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Abstract. In 1988 X-machines were proposed as a basis for a specification lan-
guage and, since then, a number of further investigations have demonstrated the
value of this idea. A number of classes of X-machines have been identified and
studied, most importantly the class of stream X-machines. A theory of testing
based on stream X-machines has also been developed. This allows the gener-
ation of test sets which, if satisfied, guarantee, under certain constraints, the
correctness of implementation with respect to specification. This paper extends
this theory in two ways. Firstly, it considers the general X-machine model
rather than the particular stream X-machine class. Secondly, the theoretical
results proved give rise to at least two different testing strategies. These results
are then particularised to the stream X-machine class.

Keywords: Testing, Finite state machine, (stream) X-machine, Formal speci-
fication.

1 Introduction

In recent years there has been some interest in trying to use the information
in formal specifications as a basis for test set generation. However, for most
approaches the emphasis is on generating efficient test sets and nothing is said
about their effectiveness, i.e. how many faults may remain after testing is com-
pleted (see for example [17], [32], [28]). Testing is all about finding faults and
very seldom the issue of the number of faults that remain in the implementa-
tion after testing is discussed. Bernot et al. [6] and Dauchy et al. [10] 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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The problem of test effectiveness is best addressed if the test set can be
guaranteed to find all faults of the implementation. One approach is to consider
two algebraic objects (the specification and the implementation), each of them
characterised by an input/output behaviour, and to prove that, if the behaviours
of these objects coincide for any input in the test set, they will coincide for
any input in the domain. Thus, the specification and the implementation will
be guaranteed to have identical behaviour provided that they behave identically
when supplied with the inputs in the test set. Obviously, such an approach would
only be applicable to certain systems and specification languages; it will not
be applicable to an arbitrary computer system (an arbitrary Turing machine);
otherwise the unsolvability of the halting problem for Turing machines, for
example, would be contradicted.

This approach has been employed in the area of test generation for software
modelled by finite state machines (FSM) (see [8], [13], [14], [15], [20]). Here,
the assumption is that the control aspects of the software are separated from the
system data and can be modelled by a FSM. 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 FSMs, data structures and pro-
cessing functions. In essence an X-machine is like a FSM but with one important
difference. A basic data set, X, is identified together with a set of basic process-
ing functions, �, which operate on X. Each arrow in the finite state machine
diagram is then labelled by a function from �, the sequences of state tran-
sitions 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 [11] in 1974, X-machines were proposed by Holcombe [18] 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 (see
[20], [23], [24], [12]).

A number of classes of X-machines have been identified and studied (see
[20], [22]). Typically, these classes are defined by restrictions on the underly-
ing data set, X, and the set of basic processing functions, �, of the machines.
Among these, the class of stream X-machines (SXM) has received the most
attention. As suggested by their name, stream X-machines are those in which
the input and output sets are streams of symbols. The input stream is processed
in symbol by symbol from left to right, producing, in turn, a stream of outputs
and a regularly updated internal memory. Each processing function processes
a memory value and an input to produce an output and a new memory value.
Particular types of SXMs (having stacks [21] or sequences of symbols [5] as
memory) or slightly different SXM models (that use relations instead of func-
tions [16] or output sequences instead of single output symbols [3]) have also
been studied.
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Thus SXMs are generalisations of finite state machines, similar to extended
finite state machines (EFSM) [30], [7]: here, the variables are replaced by a
memory and the sets of predicates and assignments are replaced by a set of
processing functions. The current approach to EFSM testing [30], [7], [33] is a
straightforward application of the testing methods for FSMs: given an EFSM,
if each variable has a finite number of values then there is a finite number of
configurations (tuples of states and variable values) and there is an equivalent
FSM with configurations as states, so testing EFSMs reduces, in principle, to
testing FSMs. However, in many practical applications, the equivalent FSM
may have such a large number of states that it is impossible even to construct
it, let alone to derive a test set of reasonable size. This is the well known state
explosion problem. There are a number of approaches to cope with this [7],
[9], [27], [29], [33] the general idea being to “collapse” equivalent states into
one, find a reduced machine and to select from the reduced machine only the
states that are reachable from the initial state [30].

A testing strategy for systems specified by stream X-machines has also
been developed [22], [19], [20] but the approach employed here is rather dif-
ferent. For such machines, a number of transitions are grouped into processing
functions and these are assumed to be implemented correctly. Thus, testing the
SXM reduces to testing its transition diagram (the associated FSM of the stream
X-machine). The correctness of the processing functions is checked by a sepa-
rate process: depending on the nature of the function, these can be tested using
the same method or alternative functional methods [20], [23]. Furthermore,
although the method can be applied to arbitrary SXM specification, the full guar-
antee of finding all faults in the transition diagram only holds if the processing
functions meet some “design for test conditions”, completeness and output-dis-
tinguishability. On the other hand, the stream X-machine testing method does
not rely on the finiteness of the memory set (since there is no need to construct
the equivalent finite state machine) and furthermore, it avoids the state explo-
sion problem. The method was first developed in the context of deterministic
stream X-machines [22] and then extended to the non-deterministic case [25].

This paper generalises the existing stream X-machine testing theory in two
ways. Firstly, it considers the general X-machine model rather than the spec-
ialised stream X-machine class. In this case, the breakpoint testing strategy
enables the machine under test to stop after processing every single input ele-
ment and then to resume with a new data value from a (finite) set of test values
representing the testing domain of the current processing function. Secondly,
the results established can give rise to two distinct testing strategies. The differ-
ences between the two strategies are highlighted. The second strategy produces
an extended test set for X-machines which prevents the machine, if possible, to
stop after every single input and consequently generates shorter test sequences.
These results and their corresponding testing strategies are then particularised
to the stream X-machine class. As a consequence, Theorem 6 and Theorem 7
regarding stream X-machine testing are obtained directly from Theorem 3 and
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Theorem 5. The test sets built in these cases are based on input-memory pair of
symbols or single input elements. The former represents a new testing strategy
for stream X-machines.

The paper is structured as follows. Section 2 presents concepts from FSM
theory and FSM testing. Section 3 introduces the X-machine model and related
concepts. Sections 4 and 5 present the two testing strategies and the correspond-
ing theoretical concepts and results. These are then particularised to the stream
X-machine class in section 6. Conclusions are drawn in section 7.

2 Finite State Machine Concepts

This section defines the finite state machine and presents related concepts and
results that will be used later.

Firstly, we introduce the notation used in this paper. When considering
sequences of inputs or outputs we use A∗ to denote the set of finite sequences
generated using members of the set A. λ denotes the empty sequence and
A+ = A∗ − {λ}. For a, b ∈ A∗, ab denotes the concatenation of sequences a

and b. For U, V ⊆ A∗, UV = {ab | a ∈ U, b ∈ V }. For a non-empty sequence
a = a1 . . . an with a1, . . . , an ∈ A, n ≥ 1, rear(a) = an denotes the rightmost
element of the sequence; rear(λ) is undefined.

