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Abstract. X-machines were proposed by Holcombe as a possible specification language and since then a
number of further investigations have demonstrated that the model is intuitive and easy to use as well as
general enough to cater for a wide range of applications. In particular (generalised) stream X-machines have
been found to be extremely useful as a specification method and most of the theory developed so far has
concentrated on this particular class of X-machines. Furthermore, a method for testing systems specified
by stream X-machines exists and is proved to detect all faults of the implementation provided that the
system meets certain initial requirements. However, this method can only be used to generate test sequences
from deterministic X-machine specifications. In this paper we present the theoretical basis for a method for
generating test sets from non-deterministic generalised stream X-machines.
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1. Introduction

One of the strengths of developing a formal specification of a system is the fact that it can act as a
reference point for the project development, it can define, in the form of a quasi-legal statement, the required
outcome of the project and it can also be a source of information that can be used to establish that the
implementation is correct. In recent years there has been some interest in trying to use the information in a
formal specification as a basis for test set generation. However, the type of specification language used and
the test set generation strategy chosen can determine how effective the final test process is. The specification,
being a formal description, can be used by a tool to generate test inputs. Laycock [Lay92] and Stocks and
Carrington [StC93] consider the issue of generating test cases from Z specifications; here the emphasis is on
generating efficient test sets and nothing is said about their effectiveness, that is, how many faults may remain
after testing is completed. Bernot et al. [BGM91] and Dauchy et al. [DGM93] consider the generation of
test sets from algebraic specifications; here there is a more comprehensive framework (the ‘hypothesis’) which
allows for the issue of test effectiveness to be discussed but the test generation process does not exploit this
particularly.
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A considerable amount of work has been done in the area of test generation for software modelled by
finite state machines [Bha89, Cho78, FBK91, LBP94]. Here, the assumption is that the control aspects of the
software are separated from the system data and can be modelled by a finite state machine. Thus, these
methods are used to test the control of the program. However, in many situations it is very difficult, or even
impossible, to separate the system control from its data, so a more complex specification model that integrates
these two aspects is needed. Such a model is the X-machine, a blend of finite state machines, data structures
and processing relations or functions.

In its essence an X-machine is like a finite state machine but with one important difference. A basic data
set, X, is identified together with a set of basic processing relations or functions, Φ, which operate on X. Each
arrow in the finite state machine diagram is then labelled by a relation or function from Φ, the sequences of
state transitions in the machine determine the processing of the data set and thus the function or relation
computed. The data set X can contain information about the internal memory of a system as well as different
sorts of output behaviour so it is possible to model very general systems in a transparent way. Introduced
by Eilenberg [Eil74] in 1974, X-machines are proposed by Holcombe [Hol88] as a basis for a possible
specification language and since then a number of further investigations have demonstrated that the model is
intuitive and easy to use as well as general enough to cater for a wide range of applications [HoI98, FHI95].
Furthermore, Barnard et al. [BWW96] define the communicating X-machine model for the specification of
communicating systems, such as distributed systems, and illustrate the advantage of the technique through
the specification of the Alternating Bit Protocol.

A number of important classes of X-machines have been identified and studied [Ipa95, HoI98]. Typically,
the classes are defined by restrictions on the underlying data set X and the set of basic processing relations
or functions, Φ, of the machines. In particular, stream X-machines (SX machines for short) and generalised
stream X-machines (GS X-machines for short) have been found to be extremely useful in practice and most
of the theory developed so far has concentrated on these particular classes. As suggested by their name, S
X-machines and GS X-machines are those in which the input and the output sets are streams of symbols. The
input stream is processed in a straightforward manner, producing, in turn, a stream of outputs and a regularly
updated internal memory state. In the case of S X-machines, each basic relation or function processes exactly
an input symbol and produces exactly an output symbol. GS X-machines are slightly more general: here, a
basic relation or function processes an input symbol but can produce a sequence of outputs of any length.

Furthermore, a method for testing systems specified by S X-machines exists and is proved to detect all
faults of the implementation provided that two major requirements are met [IpH97, IpH98b, HoI98]. Firstly,
the system has to satisfy some ‘design for test’ conditions. Basically these conditions require that the specified
system has to have detectable behaviour under all conditions. Without such conditions, the system may be
very difficult, or indeed impossible, to test. Secondly, the method assumes that the implementations of the
basic processing functions Φ are correct; thus the system implementation uses the same set of basic processing
functions as the specification. In practice this will be checked by a separate testing process, depending on the
nature of Φ.

However, this testing method – we will call this deterministic stream X-machine (DSXM) testing – can
only be used to generate test sequences from deterministic X-machine specifications. On the other hand, there
is a practical need for testing non-deterministic models; for instance, some CSMA protocols for local area
networks are non-deterministic [Tan98]. Non-determinism and concurrency are two important features of
formal specification languages for communicating software, in particular communication protocols. All major
specification languages for communication software – e.g. LOTOS [BoB87], SDL [BeH89] – support non-
determinism. Moreover, a system of communicating deterministic X-machines may have non-deterministic
behaviour [BWW96].

In this paper we present the theoretical basis for a method for generating test sets from non-deterministic
GS X-machines – the method will be called non-deterministic generalised stream X-machine (NGSXM) testing.
The method is a generalisation of the DSXM method; thus the pre-conditions are similar (i.e. design for test
requirements and the correctness of the implementations of the basic processing relations Φ). The paper is
structured as follows. Section 2 introduces the finite state machine (automaton) and results from finite state
machine testing theory. Section 3 defines the GS X-machine and related concepts, while Sections 4 and 5
present the theoretical results that are the basis for the NGSXM method; the method itself is described in
Section 6. We conclude by discussing the application of the method and possible further work.

Before we go any further, we introduce the notation used in this paper. When considering sequences of
inputs or outputs we will use A∗ to denote the set of finite sequences with members in A. ε will denote the
empty sequence and A+ = A∗ − {ε}. For a, b ∈ A∗, ab will denote the concatenation of sequences a and b.
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an is defined by a0 = ε and an = an−1a for n > 1. For a sequence a ∈ A+, length(a) will denote the number
of elements of a, length(ε) = 0. For U,V ⊆ A∗, UV = {ab | a ∈ U, b ∈ V }; Un is defined by U0 = {ε} and
Un = Un−1U for n > 1.

For a sequence a ∈ A∗ we say that b ∈ A∗ is a prefix of a if there exists c ∈ A∗ such that a = bc. The set
of all prefixes of a is denoted by Pref(a), i.e.

