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1 INTRODUCTION 

One of the important issues of conformance testing is to derive useful tests 
for labeled transition systems (LTSs), which serve as a semantic model for 
various specification languages, e.g., LOTOS, CCS, and CSP. Testing theories 
and methods for test derivation in the LTS formalism have been developed 
in [2, 16, 11, 3, 13, 15]. In particular, a so-called conf relation and canonical 
tester [2] became the basis for a large body of work in this area. 

Unfortunately, the canonical tester approach cannot be taken into account 
when test generation for real protocols is attempted. The canonical tester has 
infinite behavior whenever the specification describes an infinite behavior. 
Moreover, we believe that the conf relation alone is too weak as a criterion 
to accept an implementation. Since this relation does not deal with invalid 
traces, it allows for a trivial implementation which has a single state with 
looping transitions labeled with all possible actions, and such an implementa
tion conforms to any LTS specification with the same alphabet with respect 
to the conf relation [14]. Thus even though an implementation is concluded 
being valid based on conf, another relation, such as tmce-equivalence, has to 
be tested as well. 

Observing and comparing traces of executed interactions is usual means 
for conformance testing of protocols, and in many cases it is required that an 
implementation should have the same traces as its specification. In particu
lar, most existing protocols are deterministic, and in the case of determinism 
several other finer testing semantics, such as failure or failure trace, are re
duced to trace semantics. Based on the notion of such experiments and the 
trace equivalence relation, a number of competing test derivation methods 
with fault coverage have been elaborated [8, 4, 12, 18, 7, 10, 9] for proto
cols in the formalism of input/output finite state machines (FSMs), many of 
which use the state identification techniques to obtain better fault coverage. 
Compared to FSMs, LTSs are in some sense a more general descriptive model 
which use rendezvous communication without distinction between input and 
output; there are various semantics determining whether an implementation 
conforms to a specification; most existing test derivation methods use the 
exhaustive testing approach in order to prove the correctness of the imple
mentation in respect to a given conformance relation. Apparently, such an 
approach is often impractical since it may involve a test suite of infinite length. 
The approximation approach [11, 16], such as n-testers, which is proposed to 
solve this problem, provides no fault coverage measure for conformity of the 
implementation with its specification. 

Several attempts have been made to apply the ideas underlying the FSM
based methods to the LTS model [6,3, 13, 14] for several conformance rela
tions. In particular, this research is directed towards redefining the notions 
of state identification in the LTS realm for a given relation. However, these 
attempts are limited to individual or informal applications of the notions of 
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Figure 1 An LTS graph. 

state identification underlying the FSM-based methods. In fact, the FSM
based notions can also be applied directly to the LTS model if an appropriate 
distinguishabilty of states is defined in the LTS model. Therefore, a systematic 
approach based on the notions of state identification can also be developed 
in the LTS model such that we could devise alternative and competing tech
niques that guarantee fault coverage, for constructing useful tests for protocols 
based on the LTS semantics. 

In this paper, we redefine in the LTS model the notions of state identi
fication which were originally used in the FSM realm for trace equivalence. 
Based on the adapted notions, the corresponding test derivation methods are 
presented, and it is shown that for an FSM-based method with a notion of 
state identification we can have a corresponding LTS-based method with a 
similar notion of state identification, and if the FSM-based method guaran
tees complete fault coverage then the LTS-analogue also guarantees complete 
fault coverage. 

2 LABELED TRANSITION SYSTEMS 

Definition 1 (Labeled transition system (LTS)): A labeled transition system 
is a 4-tuple < S, E, 6., So >, where 

• S is a finite set of states, So E S, is the initial state. 
• E is a finite set of labels, called observable actions; T ¢ E is called an 

internal action. 
• 6. ~ S x (E U {T}) X S is a transitions set. (p, J.t, q) E 6. is denoted by 

p-J.t-+q. 