For a (partial) function f : A −→ B, dom(f ) ⊆ A denotes the (proper)
domain of f. For U ⊆ dom(f ), f (U) = {f (a) | a ∈ U}.

Definition 1 A finite state machine (FSM) is a system M = (�, Q, F, q0)

where:

– � is the finite set of inputs;
– Q is the finite set of states;
– F is the next state function, a (partial) function F : Q×� −→ 2Q;
– q0 ∈ Q is the initial state.

Note 1. In general, a FSM may be non-deterministic in the sense that for each
state q and input σ there may be more than one next state. A FSM is called
deterministic if F is a (partial) function F : Q×� −→ Q.

Definition 2 If q, q ′ ∈ Q, σ ∈ � and q ′ ∈ F(q, σ ) we say that σ is an arc
from q to q ′ and write σ : q → q ′. If q, q ′ ∈ Q are such that there exist
q1, . . . , qn+1 ∈ Q, n ≥ 0, with q1 = q, qn+1 = q ′ and σi : qi → qi+1,

1 ≤ i ≤ n, we say that we have a path s = σ1 . . . σn from q to q ′ and write
s : q → q ′.

Definition 3 For q ∈ Q,

Lq = {s ∈ �∗ | ∃r ∈ Q • s : q → r}
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is called the language accepted by A in q. If q = q0 then Lq is simply called
the language accepted by M .

Definition 4 For V ⊆ �∗, two states, q, q ′ ∈ Q are called V -equivalent if
Lq∩V = Lq ′ ∩V . Otherwise q and q ′ are called V -distinguishable. If V = �∗

then q and q ′ are simply called equivalent or distinguishable. Two FSMs are
called V−equivalent (or equivalent) if their initial states are V−equivalent (or
equivalent).

Note 2. Two FSMs are equivalent if and only if they accept the same language.

Definition 5 A set W ⊆ �∗, is called a characterisation set of M if any two
distinct states q, q ′ ∈ Q are W-distinguishable.

Definition 6 A set S ⊆ �∗, is called a state cover of M if for any state q ∈ Q

there is a path s ∈ S such that s : q0 → q.

Definition 7 A FSM for which there exists a state cover and a characterisation
set is called minimal.

Further details about the construction of state covers and characterisation
sets may be found in [8].

Theorem 1 [11] Given a FSM M there is a minimal FSM M ′ equivalent to M.

Furthermore, M ′ is unique up to a renaming of the state set. M ′ is called
the minimal FSM of M.

We now turn our attention to FSM testing and, in particular, to the generation
of test sequences from a FSM specification. Given two FSMs (one represent-
ing the specification and the other the implementation), we construct a set of
sequences that, when applied to the two machines with identical outcomes,
guarantees their identical behaviour (if the two machines are not equivalent
then at least one of the sequences will produce different results on the two
machines). Such a set of input sequences will be called a test set of M and M ′.
The test set will be generated from the specification M when, in principle, no
information is available about the implementation M ′. However, it is obvious
that no such finite set exists for an arbitrary FSM M ′; thus the implementation
has to meet some further requirements. A number of assumptions can be made
about the form and size of the implementation. These, in turn, give rise to dif-
ferent techniques for generating test sets [30]. The least restrictive assumption
concerns the size of M ′ (i.e. the number of states of M ′) and is the basis for the
W -method [8]: the difference between the number of states of the implementa-
tion and that of the specification must not exceed k, a positive integer estimated
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by the tester. The W -method was originally devised in the context of completely
specified FSMs with outputs [8] and was recently generalised for the case of
partially specified FSMs [1]. We present here this more general variant of the
method.

Definition 8 Let M = (�, Q, F, q0) and M ′ = (�, Q′, F ′, q ′0) be two deter-
ministic FSMs. Then U ⊆ �∗ is called a test set of M and M ′ if whenever M

and M ′ are U -equivalent, M and M ′ are also equivalent.

Theorem 2 [1] Let M = (�, Q, F, q0) and M ′ = (�, Q′, F ′, q ′0) be two min-
imal deterministic FSMs and let S and W be a state cover and a characterisation
set of M , respectively. If card(Q′)− card(Q) ≤ k then

U = S(�k+1 ∪�k · · · ∪ {λ})(W ∪ {λ})
is a test set of M and M ′.

The idea underlying the W-method (Theorem 2) is that the set T = S ∪S�

ensures that all the states and all the transitions of M are also present in M ′

while the set R = (�k ∪ �k−1 ∪ · · · ∪ {λ})(W ∪ {λ}) checks that M ′ is in the
same state as M after each transition is used. Notice that R contains W and
also all sets �iW , 1 ≤ i ≤ k. This ensures that M ′ does not have 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 U = T R is a
test set of M and M ′.

A number of authors (see for example [15]) have devised improved variants
of the W-method that may generate smaller test sets in certain cases. Usually, the
gain in obtaining a smaller test set is partially offset by the increased complexity
of the process of generating it.

3 X-machine Concepts

This section presents the X-machine model and illustrates the concept with an
example.

Definition 9 An X-machine is a system P=(X, Q, �, F, q0, c, d, O, o) where:

– X is a (possibly infinite) set called the data set;
– Q is the finite set of states;
– � is the set of basic processing functions, � = {f | f : X −→ X}; these

are (partial) functions such that for any f1, . . . , fn, f
′
1, . . . , f

′
m

∈ �, n, m ≥ 0, xi ∈ dom(fi), 1≤ i ≤ n, x ′j ∈ dom(f ′j ), 1≤ j ≤m,

if x1 . . . xn = x ′1 . . . x ′m then m = n and xi = x ′i , 1 ≤ i ≤ n;
– F is the next state function, a (partial) function F : Q×� −→ 2Q;
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– q0 ∈ Q is the initial state;
– c is the stopping condition of P , a predicate on X;
– d is the testing domain of P , a function d : � −→ 2X such that ∀f ∈

�• d(f ) ⊆ dom(f );
– O is the output set;
– o is the output function of P , a (partial) function o : X −→ O with

dom(o) ⊇ dom(�), where dom(�) = ∪f∈�dom(f ).

Compared with the previous definition of an X-machine [20] this definition
includes specific elements introduced for testing purposes viz. stopping con-
dition, testing domain, output function, unique decomposition of sequences in
dom(�).

Note 3. For an X-machine P as above, o is extended to a free-semigroup mor-
phism o:dom(�)∗−→O∗. Thus o(λ) = λ, and o(x1 . . . xp) = o(x1) . . . o(xp),
p ≥ 1. In what follows we will refer to this extension.

The testing domain (d), output set (O) and output function (o) are intro-
duced in the definition of an X-machine only for testing purposes. They will
not be used in this section, nor do they affect the concepts presented here. Their
use will become apparent later, when testing is discussed.

