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Abstract. Over the last decade, stream X-machines have been used in order
to specify a range of systems. One of the strengths of this approach is that,
under certain well defined conditions, it is possible to produce a test set that
is guaranteed to determine the correctness of the implementation under test.
However, if X-machines are to be used in practice as a tool for specification
and test generation, there needs to be ways of developing existing specifications
into more complex and more detailed versions through a process of refinement.
Associated with the refinement of the specification, there needs to be methods
of refining the corresponding test sets, that is to construct the test set in parallel
with the specification and to distribute the testing into smaller chunks, with
major cost and time savings. A few such specification and testing refinements
of X-machine have already been investigated. This paper introduces a new type
of X-machine refinement, called simple covering, which expands the input-
output behaviour of an existing X-machine. Associated with this process, the
corresponding refinement of the test set is described and a method of testing
X-machines constructed as simple coverings is developed.

Keywords: Stream X-machine, Finite state machine, Refinement, Testing.

1 Introduction

The subject of software quality, of delivering a correct implementation of the
correct system, has occupied the attention of many software engineers and gen-
erated a substantial literature. A main area of emphasis, particularly amongst
the academic community, is the use of formal methods for the specification and
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verification of software. One of the strengths of developing a formal specifica-
tion 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 the past, the main way that
this second activity proceeded was by formal verification, that is formally prov-
ing that the implementation satisfied the specification. This is usually achieved
through a process of refinement: a specification at a high level of abstraction is
produced first, this is then refined through a series of verified, more concrete,
intermediate specifications until a guaranteed correct executable implementa-
tion is produced. However, there is a long way to go until formal verification
will be able to deal with the massive complexity of today’s applications.

In practice, a system will always be subject to extensive dynamic testing in
order to seek the assurance, that is required, of its compliance with its speci-
fication. The generation of test sets is a massive task, in practice. It has to be
automated and this means that the test generation system must be given a formal
description of the system in some form in order for the test generation to be
carried out. Few major projects can boast of a complete formal specification
and so most tools in use in industry use the source code as the main basis for
information about the system and generate test sets based on analysis of the
structure of the code. Since the code may be flawed, this reliance compromises
the entire testing and quality assurance process.

Over the last decade, there has been some interest in trying to use the infor-
mation in a formal specification as a basis for test set generation. This would
then be a strong incentive to construct a formal specification as part of the
design process. 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 gener-
ate test inputs. Laycock [23], Stocks and Carrington [26] 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. [1] develop a theo-
ry of testing that is used to construct test data from an algebraic specification
using logical programming. The centre of their testing theory is the concept
of testing context, defined as a triple (hypotheses, test data set, oracle). The
testing hypotheses are conditions that the system has to meet if the test set is
to detect all the faults of the system. Obviously, stronger hypothesis result in a
smaller test set; conversely, a too weak hypothesis may result in an exhaustive
test data set. The oracle determines if the program execution returns a correct
result in response to given input data; without it, the tester would not be able
to determine whether the test has been successful or not. In most cases, the
solution to the oracle problem consists in a set of observability requirements
that the system has to meet (i.e. the output of the system has to provide enough
information for the evaluation of the testing process). The bottom line is that if
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the specification does not satisfy some appropriate conditions (testing hypoth-
eses and observability requirements), it may be very difficult, even impossible
to test.

A considerable amount of work has been done in the area of test generation
for the software modelled by finite state machines [2], [3], [8], [11], [12], [24].
Here, the assumption is that the control aspects of the software can be somehow
separated from the system data and can be modelled as a finite state machine,
so that such methods are used to test the control of the program. However,
for non-trivial systems, it is usually impossible to describe the system control
independent of its data processing. Furthermore, it may be very difficult, or
even impossible, to derive the control structure from a system specification,
unless appropriate specification languages are used. For example, a finite state
machine can be derived from a Z specification only under certain conditions
and, even in this case, the resulting machine may be of an unmanageable size
[10]. A more useful approach would be to use a specification model that sep-
arates the control structure from the outset, while allowing it to be integrated
with the data processing.

Such a model is the X-machine [16] [17], a blend of finite state machines,
data structures and processing functions. Introduced by Eilenberg [6] in 1974,
X-machines were proposed by Holcombe [13] as a basis for a possible speci-
fication language and since then a number of further investigations have dem-
onstrated that this idea is of great potential value for software engineers. In
its essence, an X-machine is like a finite state machine, but with one impor-
tant difference: the labels of the transitions are (partial) functions instead of
abstract symbols. Of particular practical importance are those X-machines,
called stream X-machines, where these functions process input and output sym-
bols while changing the value of an internal memory or data set M. M is often
an array consisting of fields such as registers, stacks, database filestores, etc.,
so it is possible to model very general systems in a transparent way. However,
stream X-machines are best suited for specifying interactive systems such as
user interfaces.

A method of testing systems specified as stream X-machines was devel-
oped by Ipate and Holcombe [18], [21]. The stream X-machine testing method
is proved to detect all faults of the implementation provided that two major con-
ditions are met. Firstly, the system specification has to meet some “design for
testing conditions” — here the idea is similar to that advocated by Bernot et al.
[1]: if the specification does not satisfy some appropriate conditions it may be
impossible to test. Secondly, the implementation of the system has to be made
of correct components, that is the implementations of the processing functions
have to be correct. In practice this second requirement is ensured through a sep-
arate process of testing, depending on the nature of the processing functions:
complex functions can be themselves expressed as stream X-machines and the
same testing method can be applied again; simple functions can be tested using
alternative methods such as Ostrand and Balcer’s category-partition [25] or a
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variant; standard functions or procedures from a library can be even assumed
to be fault-free if they are tried and tested with a long history of successful use.
Note that this method does not claim to test an arbitrary system, thus it does
not contradict in any way the undecidability of the halting problem for Turing
machines [4].