An LTS is said to be nondeterministic if it has some transition labeled 
with T or there exist p-a-+ pl,p-a-+ P2 E 6. but PI 1= P2j otherwise it is 
deterministic LTS. 

An LTS can also be represented by a directed graph where nodes are states 
and labeled edges are transitions. An LTS graph is shown in Figure l. 

Given an LTS S =< S, E, 6., So >, the conventional notations are shown 
in Table 1, as introduced in [2]. In this paper we use M, P, S, ... to represent 
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Table 1 Basic notations for labeled transition systems. 

notation 
~. 

P-P.l., ,p.n~q 
p=e~q 

p=a~q 

p=al" .an~q 
p=u~ 

p:j:.u~ 

init(p) 
p-after-u 
17-(p) 

meaning 
set of sequences over ~; u or al '" an for such a sequence 
3 Pk, 1 ~ k < n, such that P-P.l~Pl" 'Pn-l-P.n~q 
p_rn~q (1 ~ n) or p = q (note: rn means n times r) 
3 Pl,P2 such that P=e~pl-a~p2=e~q 
3 Pk, 1 ~ k < n, such that p=al~pl" ,Pn-l =an~q 
3 q such that p=u~q 
no q exists such that P = u ~ q 
init(p) = {a E ~ I p=a~} 
p-after-u = {q E S I p=u~q}; S-after-u = 80-after-u 
17-(p) = {u E ~. I p=u~}; 17-(5) = 17-(80) 

LTSsj M, P, Q", " for sets of statesj a, b, c", " for actionsj and i,p, q, s., " for 
states, The sequences in Tr(p) are called the traces of 5 for p, 

Given V ~ E*, we denote Pref(V) = {Ul E E* 13u2 E E* (0"1.0"2 E Vn, 
Given Vi, V2 ~ E*, we denote VI @V2 = {0"1.0"2 1 0"1 E VI 1\ 0" E V2 }, We also 
write vn = v@vn-l for n > 0 and VO = {c:}, 

In the case of nondeterminism, after an observable action sequence, an 
LTS may enter a number of different states, In order to consider all these 
possibilities, a state subset (multi-state [6]), which contains all the states 
reachable by the LTS after this action sequence, is used. 

Definition 2 (Multi-state set): The multi-state set of LTS 5 is the set lIs = 
{Si ~ S 1 30" E E* (so-after-O" = Sin, 

Note that So = so-after-c: is in lIs and is called the initial multi-state, 
The multi-state set can be obtained 'by a kIiown algorithm which performs 
the deterministic transformation of a nondeterministic automaton with trace 
equivalence [6]. For Figure 1, {{so,Sd,{S2,S3},{S2},{SO,SI,S4,SS},{ss}} is 
the multi-state set. Obviously, each LTS has one and only one multi-state set. 

After any observable sequence, a nondeterministic system reaches a unique 
multi-state. Thus from the test perspective, it makes sense to identify multi
states, rather than single states. This viewpoint is reflected in the FSM realm 
by the presentation of a nondeterministic FSM as an observable FSM [9], in 
which each state is a subset of states of the non-observable FSM. 

3 CONFORMANCE TESTING 

3.1 Conformance Relation 

The starting point for conformance testing is a specification in some nota
tion, an implementation given in the form of a black box, and a conformance 
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criterion that the implementation should satisfy. In this paper, the notation 
of the specification is the LTS formalism; the implementation is assumed to 
be described in the same model as its specification; a conformance relation, 
called trace equivalence, is used as the conformance criterion. We say that an 
implementation M conforms to a specification 5 if M is trace-equivalent to 5. 

Definition 3 (1race equivalence): The trace equivalence relation between 
two states p and q, written p :::::: q, holds iff Tr(p) = Tr(q). 
Given two LTSs 5 and M with initial states So and rno respectively, we say 
that M is trace-equivalent to 5, written M :::::: 5, iff rno :::::: So. 

