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Abstract 
In this paper, we consider conformance testing of communication systems 
modeled by I/O automata. A framework is proposed for testing I/O automata 
with full fault coverage for implementations with at most m states. The notion 
of state identification, which was originally is defined in the realm of I/O finite 
state machines, is applied. Based on this notion, a test derivation algorithm 
is given for test suites which guarantee fault coverage. This algorithm is an 
analogue of the so-called FSM-based HSI-method. 
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1 INTRODUCTION 

Communication is a process in which a system interacts with its environment. 
In many real-life applications, communication is performed via inputs and out
puts. For such a system, inputs are initialized by the environment and always 
enabled in the system for any interaction, while outputs are initialized by the 
system and cannot be blocked by the environment. In this context, when the 
system has its outputs and inputs at the same time, a choice mechanism is 
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needed to decide which action among the outputs and inputs actions is exe
cuted; no communication can be blocked unless no outputs from the system 
and no inputs from the environment at all. Systems with such input/output 
interactions are called I/O automata. 

The choice mechanism of I/O interactions can be implemented in a simple 
way such that a system and the environment are interacting in an alternative 
order. The alternative input/output interactions are usually assumed for so
called input/output finite state machines (FSMs). More general interactions 
with no distinction between inputs and outputs are called rendezvous. The 
rendezvous interactions are usually assumed for so-called labeled transition 
systems (LTSs). 

The I/O automata is one of the important formalisms in the realm of con
formance testing of communication systems, in particular, network protocols. 
There has been much work done on testing labeled transition systems [2, 9, 10] 
and finite state machines [3, 7, 4, 5]. However, for I/O automata, few stud
ies [8, 6, 11, 12] have been done. It is argued that the input/output model 
is closer to the reality than the rendezvous model, while the alternative in
put/output model is only a limited case of I/O automata. Therefore, it is of 
both practical and theoretical interests to study conformance testing based 
on I/O automata. 

A testing scenario for I/O automata was given in [8]. Conformance test
ing based on I/O automata was discussed in [6]. A test generation method 
was proposed in [11] for a quiescent trace preorder with unspecified behav
ior concerned. In [12], the refusal testing notion was further applied for test 
derivation. These existing methods usually use an exhaustive testing approach 
in order to provethe correctness of an implementation against its specification 
with respect to a particular conformance relation. Apparently, this approach 
is often impractical since it may involve a test suite of a big size or infinite 
behavior. Moreover, no fault coverage measure can be given for conformity of 
an implementation with its specification. 

In this paper, we deal with test derivation for specifications modeled by 
I/O automata with guaranteed fault coverage for a well-defined fault model, 
which is defined as a set of mutants of a given specification with at most m 
states, where m is a known integer. I/O automata considered are transition
deterministic. We give in Section 2 the basic definitions and notations of I/O 
automata. In Section 3, a framework is proposed for testing I/O automata. 
In Section 4, a test derivation method, with the notion of state identification 
which was originally defined in the realm of FSMs, is given. 

2 BASIC DEFINITIONS AND NOTATIONS 

The starting point for conformance testing is a specification in some (formal) 
notation, an implementation given in the form of a black box, and a set of con
formance requirements the implementation should satisfy. In this paper, I/O 



notation 
(X uY)" 

p-u-+ 
pfu-+ 
out(p) 
p after u 
1T(P) 

meaning 
set of sequences over XU Yj u or al ... an denotes such 
a sequence 
there exist Pk, 1 ~ k < n, such that P-al-+Pl " .pn-l 
-an-+q 
there exists q such that p-u-+q 
no q exists such that p-u-+q 
out(p) = {a E Y I p-a-+} 
p after u = {q E S I p-u-+q}j S after u = So after u 
1T(p) = {u E (X U Y)" I p-u-+}j 1T(S) = 1T(so) 

Table 1 Notations for I/O automata 
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automata are considered for specifications; implementations are also assumed 
to be described in the same model as its specification; the conformance re
quirements is supposed to be defined by a specific conformance relation-trace 
equivalence. 