Pref(a) = {b ∈ A∗ | ∃c ∈ A∗ such that a = bc}
For U ⊆ A∗,

Pref(U) =
⋃
a∈U

Pref(a)

For n sets A1, . . . , An we will use the projection functions

πi : A1 × . . .× An −→ Ai, 1 6 i 6 n

For a relation f : A←→ B

dom(f) = {a ∈ A | f(a) 6= ∅},
Im(f) =

⋃
a∈A

f(a)

If U ⊆ A then

f(U) =
⋃
a∈U

f(a)

For a finite set A, Card(A) denotes the number of elements of A.

2. Finite State Machine Theory

This section defines the concepts of finite state machine and automaton and introduces a few basic results
from finite state machine theory. Additionally, we give some definitions related to testing and state two results
that are the theoretical basis for two methods of testing from finite state machines.

Definition 2.1. A finite state machine A is a tuple (Σ,Γ, Q, F, I, T ), as follows:

• Σ is a finite set called the input alphabet.

• Γ is a finite set called the output alphabet.

• Q is the finite set of states.

• F is the (partial) transition function, F : Q× Σ −→ 2Q×Γ. F is usually described by a transition diagram.

• I and T are the sets of initial and terminal states respectively, I ⊆ Q, T ⊆ Q.

If the output symbols are ignored, that is if Γ contains only one element, then the finite state machine is
called an automaton and is denoted as a tuple (Σ, Q, F, I, T ), where F is a (partial) function F : Q×Σ −→ 2Q.
The notation and theoretical results given in this section that refer to the general finite state machine model
are also valid for automata – in this latter case the output symbols involved are simply ignored.

Definition 2.2. If q, q′ ∈ Q, σ ∈ Σ, γ ∈ Γ and (q′, γ) ∈ F(q, σ) we say that (σ, γ) is an arc from q to q′ and
write (σ, γ) : q → q′. If q, q′ ∈ Q are such that there exist q0, . . . , qn ∈ Q with q0 = q and qn = q′ so that
(σ1, γ1) : q0 → q1, . . . , (σn, γn) : qn−1 → qn we say that we have a path p = (σ1 . . . σn, γ1 . . . γn) from q to q′ and
write p : q → q′. If n = 0 then (ε, ε) : q → q is the empty path. Note that the arcs of an automaton will be of
the form σ : q → q′ with σ ∈ Σ and the paths will be of the form s : q → q′ with s ∈ Σ∗.

Definition 2.3. The behaviour of a finite state machine is characterised by the relation computed by this,
f : Σ∗ ←→ Γ∗, defined by

sfg ⇐⇒ ∃q0 ∈ I, q ∈ T such that (s, g) : q0 → q

The behaviour of an automaton is characterised by the language accepted by this, L, defined by

L = {s ∈ Σ∗ | ∃q0 ∈ I, q ∈ T such that s : q0 → q}
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Definition 2.4. A finite state machine is called deterministic if

• there is one initial state, i.e.

I = {q0}
• F maps each state/input pair into at most one single state/output pair, i.e.

F : Q× Σ −→ Q× Γ.

Note that the (partial) transition function of a deterministic automaton will have the form

F : Q× Σ −→ Q.

It is easy to see that a deterministic finite state machine will always compute a (partial) function rather than
a relation. However, the non-determinism does not increase the descriptive power of an automata, as shown
by the results below [Coh91].

Theorem 2.1. For any non-deterministic automaton A there exists a deterministic automaton A′ that accepts
the same language as A.

For any non-deterministic automaton with all states terminal there exists a deterministic automaton with
all states terminal that accepts the same language as A′.

In the remaining part of this section we will only refer to deterministic finite state machines (or automata)
with all states terminal (i.e. T = Q), denoted by (Σ,Γ, Q, F, q0) or (Σ, Q, F, q0). The concepts of minimal finite
state machine (or minimal automaton), transition cover and characterisation set of a minimal finite state
machine (or automaton) are defined next.

Definition 2.5. Let A = (Σ,Γ, Q, F, q0) be a deterministic finite state machine and let q ∈ Q. Then the (partial)
function computed by A in q, fq : Σ∗ −→ Γ∗, is defined by

sfqg ⇐⇒ (s, g) : q → q′ for some q ∈ Q
If the machine is an automaton then the language accepted by A in q, Lq , is defined by

Lq = {s ∈ Σ∗ | s : q → q′ for some q ∈ Q}
Definition 2.6. Let A = (Σ,Γ, Q, F, q0) and A′ = (Σ,Γ, Q′, F ′, q′0) be two deterministic finite state machines and
let X ⊆ Σ∗. Then two states q ∈ Q and q′ ∈ Q′ are called X-equivalent if ∀s ∈ X, fq(s) = fq′(s). Note that if A
and A′ are automata then q and q′ are X-equivalent if Lq ∩X = Lq′ ∩X. If q and q′ are not X-equivalent then
they are called X-distinguishable. A and A′ are called X-equivalent if q0 and q′0 are X-equivalent. Otherwise,
A and A′ are called X-distinguishable.

Definition 2.7. A deterministic finite state machine A = (Σ,Γ, Q, F, q0) is called minimal if the following are
true:

• ∀q ∈ Q∃s ∈ Σ∗, g ∈ Γ∗ such that (s, g) : q0 → q.

• ∀q, q′ ∈ Q two distinct states of A ∃X ⊆ Σ∗ such that q and q′ are X-distinguishable.

Theorem 2.2. Given a deterministic finite state machine A there exists a minimal finite state machine A′ that
computes the same (partial) function as A. Furthermore, A′ is unique up to a renaming of the state set. A′ is
called the minimal finite state machine of A.

Note that the minimal automaton A′ of a given automaton A is the minimal automaton that accepts the same
language as A.

Standard techniques for constructing the minimal finite state machine (or automaton) exist; see for example
[Eil74].

Definition 2.8. Let A = (Σ,Γ, Q, F, q0) be a minimal finite state machine. Then a set of input sequences
W ⊆ Σ∗ is called a characterisation set of A if any two distinct states of A are W -distinguishable.

Definition 2.9. Let A = (Σ,Γ, Q, F, q0) be a minimal finite state machine. Then a set of input sequences S ⊆ Σ∗
is called a state cover of A if ∀q ∈ Q∃s ∈ S, g ∈ Γ∗ such that (s, g) : q0 → q.