We say that two states are distinguishable in trace semantics if they are 
not trace-equivalent. For any two states that are not trace-equivalent we can 
surely find a sequence of observable actions, which is a trace one of the two 
states, not both, to distinguish them. We also say that an LTS is reduced in 
trace semantics if all of its states are distinguishable in trace semantics. 

3.2 Testing Framework 

Conformance testing is a finite set of experiments, in which a set of test cases, 
usually derived from a specification according to a given conformance relation, 
is applied by a tester or experimenter to the implementation under test (IUT), 
such that from the results of the execution of the test cases, it can be concluded 
whether or not the implementation conforms to the specification. 

The behavior of the tester during testing is defined by the applied test case. 
Thus a test case is a specification of behavior, which, like other specifications, 
can be represented as an LTS. An experiment should last for a finite time, so 
a test case should have no infinite behavior. Moreover, the tester should have 
certain control over the testing process, so nondeterminism in a test case is 
undesirable [14, 17]. 

Definition 4 (Test cases and test suite): Given an LTS specification 5 =< 
S,E,.6., So >, a test case T for 5 is a 5-tuple < T,ET,.6.T,to,l > where: 

• ET ~ E; 
• < T, ET, .6.T, to > is a deterministic, tree-structured LTS such that for 

each pET there exists exactly one u E ET with to = u ~ p; 
• l: T -+- {pass, fail, inconclusive} is a state labeling function. 

A test suite for 5 is a finite set of test cases for 5. 

From this definition, the behavior of test case T is finite, since it has no 
cycles. Moreover, a trace of T uniquely determines a single state in T, so we 
define l(u) = l(t) for {t} = to-after-u. 

The interactions between a test case T and the IUT M can be formalized 
by the composition operator "II" of LOTOS, that is, T II M. When to II rno 
after an observable action sequence u reaches a deadlock, that is, there exists 
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a state pET x M such that for all actions a E ~, to II rno =O'~p and p",a~, 
we say that this experiment completes a test run. In order to start a new test 
run, a global reset is always assumed in our testing framework. 

In order to test nondeterministic implementations, one usually makes the 
so-called complete-testing assumption: it is possible, by applying a given test 
case to the implementation a finite number of times, to exercise all possible 
execution paths of the implementation which are traversed by the test case [6, 
9]. Therefore any experiment, in which M is tested by T, should include 
several test runs and lead to a complete set of observations ObS(T,M) = {O' E 

Tr(to) 1 3p E T x M, Va E ~ ((to II rno) = 0' ~ P '" a ~)}. Note that for 
deterministic systems, such as most of real-life protocols, there is no need for 
this assumption. 

Based on ObS(T ,M), the success or failure of testing needs to be concluded. 
The way a verdict is drawn from ObS(T,M) is the verdict assignment for T. 
A pass verdict means success, which, intuitively, should mean that no unex
pected behavior is found and the test purpose has been achieved; otherwise, 
the verdict should be a fail verdict. If we define Pur(T) = {O' E Tr(to) 1£(0') = 
pass} for the test purpose of T, then the conclusion can be drawn as follows. 

Definition 5 (Verdict assignment): Given an IUT M, a test case T, let 
Obsfail = {O' E ObS(T,M) 1£(0') = fail} and Obspass = {O' E ObS(T,M) 1£(0') = 
pass}, 

{ M passes T iff Obs fail = 0 1\ Obspass = Pur(T) 
M fails T otherwise. 

Given a test suite TS, we also denote that M passes TS iff for all T E TS 
M passes T, and M fails TS otherwise. 

3.3 State Labelings of Test Cases 

Given a specification S, a test case T should be "sound", that is, for any 
implementation M, if M and S are trace-equivalent, then' M passes T. 