Definition 1 (I/O automaton (lOA)): An I/O automaton is a 4-tuple < 
S,X,Y,A,so >, where: 
• S is a finite non-empty set of states, So E S, is the initial state. 
• X is a finite non-empty set of inputs. 
• Y is a finite non-empty set of outputs. 
• A ~ S x (X U Y) x S is a transition set, where 'Vp E S and 'Va E X,3q E S 
such that (p, a, q) EA. 

An element (p, a, q) E A is usually denoted by p - a -+ q, and called a 
transition. If a EX, it is called an input transition; otherwise a E Y and it 
is called an output transition. p-a-+q also means that action a is enabled in 
state p. Note that I/O automata we give here are always input-enabled, i.e. 
completely specified. 

An I/O automaton is said to be transition-deterministic if there exist no 
p-a-+ ql, p-a-+ q2 E A where ql =f- q2. An I/O automaton is also said to 
be output-deterministic if there exist no states enabling two or more different 
outputs, i.e. there are no p - Yl -+ ql, P - Y2 -+ q2 E A where Yl, Y2 E Y and 
Yl =f- Y2· In this paper, we only address the transition-deterministic IOAs. Note 
that the transition-deterministic I/O automata can still be non-deterministic, 
because when there may be two or more outputs enabled in a state, which 
output is executed is not determined. 

Given two sequences 0'1,0'2, we use 0'1.0'2 to represent the concatenation of 
0'1 and 0'2' Given two sets of sequences VI, V 2 , we use V I @V2 to represent the 
concatenation of VI and V 2 , that is, VI @V2 = {0'1.0'2 I 0'1 E VI /I. 0'2 E V2}' We 
also use pre f (u) to denote a set of prefixes of u and pre f (V) to denote a set of 
prefixes of all sequences in V. We also use vm to represent the concatenation 
of set V of sequences with itself for m times. Formally, vm = v@vm-l and 
VO = {e}. 
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Figure 1 An I/O automaton 

Let 5 =< S,X,Y,~,so > be an I/O automaton andp,q E S, the conven
tional notations shown in Table 1 are used in this paper. Furthermore for the 
convenience of the presentation, we always use I, P, 5, ... to represent I/O au-
tomata; I, P, Q, ... for sets of states; a, b, c, ... for inputs or output; x, Xl, ... 

for inputs; y, YI, ... for outputs; i,p, q, s, .. . for states. The set Tr(P) is called 
the set of traces for p. 

An IDA can also be represented by a directed graph where nodes are states 
and labeled edges are transitions. An IOA graph, which describes a slide 
window of size 2, is shown in Figure 1. In this IDA, where pI and p2 are the 
input actions, 9 is the output action. In the initial state so, the two buffers in 
the window are empty, in which pI puts a package with the sequence number 
i to the current buffer and p2 puts a package with the sequence number i + 1 
to the next buffer. The arrival of packages might not be in order, but 9 must 
get a package from the window in turn. Once a package is removed from the 
current buffer, the buffer becomes the next empty buffer (Le.· the pointer j to 
the current buffer now is mod2 (j + 1)). In the state S3 the window is full. 

Definition 2 (TI-ace equivalence): The trace equivalence relation between two 
states i and s, written i = s, holds iff Tr(i) = Tr(s). 
Given two IOAs 1 and 5, we say that 1 is trace-equivalent to 5, written 1 = 5, 
iff io = so. 

The trace equivalence relation requires that an implementation has the same 
traces of interactions as its specification. 

3 CONFORMANCE TESTING 

Conformance testing is a finite set of experiments, in which a set of test cases, 
derived from a specification according to the 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. 

Definition 3 (Test cases and test suite): Given an IDA 5 =< S, X, Y,~, So >, 
a test case for 5 is a 3-tuple < p, fl, l > where 
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• P E (X U Y)*@Yj 
• n = (preJ(p)\{p})@Y is a set of all possible observations while executing 

this test case. 
• f: n --+ {pass, fail, inconclusive} is an acceptance function. 

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

Before a test case T, where p = al.a2 ... an, is applied, the IUT M is in the 
initial state mo. Starting with aI, ai is applied in turn until an, if no exception 
occurs. Let currently M be in state p and meanwhile ai be applied, the I/O 
interaction between T and M can be defined as shown in the following table. 