It is sometimes helpful to think of an X-machine as an automaton with the
arcs labelled by symbols from �.

Definition 10 For an X-machine P as defined above, the associated FSM is
A(P ) = (�, Q, F, q0).

Example 1. The following X-machine specifies a program that, when supplied
with a string starting with $ and containing the characters 0 and 1 and blanks,
counts the number of words in the string for which all prefixes have a number
of 1s that is greater than or equal to the number of 0s. A word is a sequence of
0s and 1s. Words are separated by blanks.

Formally the machine has the following componets:
The functions � = {i, e, f0, f1, fb, g, h} are defined below.
Q is {q0, q1, q2, q3} and
F is defined by F(q0, i) = q3, F (q3, e) = q2, F (q3, f1) = q1,

F (q3, fb) = q3, F (q1, f0) = q2, F (q1, fb) = q3, F (q1, g) = q1, F (q2, fb) =
q3, F (q2, h) = q2,

X = �∗ ×N ′ ×N , where � = {$, 0, 1, b}, N ′ = N ∪ {−1,−2,−3}. The
data set of the machine comprises tuples (s, n, k), s ∈ �∗, n ∈ N ′, k ∈ N ,
where s is the string supplied to the system, n represents the difference between
the number of 1s and the number of 0s in the current word and k is the number
of words already processed. For reasons that will be explained later, n may also
assume the “dummy” values −1, −2 or −3.
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The functions in � are

i($s, 0, 0) = (s, 0, 0), where s ∈ �∗,
e(0s, 0, k) = (s,−1, k), where s ∈ �∗, k ∈ N ,
f0(0s, 0, k) = (s,−2, k − 1), where s ∈ �∗, k ∈ N, k > 0,
f1(1s, 0, k) = (s, 1, k + 1), where s ∈ �∗, k, n ∈ N,

fb(bs, n, k) = (s, 0, k), where s ∈ �∗, k ∈ N, n ∈ N ′,
g(xs, n, k) = (s, n + y, k), where s ∈ �∗, k, n ∈ N, (n > 0, and (x = 0
and y = −1)) or (n ≤ 0 (and x = 1 and y = 1)),
h(xs, n, k) = (s,−3, k), where s ∈ �∗, k ∈ N, n ∈ N ′, x ∈ {0, 1}.

We take O = N ′ × N, o(s, n, k) = (n, k), where s ∈ �∗, n ∈ N ′, k ∈ N;
c(λ, n, k) = true and c(s, n, k) = f alse for s = λ, where s ∈ �∗, n, k ∈ N.

Definition 11 If q, q ′ ∈ Q, f ∈ �, and q ′ ∈ F(q, f ) we say that f is an
arc from q to q ′ and write f : q → q ′. If q, q ′ ∈ Q are such that there exist
q1, . . . , qn+1 ∈ Q, n ≥ 0, with q1 = q, qn+1 = q ′ and fi : qi → qi+1,

1 ≤ i ≤ n, we say that we have a path pt = f1 . . . fn from q to q ′ and write
pt : q → q ′.

Definition 12 Each path pt = f1 . . . fn gives rise to a (partial) function (the
path function) fpt :X−→X where fpt (x) = x ′ if and only if ∃x1, . . . , xn+1 ∈X

such that fi(xi) = xi+1, 1 ≤ i ≤ n, where x1 = x, and xn+1 = x ′.

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 denote processing
functions selected from �). This gives rise to the relation computed by the
machine, as defined next.

Definition 13 The relation computed by an X-machine P , fP : X ←→ X is
defined by xfP x ′ if and only if ∃q ∈ Q and a path pt : q0 → q such that
xfptx

′ and c(x ′) is true.

In general, an X-machine may be non-deterministic, in the sense that the
application of an initial data value x may produce more than one value of the
data set. An X-machine is deterministic if its associated automaton is deter-
ministic; any two processing functions that emerge from the same state have
disjoint domains and no processing function can be applied to values for which
the stopping condition holds.

Definition 14 An X-machine P is called deterministic when

– F : Q×� −→ Q;
– for any two distinct processing functions f, g ∈ �, if ∃q ∈ Q such that

(q, f ) ∈ dom(F) and (q, g) ∈ dom(F), then dom(f ) ∩ dom(g) = ∅;
– for any processing function f, if x ∈ dom(f ) then c(x) = f alse.



Testing (Stream) X-machines 225

It is easy to see that the X-machine in Example 1. is deterministic.

Note 4. If P is deterministic then fP is a function rather than a relation.

Note 5. In what follows we will assume that all X-machines are deterministic.

4 The Breakpoint Test Set of X-machines

We turn now our attention to testing. As stated in the introduction, the approach
used is to consider two X-machines and to generate a finite set of sequences that,
when applied to the two machines with identical observable results, guarantees
that the two machines have identical behaviour. This is formalised next. The
section also introduces the concepts that are required in the testing process and
shows how a test set can be generated.

Definition 15 Two X-machines P and P ′ are called testing-compatible if their
data sets, sets of processing functions, output functions, testing domains and
stopping conditions coincide.

Definition 16 Let P be an X-machine. For I ⊆ X∗ we define

L(P, I) = {y | y = y1 . . . yp ∈ X∗, ∃xy

= x1 . . . xp ∈ I, f1, . . . , fp ∈ �, pt = f1, . . . , fp

is a path starting at q0, such that xi ∈ d(fi), fi(xi) = yi, 1 ≤ i ≤ p}

Note 6. Since P is deterministic the cardinality of L(P, I) cannot exceed that
of I . In particular, for x ∈ X∗, L(P, {x}) is either the empty set or contains
exactly one element.

Note 7. When the elements xi in the above definition are such that xi = yi−1,

2 ≤ i ≤ p, we call them breakpoint values.

Note 8. In practice the testing domains will always be finite. In Example 1. we
can consider d(f ) = dom(f ) ∩ {(α, β, γ ) || α |≤ M,−3 ≤ β ≤ M, 0 ≤
γ ≤ M}, for any f ∈ �, where M is a positive integer depending on the set of
sequences used for testing.

Example 2. For P as in Example 1. and I = {x1x2x3x4x5x6x7} where

x1 = ($1110b1, 0, 0),
x2 = (1110b1, 0, 0),
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x3 = (110b1, 1, 1),
x4 = (10b1, 2, 1),
x5 = (0b1, 0, 1),
x6 = (b1,−2, 0),
x7 = (1, 0, 0).

we have L(P, I) = {y1y2y3y4y5y6y7}, where

y1 = (1110b1, 0, 0) (i(x1) = y1 and F(q0, i) = q3),
y2 = (110b1, 1, 1) (f1(x2) = y2 and F(q3, f1) = q1),
y3 = (10b1, 2, 1), (g(x3) = y3 and F(q1, g) = q1),
y4 = (0b1, 3, 1), (g(x4) = y4 and F(q1, g) = q1),
y5 = (b1,−2, 0), (f0(x5) = y5 and F(q1, f0) = q2),
y6 = (1, 0, 0), (fb(x6) = y6 and F(q2, fb) = q3),
y7 = (λ, 1, 1), (f1(x7) = y7 and F(q3, f1) = q1).