Obviously, an important theoretical question that has to be answered is how
complex are the systems that can be specified and tested using the stream X-
machine method? This problem can be formalised as follows. Let ® be a set of
elementary functions (e.g. if the memory is chosen to be a stack of characters,
these could be the “push” and “pop” operations). Then, for n > 1, we define by
X, the set of all stream X-machines whose basic functions are in ®,_; or can
be obtained from these using very simple transformations such as projections
or parallel composition. If @, is the set of functions that are computed by all
the machines in X, then the method can be used to test all the functions in
O = U,y Pu- Of course this issue requires further investigation, different
@, could be obtained depending on the way in which the memory and the
set ®y are chosen. However, Ipate [22] shows that, if the memory is a stack
of characters and @ contains only the “push” and “pop” operations, then the
stream X-machines in X, will accept a class of languages that strictly includes
the class of deterministic context-free languages.

If X-machines are to be used in practice as a tool for specification and test
generation, there needs to be ways of developing existing specifications into
more complex and more detailed versions through a process of refinement; in
practice, for large scale systems, attempts to build the specification in one go are
rarely successful; instead, a process of refinement is usually used. Associated
with the refinement of the specification, there needs to be methods of refining
the corresponding test sets, that is to construct the test set in parallel with the
specification and to distribute the testing into smaller chunks, with major cost
and time savings. Such specification and testing refinements of X-machine are
investigated in [16] and [20] and used in several case studies [7].

This paper introduces a new type of X-machine refinement, called simple
covering, that expands the input-output behaviour of an existing X-machine.
Associated with this process, the corresponding refinement of the test set is
described and a method of testing X-machines constructed as simple coverings
is developed. The paper is structured as follows. Sections 2 and 3 provide brief
presentations of the stream X-machine model and the stream X-machine test-
ing method, respectively. The simple covering is presented in sections 4, 5 and
6: the transformation between the original and refined machines is presented
both in terms of their input-output behaviour (section 4) and of their internal
structure (section 5) and the equivalence of these two aspects in then proved
(section 6). The corresponding method of refining test sets is presented in
sections 7 and 8; section 7 presents the theory while section 8 describes the
application of the method. The last section contains conclusions and further
work.
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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. € will denote the empty sequence. For a
sequence a € A*, |a| will denote the length of a, i.e. the number of elements
of a; |e|] = 0. For a, b € A*, ab will denote the concatenation of sequences a
and b. a" is defined by a’® =eanda® = a* 'aforn > 1.For U,V C A*,
UV = {abla € U,b € V}; U" is defined by U® = {e} and U" = U"~'U for
n > 1.

For a (partial) function f : A — B, dom f denotes the domain of f,
iie.dom f = {a € A|f(a) is defined}. If U C A then f(U) = {f(a)la €
U Ndom f}.

For a finite set A, card(A) will denote the number of elements of A.

2 Stream X-machines

This section gives a brief overview of the stream X-machine model. For more
details see [16] or [18].

Definition 2.1 A stream X-machine P is atuple (X, T, Q, M, ®, F, I, my), as
follows:

e X and I are finite sets called the input alphabet and the output alphabet,
respectively.

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

e Q is the finite set of states.

o O is the type of P, a finite set of basic (partial) processing functions that the
machine can use, of the form

o MxX—T xM.
e F is the next state (partial) function,
F:0xd— 292
F is usually described by a state-transition diagram.
o [ is the set of initial states
I CQ.
e my is the initial memory value

my € M.

Thus, stream X-machines are X-machines for which the basic processing
functions have the form ¢ : M x ¥ — I’ x M, i.e. each such function will
read an input symbol, discard it and produce an output symbol while (possibly)
changing the value of the memory.
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It is sometimes helpful to think of an X-machine as an automaton with the
arcs labelled by functions from the type ®. The automaton A = (&, Q, F, I)
over the alphabet @ is called the associated automaton of P.

Definition 2.2 If g, q' € Q, ¢ € ® and q' € F(q, ¢) we say that ¢ is an arc
fromq toq andwrite¢p : q — q'.Ifq,q' € Q aresuchthat3q, ..., q.+1 € O
withqy = qand g,.1 = q' sothatdy - g1 — @2, P2 G2 —> G35+ - - s Gn G —>
Gni1 we say that we have apath p = ¢y - - - ¢, fromq to g’ andwrite p : g — q'.
Each path p = ¢, - - - ¢, gives rise to a (partial) function (the path function)
[p]l: M x &% —> T'* x M defined by

[plm,s) = (g, m) ifIn > 0,01,...,0, € T, V1, ..., ¥n € [',my, ...,
My € Mwithmy =m,m,,y =m',s =0y---0, and g = y| -y, so that
¢i(m;, 0;) = (yi, mix1) Y1 <i < n. The function corresponding to the empty
path € is defined by [€](m, €) = (e,m), m € M.

A deterministic stream X-machine is one in which there is at most one pos-
sible transition for any state triplet ¢ € Q, m € M,o € X. This is defined
next.

Definition 2.3 A stream X-machine P is called deterministic if the following
are true.

o P has only one initial state, i.e.

I = {qo}

o The next state function of P maps each pair state/processing function into at
most one single state, i.e. F is a (partial) function

F:O0x¥— Q0

o Ifod :q — qy and ¢y : q — q, are distinct arcs emerging from the same
state q, then

dom ¢ Ndom ¢ = 0.

In what follows we will only refer to deterministic stream X-machines.

A machine computation takes the form of a traversal path in the state space
and the application, in turn, of the path labels (which represent basic process-
ing functions). The behaviour of the machine identifies the correspondence
between the initial state, memory value and input sequence and the final state,
memory value and output sequence for all paths. The correspondence between
the input sequence applied to the initial state and memory value of the machine
and the output sequence produced gives rise to the function computed by the
machine. These are defined next.
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Definition 2.4 The (partial) function [P] : O x M x £* — I x O x M
defined by

[P](Q» m, E) = (87 q/, m/) l‘fa apath P q —> q/ Sl/lch that
[pl(m, s) = (g, m").

is called the behaviour of the machine.