In the context of trace equivalence, a conforming implementation should 
have the same traces as a given specification. Therefore each test case spec
ifies certain sequences of actions, which are either valid or invalid traces of 
the specification. The purpose of a test case is to verify that an IUT has 
implemented the valid ones and not any of the invalid ones. Accordingly, 
we conclude that all test cases for trace equivalence must be of the following 
form [15]: 

Definition 6 (Test cases for trace equivalence): Given an LTS specification 
S, a test case T is said to be a test case for S w.r.t. ~, if, for all 0' E Tr(to) 
and {ti} = to-after-O', the state labeling of T satisfies 

{
pass if 0' E Tr(so) 1\ init(ti) n out(so-after-O') = 0 

£Rj(ti) = fail 0' f/. Tr(so) 
inconclusive otherwise. 
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A test suite for 5 w.r.t. ~ is a set of test cases for 5 w.r.t. ~. 

From this definition, we have the following proposition [15J: Given a test 
case T for 5 w.r.t. ~, for any LTS M, if M ~ 5, then M passes T. 

Since in trace semantics test cases for 5 are represented as valid or invalid 
traces of 5, given a sequence a E ~*, let a = al.a2 ... . an , a test case T for 5 
w.r.t. ~ can be obtained by constructing an LTS T = to-al-ttl ... tn-l-an-t 
tn and then labeling T according to Definition 6. A sequence that is used to 
form a test case is also called a test sequence. 

3.4 Fault Model and Fault Coverage 

The goal of conformance testing is to gain confidence in the correct functioning 
of the implementation under test. Increased confidence is normally obtained 
through time and effort spent in testing the implementation, which, however, 
is limited by practical and economical considerations. In order to have a more 
precise measure of the effectiveness of testing, a fault model and fault coverage 
criteria [IJ are introduced, which usually take the mutation approach [IJ, 
that is, a fault model is defined as a set of all faulty LTS implementations 
considered. Here we consider a particular fault model F(m) which consists 
of all LTS implementations over the alphabet of the specification 5 and with 
at most m multi-states, where m is a known integer. Based on F(m), a test 
suite with complete fault coverage for a given LTS specification with respect 
to the trace equivalence relation can be defined as follows. 

Definition 7 (Complete test suite): Given an LTS specification 5 and the 
fault model F(m), a test suite TS for 5 w.r.t. ~ is said to be complete, if for 
any M in F(m), M ~ 5 iff M passes TS. 

We also say that a test suite is m-complete for 5 if it is complete for 5 
in respect to the fault model F(m). A complete test suite guarantees that 
for any implementation M in the context of F(m), if M passes all test cases, 
it must be a conforming implementation, and any faulty implementation in 
F(m) must be detected by failing at least one test case in the test suite. 

4 STATE IDENTIFICATION IN SPECIFICATIONS 

Similar to the case of FSMs, in order to identify states in a given LTS specifica
tion, at first the specification is required to have certain testability properties, 
two of which are the so-called reducibility and observability. 

4.1 Trace Observable System 

Definition 8 (Trace observable system (TOS)): Given an LTS 5, a determin
istic LTS 5 is said to be the trace observable system corresponding to 5, if 
5 ~ 5 and 5 is reduced in trace semantics. 
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Figure 2 A corresponding trace observable system of Figure 1. 

From the above definition, the TOS 5 of 5 is deterministic, reduced and 
trace-equivalent to Sj moreover, the TOS S,is unique for all LTSs trace
equivalent to S. There are the algorithms and tools that transform a given 
LTS into its TOS form [3]. For the LTS in Figure 1, the TOS is given in 
Figure 2. 

In the context of trace semantics, for any LTS, the corresponding TOS 
models all its observable behavior. Therefore, for test generation, any LTS 
considered can be assumed to be in the TOS form. 

4.2 State identification Facilities 

There are the following facilities of state identification which can be adapted 
from the FSM model to the LTS model. Here we assume that the given LTS 
specification 5 is in the TOS form that has n states So, Sl, ... Sn-1, where So 
is the initial state. 