It may be observed that x5 (x5 = y4) is a breakpoint value.

Definition 17 Let P = (X, Q, �, F, q0, c, d, O, o) and P ′ = (X, Q′, �, F ′,
q ′0, c, d, O, o) be two X-machines that are testing-compatible. Then a finite
set I ⊆ X∗ is called a breakpoint test set of P and P ′ if whenever ∀x ∈ I

o(L(P, {x})) = o(L(P ′, {x})), we have fP = fP ′ .

Note 9. If for two X-machines P and P ′, A(P ) and A(P ′) are equivalent FSMs
then fP = fP ′ . However, the converse implication is not true, as it is easy to
construct two testing compatible X-machines that compute identical relations
but have non-equivalent associated FSMs.

The idea behind our testing method is to prove a stronger requirement, viz.
that the two associated FSMs are equivalent. In this way, in order to test the two
X-machines we can use the test sets of the associated FSMs. However, this idea
only work if it is possible to distinguish between any two processing functions
using appropriately chosen arguments.

Definition 18 An X-machine is called output-distinguishable if ∀f, g ∈ �,

f = g, if x ∈ d(f ) ∩ d(g) then o(f (x)) = o(g(x)).

It is easy to see that the X-machine in Example 1. is output-distinguishable.
In order to ensure this property, the negative values−1,−2, and−3 were used
in the definition of functions e, f0 and h, respectively.

We now need a mechanism for translating sequences of processing functions
into sequences of data. This is a test function, as defined next.

Definition 19 Let P = (X, Q, �, F, q0, c, d, O, o) be an X-machine and let
t : �∗ −→ X∗, be a function defined recursively as follows:
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– t (λ) = λ;
– for p ≥ 0, consider t defined for any string f1 . . . fp ∈ �∗; then for any

string f1 . . . fpfp+1:
• if f1 . . . fp is a path in P that emerges from the initial state q0 then

t (f1 . . . fpfp+1) = t (f1 . . . fp)xp+1, where xp+1 ∈ d(fp+1)

• otherwise t (f1 . . . fpfp+1) = t (f1 . . . fp).

The function t defined above is called a test function of P .

In other words, for any sequence of processing functions f1 . . . fp,
t (f1 . . . fp) is a sequence of data that exercises the longest prefix of p that
is a path of the machine and also tries to exercise the function that follows this
prefix, if any. Note that a test function is not uniquely defined, there may be
many test functions of the same X-machine.

Example 3. For the X-machine in Example 1., a test function for the sequence
if1ggf0fbhh can be constructed as follows:

t (i) = x1

t (if1) = x1x2

t (if1g) = x1x2x3

t (if1gg) = x1x2x3x4

t (if1ggf0) = x1x2x3x4x5

t (if1ggf0fb) = x1x2x3x4x5x6

t (if1ggf0fbh) = x1x2x3x4x5x6x7

t (if1ggf0fbhh) = x1x2x3x4x5x6x7

where x1, x2, x3, x4, x5, x6, x7 are as given in Example 2.. The construction is
correct since x1 ∈ d(i), x2 ∈ d(f1), x3 ∈ d(g), x4 ∈ d(g), x5 ∈ d(f0), x6 ∈
d(fb), x7 ∈ d(h), if1ggf0fb is a path from q0 but if1ggf0fbh is not.

Definition 20 A test function t is called n−natural, n ≥ 2, if for any f1 . . . fp ∈
�∗, x1 . . . xp ∈ X∗, 1 ≤ p ≤ n, if t (f1 . . . fp) = x1 . . . xp then xi+1 = fi(xi),
1 ≤ i ≤ p − 1.

That is, a test function is n−natural when, for any sequence of process-
ing functions of length at most n, the values produced by the test function
are chosen such that the next value is obtained from the current value through
the application of the corresponding processing function. Example 3. shows
the construction of a 4−natural test function which is not 5−natural (since
g(x4) = x5).

Definition 21 An X-machine is output delimited w.r.t. a test function t if for all
x = t (u), x = x1 . . . xp withxi ∈ X for all 1 ≤ i ≤ p, ifo(f1(x1) . . . fp(xp)) =
o(g1(x1) . . . gp(xp)) then o(fi(xi)) = o(gi(xi)) for all 1 ≤ i ≤ p.
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Theorem 3 LetP = (X, Q, �, F, q0, c, d, O, o)andP ′ = (X, Q′, �, F ′, q ′0,
c, d, O, o) be two X-machines that are testing-compatible and output-distin-
guishable, and let t be a test function of P such that P is output delimited w.r.t.
t and let U ⊆ �∗. If o(L(P, {x})) = o(L(P ′, {x})), x ∈ t (U), then A(P ) and
A(P ′) are U -equivalent.

Proof. Let u = f1 . . . fp ∈ U and x = t (u).

There are two cases:

– If u = f1 . . . fp is accepted by A(P ), then x = x1 . . . xp.According to Defi-
nition 16 and Note 6. there exists exactly one y = y1 . . . yp ∈ L(P, {x}) and
xi ∈ d(fi), fi(xi) = yi, 1 ≤ i ≤ p. From o(L(P, {x})) = o(L(P ′, {x})) it
follows that there exists exactly one y ′ ∈ L(P ′, {x}) such that o(y) = o(y ′).
Thus y ′ = y ′1 . . . y ′p and there exist f ′i , xi ∈ d(f ′i ), f

′
i (xi) = y ′i , 1 ≤ i ≤ p.

As � is output-distinguishable and o(yi) = o(y ′i) it follows that fi = f ′i ,
1 ≤ i ≤ p (the output delimited property is used). Hence f1 . . . fp is a path
in A(P ′).

– If f1 . . . fp is not accepted by A(P ) then let i ≥ 0 be the maximum num-
ber for which f1 . . . fi is accepted by A(P ). Then according to the first
part of this proof f1 . . . fi is accepted by A(P ′). Let us denote by qi ∈ Q

and q ′i ∈ Q′ the end states of the paths generated by this string in the two
machines. Now, supposing that there exists an arc fi+1 from q ′i , using the
output-distinguishability property it follows that there is an arc fi+1 from qi,

which contradicts the initial assumption. Consequently the string f1 . . . fp

is not accepted by A(P ′).
��

Corollary 1 LetP = (X, Q, �, F, q0, c, d, O, o)andP ′ = (X, Q′, �, F ′, q ′0,
c, d, O, o) be two X-machines that are testing-compatible and output-distin-
guishable and let t be a test function of P such that P is output delimited w.r.t.
t. If U is a test set of A(P ) and A(P ′) then t (U) is a breakpoint test set of P

and P ′.