I/O Available Transitions Execution Test Process 

ai EX P-ai-tq, no p-y-t ai proceed 

ai EX P-ai-tq, p-y-t ai proceed 

ai EX P-ai-tq, p-y-t y exception 

ai E Y p-ai-tq ai proceed 

ai E Y p-y-tq, (y # ai) Y exception 

ai E Y no p-y-tq exception ( deadlock) 

Once an exception occurs at ai, the test execution is terminated, and the 
exception function l(ai) tells the result of this test run. The deadlock is a 
specific exception, which may be detected by a time mechanism. A test case 
should be designed to be "sound", i.e. no deadlock or fail exception should 
happen if a test suite is applied to a valid implementation. A reliable reset 
also is assumed to exist always in any IUT, which brings the IUT from any 
state to the initial state such that a next test run can be executed. 

In this paper, the implementations are modeled by I/O automata, which 
may not be output-deterministic. In order to test nondeterministic implemen
tations, one usually makes a so-called complete-testing assu.mption: it is pos
sible, 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. Without such an assumption, no test suite can guar
antee full fault coverage (in terms of conformance relations) for nondetermin
istic implementations. Therefore, the test application should include several 
test runs and lead to a complete set of observations ObS(T,M) = n n Tr(mo). 

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. 
Intuitively, the success should mean that no unexpected behavior is observed 
and the test purpose has been achieved. If we define the test pu.rpose of T, 
written Pur(T), to be Pur(T) = {/7 E n I £(/7) = pass} then the conclusion 
can be drawn as follows. 
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Definition 4 (Verdict assignment ): Given an IUT M, a test case T, let 
ObS/ail = {a E ObS(T,M) I £(a) = fail} and Obspass = {a E ObS(T,M) I £(a) = 
pass}, then 
M passes T if ObS/ail = 0/\ Obspass = Pur(T) 
M fails T otherwise. 

The goal of conformance testing is to gain confidence in an implementa
tion under test concerning its conformance with the specification. Increased 
confidence is normally obtained through time and effort spent in testing the 
implementation, which, however, are limited by practical and economical con
siderations. In order to have a more precise measure of the effectiveness of test
ing, a fault model and fault coverage criteria [1] are introduced. Like in the 
FSM realm, we also take the mutation approach [1] to define the fault model 
in the IOA realm to be a set F(m) of all transition-deterministic IOAs with 
at most m states and the same alphabets. Based on F(m), a test suite with 
complete fault coverage for an lOA specification can be defined as follows. 

Definition 5 (Complete test suite): Given an IOA 5 and a fault model F, a 
test suite TS for 5 is said to be complete over F(m), if for any M in F(m), 
M = 5 iff M passes T for each T in TS. 

A complete test suite guarantees that for any implementation M in F(m), if 
M passes all test cases, it is a conforming or valid implementation of the given 
specification, and any faulty implementation in the fault model is detected by 
failing at least one test case. 

In the context of trace equivalence, a conforming implementation should 
have the same traces as a specification. Therefore each test case specifies a 
sequence of inputs and outputs, which is either valid or invalid trace for the 
specification, to verify that an implementation has implemented the valid one 
and not the invalid one. If such a sequence is implemented in the implemen
tation, then there must exist a test run such that the sequence is observed. 
If the sequence is a valid trace, a pass verdict should be assigned to this test 
run, which implies that the sequence in the test case should be labeled with 
pass; no conclusion could be made if a test run completes before the end of 
the sequence, so all the proper prefixes of the sequence should be labeled with 
inconclusive. On the other hand, if the sequence is an invalid trace, a fail 
verdict should be assigned to this test run, which implies the sequence in the 
test case should be labeled with fail. Based on this reasoning, we conclude 
that all test cases must be of the following form: 

Definition 6 (Acceptance function): Given an lOA specification 5 and T =< 
p, 0, £ >, the acceptance function £(a), a E 0, satisfies: 

{

pass (a E Tr(so) npreJ(p))/\ 
£(a) =. (a.a E pref(p) -+ a.a rf. Tr(so)) 

fall a rf. Tr(so) 
inconclusive otherwise. 
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~r-o_n......;g;;.....i-(n~)-on_...;;g,--..... gass 

fail incon 

Figure 2 Test case for I/O sequence p1.p2.g.g 

Obviously, if £(0') = fail, all the sequences in n which have 0' as a prefix are 
labeled with fail. On the other hand, if £(0') = pass, all the sequences in n 
which are prefixes of 0' are labeled with inconclusive and all the sequences 
in n which have 0' as a proper prefix cannot be labeled with pass any more. 