Note that the minimality of the finite state machine (or automaton) ensures the existence of a characterisation
set and of a transition cover.
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We now turn our attention to finite state machine testing and, in particular, to the generation of test
sequences from a finite state machine specification. Given two finite state machines (one representing the
specification and the other the implementation), we need to construct a set of sequences that, when applied
to the two machines with identical results, guarantees their identical behaviour. Such a set of input sequences
will be called a test set of A and A′. The test set will be generated from the specification A and, in principle,
no information is available about the implementation A′. However, it is obvious that no such finite set exists
for an arbitrary finite state machine A′; thus the implementation has to meet some further requirements.
There are a number of more or less realistic assumptions that can be made about the form and size of the
implementation and these, in turn, give rise to different techniques for generating test sets [Bha89]. The least
restrictive assumption refers to the size of A′ (i.e. the number of states of A′) and is the basis for the W-method
[Cho78] and Wp-method [FBK91]: the difference between the number of states of the implementation and
that of the specification has to be at most k, a positive integer estimated by the tester. A test set generated
under this condition will be called a k-test set of the specification. Theorems 2.3 and 2.4 below are the
theoretical basis for the W -method and Wp-method, respectively.

Definition 2.10. Let A = (Σ,Γ, Q, F, q0) and A′ = (Σ,Γ, Q′, F ′, q′0) be two deterministic finite state machines.
Then X ⊆ Σ∗ is called a test set of A and A′ if the following is true.

If A and A′ are X-equivalent then A and A′ compute the same (partial) function.
Note that if A and A′ are automata then the above requirement becomes
If A and A′ are X-equivalent then A and A′ accept the same language.
If k is a positive integer then X ⊆ Φ∗ is called a k-test set of A if for all deterministic finite state machines

A′ as above with Card(Q′)− Card(Q) 6 k, X is a test set of A and A′.

The W-method and the Wp-method, as originally formulated, refer to finite state machines that are completely
specified, that is when the transition function F is a total function.

Definition 2.11. A deterministic finite state machine A = (Σ,Γ, Q, F, q0) is called completely specified if the
transition function F : Q× Σ −→ Q× Γ is a total function.

Theorem 2.3. Let A = (Σ,Γ, Q, F, q0) be a minimal deterministic finite state machine that is completely
specified and let S and W be a state cover and a characterisation set of A, respectively. Then

X = S(Σk+1 ∪ Σk . . . ∪ {ε})W
is a k-test set of A.

Theorem 2.4. Let A = (Σ,Γ, Q, F, q0) be a minimal deterministic finite state machine that is completely
specified and let S and W be a state cover and a characterisation set of A, respectively. For any state q let
Wq be a set of sequences that distinguishes q from any other state q′ ∈ Q. Then

X ′ = X1 ∪X2

is a k-test set of A, where X1 and X2 are defined by

X1 = S(Σk ∪ Σk−1 . . . ∪ {ε})W,

X2 =
⋃
q∈Q

(S(Σk+1 ∪ Σk ∪ . . . ∪ Σ)⊗Wq)

where for a set Y ⊆ Σ∗

Y ⊗Wq = {ywq | (y ∈ Y for which ∃g ∈ Γ∗ such that (y, g) : q0 → q) and wq ∈Wq}
The idea of the W-method (Theorem 2.3) is that the set T = S ∪ SΣ ensures that all the states and all the
transitions of A are also present in A′ while the set R = (Σk ∪ Σk−1 ∪ . . . ∪ {ε})W checks that A′ is in the
same state as A after each transition is used. Notice that R contains W and also all sets ΣiW , 1 6 i 6 k. This
ensures that A′ does not contain extra states. If there were up to k extra states, then each of them would be
reached by some input sequence of up to length k from the existing states. Thus X = TR is a k-test set of A.

In the Wp-method (Theorem 2.4), X1 checks that all the states defined by the specification are identifiable
in the implementation. At the same time, the transitions leading from the initial state to these states are
checked for correct output and state transfer. X2 checks the implementation for all the transitions that are
not checked by X1. Since for any state q ∈ Q, Wq can be chosen to be a subset of W , X ′ will be a subset
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Fig. 1. Finite state machine.

of X. Thus the Wp-method can yield a smaller test set than the W-method. Obviously, this is done at the
expense of a more complex algorithm to generate the test set.

Note that the above two theorems cannot be used for automata testing; this is because any completely
specified automaton with all states terminal will accept all input sequences, i.e. the language accepted by the
automaton is L = Σ∗. Since a method of testing automata will be required in the following sections of this
paper, we will adapt the two results above so that they can serve our purpose. The result below is primarily
aimed at automata testing; however, it is formulated in the more general context of finite state machines that
are not necessarily completely specified. In this case, for an input sequence s and s′ a prefix of s, there may
be two states that are {s}-equivalent, but not {s′}-equivalent (this happens when no path labelled s emerges
from either states and a path labelled s′ emerges from one of them, but not from the other). Thus, Theorems
2.3 and 2.4 have to be modified so that the test sets include not only the original sequences of inputs, but
also all their prefixes.

Theorem 2.5. Let A = (Σ,Γ, Q, F, q0) be a minimal deterministic finite state machine and X and X ′ defined as
in Theorems 2.3 and 2.4, respectively. Then Pref(X) and Pref(X ′) are k-test sets of A.

Proof. Let o /∈ Γ be an extra output symbol and let Γo = Γ ∪ {o}. Then for any deterministic finite machine
A = (Σ,Γ, Q, F, q0) we denote by Ao = (Σ,Γo, Q, Fo, q0) a finite state machine with output alphabet Γo, where
Fo : Q× Σ −→ Q× Γo is a total function defined by

Fo(q, σ) =

{
F(q, σ) if F(q, σ) 6= ∅
(q, o) otherwise

It is clear that Ao is deterministic and completely specified and that if A is minimal then Ao is also minimal.
Also, it is easy to see that for any Y ⊆ Σ∗ any two deterministic finite state machines A and B are
Pref(Y )-equivalent if and only if Ao and Bo are Y -equivalent.

Then it is enough to prove that X and X ′ above are k-test sets of Ao. This follows from the above theorems
since any state cover of A is also a state cover of Ao and any characterisation set of A is also a characterisation
set of Ao. q

Example 2.1. If A is the deterministic automaton represented in Fig. 1, with Σ = {0, 1} and A the initial state,
then

S = {ε, 1, 11} is a transition cover of A

WA = {0, 10} is a set that distinguishes A from B and C

WB = {0, 10} is a set that distinguishes B from A and C

WC = {0} is a set that distinguishes C from A and B

W = Wa ∪Wb = {0, 10} is a characterisation set of A

If k = 1, then from theorem 2.5 it follows that Pref(X) and Pref(X ′) are 1-test sets of A, where X and
X ′ = X1 ∪X2 are as follows:

X = {ε, 1, 11}{ε, 0, 1, 00, 01, 10, 11}{0, 10}
X1 = {ε, 1, 11}{ε, 0, 1}{0, 10}
X2 = {1}{0, 10} ∪ {11, 110, 1100}{0}

3. Generalised Stream X-Machines

This section defines the GS X-machine and some concepts related to it.
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Definition 3.1. A generalised stream X-Machine (GS X-machine for short) Z is a tuple

(Σ,Γ, Q,M,Φ, F, I, T , m0)

as follows:

• Σ and Γ are finite sets called the input alphabet and output alphabet respectively.