Proof. From Theorem 3 it follows that A(P ) and A(P ′) are U -equivalent and
from Definition 8 it follows that they are equivalent. Consequently fP = fP ′ .

��
Corollary 2 LetP = (X, Q, �, F, q0, c, d, O, o)andP ′ = (X, Q′, �, F ′, q ′0,
c, d, O, o) be two X-machines that are testing-compatible and output-distin-
guishable, and let t be a test function of P such that P is output delim-
ited w.r.t. t and U ⊆ �∗. If o(L(P, {x})) = o(L(P ′, {x})), x ∈ t (U), then
L(P, t (U)) = L(P ′, t (U)).

Thus, Corollary 1 can be used to generate a breakpoint test set of P and P ′;
this is I = t (U), where U = S(�k+1∪�k · · ·∪{λ})W is a test set of A(P ) and
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A(P ′) (we have assumed that the two associated automata are minimal since,
if they aren’t, they can always be replaced by their minimised equivalents).

Note that the test set defined in this section consists of a number of sequences
of data set elements. Each such sequence exercises a path of the machine and
each element of the sequence is applied to the function that labels the corre-
sponding arc, regardless of the result computed by the previous arc. That is,
the application of the test set happens as though, after processing an arc, the
machine stops and receives a new data value from the test set. We call this the
breakpoint testing strategy for X-machines.

Although not unusual in practice, the need to place breakpoints after each
arc of the machine is processed will obviously complicate the testing process.
Ideally, only the initial value of the data set will need to be supplied to the
machine, since the subsequent values will be computed by the functions that
make up the path followed by the machine (this is also the idea behind the
concept of n−natural test function defined above). This may not always be
possible, since in general not all the paths of the machine can be exercised by
appropriate initial values of the data set.

However, if a value can be obtained by applying the appropriate processing
function to the previous values in the sequence then there is no need to supply
that value to the machine, since it will be simply computed by it. Thus the
sequence needs not contain that value, and it can be replaced by a symbol to
indicate this. This idea leads to the concept of extended test set which is now
discussed next.

5 The Extended Test Set of X-machines

Definition 22 Let e /∈ X and Xe = X∪ {e}. Then for x ∈ Xe, y ∈ X we define
nvle(x, y) by: if x = e then nvle(x, y) = x, else nvle(x, y) = y.

For x ∈ Xe, y ∈ X we define eqle(x, y) by: if x = y then eqle(x, y) = e,
else eqle(x, y) = x.

Thus, nvle replaces the e value of the first argument and eqle checks if the
two arguments are equal. These two functions will be used in the definition and
construction of an extended test set.

Definition 23 Let P be an X-machine and Xe be as defined above. Then for
Ie ⊆ XX∗e , we define

Le(P, Ie) = {y | y = y1 . . . yp ∈ X∗, ∃xy

= x1 . . . xp ∈ Ie, f1, . . . , fp ∈ �, pt = f1 . . . fp

is a path starting at q0 such that x1 ∈ d(f1), f1(x1) = y1,

nvle(xi, yi−1) ∈ d(fi), fi(nvle(xi, yi−1)) = yi, 2 ≤ i ≤ p}.
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Example 4. ForP as in Example 1. and Ie = {x1eeex5ee},we haveLe(P, Ie) =
{y1y2y3y4y5y6y7}, where xi and yi, 1 ≤ i ≤ 7 are as in Example 2..

Definition 24 Let P = (X, Q, �, F, q0, c, d, O, o) and P ′ = (X, Q′, �′, F ′,
q ′0, c, d, O, o) be two X-machines that are testing-compatible. Then a finite
set Ie ⊆ XX∗e is called an extended test set of P and P ′ if whenever ∀x ∈
Ie, o(Le(P, {x})) = o(Le(P

′, {x})), we have fP = fP ′ .

An extended test set Ie is called natural if Ie ⊆ X{e}∗.
That is, a natural extended test set is made up of sequences all of whose

elements, except for the first, are e.

Lemma 1 If I ∈ X∗ is a breakpoint test set of P and P ′ then I is also an
extended test set of P and P ′.

Proof. Follows directly from Definition 24 by taking Ie = I. ��

Definition 25 For an X-machine P and x1 . . . xp ∈ X∗, p ≥ 0 we define
E(P, x1 . . . xp) = z = z1 . . . zp ∈ XX∗e as follows:

– z1 = x1

– for 1 < m ≤ p, if there exist fm−1 ∈ �, ym−1 ∈ X such that f1 . . . fm−1 is
a path of P that starts at q0 with xm−1 ∈ d(fm−1),

fm−1(xm−1) = ym−1 then zm = eqle(xm, ym−1); otherwise zi = xi, m ≤
i ≤ p.

Note that since P is deterministic there is an unique z as defined above. For
I ∈ X∗,

E(P, I) ∩
⋃

x∈I
{E(P, x)}

That is, if xi is computed by applying the corresponding processing func-
tion fi−1 to xi−1 then zi = e, otherwise zi = xi. Thus breakpoint values are
provided only when the corresponding processing function cannot be exercised
by using the previously computed value. Since E(P, I) is included in XX∗e ,
the set Le(P, E(P, I)) may be defined with appropriate adjustment as in Def-
inition 23.

Example 5. For P as in Example 1. and I = {x1x2x3x4x5x6x7} as in Example 2.,
we have E(P, I) = {x1eeex5ee}, so, in this case, Le(P, E(P, I)) = L(P, I).

The result stated in the example above holds for any set I, as is shown by
the next lemma.

Lemma 2 For any X-machine P = (X, Q, �, F, q0, c, d, O, o) and any I ⊆
X∗ we have L(P, I) = Le(P, E(P, I)).
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Proof. Let x ∈ I and x ′ = E(P, x). As P is deterministic there exists at most
one y ∈ L(P, {x}) and one y ′ ∈ Le(P, {x ′}). Now we prove that y = y ′. More
precisely we show that yi = y ′i by induction on i, 1 ≤ i ≤ p. Since x1 = x ′1 we
have y1 = y ′1. For 1 ≤ i ≤ p − 1, assume that yj = y ′j , 1 ≤ j ≤ i. If x ′i+1 = e

then x ′i+1 = xi+1 and thus y ′i+1 = yi+1. Otherwise as nvle(e, y
′
i) = y ′i = yi,

it follows that y ′i+1 = fi(y
′
i) = fi(yi) = yi+1. Since x ∈ I was arbitrarily

chosen, we have L(P, I) = Le(P, E(P, I)). ��
Theorem 4 LetP = (X, Q, �, F, q0, c, d, O, o)andP ′ = (X, Q′, �, F ′, q ′0,
c, d, O, o) be two X-machines that are testing-compatible and output-distin-
guishable, and let t be a test function of P such that P is output delimited w.r.t.
t and let U ⊆ �∗. If o(Le(P, E(P, {x}))) = o(Le(P

′, E(P, {x}))), x ∈ t (U),

then A(P ) and A(P ′) are U -equivalent.