Theorem 1 Given a test case T for IDA 5, for any IDA I, if 1 = 5, then 1 
passes T. 

A test case with I/O sequence p1.p2.g.g for the lOA given in Figure 1 is 
shown in Figure 2. Note that in the figure n is represented as a tree. 

4 TEST GENERATION 

We intend to apply the notion of state identification, which was originally 
defined in the realm of FSMs, for the lOA-based test derivation. In this sec
tion, we discuss how the notion is adapted to the realm of 10As. Based on 
this, a test derivation method with full fault coverage is presented for an lOA 
specification. 

4.1 State Identification in Specifications 

Similar to the case of FSMs, in order to identify states in a given lOA specifi
cation, first the specification is required to have certain testability properties, 
one of which is the so-called reducibility. 

Definition 7 (Distinguishable states of an IDA): Two states m and 8 of an 
lOA are said to be distinguishable if there exists 0' E (X U Y)*, such that 
m' = m after 0', s' = s after 0' and aut(m') -::j:. aut(s'). 

Obviously, two distinguishable states are not trace equivalent. This means 
that for two distinguishable states, there exists a sequence of inputs and out
puts, such that it is a trace for one of the two states, but it is not a trace for 
the other. 

Definition 8 (Reduced IDA): An lOA is said to reduced if all its states are 
pairwise distinguishable. 

Here we assume that the given lOA specification 5 is in the reduced form 
and has n states So, 81, .. . 8n -1. 
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There are several state identification notions that may be borrowed from 
the FSM-based testing. Here we only present the so-called harmonized state 
identifiers [5] for the lOA-based testing. The other notions of state identifica
tion could be defined similarly, as we did for test derivation based on labeled 
transition systems in [9]. 

Definition 9 (harmonized state identifiers (HSI)): < Ho, H1, ••• , Hn - 1 > is 
said to be a set of harmonized state identifiers for an IDA S, if 
• Hi ~ (X U Y)*@Y for i = 0, 1, ... ,n - 1; 
• For each pair of different states 8i :I 8j, there exists U E prej(Hi) n 

prej(Hj) such that u E Tr(8i) EBTr(8j), where the operator EB is denoted 
to be A EB B = (A\B) U (B\A). 

Hi is said to be a harmonized state identifier for state 8i. The harmonized 
state identifier for 8i captures the following property: for any other state 8j, 
there exists a sequence Ui in Prej(Hi) that distinguishes 8i from 8j and Ui is 
also in Prej(Hj ). 

Harmonized state identifiers always exist for any reduced IDA. As an ex
ample, for the IDA in Figure 1, we can choose the harmonized state identifiers 
Ho = {g,pLg.g},H1 = {g.g},H2 = {g,pLg.g},H3 = {g.g}. Considering Ho: 
9 is used to distinguish 80 from 81 and 83, so 9 is also in prej(Hd and 
prej(H3); pLg.g is used to distinguish 80 from 82, so H2 has pLg.g. 

4.2 State identification in implementations 

Given an IDA specification S with n states and an IDA implementation I with 
m states, similar to the FSM-based testing, there are the two phases for the 
lOA-based testing. In the first phase, the state identification facility is applied 
to I to check if it can also properly identify the states in I. Once I passes the 
first phase, we can in the second phase test whether each transition and its 
tail state are correctly implemented. 

In order to perform the first testing phase, proper transfer sequences are 
needed to bring I from the initial state to those particular states in I 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 I. Since a reliable reset is 
assumed, we can guarantee this in the following way: after a sequence in Hi 
is applied, the implementation I is reset to the initial state, and brought to 
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 8i of S, there ex
ists exactly one sequence U such that 80--U-+8i, we can use < No, N1 ,··· Nn - 1 > 
to cover all states of I, where 
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and construct a set of sequences to be executed by 1 from the initial state in 
the first testing phase as follows: 

n 

TS1 = U Ni@Hi (2) 
i=O 

Using TS1, we can make test cases for the lOA 5 for the first testing phase 
according to Definitions 3 and 6. We call any I/O sequence that is used to 
make a test case for an lOA a test sequence. 