• M is a (possibly) infinite set called memory.

• Q is the finite set of states.

• Φ is the type of Z , a set of (non-empty) basic relations that the machine can use, of the form

φ : M × Σ←→ Γ∗ ×M
• F is the (partial) ‘next state’ function,

F : Q× Φ −→ 2Q

F is usually described as a state-transition diagram.

• I and T are the sets of initial and terminal states respectively,

I ⊆ Q,T ⊆ Q
• m0 is the initial memory value,

m0 ∈M
Thus, GS X-machines are X-machines for which the basic processing relations have the form φ : M × Σ←→
Γ∗ ×M, i.e. each such relation will read an input symbol, discard it and produce a sequence of output symbols
while (possibly) changing the value of the memory. If the sequence of outputs is always of length one, i.e. the
processing relations have the form φ : M × Σ←→ Γ×M, then the machine is called a stream X-machine (S
X-machine for short).

It is sometimes helpful to think of an X-machine as an automaton with the arcs labelled by relations from
the type Φ. The automaton A = (Φ, Q, F, I, T ) over the alphabet Φ is called the associated automaton of Z .

Definition 3.2. If q, q′ ∈ Q, φ ∈ Φ, φ : q → q′ is called an arc of Z if φ : q → q′ is an arc of A. Similarly, for
q, q′ ∈ Q, p ∈ Φ∗, p : q → q′ is called a path of Z if p : q → q′ is a path of A. Each path p = φ1 . . . φn with
n > 0 gives rise to a relation (the path relation):

| p |: M × Σ∗ ←→ Γ ∗ ×M
defined by

(m, s) | p | (g, m′)⇐⇒ ∃m1, . . . , mn+1 ∈M such that (mi, σi)φi(gi, mi+1), 1 6 i 6 n

where m1 = m, mn+1 = m′, s = σ1 . . . σn and g = g1 . . . gn.
The relation corresponding to the empty path is (m, ε) | δ | (ε, m).

A machine computation takes the form of a traversal of a path in the state space and the application, in turn,
of the path labels (which represent basic processing relations) to the initial memory value. The correspondence
between the input sequence applied to the machine and the output produced give rise to the relation computed
by the machine, as defined next. In general, an GS X-machine is non-deterministic, in the sense that the
application of an input sequence can produce more than one output sequence.

Definition 3.3. Given a GS X-machine Z , we define the relation f : Σ∗ ←→ Γ∗ by

sfg ⇐⇒ ∃q0 ∈ I, q ∈ T ,m′ ∈M, p ∈ Φ∗ such that p : q0 → q and (m0, s) | p | (g, m′)
We say that Z computes f.

A deterministic GS X-machine is one in which there is at most one possible transition for any triplet
q ∈ Q,m ∈M,σ ∈ Σ. This is defined next.

Definition 3.4. A GS X-machine Z is called deterministic if the following are true:

• The associated automaton of the machine is deterministic. This is equivalent to the following:

– Z has only one initial state, i.e.

I = {q0}
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Fig. 2. Associated automaton of the stream X-machine.

– The next state function of Z maps each pair state/processing function into at most one single state,
i.e.

F : Q× Σ −→ Q

• Φ is a set of (partial) functions φ : M × Σ −→ Γ∗ ×M rather than relations.

• If φ : q → q1 and φ′ : q → q′1 are distinct arcs emerging from the same state q, then

dom(φ) ∩ dom(φ′) = ∅
Otherwise the machine is called non-deterministic. It is easy to see that a deterministic GS X-machine computes
a (partial) function rather than a relation.

When dealing with specifications of real systems, it is natural to assume that the application of any input
symbol in any state and memory value is specified. Such a machine will be said to be completely specified.

Definition 3.5. A GS X-machine Z is called completely specified if ∀q ∈ Q, σ ∈ Σ, m ∈ M∃φ ∈ Φ such that
F(q, φ) 6= ∅ and φ(m, σ) 6= ∅.
An arbitrary X-machine can be easily transformed into one that is completely specified by adding an extra
state that ‘traps’ all the unspecified transitions. See Example 3.1; the technique is similar to that used for finite
state machines [Gil62]. Since the GS X-machine model is used in this paper for testing purposes, naturally
we would like to have as much information about the outputs produced as possible. For this reason, in the
remaining part of this paper we will assume that all the states of the machine are terminal (i.e. T = Q). This
means that the output produced by the machine can be viewed in any of its states, even though the machine
is allowed to terminate its computation only in certain states. Of course, the intermediary outputs can be
filtered out once the system has been tested. Clearly, if Z is completely specified and all its states are terminal
then dom(f) = Σ∗.

Example 3.1. Let Z be a GS X-machine with

Σ = {0, 1},Γ = {a, b},M = {α, β}, m0 = α

The transition diagram of Z may be found in Fig. 2, the initial state is A and all states are terminal. The
processing relations are defined next. To avoid unnecessary detail, we only show the effect of relations on
their domain.

(m, 0)φ1(a, α), m ∈M
(m, 1)φ1(b, β), m ∈M

(β, 0)φ2(a, β)

(α, 1)φ2(b, α)

(α, 1)φ3(aa, α)

(β, 1)φ3(bb, β)
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Fig. 3. Associated automaton of the augmented stream X-machine.

The relation computed by Z , f, is given next:

εfε

(01n)f(abn), n > 0

(01n1)f(abnaa), n > 0

(10n)f(ban), n > 0

(10n1)f(banbb), n > 0

Z is not completely specified, but we can easily construct an augmented GS X-machine; we will call this Z ′,
that has this property:

Σ′ = Σ,Γ′ = Γ ∪ {c, d},M ′ = M,m′0 = m0

The transition diagram of Z ′ may be found in Fig. 3. The extra processing relations are defined next.

(α, 0)φ4(c, α)

(m, σ)φ5(d, m), m ∈M,σ ∈ Σ

Before we go any further, we prove a couple of results that will enable us to restrict further the class of GS
machines studied in this paper.

Lemma 3.1. Let Z and Z ′ be two GS X-machines with the same type and initial memory and A and A′,
respectively, their associated automata. If A and A′ accept the same language then Z and Z ′ compute the
same relation.

Proof. This follows from the definition of the relation computed by a GS X-machine. q

Lemma 3.2. Given a (non-deterministic) GS X-machine Z there exists a GS X-machine Z ′ with the same
type and initial memory as Z so that Z ′ computes the same relation as Z and the associated automaton of
Z ′ is deterministic.