Proof. For I ⊆ X consider the set E(P, I). We show now that for any x ∈ I,

if o(Le(P, E(P, {x}))) = o(Le(P
′, E(P, {x}))), then o(L(P, {x})) =

o(L(P ′, {x})). Assuming that this statement is true, then according to Theorem
3, it follows that A(P ) and A(P ′) are U -equivalent.

Let x = x1 . . . xp ∈ I and xe = xe1 . . . xep
= E(P, x). From the proof of

Lemma 2, if y ∈ L(P, {x}) and z ∈ Le(P, {xe}) then y and z are unique and
y = z. Let y = z = z1 . . . zp.

Now, from o(Le(P, {xe})) = o(Le(P
′, {xe})) it follows that there exists

an unique z′ ∈ Le(P
′, {xe}) such that o(z′) = o(z); let z′ = z′1 . . . z′p. From

z ∈ Le(P, {xe}) it follows that there exist fi ∈ �, 1 ≤ i ≤ p, qi ∈ Q, 0 ≤
i ≤ p, F (qi−1, fi) = qi, such that xe1 ∈ d(f1), f1(xe1) = z1, nvle(xei

, zi−1) ∈
d(fi), fi(nvle(xei

, zi−1)) = zi, 2 ≤ i ≤ p, and from z′ ∈ Le(P
′, {xe}) it

follows that there exist f ′i ∈ �, 1 ≤ i ≤ p, q ′i ∈ Q, 0 ≤ i ≤ p,

F ′(q ′i−1, f
′
i ) = q ′i , such that xe1 ∈ d(f ′1), f

′
1(xe1) = z′1, nvle(xei

, z′i−1) ∈
d(f ′i ), f

′
i (nvle(xei

, z′i−1)) = z′i , 2 ≤ i ≤ p. Since o(zi) = o(z′i), then using the
output-distinguishability property for �, it follows that fi = f ′i , 1 ≤ i ≤ p.

Hence f ′1(x1) . . . f ′p(xp) ∈ L(P ′, {x}). Since y = z and fi = f ′i , 1 ≤ i ≤ p,

it follows that y ∈ L(P ′, {x}). This completes the proof. ��
Corollary 3 LetP = (X, Q, �, F, q0, c, d, O, o)andP ′ = (X, Q′, �, F ′, q ′0,
c, d, O, o) be two X-machines that are testing-compatible and output-distin-
guishable, let t be a test function of P such that P is output delimited w.r.t. t

and let U ⊆ �∗. If U is a test set of A(P ) and A(P ′) then E(P, t (U)) is an
extended test set of P and P ′.
Proof. See Corollary 1. ��
Theorem 5 LetP = (X, Q, �, F, q0, c, d, O, o)andP ′ = (X, Q′, �, F ′, q ′0,
c, d, O, o) be two deterministic X-machines that are testing-compatible and
output-distinguishable. If there exists an n−natural test function of P for n

sufficiently large such that P is output delimited w.r.t. t then there exists a
natural extended test set Ie of P and P ′.
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Proof. Let U be a test set of A(P ) and A(P ′), n be the length of the longest
sequence in U and t an n−natural test function of P. From Corollary 3 it follows
that Ie = E(P, t (U)) is an extended test set of P and P ′. Since t is n−natural,
it follows from Definition 25 that Ie ⊆ X{e}∗. ��

That is, the existence of an n−natural test function for n sufficiently large
will ensure that any path in U can be exercised using as initial data values the
first elements of the sequences in Ie. Thus, Ie is a natural extended test set of
P and P ′.

6 Stream X-machines and Stream X-machine Testing

This section introduces the class of stream X-machines and particularises the
results in the previous sections to this class.

Definition 26 An X-machineP =(X, Q, �, F, q0, c, d, �, o) is called a stream
X-machine if the following hold:

– X = �∗ ×M × �∗, where M is the (possibly infinite) memory, � is the
finite input alphabet and � is the finite output alphabet;

– if f ∈ � then dom(f ) ∩ (�∗ ×M × {λ}) = ∅ and there exists a (partial)
function φf : M × � −→ � × M such that ∀g ∈ �∗, m, m′ ∈ M, s ∈
�∗, γ ∈ �, σ ∈ � f (g, m, σs) = (gγ, m′, s) iff (γ, m′) = φf (m, σ);

– ∀g ∈ �∗, m ∈ M, c(g, m, s) = true if and only if s = λ;
– o is a functiono : �+×M×�∗ −→ � defined byo(g, m, s) = rear(g), g ∈

�∗, m ∈ M, s ∈ �∗, (o returns the rear rightmost element of its non-empty
output sequence argument).

In the above definition the output set O used in the definition of an X-machine
is replaced by �. Note that � is a finite set.

Note 10. For simplicity, in what follows we will consider processing func-
tions of the form f : M × � −→ � × M (i.e. we will use φf instead of
f ). Similarly, we will consider that the testing domain of the machine is a
function d : � −→ 2M×�. A stream X-machine will be denoted by a tuple
P = (�, �, M, Q, �, F, q0, d).

Note 11. A stream X-machine is output-distinguishable if ∀f, g ∈ �, f = g,

if f (m, σ) = (γ1, m1) and g(m, σ) = (γ2, m2) then γ1 = γ2.

Note 12. Two stream X-machines are testing compatible if their input alpha-
bets, output alphabets, memory sets, sets of processing functions and testing
domains coincide.

Note 13. A stream X-machine is output delimited w.r.t. to any of its test func-
tions.
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Example 6. Even though the X-machine in Example 1. processes an input se-
quence in a SXM like fashion, it is not a stream X-machine since the data set
does not contain an output alphabet. However, the output alphabet � = {σf |
σ ∈ �, f ∈ �} can be easily added to the data set (making it �∗ ×M × �∗

with M = N × N and � = {$, 0, 1, b}) and the processing functions can be
rewritten in the style of Note 10. as follows:

i((0, 0), $) = ($i , (0, 0)),
e((0, k), 0) = (0e, (0, k)), where k ∈ N ,
f0((0, k), 0) = (0f0, (0, k − 1)), where k ∈ N, k > 0,
f1((0, k), 1) = (1f1, (1, k + 1)), where k, n ∈ N,

fb((n, k), b) = (bfb
, (0, k)), where k, n ∈ N,

g((n, k), x) = (xg, (n + y, k)), where k, n ∈ N, (n > 0, x = 0 and
y = −1) or (x = 1 and y = 1),
h((n, k), x) = (xh, (n, k)), where k, n ∈ N, x ∈ {0, 1}.