Definition 2.5 Forq € Q andm € M the (partial) function f, ,, : ¥* — I'*
defined by:

fam(s) =g if3q" € Q,m" € M such that [P1(q, m,s) = (g,q',m’)

is called the function computed by P in (g, m). If ¢ = g9 and m = my then
fq.m is simply called the function computed by P and is denoted by f.

The following definition and theorem provide a characterisation of the func-
tions computed by stream X-machines.

Definition 2.6 Let f : ¥* — I'* be a (partial) function. Then f is called a
(partial) stream function if the following are true:

o |[f(s)|=|s|Vs edom f
e ifsx € dom f thens € dom f and 3y € I'* such that f(sx) = f(s)y
Vs, x € X*,

Theorem 2.1 f is a (partial) stream function if and only if there exists a stream
X-machine P such that P computes f.

Proof. see [16].

Definition 2.7 Let f : X* — TI'* be a (partial) stream function and let
x € dom f. Then we define a (partial) function f, : ¥* — I'* withdom [ =
{s € Z*|xs € dom f} by:

fi(s) = ysuch that f(xs) = f(x)y.

It can be shown easily that f, is also a (partial) stream function, see [16].

In terms of stream X-machines, f, admits the following straightforward
interpretation. If f is the function computed by the stream X-machine P hav-
ing initial state go and initial memory value my and x € dom f then let
[Pl(qo, mo,s) = (g,q,m), where g € Q,m € M and g € I'*. Then f,
is the (partial) function computed by P in (g, m), i.e. fy = fy m.

Example 2.1. Let P beastream X-machinewith® = {a, b, c},T" = {A, B, C},
M = {0,1}, mpg = 0 and the associated automaton represented in Fig. 1
O1, 02 : M x ¥ —> I' x M are partial functions defined by:
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0 /\ (03}
do ™ ™ g
A

1

Fig. 1. The associated automaton of P

¢1(m,a) = (A, 1), m {0, 1}
$2(0,b) = (B,0)
$2(1,¢) = (C,0)
The function computed by P, f : ¥* — I'*, is defined by:
fe)=¢ '
fba’) =BA’, j >0
f(b) = BB
f(ba’c) = BAIC, j>1

If x =ba,qg =¢qandm = 1then f, = f,,» = h, where h : ¥* — T'* is
defined by:

h(al)y= A7, j>0
h(aic) = AIC, j >0

3 Stream X-machine Testing

This section presents briefly the theoretical results that are the basis of the
stream X-machine testing method [18]. The method uses a stream X-machine
specification to generate a set of input sequences that detects all faults of the
implementation — i.e. if the application of all the sequences in the test set to
the implementation produce the specified outputs then the implementation will
produce the specified output for any input sequence — under the following two
assumptions. Firstly, the method assumes that the implementation can be mod-
elled as a stream X-machine with the same set of basic processing functions
@ as the specification — the implications of this assumption are outlined in the
introduction of the paper and are analysed in detail in [18] [16] and [19]. Fur-
thermore, the method assumes that the set of processing functions meets two
“design for testing conditions”, completeness and output-distinguishability, as
defined next.

Definition 3.1 ® is called output-distinguishable if the following is true.
Vo1, € O, if dm,my,my € M,o0 € X,y € I' such that ¢p;(m,c) =

(y,my1) and ¢pr(m, o) = (y, my) then ¢ = ¢,.

What this is saying is that we must be able to distinguish between any two

different processing functions by examining outputs. In example 2.1. & is out-
put-distinguishable.
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Definition 3.2 ® is called complete if the following is true.
Vo € &, m € M,do € Sigma such that (m, o) € dom ¢.

What this is saying is that any processing function can exercise all memory
values using appropriate inputs. In example 2.1., ® is complete.

These conditions can be imposed on a stream X-machine specification by
a suitable enrichment of the input and output alphabets, simple algorithms are
available [16], [19], [15]. The extra input or output symbols can be removed
after testing has been completed.

The method reduces testing that the two machines P, = (X, I, O, My, ®,
F1, qo1,mp) and P, = (2,1, Qo, My, ®, F,, g2, mp) — i.€. one representing
the specification, the other the implementation — compute the same function
to testing that their associated automata accept the same language and gener-
ates test sets that ensure this using only the X-machine specification and an
estimation of the number of states of the implementation.

Before we go any further, we present briefly the finite state machine model
and a few related results. We only present the concepts and results that are
absolutely necessary for the construction of our test set and assume that the
reader is familiar to basic finite state machine theory, for further details see for
example [6] or [9].

In what follows, a finite state machine (automaton) will represent a tuple
A= (%, Q,F,qp), where:

e X is a finite set called the input alphabet.

e () is the finite set of states.

F is the (partial) next-state function, F : Q x ¥ —> Q, usually described
as a transition diagram. The machine is assumed to be deterministic, i.e. for
each state and input value there is at most one next state.

e go € Q is the initial state.

Given a state g € Q, the language accepted by A in q, L, is defined by:

L, ={s € £*|3q' € Q suchthats : ¢ — ¢’ is a pathin A}.

The language accepted by A in g is simply called the language accepted by A.

Given a set X C X*, two states q,q’ € Q are called X-equivalent if
L,NX = Ly N X.If g and g’ are not X-equivalent then they are called
X-distinguishable. Two automata A and A’ are called X-equivalent or X-dis-
tinguishable if their initial states are X -equivalent or X -distinguishable, respec-
tively. Clearly, A and A" accept the same language if and only if A and A" are
Y *-equivalent.

Two automata A and A’ are said to be isomorphic if they are identical up to
a renaming of the state set.

An automaton is said to be minimal if Vg € Q3s € ¥* suchthats : go — ¢
is a pathin A and Vg, ¢, € Q if gq; # ¢ then g, ¢, are ¥ *-distinguishable. It
has been shown that for any automaton A’ there exists a minimal automaton A
that accepts the same language as A’. A is called the minimal automaton of A’.
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Standard techniques for deriving the minimal automaton are available, see
[6], [9].