After 1 passes all test cases made by TS1 , the states of 1 are partitioned into n 
groups, each of which is mapped by a state of 5, written !(Sk), 0 :S k :S n-l. 
For all states i j in the same group !(Sk), if a E Hk then a E Tr(ij), and 
for two states ik E !(Sk) and i j E !(Sj), there exists a E Hi such that 
a E Tr(ii) EEl Tr(ij). 

In the second phase of testing, for testing a given transition Si - a -+ Sj 
in 5, it is necessary to first bring 1 into each state ik E !(Si), then apply a 

at this state and see if a can be executed; moreover, let 1 be in it after a is 
executed, it is necessary to check that it E !(Sj) which should be verified. 
by Hj . If any undefined output transition out of Si has been implemented 
in I, an exception might occur, i.e. an unexpected output is observed. If a 
defined output transition out of Si has not been implemented in I, a deadlock 
exception might occur. In the case of any inconclusive exception, testing is 
repeated. 

Obviously, Ni may be used to bring 1 to any state i k E !(sd. Using this 
state cover, we can obtain a transition cover < Eo, E1 , ... En - 1 > for the 
implementation, where 

n-l 

Ei = {a E U (Nk@(XUY)) I so-a-+s;} (3) 
k=O 

Next, Hi is used to verify the tail states of Ei . Excluding the transitions 
that have 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 = U (Ei\Ni)@Hi (4) 
i=O 

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

n-l n-l n-l 

TS' = TS1 U TS2 = (U Ni@Hi) U (U (Ei\Ni)@Hi ) = U Ei@Hi (5) 
i=O i=O i=O 

We have seen that the above process of checking experiments for IOAs is 
an analogue to the checking experiments for FSMs [10]. It is expected that 
a test suite which is derived from the lOA 5 based on the above process 
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is complete for the fault model F{m). Below we formally present the test 
derivation algorithm. 

4.3 Test selection algorithm 

Following the testing process given in the above subsection, we have the fol
lowing test generation algorithm. 

Algorithm 1 Test Generation Algorithm: 
Input: An lOA 5 with n states in the reduced form and an upper bound m 
on the number of the states of lOA implementations. (n ~ m.) 
Output: A test suite TS. 
Step 1: Find a tuple of harmonized state identifiers {Ho,H1, ... ,Hn-d 
from S. 
Step 2: Construct a minimal set Q ~ (X U Y)* such that 
'\;fsi E S 3a E V (sO-a-tsi). 
Step 3: Construct the sets < Eo,E1, ... En- 1 > such that 
Ei = {a E Q@{{X U y)O U {X U y)l U ... U (X U y)m-n+l) I sO-a-tsi}. 
Step 4: Construct the set of test sequences 
TS' = U~:Ol Ei@Hi 

Step 5: Construct a test case T for each pETS': 
• compute n according to Definition 3, 
• label each a E n according to Definition 6. 

All the resulting test cases constitute the test suite TS. 

The above method is an analogue of the FSM-based HSI-method [5]. The 
following theorem guarantees that a test suite obtained with the above method 
has complete fault coverage for the fault model F{m). 

Theorem 2 Given an lOA specification 5 in the reduced form and the fault 
modeIF{m), a test suite obtained with Algorithm 1 is complete for s. 

If we do not consider the optimization of state cover and state identification, 
for given nand m, the complexity of this algorithm is effective. The size of a 
test suite, i.e. the sum of the lengths of all I/O sequences obtained with the 
above test generation algorithm, is less than n3 1X U Ylm-n+l. 

For the other alternatives of state identification, such as W -set [3, 4] and 
UIO-sequences [7], the corresponding test generation methods could be de
vised similarly for IOAs. In [9, 10], we presented a list of the test generation 
methods based on the different notions of state identification for labeled tran
sition systems. 