Proof. The associated automaton of Z ′ will be a deterministic finite automaton that accepts the same language
as the associated automaton of Z . q

Assumptions. Thus, without loss of generality in what follows we will only refer to (non-deterministic) GS
machines whose associated automata are deterministic. Additionally, as mentioned above, we shall assume
that all the states of the machine are terminal and that the machine is completely specified. Such a (non-
deterministic) GS machine will be denoted by a tuple (Σ,Γ, Q,M,Φ, F, q0, m0). Even though in practice Φ is
usually a set of (partial) functions, we will consider the more general case when Φ is a set of relations.

4. Generalised Stream X-Machine Theory

This section presents a few concepts of the (non-deterministic) GS X-machine theory that will be used in our
theoretical discussion of testing.
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Definition 4.1. Let p ∈ Φ∗, s ∈ Σ∗, m ∈ M. Then Emp,s is called an s-traversal of p w.r.t. m if the following are
true:

• If (m, s) ∈ dom(| p |) then

Emp,s = {(σ1 . . . σi, mi+1, g1 . . . gi) | 0 6 i 6 n}
for some g1, . . . , gn ∈ Γ∗, m1, . . . , mn+1 ∈ M with m1 = m such that (mi, σi)φi(gi, mi+1), 1 6 i 6 n, where
p = φ1 . . . φn and s = σ1 . . . σn, n > 0.

• Otherwise Emp,s = ∅.
Definition 4.2. Let X ⊆ Φ∗, Y ⊆ Σ∗, m ∈ M and let {Ej}j∈J a family of subsets of Σ∗ ×M × Γ∗. Then
EmX,Y =

⋃
j∈J Ej is called an Y -traversal of X w.r.t. m if the following are true:

• ∀p ∈ X, s ∈ Y ∃j ∈ J such that Ej is an s-traversal of p w.r.t. m.

• ∀j ∈ J∃p ∈ X, s ∈ Y such that Ej is an s-traversal of p w.r.t. m.

Definition 4.3. Let Z = (Σ,Γ, Q,M,Φ, F, q0, m0) be a GS X-machine, P ⊆ Φ∗ the set of all paths of Z that
start in q0, Y ⊆ Σ∗ and Em0

P ,Y a Y -traversal of P w.r.t. m0. Then a relation hY : Σ∗ ←→ Γ∗ defined by

shY g ⇐⇒ ∃u ∈ Em0

P ,Y such that π1(u) = s and π3(u) = g

is called an Y -computation of Z . The set of all Y -computations of Z will be denoted by HY .

Note that in general, for a non-deterministic GS X-machine, the concepts defined above are not uniquely
defined. Furthermore, for a GS X-machine whose states are all terminal, the totality of all Y -computations
of M will make up the relation computed by Z , as shown below.

Lemma 4.1. Let Z = (Σ,Γ, Q,M,Φ, F, q0, m0) be a GS X-machine and f : Σ∗ ←→ Γ the relation computed by
Z. Then

f =
⋃
Y⊆Σ∗

⋃
hY ∈HY

hY

Proof. This follows from the definition of the relation computed by Z . q

We illustrate the concepts defined in this section with the following example.

Example 4.1. If Z ′ is the GS X-machine of Example 3.1 (Fig. 3) and

s = 0111

p1 = φ1φ2φ2φ3

p2 = φ1φ2φ3φ5

then E1 is a s-traversal of p1, E2 is a s-traversal of p2 and E is a {s}-traversal of {p1, p2}, where

E1 = {(ε, α, ε), (0, α, a), (01, α, ab), (011, α, abb), (0111, α, abbaa)}
E2 = {(ε, α, ε), (0, α, a), (01, α, ab), (011, α, abaa), (0111, α, abaad)}

and

E = E1 ∪ E2

If P is the set of all paths of Z ′ starting in the initial state A, then E is also an {s}-traversal of Z ′ w.r.t. P .
Thus h is a {s}-computation of Z ′, where

h = {(ε, ε), (0, a), (01, ab), (011, abb), (0111, abbaa), (011, abaa), (0111, abaad)}

5. Theoretical Basis for NGSXM Testing

This section presents the theoretical basis for the NGSXM testing method. This generates a set of input
sequences whose application to the implementation will detect all its faults provided that some pre-requirements
are met, as discussed in what follows.
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In order to test non-deterministic implementations, one usually makes a so-called complete-testing assump-
tion, see [LBP94]: it is possible, by applying a given input sequence s to a given implementation a finite
number of times, to exercise all the paths of the implementation that can be traversed by s. Without such an
assumption, no test suites can guarantee full fault coverage for non-deterministic implementations. In terms
of GS X-machine, this means that the application of a set of sequences Y to the implementation a finite
number of times will result in a Y -computation of the implementation.

A set of input sequences Y will detect all the faults of an implementation Z ′ against a specification Z
if the application of Y a sufficient number of times (i.e. to exercise all the paths of Z and Z ′ that can be
traversed by Y ) to Z and Z ′ with identical results guarantees that Z and Z ′ have identical behaviour for any
input sequence. Such a set will be called a test set of Z and Z ′.

Similar to the DSXM method, the idea of the NGSXM method is to prove a stronger requirement,
that is that the two associated automata have identical behaviour. In this way, in order to test the two GS
X-machines we can use test sets of the associated automata. However, if this idea is to work, then the system
has to satisfy two major requirements. First of all, the specification and the implementations have to use the
same set of basic processing relations; in practice this means that the basic relations have to be correctly
implemented. Secondly, the set of processing relations have to meet some so-called design for test conditions,
completeness and output-distinguishability. These concepts are formalised next.

Definition 5.1. Let Z = (Σ,Γ, Q,M,Φ, F, q0, m0) and Z ′ = (Σ,Γ, Q′,M ′,Φ, F ′, q′0, m0) be two GS X-machines
with the same type Φ and initial memory m0, f and f′ the relations they compute and A and A′ their associated
automata. Then Y ⊆ Σ∗ is called a test set of Z and Z ′ if the following is true.

If there exist h : Σ∗ ←→ Γ∗ and h′ : Σ∗ ←→ Γ∗ two Y -computations of Z and Z ′, respectively, with h = h′,
then A and A′ accept the same language (hence f = f′).

If k is a positive integer then Y ⊆ Σ∗ is called a k-test set of Z and Z ′ if for all Z ′ as above with
Card(Q′)− Card(Q) 6 k, Y is a test set of Z and Z ′.