Given a minimal automaton A, a set of input sequences W C X* is called a
characterisation set of A if any two distinct states of A are W-distinguishable.
A set of input sequences S C X* is called a state cover of AifVg € Q3s € §
such that s : g9 — ¢ is a path in A. Note that the minimality of A ensures
the existence of a characterisation set and of a state cover. A state cover and a
characterisation set of the automaton represented in Fig. 1 are S = {¢, ¢, ¢2¢h2}
and W = {¢1, ¢}, respectively.

We can now give the formal definition of a test set.

Definition 3.3 Let P = (E, r, Ql, My, &, Fy, qo1, mo) and P, = (2, I, Q2,
M;, @, F;, gon, mg) be two stream X-machines, Ay and A, their associated
automata and f; and f,, respectively, the functions they compute. Let also k
be a positive integer.

e AsetY C X*isa called a test set of P; and P; if the following is true.
If fi(y) = fo(y) Yy €Y, then A| and A, accept the same language.

e AsetY C X*isacalled a k-test set of Py if VP, as above with card(Q») —
card(Qy) <k, Y is a test set of Py and P.

Note that if A; and A, accept the same language then f; and f are identical
— this is easy to prove, see [16] — so a test set ensures that P; and P, compute
identical functions.

The test set is generated in two steps. First, a set of sequences of ¢’s is con-
structed from the associated automaton of the specification. Then this is trans-
lated into sequences of inputs using a so-called fest function, as defined next.

Definition 3.4 Let P = (X,1, O, M, ®, F, qy, mg) be a stream X-machine
with ® complete, g € Q and m € M. Then a functiont : ®* — X* is called
a test function of P w.r.t. (¢, m) if:

o 1(e) =€
o Vo, € Dwithn >0, let p =¢1---¢;, 1 <i <n.Thent(p,) meets
the following requirements.

— If ppisapathin P starting inqy thent(p,) = oy - - - 0, whereoy, ...,0, €
Y. such that (mg, oy - - - 0,) € dom [p,].
— Otherwise, t(p,) = o01---0y1, Where oy, ...,0r11 € X such that

(mg, 01 ---0ky1) € dom [prs1l, where k is the largest number 0 <
k < n — 1 for which py is a path in P starting in qq.

Note that since @ is complete there exists at least an input sequence ¢ (p,,)
that meets the above requirements. Also note that a test function w.r.t. (g, m)
is not uniquely determined, in general many different possible test functions
exist. If g = go and m = my then ¢ is simply called a test function of P.
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The following values illustrate the construction of a test function for the
X-machine in example 2.1.: t(€) = €, t(¢) = b, t(p2p1) = ba, t(Prp1¢) =
bac, t($12¢1) = baca, t(prp19291¢1) = baca, t(p2P1$2011¢2) =
baca, etc.

The following theorem is the theoretical basis of the stream X-machine
testing method.

Theorem 3.1 Let P = (E, r, 0, M, ®, Fy, qo1, I’l’lo) and P, = (E, I, O,,
M,, ®, F,, qu, mg) be two stream X-machines with ® output-distinguishable
and A the associated automaton of Py such that A, is minimal. Let S be a
state cover of Ay, W a characterisation set of A; and t : ®* — X* a test
function of Py. If card(Q,) — card(Q) < k, where k is a positive integer,
then Y = t(X) is a test set of P, and P», where X = S(®*T'U kU ... d U
{ehw.

Proof. See [18] or [16].

Corollary 3.1 Given the notation and the assumptions of the above theorem,
Y is a k-test of Py.

4 Simple Covering

In broad terms, we say that a machine P’ is a simple covering of another ma-
chine P when the new machine P’ does everything that the original did plus
something extra. So

e The input and output alphabets of P’ will be extensions of the input and
output alphabets of P, respectively.

e The function computed by P’ will an extension of the function computed
by P.

Before we define this formally, we establish some notation.

Definition 4.1 Let ¥ C X/ be two alphabets. Then we denote by Filtery :
X% — X* the function that extracts a subsequence containing all elements
in X from a sequence of elements in ¥, i.e.

Filters(e) = €
Filters(so) = Filters(s)o, Vs € ¥™*, 0 € X
Filters(so) = Filters(s), Vs € ¥*, 0 € X/ — X.

Definition 4.2 Let P=(Z,T, Q, M, ®, F, gy, mo) and P'=(X',T", 0', M',
@', F', q, m(y) be two stream X-machines suchthat ¥ C ¥'. Givenq € Q,m €
M,q € Q',m' € M', we say that (q, m) is X-equivalent to (¢’, m’) and write
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(q.m) ~5 (q',m") if Vs € Z* fu m(s) = form(s).If g = g0, m = mg, q" = g
and m' = my, then we say that P and P’ are Y-equivalent.

We can now give a formal definition of the simple covering.

Definition 4.3 Let P=(Z, T, Q, M, ®, F, gy, mg) and P'=(X', T, Q', M’,
@', F', g, my) be two stream X-machines such that ¥ C %" andT" C T". Then
we say that P’ is a simple covering of P if the following is true Vx' € ™ and
x = Filters(x)).

If [P](q0, mo, x) = (g, q,m) and [P'](qy, my, x') = (g',q',m’), with
ge Q. meM,gel',qg e Q,m eM, g el then (q,m) ~x (¢, m’).

Thus when x’ and Filters(x’) are applied to P’ and P, respectively, they
produce state/memory pairs that are X-equivalent. In particular (i.e. for x’ = ¢),
P’ and P are X-equivalent.

The following proposition provides a characterisation of the simple cover-
ing in terms of the functions computed by the two machines.

Proposition 4.1 Let P and P’ be two stream X-machines as above and f :
X* — I and ' : L™ —> T* the (partial) functions computed by them.
Then P’ is a simple covering of P if and only if the following is true Vx' € X'
and x = Filters(x').