Distinguishing Sequence 
Given an LTS 5, we say that an observable sequence distinguishes two states 
if the sequence is a trace for one of the two states, but not for both. A 
distinguishing sequence for 5 is an observable sequence that distinguishes any 
two different states. Formally, u E ~* is a distinguishing sequence of 5 if for 
all Si,Sj E S,i i: j, there exists u' E Pref(u) such that u' E Tr(si) E9Tr(sj), 
where A E9 B = (A\B) U (B\A). 

There are LTSs in the TOS form without any distinguishing sequence. As 
an example, the LTS in Figure 2 has no distinguishing sequence. 

Unique Sequences 
A unique sequence for a state is an observable sequence that distinguishes 
the given state from all others. Formally, Ui E ~* is a unique sequence 
for Si E S, if, for all Sj E S,i i: j, there exists u~ E Pref(ui) such that 
ui E Tr(si) E9 Tr(sj). Let 5 have n states, a tuple of unique sequences 
< uo, U1, •.. ,Un -1 > is said be set of unique sequences for S. If there exists 
u E ~* such that Ui E Pref(u), for 0 $ i $ n - 1, then u is a distinguishing 
sequence. The notion of unique sequences, also called unique event sequences 
in [3], corresponds to that of FSM-based UIO sequences [12]. 
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For the LTS in Figure 2, we may choose < a, b.a, b.a, c > as its unique 
sequences. Note that unique sequences do not always exist. For example, if 
the transition S2-C-+S3 in Figure 2 is deleted, then no unique sequence exists 
for S3 in the resulting LTS. 

Characterization Set 
If a set of observable sequences, instead of a unique distinguishing sequence, 
is used to distinguish all the states of 5, we have a so-called characterization 
set for S. A characterization set for 5 is a set W ~ E* such that for all 
Si, Sj E S, i =I- j, there exists O'i E Pref(W) such that O'i E Tr(si) $ Tr(sj). 

There exists a characterization set W for any 5 in the TOS form. For the 
LTS in Figure 2, we may choose W = {a,b.a}. 

Partial Characterization Set 
A tuple of sets of observable sequences < Wo, W}, ... , Wn - l > is said to be 
partial characterization sets, if, for all Si E S, 0 ~ i ~ n - 1, and for all 
Sj E S,i =I- j, there exists O'i E Pref(Wi) such that O'i E Tr(si)$Tr(sj). The 
notion of partial characterization sets correspond to the notion of partial UIO 
sequences in [5]. 

Obviously, since the given 5 is in the TOS form, in other words, none 
of its two states are trace-equivalent, there exist partial characterization sets 
for S. We also note that the union of all partial characterization sets for 
5 is a characterization set for S. For the LTS in Figure 2, we may choose 
< {a}, {b.a}, {b.a}, {a, b} > as its partial characterization sets. 

Harmonized State Identifiers 
A tuple of sets of observable sequences < Ho, HI"'" Hn - l > is said to be 
a set of harmonized state identifiers for 5, if it is a tuple of partial charac
terization sets for 5 and for i, j = 0,1, ... , n - 1, i =I- j, there exists 0' E 
Pref(Hi)nPref(Hj ). Hi also is said to be a harmonized identifier for Si E S. 
The harmonized identifier for Si captures the following property: for any dif
ferent state Sj, there exists a sequence O'i in Pref(Hi) that distinguishes Si 
from Sj and O'i is also in Pref(Hj ). 

Harmonized state identifiers always exist, just as partial characterization 
sets do. As an example, for the LTS in Figure 2, we can choose the harmonized 
state identifiers Ho = {a,b},H1 = {b.a},H2 = {b.a},H3 = {a,b}. 

5 STATE IDENTIFICATION IN IMPLEMENTATIONS 

Similar to FSM-based testing, we assume that the given implementation is 
an LTS M whose set of all possible actions is limited to the set of actions E 
of the specification 5 (the correct interface assumption [1]). We also have a 
reliable reset, such that the state entered when this implementation is started 
or after the reset is applied is the initial state (the reliable reset assumption). 
In the case of non determinism, it makes no sense to identify single states of 
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M, so M is also assumed to be a TOS, in which each multi-state consist of a 
single state. For this reason, we require that S is in the TOS form, so that a 
state identification facility can be developed from S and also can be used to 
identify the states of M. 