Note that the values σf , σ ∈ �, f ∈ �, are considered to be in � in order to
keep the machine output-distinguishable. Note also that the “dummy” values
−1,−2,−3 used in Example 1. are no longer needed, and are removed.

Definition 27 Let P be a stream X-machine. For I ⊆ (M × �)∗, the set of
sequences of output symbols computed by P when the set I is supplied, is

IMOL(P, I) = {y | y = γ1 . . . γp ∈ �∗, ∃xy = (m1, σ1) . . . (mp, σp) ∈ I

m′1, . . . , m
′
p ∈ M, f1, . . . , fp ∈ �, pt = f1, . . . , fp is a path starting

at q0, such that (mi, σi) ∈ d(fi), fi(mi, σi) = (γi, m
′
i), 1 ≤ i ≤ p}

Example 7. For P as in Example 6. and

I = {((0, 0), $)((0, 0), 1)((1, 1), 1)((2, 1), 1)((0, 1), 0)((0, 0), b)((0, 0), 1)}
we have

IMOL(P, I) = {$i1f11g1g0f0bfb
1f1};

the path followed by the machine on this sequence of input and memory
symbols is if1ggf0fbf1.

Definition 28 LetP = (�, �, M, Q, �, F, q0, d)andP ′ = (�, �, M, Q′, �,

F ′, q ′0, d) be two stream X-machines that are testing-compatible. Then a finite
set I ⊆ (M ×�)∗ is called an input-memory test set of P and P ′ if whenever
∀x ∈ I, IMOL(P, {x}) = IMOL(P ′, {x}), we have fP = fP ′ .
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Theorem 6 LetP = (�, �, M, Q, �, F, q0, d)andP ′ = (�, �, M, Q′, �, F ′,
q ′0, d) be two stream X-machines that are testing-compatible and output-distin-
guishable and let t be a test function of P . Then there exists an input-memory
test set, I , of P and P ′.

Proof. We take k such that card(Q′) − card(Q) ≤ k and we construct U as
in Theorem 2 (it may be assumed that the two associated automata are minimal
since they can always be replaced by their minimised equivalents). Then the
result follows directly from Theorem 3. ��

Definition 29 Let P be a stream X-machine and m ∈ M. For I ⊆ �∗, the
set of sequences of output symbols computed by P in m when the set I is
supplied is

IOL(P, I, m) = {y | y = γ1 . . . γp ∈ �∗, ∃xy = σ1 . . . σp ∈ I

m0, . . . , mp∈M, m0 = m, f1, . . . , fp∈ �, pt = f1, . . . , fp is a path starting

at q0, such that (mi−1, σi) ∈ d(fi), fi(mi−1, σi) = (γi, mi), 1 ≤ i ≤ p}

Example 8. For P as in Example 6., I = {$1110b1} and m = (0, 0) we have

IOL(P, I, m) = {$i1f11g1g1gbfb
1f1}

The path followed by the machine on this sequence of input symbols is
if1gggfbf1.

Definition 30 Let P = (�, �, M, Q, �, F, q0, d) and P ′ = (�, �, M, Q′, �,

F ′, q ′0, d) be two stream X-machines that are testing-compatible. Then a finite
set I ⊆ �∗ is called an input test set of P and P ′ if there exists m ∈ M such that
whenever ∀x ∈ I, IOL(P, {x}, m) = IOL(P ′, {x}, m), we have fP = fP ′ .

We will show that the existence of an input test set is guaranteed if P meets
an additional condition, as defined next.

Definition 31 Let V ⊆ M be a non-empty subset of memory values and n ≥ 1.

The stream X-machine is called n complete w.r.t. V if there exist V0 ⊆ V1 · · · ⊆
Vn−1 ⊆ M, V0 = V, such that for any f ∈ �

– if m ∈ Vn−1 then there exists σ ∈ � such that (m, σ) ∈ d(f ).

– if f (m, σ) = (γ, m′) with m ∈ Vi−1 and (m, σ) ∈ d(f ) then m′ ∈ Vi, 1 ≤
i ≤ n− 1.

The above condition guarantees that any path of length at most n of the asso-
ciated automaton can be exercised by an input test sequence from the initial
state and an initial memory value in V.
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Theorem 7 LetP = (�, �, M, Q, �, F, q0, d)andP ′ = (�, �, M, Q′, �, F ′,
q ′0, d) be two stream X-machines that are testing-compatible, output-distin-
guishable and let there exists V, a non-empty subset of M such that P is n

complete w.r.t. V for n sufficiently large. Then there exists I an input test set of
P and P ′.
Proof. According to Theorem 5, if t is an n−natural test function of P then
Y = E(P, t (U)) is a natural extended test set of P and P ′, where U ⊆ �∗ is
a test set of A(P ) and A(P ′).

Let n be the length of the longest sequence in U and let m ∈ V. Since P

is n-complete w.r.t. V, we can take an n−natural test function t such that for
any f1 . . . fn ∈ U, t (f1 . . . fn) = (λ, m0, σ1 . . . σp) . . . (γ1 . . . γp−1, mp−1, σp)

with 1 ≤ p ≤ n, m0, . . . mp ∈ M, σ1, . . . σp ∈ �, γ1, . . . , γp ∈ �, m0 = m

and fi(mi−1, σi) = (γi, mi), 1 ≤ i ≤ p. We denote sf1...fn
= σ1 . . . σp. Then

I = {sf1...fn
| f1 . . . fn ∈ U} is an input test set of P and P ′. ��

Thus, the input-memory test set of a stream X-machine is the particular form
of the breakpoint test set defined for the general X-machine model: in this case
each arc in the path followed by the machine has to receive its memory-input
pair from the test set. On the other hand, the input test set of a stream X-machine
is equivalent to the natural extended test set of a general X-machine.As a conse-
quence, the testing results for stream X-machines (i.e. Theorem 6 and Theorem
7) are derived from the corresponding results for the general X-machine model
(i.e. Theorem 3 and Theorem 5, respectively).

The existence of an input test set is guaranteed if the stream X-machine
meets an additional requirement, n completeness w.r.t. some subset of mem-
ory values, V. A particular form (for V = M and d(f ) = dom(f )) of this
result (Theorem 7) is given in [22] and constitutes the theoretical basis for the
testing strategy proposed in this paper. The two requirements (completeness
and output-distinguishability) can be introduced in a stream X-machine speci-
fication by introducing “dummy” input and output symbols and extending the
definitions of the processing functions in a suitable manner [22], [25].