Ifx' € dom ' and x € dom f then f)/(s) = fi(s)Vs € £*.

Proof. Follows from definitions 2.5 and 4.3.
Corollary 4.1 If P’ is a simple covering of P then f'(s) = f(s) Vs € X*.

S Construction of Simple Coverings

Once the transformation has been defined in terms of the input-output beha-
viour of the two machines, we turn our attention to the construction of the new
machine P’. The internal structure of P’ may differ from that of P in various
ways. Obviously, we will be interested in methods of constructing P’ starting
from the architecture of P, so that the internal structure of P is preserved in
some sense and the construction of the new model will not start anew with each
modification.

In general, given a stream X-machine P, it is possible to construct more
than one simple covering, so our construction will generate a set of machines,
we will call this R(P). The process will involve an expansion of the internal
structure of the machine, i.e. of the state and memory sets. Each processing
function ¢ € ® will be replaced by an extended function ¢, that operates on the
expanded memory. The transitions that are triggered by inputs that were not in
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the original alphabet ¥ will be performed by some new processing functions,
these will be called the auxiliary functions.

Solet P = (2,1, 0, M, ®, F, gy, mp) be the original machine and let
', T” and M’ the input alphabet, output alphabet and the memory set of the
new machine such that ¥ € X/, I" C I'’ and there exists H = {H,,},uenm @ par-
tition of M’ indexed by M. Let also Xy = X’ — X. Then we have the following
definitions.

Definition 5.1 Let ¢ : M x ¥ —> " x M be a (partial) processing function
of P. Then a (partial) function ¢, : M' x & —> T" x M’ is called an extension
ofpifVo e Z,yel',m,ne M,m' € H,,

An’ € H, such that ¢p.(m’, o) = (v, n’) if and only if ¢ (m, o) = (y, n).

Definition 5.2 A (partial) function  : M' x Ly —> T'" x M’ is called an
auxiliary function if Vm',n’ € M', o € %o,y € I,

ify(m', o) =, y) thenIm € M such thatm’,n’ € H,,.
That is, an auxiliary function will operate only on inputs that are not in the
original machine and any new memory value produced will be in the same
subset H,, as the original memory value.

Definition 5.3 Let P be a stream X-machine and let X', T', M', g and H =
{Hy}mem as above. Then R(P) is the set of all stream X-machines P’ =
(X, 17, Q',M', @', F', qo, mg,) for which the following are true.

o The state set includes the state set of P, i.e. Q C Q’.

o The initial state is qq, the initial state of P.

e The initial memory value my € H,,,, where my is the initial memory value
of P.

o The type is @' = &, U W, where ©, = {¢p.|¢p € O} is a set of extensions of
the original processing functions and V is a set of auxiliary functions. ®,
will be called the extended type and WV the auxiliary type.

e There is a partition of Q" indexed by Q, E = {E},c0, withq € E;¥q € Q
such that F' meets the following conditions.

-Vq' € Q0,9 € O, F'(¢',¢.) = F(q,p), where q € Q is such that
q' € E,.
-Vqg' € QY e PifF'(q',¢) =0"thent' € E,, where q € Q is such
thatq' € E,.
Note that for a given q', q is uniquely determined since E = {E }4cq is a
partition of Q.

Thus, the state-transition diagram of the new machine is as though the states
in the original machines are replaced by sub-machines that contain only transi-
tions performed by auxiliary functions - these are called the auxiliary machines
and are defined next. The construction is illustrated in Fig. 2.
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Fig. 2. The associated automata of P (a) and P’ € R(P) (b)

Given ® and @, as above, we denote by e : ®* —> @7 the free semigroup
isomorphism induced by e(¢) = ¢. V¢ € O.

Definition 5.4 Given the construction above and a state g € Q, the auxiliary
machine in g, denoted P'(q), is a stream X-machine (X, I"', E;, M', W, F,, q,
m;) with state set E,, initial state q, type V and next-state function F, defined
by:

Fo(q', ¥)=F'(q",¥)Vq € Eg. ¢ € D.

The initial memory value m; is not relevant, so it can be arbitrarily chosen.

Example 5.1. We illustrate the above construction for the stream X-machine
P of example 2.1.. We take ¥’ = {a, b, c,x,y,z}, I" ={A,B,C, X, Y, Z},
M =M x {0,1} = {0,1} x {0, 1}, mg = (0,0), H = {Hy, H;}, where
Hy = {0} x {0, 1} and H; = {1} x {0, 1}. The associated automata of P’ and
of the auxiliary machines are represented in Fig. 3.
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(b) () (d)

Fig. 3. The associated automata of P’ (a), P'(qo) (b), P'(q1) (c¢) and P'(q) (d)

P1e((m,m),a) = (A, (1,m"), me{0,1}, m" € {0, 1}
$2.((0,m’), b) = (B, (0,m’)), m' €{0,1}
$2e((1,m), ¢) = (C, (0,m")), m"€{0,1}

Yi(m,m'), x) = (X, (m, 1)), me{0,1}, m €{0, 1}

V2((m, 0), y) = (¥, (m,0)), m €{0,1}
V2((m, 1),2) = (Z, (m,0)), m €{0,1}

The function computed by P’ is f' : £* — I'"* defined by:

fle) =€

ffx) =X

f(ba*oyakiy...ak)y = BARy Ay ... AR n >0, kg >0, ki, ...
knfl = la kn = 0

fl(xbaozakz---a)y = XBANZAMZ ... Ak >0,k >0, k...
kn—l = la kn = 0

f'(bb) = BB

f'(xbb) = XBB

f'(byb) = BYB

f'(xbzb) = XBZB

f'(ba*oyaky...akc) = BARY Aky ... ARC, n>0,ky>0, k...
knpo1 =1, k,>0withkg+---+k,>1

fl(xba*ozak iz .. .akc) = XBANYZAMZ ... ARC, n >0, kg >0, ki,
coiku1 =1, ky > Owithkg+ -+ +k, > 1

6 Equivalence Between Simple Covering and R (P)

This section shows that all elements of R(P) are simple coverings of P (theo-
rem 6.1) and, conversely, for any simple covering of P there exists an element
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of R(P) that is functionally equivalent to it (theorem 6.2). A couple of inter-
mediary results are proved first.