In order to identify the states of the implementation M, the number of 
states of M is also assumed to be bound by a known integer m. Therefore, M 
is also a mutant according to the fault model F(m). 

Similar to FSM-based testing [7], there are also the two phases for LTS
based testing. In the first phase, the used state identification facility is applied 
to M to check if it can also properly identify the states in M. Once M passes 
the first phase, we can in the second phase test whether each transition and 
its tail state are correctly implemented. We present the structure of tests for 
the two phases using harmonized state identifiers as an example. In order to 
perform the first testing phase, proper transfer sequences are needed to bring 
M from the initial state to those particular states in M to which Hi should be 
applied. Moreover, it should be guaranteed that all the sequences in Hi are 
applied to the same particular state in M. Since a reliable reset is assumed, we 
can guarantee this in a way similar to FSM based testing: after a sequence in 
Hi is applied, the implementation M is reset to the initial state, and brought 
into the same particular state by the same transfer sequence,and then another 
sequence in Hi is applied. This process is repeated until all the sequences are 
applied. 

Accordingly, let Q be a state cover for S, i.e. for each state Si of S, there 
exists exactly one input sequence (1 in Q such that So -(1-+ Si, similar to FSM 
based testing, we can use < No, N l , ... Nn - l > to cover all states of M (a 
state cover for M), where 

and construct a set of test sequences to be executed by M from the initial 
state in the first testing phase as follows: 

n 

TS l = UNi@Hi 
i=O 

Inituitively, sequences of the sets Ni are used to reach n required states, as 
well as all possible (m-n) additional states in M. Harmonized state identifiers 
Hi are applied to identify all states in M. In order to execute a given sequence 
(1 = al.a2 ... ak from the initial state mo, we can convert (1 into an LTS tO~l-+ 
t2 ... - ak -+ tk and then compose this LTS with M in parallel composition 
to II mo· Due to nondeterminism, it is possible that this run ends before the 
final action of this sequence is executed. Several runs are needed to exercise all 
the possible paths of M that can be traversed by this sequence (the complete 
testing assumption). 
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Using TS1, we can make test cases for LTS S for the first testing phase 
by transforming the sequences in TS1 into the corresponding LTSs as above 
and then labeling the LTSs according to Definition 6. In the following, this 
transforming and labeling process is always implied if we say that a test suite 
is obtained from a given set of test sequences. 

After TS1 is successfully executed, all the states of M which execute all 
traces of Hk are grouped in the same group !(Sk), where 0 ~ k ~ n - 1. 

In the second phase of testing, for testing a given defined transition Si-a-+ 
Sj in S, it is necessary to first bring M into each state mk E !(Si), then apply 
a at this state to see if a can be executed; moreover, let M be in m, after a is 
executed, it is necessary to check that m, E !(Sj) which should be verified by 
Hj . (Note that due to nondeterminism, mk may really be a multi-state, the 
action that is expected to check may not be executed in a time, so the above 
process should be tried several times.) On the other hand, we should further 
check if any undefined transition out of Si has been implemented in M, i.e. 
for each b E~, if Si flJ-+, then check that mk=b*does not exist. Because 
if mk -H exists, M is surely an invalid implementation, so it is not necessary 
to verify the tail state after b is executed. 

Obviously, Ni may be used to bring M to any state mk E !(Si). Using 
this state cover, we can obtain a valid transition cover < Eo, El , ... En - 1 >, 
where 

n-l 

Ei = {a E U (Nk@E) I so=a=?si} 
k=O 

which covers all transitions that should be present in any conforming imple
mentation, and an invalid transition cover E, 

n-l 

E = {a.a E U (Nk@E) I 3si E S (sO=a*si ~a*)} 
k=O 

which covers all transitions that should be absent in any conforming imple
mentation. 