4.4 Example 

We use the lOA in Figure 1 which describes a slide window specification 
of size 2 as an example to the application of the test generation algorithm. 
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fail 

fail fail 

incon incon 

fail 
fail 

fail 

pass pass incon incon 

fail pass 

fail fail pass pass pass 

Figure 3 Test suite for a slide window specification 

We assume the fault model to be .1'(4), i.e. implementations considered are 
transition-deterministic IOAs with at most 4 states and with the alphabet 
X = {pI,p2} and Y = {g}. This IOA specification is reduced, and it has HSI 
identifiers 

Ho = {g,p1.g.g},Hl = {g.g},H2 = {g,p1.g.g},H3 = {g.g}. 

If we chose Q = {c,pI,p2,p1.p2} as a state cover for the specification, then 
we have 

Eo = {c,p1.g}, El 
E2 = {p2,p2.p2}, E3 

= {pI, p1.pI, p1.p2.g} 
= {p1.p2, p2.pI, p1.p2.pl, p1.p2.p2} 

and further a set of test sequences 

TS' = {g,p1.g.g,p1.g.pl.g.g,p1.pl.g.g,p1.p2.g.g.g,p2.g,p2.pl.g.g,p2.p2.g, 
p2.p2.pl.g.g,p1.p2.pI.g.g,pl.p2.p2.g.g}. 

Note that in TS' we remove those sequences which are prefixes of the others. 
Using TS', we can constitute a test suite for the slide window specification, 

as shown in Figure 3. This test suite is complete for .1'(4). 

4.5 Test optimization 

From the example in the above subsection, we can see that in the resulting test 
suite, even though we have removed those test sequences which are prefixes 
of other test sequences, there are still some test cases which are implied by 
others. For example, the test case with the test sequence g is implied by any 
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other test cases, because its possible observation set 0 is contained in the 
possible observation set 0' of another test case. The following algorithm is 
used to remove the test cases which are implied by other test cases. 

Algorithm 2 Test Optimization Algorithm 
Input: A test suite TS for an lOA specification. 
Output: A optimized test suite. 
Step! For each test case T E TS, let p be its test sequence, if there exists 
another test case TS' with the possible observation set 0' such that p E 0', 
remove T from TS. 
Step2 Return the resulting TS as the output. 

The following theorem guarantees that, if the given test suite is complete, 
then the test suite obtained with Algorithm 2 is also complete. 

Theorem 3 Given a test suite TS for an lOA specification 5, if TS is com
plete then the test suite obtained with Algorithm 2 is also complete for 5. 

For the test suite derived in the example in the above subsection, after the 
test optimization algorithm is applied, the resulting test suite has the set of 
test sequences: 

TS' = {pl.g.pl.g.g,pl.pl.g.g,pl.p2.g.g.g,p2.pl.g.g,p2.p2.pl.g.g, 
pl.p2.pl.g.g,pl.p2.p2.g.g}. 

The four test cases with the test sequnces g,pl.g.g,p2.g and p2.p2.g are 
removed by the algorithm. 

5 CONCLUSION 

This paper deals with conformance testing of communication systems which 
are specified in the formalism of I/O automata. The I/O automaton model 
is a more powerful model than the I/O finite state machine model (FSM), 
which is extensively used in conformance testing of communication systems. 
A framework has been introduced for testing transition-deterministic I/O au
tomata for trace equivalence. In this framework, test cases, test execution, 
verdict assignment and fault model are defined. The fault model is a set of 
mutants ·of a given specification with at most m states, where m is a known 
integer. The notion of state identification, called harmonized state identifiers 
(HSI), which was originally defined in FSMs, has been introduced for test 
derivation for I/O automata. Based on the state identification technique, a 
test generation method with complete fault coverage, which is an analogue of 
the FSM-based HSI-method, has been presented. 

Although we only introduced one notion of state identification, the other no
tions of state identification, such as a W-set and UIO-sequences, could also be 
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defined similarly, and thus a set of useful and competing test derivation meth
ods with fault coverage could be developed for testing specifications modeled 
by I/O automata. 
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APPENDIX 

We here only give the proof of Theorem 2. Given an IOA specification 5 and 
an lOA implementation M, we assume the following: 
(1) All states of 5 and M are reachable from the initial state So and mo, re
spectively. 
(2) 5 is the reduced form of 5 and has at most n states with n > 1. 
(3) M is the reduced form of M and has at most m states with m ~ n, i.e. 
ME F(m). 
(4) Si,Sj,Sk,SI and mi,mj,mk,ml represent the states of 5 and M, respec
tively. 
(5) A tuple of harmonized state identifiers {Ho, H1 , ... , Hn-d. 
(6) Q is a state cover for S. 
(7) TS is a test suite obtained with Algorithm 1 and TS' is the set of test 
sequences for TS. 