Lemma 6.1 Let P and P’ € R(P) as above and let q1,q> € Q,m1,my € M,
g, € E;, m| € Hy,,,m) € Hy,, s € %, g € I'*, p € ®*. Then the following
are true.

a) p:qi— qisapathin P ifand only if e(p) : q; — q» is a path in P’
b) [P1(q1,m1,s) = (g, q2, m2) if and only if [P'](q}, m', s) = (g, q2, m})

Proof. From definition 5.3 it follows that V¢p € ®, ¢ : ¢ — ¢, is an arc in P
if and only if e(¢) : ¢{ — ¢ is an arc in P’. Then a) follows by induction on
the length of p. b) follows from a).

Lemma 6.2 Let P, P’ as above and let q1,q> € Q, m;,m> € M, q; € E,,,
g, € E,, m| € Hy,,m), € H,,, s" € ¥* s = Filters(s'), p' € &",
p = e Y(Filtere,(p)). Then the following are true.

a) If p' : q; — q} isapathin P’ then p : qi — q is a path in P.
b) If 3g’ € T such that [P'](q{, m),s") = (g, g5, m}) then 3g € T™* such
that [P1(qy, m1, s) = (8, g2, m2).

Proof. Since p = e*I(Filterq% (p)), there exist k > 0, ¢y, ..., ¢ € ® and

Pos > Pr € W¥suchthatp = ¢y -+ - ¢ and p’ = poe(P1)py ... py_1e(Pr) py.-
Then a) follows from definition 5.3 by induction on k. b) follows from a).

Theorem 6.1 Let P be a stream X-machine and P’ € R(P). Then P’ is a
simple covering of P.

Proof. Follows from lemmas 6.1 b) and 6.2 b).

Theorem 6.2 Let P = (X, T, Q, M, ®, F, qo, mg) be a stream X-machine, P”
a simple covering of P and " : ¥ —> T* the (partial) function computed
by P”. Then there exists P’ € R(P) such that P’ computes f".

Proof. P' = (X,I",Q',M', ¥, F’, qy, m) is constructed as in definition

5.3 with the following additional properties:

e O'=0, M =Mx%, my=(m,e).

e V¢ € O, ¢, is defined by: ¢.((m,x),0) = ((n,x0),y), if p(m,0) =
(n,y), wherem,ne M, x e ¥*,0 € X,y eT.
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o ¥ = {y,},c0, Where Vg € Q, ¥, is defined by: ¥, ((m, x), o) = ((m, x0),
y),wherem e M, x € ™, 0 € ¥’ — X, and y = f/(0).

We also define H = {H,,} ey by H,, = {m} x ¥*Vm € M. Then P’ € R(P).
Note that, since Q" = Q, we have E, = {¢} and F,(q, ¥,) =g Vq € Q.

We have to prove now that f' = f”, where ' : ¥ — I'’* is the (partial)
function computed by P’. We prove that f'(x) = f”(x), x € X*, by induc-
tion on the length of x.f'(¢) = f”(¢) = €. We assume that f'(x) = f"(x)
and we have to prove that f'(xo) = f”(xo), where 0 € X'. Clearly, if
x ¢ dom f"and x ¢ dom f” then xo ¢ dom f’' and xo ¢ dom f”. Other-
wise, since f'(xo) = f'(x) fi(0) and f"(xo) = f"(x) f/ (o), it follows that
f"(xo) = f'(xo) if and only if f]'(c) = f'x (o). Now, we have two cases:

e o € X.Since P’ and P” are both simple coverings of P, from proposition 4.1
it follows that f/(0) = fi(0) and f(0) = f;(o), where f is the function
computed by P and s = Filters(x). Hence f (o) = f"x(o).

e 0 € ¥'—X.Sincex € dom f', by induction on the length of x it follows that
dg € Q,m € M,y € I""* such that [P'](qo, (mo, €),x) = (v, q, (m, x)),
and thus f] = fq/’ (m.y- Now, from the above definition of v, and from
definition 2.7 it follows that fq/’(m’x)(a) = f/(o). Hence f/ (o) = f](0).

7 Testing Simple Coverings — Theory

Once we know how to construct simple coverings, we can turn our attention to
testing. The problem we seek to address is, given an initial stream X-machine
specification, P, and Pl/ € R(P)), the final specification, how can we test P{ ?
Obviously P is itself a stream X-machine, so the method described in section 3
can be applied. However, this is not always convenient, for large scale systems
the state set can be extremely large and this will result in an unmanageable
test set. Furthermore, since P; is constructed through a process of refinement,
one would hope that the test set of the original machine P; could be reused in
the construction of the new test set and the testing process would be distrib-
uted into smaller chunks, thus diminishing the effort devoted to the testing of
the final specification. This issue is addressed in this section, where a method
for testing simple coverings is developed. Similarly to the stream X-machine
testing method, this new method guarantees the detection of all faults of the
specification provided that the system is made of fault-free components (i.e.
the basic processing functions @’ are implemented correctly) and some design
for testing requirements (completeness and output-distinguishability) are met.
Furthermore, we will assume that the implementation can be modelled as a
stream X-machine P, and there exists another stream X-machine P, having
the same components (i.e. the same basic processing functions ®) as P;, so
that P, € R(P,), see Fig. 4. The implications of this extra assumption will be
discussed in the following section, that deals with the practical application of
the method.
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P type @ P,
P/'e R(P)) Py’ € R(P2)

Py type @' Py
Fig. 4. Testing strategy

SO, let Pl = (E, F, Q], M], P, Fl,q()],mo), P2 = (E, r, Qz, Mz, CD, FQ,
qo2, mo), P{=(X", T, Q|, M', &', F|, go1, m;) and P;=(X', T, O}, M', ¥’,
F;, qo2, my) be four stream X-machines such that P{ € R(P;) and P, € R(P»)
andlet A; = (®, Oy, F1, q01), A2 = (P, 02, F>, qn), A} = (D', 01, F{, qo1)
and A, = (', 0, F,, qo2) be their associated automata. Let also f;, f>, f] and
/> be the functions computed by Py, P,, P and P;, respectively.