Next, Hi is used to verify the tail states ofreached after each sequence in 
Ei . Excluding the transitions that have already been tested in the fIrst testing 
phase, we can construct the set of test sequences for the second testing phase 
as follows: 

n-l 

TS2 = E U ( U (Ei \Ni)@Hi} 
i=O 

We conclude that the set of test sequences is expressed as follows, by 
combining the two sets of test sequences for the first and second testing phases: 

n-l 

TS = TS1 UTS2 = Eu (U Ei@Hi) 
i=O 
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We have seen that the above process is an analogue of the checking exper
iments for the FSM model, except that invalid transitions need to be tested 
although their tail states need not to be verified. Similarly, it is expected that 
a test suite which is derived from 5 based on the above process is complete 
with respect to trace equivalence for F(m). In the next section, we present 
the test generation methods, based on the facilities presented in Section 4.2. 

6 TEST GENERATION 

6.1 Methods 

Based on the above state identification techniques, we have a number of 
methods for constructing a set TS of test sequences for a given LTS spec
ification 5 and with certain fault coverage for F(m). Let 5 be given in 
the TOS form with n states. We can obtain the state cover for implemen
tation < No, N1 , ... Nn - 1 >, the valid transition cover for implementation 
< Eo, E1 , ••• En- 1 > and the invalid transition cover for implementation E 
as presented in the above section. Let E = U7:01 Ei and N = U:::01 Ni. 

The DS-method 
Similar to the FSM-based DS-method [8], we use a distinguishing sequence (1 

for 5 to form a test suite for 5, as follows. 

TS = E@{(1}U E (1) 

Theorem 1 Given an LTS specification 5 in the TOS form and a distin
guishing sequence (1 for 5, the test suite obtained from TS as given in (1) is 
m-complete for 5 w.r.t. ~. 

Unlike the traditional FSM-based DS-method, the LTS-based DS-method 
does not construct a single test sequence since a reliable reset exists. It seems 
that, in case of deadlock, the reset is the only way to continue test execution. 

The US-method 
Let < (10, (11, .•• , (1n-1 > be a set of unique sequences for 5, then a test suite 
for 5, which is an analogue of that derived by the FSM-based UIO-method [12], 
can be formed as 

n-1 
TS = (U Ei@{(1i})U E (2) 

i=O 

As a specific case, unique sequences might be prefixes of the same (dis
tinguishing) sequence. For the same reason explained in relation with the 
DS-method, the US-method does not combine unique sequences using the ru
ral Chinese postman tour algorithm to obtain an optimal single test sequence. 
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Since unique sequences do not always exist, partial characterization sets 
can be used instead of unique sequences. This corresponds to the improvement 
on the VIO-method in [5]. Although partial characterization sets exist for any 
LTS in the TOS form, like the US-method, the improvement can not guarantee 
that a derived test suite is m-complete. 

A similar method borrowing the notion of VIO sequences in the FSM 
model is proposed in [3], in which unique sequences are called unique event 
sequences. This method does not check invalid transitions, so it may not cover 
a fault where an undefined transition has been implemented. 

The Uv-method 
In order to obtain an m-complete test suite, the US-method can be improved 
such that 

n-1 n-1 

TS = N@( U O"i) U (U (Ei\Ni)@{O"i}) U E (3) 
i=O i=O 

Theorem 2 Given an LTS specification 5 in the TOS form and a set of 
unique sequences < 0"0,0"1, ... ,O"n-1 > for 5, the test suite obtained from TS 
as given in (3) is m-complete for 5 w.r.t. :::=. 

The Uv-method usually drives a test suite of length larger than the US
method. However, unlike the US-method, it guarantees full fault coverage. 
The Uv-method corresponds to the FSM-based UIOv-method [18]. 