Definition 5.2. Let V ⊆ M and U = {Uφ | φ ∈ Φ} a family of non-empty subsets of Σ, Uφ ⊆ Σ, indexed by
Φ. Then Φ is called closed w.r.t. (V , U) if the following are true:

• m0 ∈ V ;

• ∀φ ∈ Φ, m ∈ V , σ ∈ Uφ, g ∈ Γ∗, if (m, σ)φ(g, m′) then m′ ∈ V .
Definition 5.3. Let V ⊆ M and U = {Uφ | φ ∈ Φ} with Uφ ⊆ Σ, so that Φ is closed w.r.t. (V ,U). Then Φ is
called complete w.r.t. (V ,U) if: ∀φ ∈ Φ, m ∈ V , ∃σ ∈ Uφ such that φ(m, σ) 6= ∅.

If V = M and ∀φ ∈ ΦUφ = Σ then Φ is simply called complete.

In other words, any basic relation φ will be able to process all memory values of V using inputs in Uφ.
This guarantees that any path of the associated automaton can be exercised from the initial state and initial
memory value.

Definition 5.4. Let V ⊆ M and U = {Uφ | φ ∈ Φ} with Uφ ⊆ Σ, so that Φ is closed w.r.t. (V ,U). Then Φ is
called output-distinguishable w.r.t. (V ,U) if:

∀φ1, φ2 ∈ Φ, m, m′1, m′2 ∈ V , σ ∈ (Uφ1
∩ dom(φ2)) ∪ (Uφ2

∩ dom(φ1)), g ∈ Γ∗,

if (m, σ)φ1(g, m′1) and (m, σ)φ2(g, m′2) then φ1 = φ2 and m′1 = m′2
If V = M and ∀φ ∈ ΦUφ = Σ then Φ is simply called output-distinguishable.

What this is saying is that the memory/input pair processed and the output produced will uniquely determine
the processing relation applied and the next memory value. Note that if Φ is a set of partial functions rather
than relations then the output-distinguishability condition has the following, simpler, form:

∀φ1, φ2 ∈ Φ, m, m′1, m′2 ∈ V , σ ∈ (Uφ1
∩ dom(φ2)) ∪ (Uφ2

∩ dom(φ1)), g ∈ Γ∗

if φ1(m, σ) = (g, m′1) and φ2(m, σ) = (g, m′2) then φ1 = φ2
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Example 5.1. For instance, the type of augmented machine in Example 3.1 is complete w.r.t. (V ,U) and
output-distinguishable w.r.t. (V ,U) where:

V = {α}
Uφ1

= {0}
Uφ2

= {1}
Uφ3

= {1}
Uφ4

= {0}
Uφ5

= {0}
These two conditions are required of the specification machine and they will be referred to as design for test
conditions. Without them, it is going to be difficult to test a system properly; there may be hidden behavioural
faults in the implementation which cannot be exposed. Although these conditions might appear as being
quite restrictive, they can be easily introduced into a specification by simply extending the definitions of the Φ
relations in a suitable manner, introducing extra input and output symbols. A very simple algorithm is given
next.

Let X = {xφ | φ ∈ Φ} and Y = {yφ | φ ∈ Φ} with X ∩ Σ = ∅, Y ∩ Γ = ∅ such that ∀φ1, φ2 ∈ Φ,
if yφ1

= yφ2
then φ1 = φ2. Let also Σe = Σ ∪ X and Γe = Γ ∪ Y ; we call Σe and Γe the extended input

alphabet and extended output alphabet, respectively. Then for any processing relation φ ∈ Φ, we define
φe : M × Σe ←→ Γ∗e ×M by

(m, σ)φe(g, m
′), if (m, σ)φ(g, m′)

(m, xφ)φe = (yφ, m), m ∈M
It is easy to see that Φe = {φe | φ ∈ Φ} is complete w.r.t. (M,U) and output-distinguishable w.r.t. (M,U),
where ∀φ ∈ ΦUφ = {xφ}.

Now, using a finite state machine testing method, we can construct a set of sequences of elements from
Φ∗ that will establish whether the two associated automata accept the same language. However, this is not
really very convenient; we really want a set of input sequences from Σ∗. We thus need to convert sequences
from Φ∗ into sequences from Σ∗. We do this by using a test function as discussed next.

Definition 5.5. Let Z = (Σ,Γ, Q,M,Φ, F, q0, m0) be a GS X-machine and let V ⊆ M and U = {Uφ | φ ∈ Φ}
with Uφ ⊆ Σ, so that Φ is complete w.r.t. (V ,U). Then a function t : Φ∗ −→ Σ∗ is called a test function of Z
w.r.t. U if:

• t(ε) = ε.

• For any φ1, . . . , φn ∈ Φ with n > 0, t(φ1 . . . φn) satisfies the following requirements; in what follows, pi
denotes the path φ1 . . . φi, 0 6 i 6 n.

– If pn is a path in Z starting in q0 then t(φ1 . . . φn) = σ1 . . . σn, where σi ∈ Uφi , 1 6 i 6 n, and
(m0, σ1 . . . σn) ∈ dom(| pn |).

– Otherwise, t(φ1 . . . φn) = σ1 . . . σk+1 with σi ∈ Uφi , 1 6 i 6 k + 1, and (m0, σ1 . . . σk+1) ∈ dom(| pk+1 |),
where k ∈ {0, . . . , n− 1} is the largest number for which pk is a path in Z starting in q0.

Note that since Φ is complete w.r.t. (V ,U) there always exists t(p) that meets the above requirements. Also
note that a test function w.r.t. U is not uniquely determined; in general many different possible test functions
exist.

If ∀φ ∈ ΦUφ = Σ then t is simply called a test function of Z .

For two family of sets U = {Uφ | φ ∈ Φ} and U ′ = {U ′φ | φ ∈ Φ} with ∀φ ∈ Φ Uφ ⊆ U ′φ, it is obvious that if

t : Φ∗ −→ Σ∗ is a test function of Z w.r.t. U then t is also a test function of Z w.r.t. U ′. In particular, for any
family of sets U as above, any test function of Z w.r.t. U is also a test function of Z .
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Example 5.2. If Z ′ is the GS X-machine of Example 3.1 (Fig. 3) and U is as in Example 5.1 then we can
construct a test function w.r.t. U having the following values:

t(φ1) = 0

t(φ1φ2) = 01

t(φ1φ2φ2) = 011

t(φ1φ2φ2φ3) = 0111

t(φ1φ2φ2φ3φ1) = 01110

t(φ1φ2φ2φ3φ1φ2) = 01110

t(φ1φ2φ2φ3φ1φ2φ3) = 01110

The scope of a test function is to test whether a certain path exists or not in Z using appropriate input
symbols (hence the name). This idea is formalised in the following lemma.