Definition 10 V-equivalence. Given a set V ~ :E*, the V-equivalence rela
tion between two states p and q, written p =v q, holds if and only if for all 
a E pref(V), a E Tr(p) ¢} a E Tr(q). 
Given two IOAs 5 and M with initial states So and mo respectively, we say 
that M is V-equivalent to 5, written 5 =v M, if only if So =v mo. 

notation 
lSi, mi]-a-+[Sj,mj] 
lSi, mi]-a-+[Sj, mj] 
[Si, m;] after V 

D 
Dr 
~k 

meaning 
For a E E,Si-a-+Sj and mi-a-+mj 
For a E E*,Si-a-+Sj and mi-a-+mj 
given a pair of states [Si, m;] E S x M, and a set 
V ~ E* 
[si,m;] after V = {[sj,mj] I 3a E pref(V) 
([Si, m;]-a-+ [Sj, mjD} 
D = [so, mol after E* 
Dr = {[si,mj] ED lSi =Hi mj} 
~k = Uk Ei .=0 

Lemma 1 For V ~ :E*, assume I[so,mo] after VI> k. If IDI > k, then 



I[So, mol after V."f11 ~ k + 1; if IDI ::; k, then [so, mol after V@"f1 = 
[so,mol after V. 

Proof: 
(I) To prove that the lemma holds when IDI > k. 
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The lemma holds when I[so, mol after VI > k. Consider I[so, mol after VI = 
k. 

(1) 
(2) 
(3) 

IDI > k and I[so, mol after VI = k 
[so, mol after V ~ D 
3[sk,mkl E D\[so,mol after V 
3[Si, mil E [so, mol after V 
30' E pre/(V) 30'.a E ~* 

([so, mol-O'-t lSi, mil-a-t [Sk' mk]) 
-1 

(4) [sk,mkl E [So, mol after V@~ \[so,mol after V 
-1 

(5) [so, mol after V@~ ~ k + 1 
(II) To prove that the lemma holds when IDI ::; k. 

(1) IDI:::; k and I[so, mol after VI = k 
(2) [so, mol after V ~ D 

-1 
(3) [so, mol after V@~ = [so, mol after V 

hypothesis 
definition of D 
(1),(2) 
(1) 

(2) 

(3) 
( 4). 

hypothesis 
definition of D 
(1),(2). 

Lemma 2 Assume So =Q mo. If IDI > m, then I[so, mol after Q@~-nl ~ 
m; and if IDI ::; m, then [so, mol after Q@"fm - n = D. 

Proof: 
(1) To prove that the lemma holds when IDI > m. 

(1) So =Q mo and IDI > m 
(2) I[so, mol after QI ~ n 
(3) I(so,mol after Q@~-nl ~ m 

(II) It is evident from Lemma 1 when IDI :S m. 

Lemma 3 Ifsi =Hi mk and Sj =Hj mk, then i = j. 

Proof: 

hypothesis 
initially connected S, (1) 

Lemma 1, (1),(2). 

(1) For V ~ ~*, Si =v mk {::} Si =pref(V) mk evident 
(2) Si =Hi mk and Sj =Hj mk hypothesis 
(3) Si =pref(H;) mk and Sj =pref(Hj) mk (1),(2) 
(4) i =I j assumption 
(5) 30' E (Tr(si) EBTr(sj)) npre!(Hi) npre!(Hj ) definition of Hi, (4) 
(6) let 0' E Tr(si), then 0' E Tr(mk) (3) 
(7) 0' E Tr(sj) (3),(6) 
(8) i = j (6),(7)1> Tr(si) EB Tr(sj)' 

Lemma 4 IDrl :S m. 
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Proof: 
(1) IMI ~ m 
(2) IDrl > m 

hypothesis 
assumption 

(3) 3[Si, mkl, [Sj, mk](i :f j, Si =Hi mk 1\ Sj =Hj mk) (1),(2) 
(3)¥>Lemma 3 
(definition of Hi). 