The W-method 
Given a characterization set W for 5, we form a test suite for 5 by the following 
formula. This is an LTS-analogue of the FSM-based W-method [4]. 

TS = E@WUE (4) 

Theorem 3 Given an LTS specification 5 in the TOS form and a charac
terization set W for 5, the test suite obtained from TS as given in (4) is 
m-complete for 5 w.r.t. :::=. 

We note that in the case that IWI = 1, the W-method is the OS-method. 

The Wp-method 
Let W be a characterization set for 5 and < Wo, W1, ••• , Wn - 1 > be partial 
characterization sets for 5, similar to the FSM-based Wp-method [7], the 
Wp-method uses the following test sequences to form a test suite for 5 

n-1 

TS = N@W U (U (Ei\Ni)@Wi ) U E (5) 
i=O 

Theorem 4 Given an LTS specification 5 in the TOS form, a characteriza
tion set Wand partial characterization sets < Wo, W1, ••• , Wn - 1 > for 5, the 
test suite obtained from TS as given in (5) is m-complete for 5 w.r.t. :::=. 
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Obviously, the Wp-method derives usually a test suite of length smaller 
than the W-method because Wi ~ W. We note that the Uv-method is a spe
cific case of the Wp-method, in which the union U~:OI ai is a characterization 
set and < {ao}, {ad,·.·, {an-d > are partial characterization sets. 

The HSI-method 
Let < Ho, HI, ... ,Hn - I > be harmonized state identifiers for 5, similar to 
the FSM-based HSI-method [10, 9], The HSI-method follows completely the 
approach presented in the above section to form a test suite for 5. 

n-I 

TS= (U Ei@Hi)UE (6) 
i=O 

Theorem 5 Given an LTS specification 5 in -the TOS form and harmonized 
state identifiers < Ho, HI"'" H n - I > for 5, the test suite obtained from TS 
as given in (6) is m-complete for 5 w.r.t. ~. 

Since the union U~OI Hi is a characterization set, the HSI-method usually 
derives a test suite of length smaller than the W-method. 

6.2 Examples 

Assuming that the specification is given in Figure 2, with the HSI-method, 
we can derive a 4-complete test suite, which checks trace equivalence for this 
specification, as well as to the specification in Figure 1, as follows. 

80 81 82 83 

State Identifiers Hi a, b b.a b.a a, b 
State Cover Q c a C a.c 
Valid Transition Cover Ei c, a.b a C a.c, c.b, c.c 
Invalid Transition Cover E = {b, a.a, c.a, a.c.a, a.c.b, a.c.c} 

pass incon incon incon incon incon incon incon 

bI pass inca 

fail 

fail fail 

pass fail fail fail fail fail fail fail fail 

Figure 3 A complete test suite for the LTS specification in Figure 2.1. 

TS = {b, a.a, c.a, a.b.b, a.b.a, a.c.a, a.c.b, a.c.c, c.b.a, c.b.b, c.c.a, c.c.b}. 
The corresponding test cases are shown in Figure 3. 
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7 CONCLUSION 

In this paper, we have redefined, in the LTS model, the notions of state identi
fication, which were originally defined in the formalism of input/output finite 
state machines (FSMs). Then we presented corresponding test derivation 
methods for specifications given in the LTS formalism that derive finite tests 
with fault coverage for trace equivalence. Note that the existing FSM-based 
methods are not directly applicable to LTSs, because LTSs assume rendezvous 
interactions making no distinction between inputs and outputs. 

The notions of state identification in the LTS realm are distinguishing se
quence, unique sequences, characterization set, partial characterization sets 
and harmonized state identifiers. The test generation methods based on 
these techniques are the OS-method, the US-method, the Uv-method, the 
W-method, the Wp-method and HSI-method. Among these methods, the 
OS-method, Uv-method, the W-method, the Wp-method and the HSI-method 
guarantee complete fault coverage. 
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