Lemma 5.1. Let Z = (Σ,Γ, Q,M,Φ, F, q0, m0) and Z ′ = (Σ,Γ, Q′,M,Φ, F ′, q′0, m0) be two GS X-machines and
A and A′, respectively, their associated automata. Let V ⊆M and U = {Uφ | φ ∈ Φ} with Uφ ⊆ Σ, so that Φ
is complete w.r.t. (V ,U) and output-distinguishable w.r.t. (V ,U) and let t : Φ∗ −→ Σ∗ be a test function of Z
w.r.t. U. Let also X ⊆ Φ∗ and Y = t(X). If there exist two identical Y -computations of Z and Z ′ respectively
then A and A′ are Pref(X)-equivalent.

Proof. Let P be the set of all paths of Z that start in q0 and P ′ the set of all paths of Z ′ that start in q′0. Since
there exist two identical Y -computations of Z and Z ′ respectively, there exist Em0

P ,Y and Em0

P ′ ,Y Y -traversals of

P and P ′, respectively, with respect to m0 so that

{(π1(u), π3(u)) | u ∈ Em0

P ,Y } = {(π1(v), π3(v)) | v ∈ Em0

P ′ ,Y }
Let φ1 . . . φn ∈ X and let k ∈ {0, . . . , n} be the largest number for which φ1 . . . φk ∈ P . Then t(φ1 . . . φn) =
σ1 . . . σksk+1 with σi ∈ Uφi , 1 6 i 6 k, and sk+1 ∈ Uφk+1

∪ {ε} and ∃g1, . . . , gk ∈ Γ∗, m1, . . . , mk ∈ V such that
(mi−1, σi)φi(gi, mi), 1 6 i 6 k, and (σ1 . . . σi, mi, g1 . . . gi) ∈ Em0

P ,Y . Then ∃m′1, . . . , m′k ∈ V with (σ1 . . . σi, m
′
i, g1 . . . gi) ∈

Em0

P ′ ,Y hence ∃φ′1, . . . , φ′k ∈ Φ such that (m′i−1, σi)φ
′
i(gi, m

′
i), 1 6 i 6 k, where m′0 = m0. Since Φ is output-

distinguishable, by induction on i, 1 6 i 6 k, it follows that φ′i = φ′i and m′i = mi. Hence φ1 . . . φk ∈ P ′.
We have the following two cases.

• k = n hence φ1 . . . φn ∈ P and sk+1 = ε. Then φ . . . φn ∈ P ′.
• k < n hence sk+1 = σk+1 ∈ Uφk+1

. Let us assume that φ1 . . . φk+1 ∈ P ′. Then there exists gk+1 ∈ Γ∗, mk+1 ∈ V
with (mk, σk+1)φk(gk+1, mk+1) and (σ1 . . . σk+1, mk+1, g1 . . . gk+1) ∈ Em0

P ′ ,Y hence ∃φ′k+1 ∈ Φ, m′k+1 ∈ V with

φ′k(φk and (mk, σk+1)φ′k(gk+1, m
′
k+1). Since Φ is output-distinguishable, φ′k+1 = φk+1 hence φ1 . . . φkφk+1 ∈ P

which contradicts k < n. Therefore φ1 . . . φkφk+1 /∈ P ′. q

We can now assemble our fundamental result which is the theoretical basis for the NGSXM testing method.

Theorem 5.1. Let Z = (Σ,Γ, Q,M,Φ, F, q0, m0) and Z ′ = (Σ,Γ, Q′,M,Φ, F ′, q′0, m0) be two GS X-machines and
A and A′, respectively, their associated automata. Let V ⊆M and U = {Uφ | φ ∈ Φ} with Uφ ⊆ Σ, so that Φ
is complete w.r.t. (V ,U) and output-distinguishable w.r.t. (V ,U) and let t : Φ∗ −→ Σ∗ be a test function of Z
w.r.t. U. Let also X ⊆ Φ∗ and Y = t(X). If Pref(X) is a test set of A and A′ then Y is a test set of Z and Z ′.
Proof. This follows from lemma 5.1. q

Corollary 5.1. Let Z = (Σ,Γ, Q,M,Φ, F, q0, m0) be a GS X-machine with Φ output-distinguishable and com-
plete and A its associated automaton. Let V ⊆M and U = {Uφ | φ ∈ Φ} with Uφ ⊆ Σ, so that Φ is complete
w.r.t. (V ,U) and output-distinguishable w.r.t. (V ,U) and let t : Φ∗ −→ Σ∗ be a test function of Z w.r.t. U. Let
also X ⊆ Φ∗ and Y = t(X). If Pref(X) ⊆ Φ∗ is a k-test set of A then Y is a k-test set of Z .

Corollary 5.2. Let Z = (Σ,Γ, Q,M,Φ, F, q0, m0) be a GS X-machine with Φ output-distinguishable and com-
plete and A its associated automaton. Let V ⊆M and U = {Uφ | φ ∈ Φ} with Uφ ⊆ Σ, so that Φ is complete
w.r.t. (V ,U) and output-distinguishable w.r.t. (V ,U) and let t : Φ∗ −→ Σ∗ be a test function of Z w.r.t. U. If
X and X ′ are the sets generated by the W-method (Theorem 2.3) and Wp-method (Theorem 2.4), respectively,
then Y = t(X) and Y ′ = t(X ′) are k-test sets of Z .
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6. NGSXM Testing Method

Once all of this mechanism is in place we can apply Corollary 5.2 to generate a test set mechanically. This is
the basis for the NGSXM testing method, which is described in detail next.

6.1. Prerequisites

The method works under the following conditions:

• The system specification is a (non-deterministic) GS X-machine that is completely specified.

• There exist V ⊆ M and U = {Uφ | φ ∈ Φ} with Uφ ⊆ Σ, so that the set of basic relations Φ is complete
w.r.t. (V ,U) and output-distinguishable w.r.t. (V ,U). As already discussed, these designs for test conditions
can be easily enforced by extending the input and output alphabets. Obviously, the extra functionality
resulting from this extension can be filtered out once the system has passed testing.

• The associated automaton of the specification has to be deterministic and minimal. This can be easily
arranged by the designer; standard techniques from finite state machine theory are available, see [Coh91,
Eil74].

• The implementation can be modelled by a GS X-machine machine with the same set of basic processing
relations Φ. In practice, this means that the basic processing relations have to be shown to be correct and
this is done with a separate testing process depending on the nature and complexity of φ′s, as discussed
in [IpH97] and [HoI98].

• The difference between the (unknown) number of states of the implementation and the (known) number
of states of the specification has to be estimated – we will denote this by k. In practice this is not usually
large, for especially sensitive applications one can make very pessimistic assumptions about k at the cost
of a large test set.