Let " = &, U W, where @, is the extended type of P| and P; and W the
auxiliary type of P, and P, —note that P and P, have the same extended type
and the same auxiliary type, this is because P| and P, have the same type and
o, NY =0,

For g € Qy, let P{(g) = (%o, I, E;, M b, Fq], g, m’) be the auxiliary
machine in ¢ used in the construction of P and A|(q) = (¥, E ;, F ql , q) its as-
sociated automaton. Similarly, for6 € Q,, let P;(9) = (X0, I, E5, M', ¥, F7,
6, m’) be the auxiliary machine in 6 used in construction of P; and A}(0) =
(W, Ej, Fj,0) its associated automaton. Obviously, Q7 = [, E, and
Q) = UGEQZ Eg-

Our aim is to construct Y, a test set of P| and P,, and to reuse Y, a test set
of P, and P;, in the construction of Y’. Before we can do this, we prove a few
preparatory results.

Lemma 7.1 If c: Q, —> Q; is a surjective function and dy : Eg — E(}(e)»
0 € Q», a set of surjective functions such that:

c(gn2) = qor,

c(F>(0,9)) = Fi(c(0),9) V0 € 0s,¢ € D,

dg(8) = c(0) VO € Q, and

do(F5(0', ) = F{(de(0), ¥) V0 € 02,0 € Ef, ¥y € W

then there exists a surjective function d : Q, —> Q such that
d(qo2) = qo1 and
d(F5(0',¢") = F/(d©),¢')V0' € Q,,¢" € .

Proof. d is defined by d = (., do-

Aside: The proofs of the following lemmas and theorems will use the fol-
lowing results from finite state machine theory: Let A = (X, Q, F, qo) and
A" = (%, Q', F', g{) be two finite state machines over the same input alphabet.
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1. If there exists a surjective function d : Q —> Q’ such that
d(qo) = q; and
d(F(q,0)) =F'(d(q),0)Vq € Q,0 € X.
then A and A’ accept the same language.

2. If A’ is the minimal automaton of A then there exists a surjective function
d : QO —> Q' such that

d(qo) = q;, and
d(F(g,0))=F'(d(g),0)Vq € Q,0 € X.

Proof.

1. By induction on the length of s € X* it follows that s : go — ¢ is a path of
A if and only if s : g} — d(g) is a path of A’. Hence A and A" accept the
same language.

2. d is defined by
d(g) = q' if g and g’ are X *-equivalent states

For more detailed proofs of these results see [6].

Lemma 7.2 If c: O, —> Q; is surjective function such that

c(q02) = qo1,
c(F2(0,¢)) = Fi(c(6),¢) V0 € 02, ¢ €  and
A (c(0)) is the minimal automaton of A,(6)V6 € Q,

then A\ and A, accept the same language.

Proof. Since A (c(0)) is the minimal automaton of A’,(6) we can define a sur-
jective functiondy : Ej —> E/ ) such thatdy(6) = c(6) and dy(F;(0', ¥)) =
F|(dg(0"), ¥) VO’ € Ej, ¥ € W. Then, using lemma 7.1, there exists a sur-
jective function d : Q5 — Q) such that d(gn2) = go1 and d(F,(0’, ¢')) =
F{(d(©®),¢') Vo' € Q), ¢ € ®'. Thus A and A}, accept the same language.

Lemma 7.3 If A| is minimal, ® is complete and output-distinguishable, Y C
X% is a test set of Py and P> and f{(s) = f,(s) Vs € Y then A, and A, accept
the same language.

Proof. Since P € R(P;) and P, € R(P,), we have f/(s) = fi(s) and
f(s) = fa(s) Vs € T*, hence fi(s) = fo(s) Vs € Y. Since Y is a test set of
P, and P,, A| and A; accept the same language.
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We can now generate the test set we are looking for. We assume that A
is minimal and Vg € Q; A/ (g) is minimal. We also assume that ® and W are
both complete and output-distinguishable. First, let us establish some notation.

Let S and W be a state cover and a characterisation set of A, respectively.
Forg € Q;letS; and W, be a state cover and a characterisation set of A’ (¢), re-
spectively. Let 7 : ®* —> X* be a test function of Py andforg € Q,m’' ¢ M’
let t(;’m, : W* — (X' — X)* be a test function of P{(q) w.r.t. (g, m’).

Letn = card(Q,), v = card(Q»), for g € QO let n; = card(E;), for
0 e Qrlety, = card(Eg) and let v\ = maxgep,v,. Let k = v — n and for
q € Qi letk, =v' —n.

Let X = S(®*T'UPFU. - .UdU{e)Wand Y = t(X)andforg € Q;,m’ €
M'let X, = S; (Wt UwhU...UW U {e})) W, and Y, =t ,(X,). From
theorem 3.1 it follows that Y is a test set of P; and P, and that Y’ ;,m, is a test set
of P/(g) and P;(6) YO € Q,, where the initial memory of P|(g) and P;(0) is
m’.

Let Z ={pe S@UdTU...U{e})|Tg € Q; suchthat p : go; — ¢
is a path in P;} the set of elements of S(®F U ®*~! U ... U {€}) that are also
paths of P; that start in the initial state gy, and let V = t(Z).

Finally, let U = U, cy U co, mem {1y} ® Y, 1, where fory € V, g € 0,
andm’ e M, {y} ® Y(;,m, is defined as follows:

e If 3g € I'* such that [P[](qo1, my, y) = (g,g9,m’) then {y} ® Yq”m, =

YY)
e Otherwise, {y} ® Yq”m, =0.