7 Conclusions

The paper investigates the problem of generation of test sets in the context of
X-machines. For the purpose of this paper, a test set is a finite set of sequences
of elements that guarantees that two machines have identical behaviour when
the application of this set to the two machines produces identical results. In
fact, the implication is stronger: not only the behaviours of the two machines
coincide, but so do their associated finite state machines. Thus the approach is
to generate sequences of arcs that can test this equivalence (using the existing
testing theory for finite state machines) and to exercise these using appropriate
sequences of elements in the data set. Two approaches are investigated. The
first is to supply each arc in a path with a suitable value of the data set; this
corresponds in practice to placing breakpoints after each function has been
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processed, and this approach gives rise to the breakpoint test set. The extended
test set strategy eliminates the breakpoints whenever possible by reusing values
from the previous computation. In practice this is important since it may reduce
drastically the number of data values supplied to the machine. Ideally, only the
first value in the sequence need be supplied, corresponding to the case when an
n−natural test function can be constructed for a sufficiently large n.

These two approaches are then particularised to the stream X-machine class
and the conditions under which a stream X-machine admits an n−natural test
function are identified.

The main results of this paper generalise what has been obtained in the
case of stream X-machines [22]. They can also have an immediate practical
application since there are software systems that can be modelled by general
X-machines but not by stream X-machines. This will be illustrated by a future
paper.

The method presented in this paper may also be considered in the context
of various other types of (stream) X-machines. It will be worth investigating
to what extent the testing method proposed in this paper is suitable for stream
X-machines that use relations instead of processing functions [16], or which
have functions that yield sequences of symbols rather than single symbols [3],
or more challenging, whether it can cope with the complex structure of different
variants of communicating stream X-machine systems ([2], [4], [26]).

Acknowledgements. We are grateful to the reviewers of this paper and for their valuable com-
ments and suggestions.
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1. Bălănescu, T., Gheorghe, M., Ipate, F., Holcombe, M.: Formal black box testing for par-
tially specified deterministic finite state machines. Foundations of Computing and Decision
Systems 28/1, (2003)

2. Barnard, J., Whitworth, J., Woodward, M.: Communicating X-machines. Infor. Software
Technol. 38, 401–407 (1996)
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5. Bălănescu, T., Gheorghe, M., Holcombe, M.: Deterministic stream X-machines based on
grammar systems. In: C. Martin-Vide and V. Mitrana (eds.) Words, sequences, grammars,
languages: where biology, computer science, linguistics and mathematics meet, Vol. 1.
Kluwer 2000

6. Bernot, G., Gaudel, M., Marre, B.: Software testing based on formal specifications: a theory
and a tool. Software Eng. J. 6, 387–405 (1991)

7. Cheng, K.-T., Krishnakumar, A.S.: Automatic functional Test generation using the extended
finite state machine mode. Proc. DAC 1–6 (1993)

8. Chow, T.S.: Testing software design modelled by finite state machines. IEEE Transactions
on Software Eng. 4, 178–187 (1978)

9. Chun, W., Amer, P.D.: Test case generation for protocols specified in estelle. Proc. of the
Third International Conference on: Formal Description Techniques, 197–210 (1990)



Testing (Stream) X-machines 237

10. Dauchy, P., Gaudel, M., Marre, B.: Using algebraic specifications in software testing: a case
study on the software of an automatic subway. J. Syst. Software 21, 229–244 (1993)

11. Eilenberg, S.: Automata, languages and machines. Vol. A, Academic Press, 1974
12. Fairtlough, M., Holcombe, M., Ipate, F., Jordan, C., Laycock, G., Duan, Z.: Using an X-

machine to Model a Video Cassette Recorder. Current issues in electronic modelling 3,
141–161 (1995)

13. Fujiwara, S., Bochmann, G.v., Khendek, F., Amalou, M., Ghedamsi, A.: Test selection based
on finite state models. Publication #716, Departement d’informatique et de recherche oper-
ationnelle, University of Montreal, 1990

14. Fujiwara, S., Bochmann, G.v.: Testing non-deterministic finite state machines. Publication
#758, Departement d’informatique et de recherche operationnelle, University of Montreal,
1991

15. Fujiwara, S., Bochmann, G.v., Khendek, F., Amalou, M., Ghedamsi, A.: Test selection based
on finite state models. IEEE Transactions on Software Eng. 17, 591–603 (1991)

16. Gheorghe, M.: Generalised Stream X-Machines and Cooperating Distributed Grammar Sys-
tems. Formal Aspects of Computing 12, 459–472 (2001)

17. Hierons, R.M.: Testing from a Z specifications. Software Testing,Verification and Reliability
7, 19–33 (1997)

18. Holcombe, M.: X-machines as a basis for dynamic system specification. Software Eng. J.
3, 69–76 (1988)

19. Holcombe, M., Ipate, F., Grondoudis, A.: Complete functional testing of safety-critical sys-
tems. Safety and Reliability in Emerging Control Technologies: A Postprint volume from
the IFAC Workshop on Safety and Reliability in Emerging Control Technologies. Daytona
Beach, Florida, USA, 1995, pp. 199–204

20. Holcombe, M., Ipate, F.: Correct Systems: Building a Business Process Solution. Berlin:
Springer, 1998

21. Ipate, F., Holcombe, M.: Another look at computability. Informatica 20, 359–372 (1996)
22. Ipate, F., Holcombe, M.:An integration testing method that is proved to find all faults. Intern.

J. Comput. Math. 63, 159–178 (1997)
23. Ipate, F., Holcombe, M.: Specification and testing using generalized machines: a presentation

and a case study. J. Software Testing, Verification and Reliability 8, 61–81 (1998)
24. Ipate, F., Holcombe, M.: A method for refining and testing generalised machine specifica-

tions. Intern. J. Computer Math. 68, 197–219 (1998)
25. Ipate, F., Holcombe, M.: Generating test sequences from non-deterministic generalised

stream X-machines. Formal Aspects of Computing 12, 443–458 (2001)
26. Kefalas, P., Eleftherakis, G., Kehris, E.: Communicating X-machines: a practical approach

for modular specification of large systems. Tech. Rep. CS-09/00, City College of Thessalo-
niki, 2000

27. Kwast, E.: Automatic test generation for protocol data aspects. Proc. IFIG WG6.1 12th Intl.
Symp. on Protocol Specification, Testing and Verification. North Holland, 211–226 (1992)

28. Laycock, G.: Formal specification and testing. J. Software Testing, Verification and Reli-
ability 2, 7–23 (1992)

29. Lee, D.Y., Lee, J.D.: Test generation for the specification written in Estelle. Proc. IPIF WG6.1
11th Intl. Symp on Protocol Specification, Testing and Verification. North-Holland, 1991,
pp. 317–332

30. Lee, D., Yannakakis, M.: Principles and methods of testing finite state machines – a survey.
Proceedings of the IEEE 84, 1090–1123 (1996)

31. Pressman, R.S.: Software engineering – a practitioner’s approach. 5th edn. McGraw Hill,
2000

32. Stocks, P., Carrington, D.: Test template framework: a specification-based test case study.
SIGSOFT Software Eng. Notes 18, 11–18 (1993)

33. Wang, C.-J., Liu, M.T.: Generating test cases for EFSM with given fault models. Proc.
INFOCOM, 774–781 (1993)