6.2. Generation of the Test Set

The generation of the test set consists of the following two steps:

• First, we generate X a k-test set of the associated automaton of the specification, using either the W-method
(Theorem 2.3) or the Wp-method (Theorem 2.4).

• The set X is converted into sequences of inputs through t, a test function w.r.t. U; thus Y = t(X) will be
a k-test set of the specification.

6.3. Application of the Test Set and Evaluation of the Results

The complete-testing assumption we have made ensures that it is possible, by applying a given input sequence
s to the GS X-machine implementation a finite number of times, to exercise all the paths of the implementation
that can be traversed by s. Obviously, the quality of testing increases with the number of repetitions of test
sequence application; in actual testing, this number is limited by practical and economical considerations.

If the complete-testing assumption is in place then Corollary 5.2 ensures that if the application of the test
set Y to the implementation produces the same sequences of output symbols as the application of Y to the
specification then the specification and the implementation are guaranteed to have identical behaviour (i.e.
they compute the same relation).

6.4. Complexity of the Method

The final question that needs to be addressed is concerned with the practicality of the method. That is, how
complex is the test generation algorithm and what is the size of the test set generated? If the processing
relations are computable by some algorithms, then the process of generating the test set can be automated.
Obviously, the complexity of the generation algorithm will depend on the amount of work required to
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construct X (i.e. the k-test set of the associated automaton) but also on the complexity of the basic processing
relations. According to [Cho78], the complexity of the W-method is n2k, the number of sequences in X is less
than or equal to n2rk+1 and the total length of X (i.e. the total number of the input symbols in X) is less
then or equal to n2(n+ k)rk+1, where n represents the number of states of the automaton and r the size of the
input alphabet.

Since the size of Y = t(X) cannot exceed that of X, the number of sequences in the test set generated by
the NGSXM method is less than or equal to n2rk+1 and the total length of the test set is less then or equal to
n2(n+k)rk+1, where n = Card(Q) and r = Card(Φ). Also note that in practice the complete-testing assumption
is fulfilled by repeating the application of the test set a number of times, say t, so the actual figures will be
tn2rk+1 and tn2(n+ k)rk+1, respectively.

The test set is generated by first constructing the test set X and then applying the test function to each
sequence in X. The complexity of the former is n2k; the complexity of the latter is proportional to the
complexity of the basic processing relations, the size of the input alphabet and the total size of the test set.
Thus, if the complexity of each processing relation is at most C and p = Card(Σ) then the complexity of the
NGSXM testing method is n2k + Cpn2(n+ k)rk+1 ≈ Cpn2(n+ k)rk+1.

Thus test sets generated by the method appear to be manageable as is the test application process. Clearly,
it has to be supported by automated systems and suitable tools which do not yet exist.

7. Conclusions

The NGSXM testing method will detect all faults of the implementation provided that two major pre-
conditions are met. Firstly, the system has to satisfy the ‘design for test’ conditions, completeness and output
distinguishability. As discussed in the previous section, these conditions can be easily enforced by extending
the input and output alphabets. Obviously, this transformation will also result in an augmentation of the
implementation, but this does not constitute a serious problem: the extra functionality can be filtered out once
the system has passed testing. Secondly, the method assumes that the implementations of the basic processing
relations Φ are correct; thus the system implementation uses the same set of basic processing relations as the
specification. That is, if the method is used and the implementation passes all of the tests in the test set then
the entire control structure of the system is tested and all faults detected modulo the correct implementation of
the basic relations.

The method is reductionist in the sense that it reduces the problem of proving that the implementation
is correct to proving that the basic processing relations are correctly implemented. At first sight, it might
appear that what the method really does is shift the burden onto the testing of φ’s. This is not so. What is
proposed here is a gradual testing process in which at each level the system is assumed to be made of reliable
components. In likely applications of the method, this will be successively applied to the hierarchy of GS
X-machines that are created when the basic functions Φ are considered at each level. Thus, testing a specific
function φ will involve considering it as the computation defined by a simpler GS X-machine and so on.
Ultimately, at the bottom level, the basic relations are usually quite simple and can be tested using suitable
alternative methods – for example category partition testing [OsB89] or a variant – or even assumed to be
fault free if they are routines or objects from a library.

The method is also applicable to deterministic GS X-machines; in this case it reduces to a slightly improved
version of the DSXM method.

Over the last 10 years, the X-machine model has been used for specification and testing in several case
studies [FHI95, IpH98b] including safety-critical systems [HIG95] and the results are encouraging. Recently
the definition of communicating X-machines [BWW96] opened the door for using the X-machine model for
specification of communicating and distributed systems. Non-determinism is usually an essential feature of
such systems, hence the need for a testing method for non-deterministic X-machine models. Work on a paper
that illustrates the use of this method for testing a system of communicating X-machines is currently in
progress.
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Recent Topics in Mathematical and Computational Linguistics, pp. 130–141 Romanian Academy Publishing House, 2000.

[Ipa95] Ipate, F.: Theory of X-Machines and Applications in Specification and Testing. PhD thesis, University of Sheffield, UK, 1995.
[IpH96] Ipate, F. and Holcombe, M.: Another look at computability. Informatica, 20:359–372, 1996.
[IpH97] Ipate, F. and Holcombe, M.: An integration testing method that is proved to find all faults. International Journal of

Computer Mathematics, 69:159–178, 1997.
[IpH98a] Ipate, F. and Holcombe, M.: A method for refining and testing generalised machine specifications. International Journal of

Computer Mathematics, 68:197–219, 1998.
[IpH98b] Ipate, F. and Holcombe, M.: Specification and testing using generalised machines: a presentation and a case study. Software

Testing, Verification and Reliability, 8:6–81, 1998.
[Lay92] Laycock, G. T.: Formal specification and testing. Journal of Software Testing, Verification and Reliability, 2:7–23, 1992.
[LBP94] Luo, G., v. Bochmann, G. and Petrenko, A.: Test selection based on communicating non-deterministic finite-state machines

using a generalised Wp-method. IEEE Transactions on Software Engineering, 20(2):149–161, 1994.
[OsB89] Ostrand, T. J. and Balcer, M. J.: The category-partition method for specifying and generating functional tests. Communica-

tions of the ACM, 31(6):667–686, 1989.
[StC93] Stocks, P. and Carrington, D.: Test template framework: a specification-based test case study. In ISST’93, 1993.
[Tan98] Tanenbaum, A. S.: Computer Networks, 2nd Edn. Prentice-Hall, Englewood Cliffs, NJ, 1998.

Received November 1999

Accepted September 2000


