for the
specification, verification and testing of communication protocols. UO-GLOTOS has been
developed under the direction of Cheung [CHES9a] for research in LOTOS. UO-GLOTOS is
based on a limited set of simple graphical pattemns for representing the LOTOS constructs and a
hierarchical structare for representing the control flow of 2 LOTOS specification. LTS-EVS can be
integrated into UQ-GLOTOS as a subsystem. The interface between LTS-EVS and UO-GLOTOS
is IPN, the petri-net representation of 2 LOTOS specification. An organizational diagram of the
entire system UO-GLOTOS is shown in Figure 7.1.
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Figure 7.1 A LOTOS-based graphical environment for distributed computing research at
University of Ottawa (The shaded component is LTS-EVS)

The verification process of some cquivalence relasions requires the exhaustive state-by-state
comparison of reachable sets. This leads to the problems of state explosion as in classical
reachability analysis. A computational limitation is very serious for efficient implementation.
Testing equivalence seems more flexible than the other three types of equivalence. It verifies the
system behavior by comparing the actions acceptable by the reachable sets collectively. This
approach ‘hides’ the indetermininstic behavior of the systems at the individual states.
Unfortunately, the verification of testing equivalence is 2 PSPACE-complete problem [KAN83],
meaning that it is unlikely to find a polynomial algorithm to solve the problem. Comparison
problem is particularly serious for LOTOS specifications, for example, in which nested parallel
operators are present and thus the size of the underlying LTS may grow exponentially. Two
approaches may be adopted to deal with such a situation. One is to exploit partial or selective
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verification methods similar to selective testing. Another is to develop a refinement technique for
describing the behavior of systems at different abstract levels. This may require a scmantic model
based on modules. Several researchers have been working in a similar direction [CHES8, CINSS,
GAL90). Once we have obtained a2 model which describes the states in terms of processes and
describes the concurrent behavior of the systems by using a real concurrency semantics, we may
hope that verification and testiag of LOTOS specifications of large sizes can be done within a
reasonable time limit. Another direction for future work in the area is to find new computationally
tractable equivalence relations whose strength is between weak equivalence (EB equivalence) and
testing equivalence.

The study of properties preserved under transformation rules is another area for future
research. The objective is to define a sct of transformation rules for facilitating stepwise refinement
design and simplifying the process of verification. These transformation rules should preserve
important functionalities and structures. Several papers have discussed this issue for LOTOS
[VIS8s, LANSO].

Lastly, the use of these equivalence relations for conformance testing is a promising area of
research. At present, all the major testing sequence generation methods are based on equivalence of
deterministic finite state machines. Generation of testing sequences based on the equivalence of
indeterminstic systems is a widely open ficld.
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APPENDIX BASIC LOTOS

LOTOS (Language fOr Temporal Ordering Specification), an FDT developed within the
Open System Interconnection (OST) Architecture, is now an ISO standard [ISO8807]. The full
LOTOS syntax has essentially two parts: the control part which describes the interaction among
procwscsbyasctofoperatorsandthcdatapanwhichconsistsofdatasn-ucnnes.'lhcconuolpan
uses a semantic model based on a modification of Milner’s Calculus of Communicating System
(CCS) [MIL30] to explain the behavior of LOTOS specifications. In LOTOS, a distributed system
is described in terms of 2 set of interacting processes. A process is able to perform: internal actions
and communicate with other processes via actions at communications access potit called gates. An
action is an elementary unit of synchronization among processes. A process can be imagined as a
black box capable of communicating with other processes. The mechanisms 1nside this box are
unobservable and denoted by i. In LOTOS, piucesses can be defined in terms of the externally
observable actions of the processes. The data structures are based on ACT ONE {EHRS5], a
specification language for the structural design of data types with equational axioms and initial
semantics.

In this thesis, we consider only basic LOTOS, a subset of the full LOTOS constructs. Itcan
be used to specify only the control part of a system. In basic LOTOS, processes interact with one
another by pure synchronization, i.c., interactions without vaiue passing. The syntax of basic
LOTOS behavior expressions and related inference rules, which are used to explain these
expressions, are listed in Figure 8.1.

Name Behavior expression Axioms or inference rules
inaction stop none
action prefix
- unobservable i;B i:B-t->B
- observable aB ae L
:;—B—:-a ->B
choice Bl [ B2 Bl-.a->BY1'

Bl (] B2 --a--> BI’
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parallel composition
- general case B11[gl.gn]!B2
- pure interieaving Bl B2

- full synchronization B1lB2

disabling Bl [>B2

B2 --a-»B2'

Bl (] B2 ~a-> B2'

Bl--a->Bl’, a¢ {g£]1.--&n.5}

Bl 1ig1.....8n] § B2 ~a->B1" | [gt.....gn] | B2

B2-a->B2', a¢ (g].....&n.5)

B11(g}....gn] | B2 --a-->B1 1 (83 .....8n) | B2

Bl--a->B1’ , B2-a—>B2', a€ (g1.....8n.5}

Bll1[g].-..gal | B2 —a-->B1’ | [g1.....8n] | B2’

BlI[}!B2-a-—>B

Bl il B2 —a—> B’

B11[g].....ga] | B2 —a->B'

B -a-—>B'

Bl-a—>B1",a» §,

Bl [> B2—-2—>B1' {> B2

B1-5-->B1"

B1 {> B2-5-->B1"’
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B2-.a—->B2’

B1 {> B2—a— B2’
Successful termination  exit exit-—-5--> stop
hiding B\(g1,--8n) B-a->8', a€ {g1.--8n}

B\(g1 wenln) = T—> B'\N (&1 seenn)

B-a->B', € {g].8n)

B\{(g1..--.&n) —a—> B’ \ (81.....gn)

Figure 8.1 Axioms and inference rules for basic LOTOS behavior expressions

In Figure 8.1, L denotes the alphabet of observable actions; 2, g1.-8n and § denote actions; 1
and T denote the internal action in behavior expressions and inference rules, respectively; Bl and
B2 denote the behavior expressions.

From the inference rules listed in Figure 8.1, we can see that there are two cases of
indeterminism in LOTOS specifications:

1) when the expression P = §; B is defined, the process P will have an intemnal behavior T on

unobservable action L.

2) When a hiding expression B\ (g,....gq) is used in parailel composition, it means that all
the subsequent interactive actions g1,....gn Will be hidden. An external observer cannot
perceive these evolutions. So the process will have internal behavior © on all these hidden
actions.

The following example is 2 LOTOS specification of the Connection Phase of the Class 0

Transpert Protocol [BOL87a). Figure 8.2 shows a labeled transition system of this LOTOS
specification derived from the inference rules listed in Figure 8.1 We can sce that action T occurs

once and twice in processes Calling and Called, respectively.
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Example A LOTOS specification of the Connection Phase of Class 0 Transport Protocol.
process Connection_phase[CRQ,CI,CR,CC,DR,DI]: noexit ==
( i; Calling{CRQ,CI,CR,CC,DR,DI]
[] Called[CRQ,CI.CR,CC.DR,DI}
)

where
process Calling{CRQ,CL,CR,CCDR,DI] () : exit :=
CRQ; ( CC; exit [] DI; Connection-phase [CRQ,CI,CR,CC,DR,DI] )
endproc

process Called [ CRQ,CL,CR,CCDR,D]] ( : exit =
CI: (i; CR; exit [] i; DR; Connection_phase [CRQ,CLCR,CC,.DR,DI] )
endproc
endproc.

*O3

DI / \O DR
CRQ f %7
io/

Figure 8.2 A LTS of the LOTOS specification of Connection Phase of the Class 0 Transport
Protocol.
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