(4) IDrl ~ m 

Lemma 5 Ifso =TS' mo, then [So, mol after Q@~-n = Dr = D. 

Proof: 
(I) To prove that the lemma holds when IDI ~ m. 

(1) IDI ~ m hypothesis 
(2) SO =TS' mo hypothesis 
(3) So =Q mo (2) 
(4) [so, mol after Q@~-n = D (1),(3),Lemma 2 

(5) V[si,mjl E [So, mol after Q@~-n(Si =Hi mj) (2) 
(6) D = Dr (4),(5),definition of Dr. 

(11) To prove that the lemma holds when IDI > m. 
(1) IDI > m assumption 
(2) SO =TS' mo hypothesis 

=m-n+l 
(3) [so, mol after Q@~ ~ D 

=m-n+l 
(4) V[Si, mjl E [so, mol after Q@~ 

(5) 

(6) 
(7) 
(8) 
(9) 

(Si =Hi mj) 
=m-n+l 

[so, mol after Q@~ ~ Dr 
=m-n+l 

I [so, mol after Q@~ I ~ m + 1 
IDrl ~ m + 1 
IDI~m 
[so, mol after Q@~-n = Dr = D 

Lemma 6 If mo =TS' sO, then mo =Tr(so) so· 

Proof: 
(1) mo =TS' SO 

definition of D 

(2) 
(3),(4),definition of Dr 

(1),(2),Lemma 2,Lemma 1 
(3),(4) 
(5)¥>Lemma 4 

(6),Lemma 2. 

(2) V[Si, mil E D 30- E Q@~m-n ([so, mol-o--+ lSi, mi]) 
(3) mi =out(s;) Si 

hypothesis 

(l),Lemma 5 
(1) 

(4) not(mo =Tr(so) so) 
(5) 3[Si, mil E D 3y E out(Si) not(mi ={y} Si) 
(6) mo =Tr(so) So 

assumption 
(4) 
(5)¥>(3) . 

Lemma 7 If mo =TS' SO and mo :f So, then there exist T E TS and 0- E n 
such that £(0-) = fail and 0- E Tr(mo). 

Proof: 
(1) SO =TS' mo hypothesis 

(2) V[si,mil ED 30- E Q@~-n ([so,mol-o--+[si,mi]) (l),Lemma 5 
(3) mi =out(s;) Si (1) 
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(4) mo =1= So hypothesis 
(5) 3y E out(mi)\out(Si) 3[Si, mil E D 3a' E prep(TS') 

([so, mol-a'-+ lSi, mil /\ a'.y E Tr(mo)) (1),(3),(4) 
(5),Definition 3 
(6), Definition 6 

(6) 3T E TS (a' E p /\ a'.y E 0) 
(7) £(a'.y) = fail 

Lemma 8 M passes TS iff mo = So. 

Proof: 
(1) mo = So => M passes TS 
(2) M passes TS 
(3) mo =1= So 
(4) 1) not(mo =TS' so) or 2) mo =TS' SO /\ mo =1= So 
(5) not(mo =TS' so) 
(6) 3a E TS' (a E Tr(mo)\Tr(so) or 

a E Tr(so)\Tr(mo)) 
(7) 3TETS(a=p) 
(8) £(a) = fail /\ a E Obs(T,M) or 

£(a) = pass /\ a f/. Obs(T,M) 
(9) mo =TS' SO /\ mo =1= So 
(10) 3T E TS /\ a E 0 (£(a) = fail /\ a E Obs(T,M) 
(11) M fails T, i.e. M fails TS 
(12) mo = So 

Theorem 2 M passes TS iff mo = So. 

Proof: 

Theorem 1 
hypothesis 
assumption 
(3) 
(4) 1) 

Lemma 6 
T made by a 

Definition 6, (6) 
(4) 2) 
Lemma 7 
Definition 4,(8),(10) 
(11)~(2). 

(1) So = So, mo = mo 
(2) M passes TS iff mo = So 

reduced forms of 5 and M 
Lemma 8 

(3) M passes TS iff M passes TS 
(4) mo = So iff mo = So 
(5) M passes TS iff mo = So 

(1) 
(1) 
(3),(4). 