In other words, U is obtained by concatenating each sequence y € V with
all sequences of Y, ., where ¢ € QO and m" € M’ are such that y takes P
from the initial state go; and initial memory value m, to the state ¢ and memory
value m’.

Then Y' = Y U U is the test set we are after.

The following example illustrate the construction of Y’ for P and P’ in

examples 2.1. and 5.1. and k = 1, k; =k, =Oandk,, = 1.
S ={e, h2, 2o}, W = {1, ¢},
So = {e, ¥}, Wo = {yn},
S1 = {e, ¥}, Wi = {yr},
Sy = {e}, W = {e},
X = {e, ¢2, 2o e, @1, 2, P101, D12, P20b1, P22} 1, P2},
Xo = {e, ¥ule, ¥, va2{in},
X1 = {e, Yule, ¥1, Y2y},
Xo = {€, Y1, ¥, Y11, Y2, Vavn, v2vat,
Z =€, o2, 926b1, P22},
U = t)(Xo) U {b}t{(X1) U {ba}t] (Xy) U {bb}t;(X>),
Y =t(X)UU
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where £ is a test function of P’(gg) w.r.t. go and (0, 0), # is a test function of
P'(q1) w.r.t. ¢y and (0, 0), ¢/’ is a test function of P'(g;) w.r.t. ¢; and (1, 0), #,
is a test function of P’(g») w.r.t. g» and (0, 0) and ¢ is a test function of P.

Before we prove that Y’ is a test set of P{ and P,, we need the following
intermediary result.

Lemma 7.4 V0 € Q, Ap € Z such that p : qop — 6 is a path in Aj.

Proof. We define the sets
Z;={pe S(®/ Ud/~tU-.-U{e})|3g € QO suchthat p: gy — gisa
path in P}
and we prove by induction on 1 < j < k that Z; reaches at least n + j distinct
states of A,. Since S is a state cover of A; and A; is the minimal automaton
of A;, Zy = S will reach n distinct states of A. Let 1 < j < k — 1, and let
us assume that Z; reaches at least n + j distinct states of Aj. Then either Z;
reaches all the states of A, (i.e. v = n + k distinct states) or Z;; reaches at
least one more state than Z; does — this is because
Ziyw=1{p€(Z;UZ;P)|3q € Q suchthat p : g0y — g isapathin P}.
So, Z = Z; reaches at least n + k = v states of A,.

Theorem 7.1 If Ay is minimal and Vg € Q| A\ (q) is minimal and ® and ¥
are complete and output-distinguishable then the set Y' =Y U U constructed
as above is a test set of P| and P;.

Proof. We assume that f(s) = f;(s) Vs € Y’ and we have to prove that
A and A, accept the same language. From lemma 7.3 it follows that A; and
A, accept the same language. Thus A; is the minimal automaton of A,. Then
there exists a surjective function ¢ : O, —> Q) such that c(qp) = go1 and
c(F2(0,¢)) = Fi(c(6),¢) V0 € 02, ¢ € D.

Now, let & € Q, and let ¢ = c(f). We want to prove that A}(q) is the
minimal automaton of A’(¢). Using lemma 7.4, 3p € Z such that p : g, — 6
is a path in A,. Hence p : go1 — ¢ is a path in A,. From lemma 6.1 a) it
follows that e(p) : qop — 6 is a path in P; and e(p) : goi — ¢ is a path
in P{. Thus Im’ € M', g € I'* such that [P;](qo2, my, y) = (g,0,m’) and
[P1(go1, mg, y) = (g, q,m’), where y = t(p). From definition 2.7 we have
fis) = finf V(S) L(ys) = fz(y)fz (s) and fl (s) = flqm (s) and
S y(8) = 13 m /(s) Vs € £ Since f{(s) = f5(s) Vs € {y} ® Y” we have
fi g (8) = f2 g (8) Vs € Y/’ . Now, the function computed by P{(q) is
the restriction of fl/ v 10 X = X' — X. Similarly, the function computed by
P;(0) is the restrlctlon of f; g.m 10 Xo. Thus, since Y(; . is a test set of P{(g)
and P;(0), A|(q) and A’(6) accept the same language. Hence A/ (g) is the
mlmmal automaton of A), (9)

From lemma 7.2 it follows that Y’ is a test set of P| and P,.
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8 A Method of Testing Simple Coverings

Our method for testing X-machine specifications constructed as simple cover-
ings is based on the theorem above. It assumes that the following conditions
are met.

1. The specification P is constructed as a simple covering of another stream
X-machine, i.e. P| € R(P)); the type of P (i.e. ®) and the auxiliary type
of P/ (i.e. W) are both complete and output-distinguishable; the associated
automaton of P; (i.e. A;) is minimal and the associated automata of the
auxiliary machines (i.e. A|(¢g), ¢ € Q1) used in the construction of P| are
also minimal.

2. The implementation can be modelled as a stream X-machine P; with the
same type (i.e. ') as P;.

3. Pjissuchthat P, € R(P,), where P, is a stream X-machine with the same
type (i.e. ) as P;.

4. The maximum number of states of P, (i.e. v) and the maximum number of
states of the auxiliary machines used in the construction of P, (i.e. vy, 6 €
(0») can be estimated.

Under these circumstances, the set Y’ constructed as in the previous section
finds all faults of the implementation.

The first assumption lies within the capability of the designer. An algorithm
for enforcing the completeness and output-distinguishability properties on a set
of basic processing functions is given in [ 16]. Essentially, this extends the input
and output alphabet, and thus the processing functions, in a suitable manner;
the extra functionality can be removed after the testing is done. The designer
can also arrange for the associated automaton of an X-machine specification to
be minimal, standard techniques are available [6], [9].

The second and third requirements are the most problematic. They can be
ensured by a gradual implementation and testing process as follows.

e First, the set of basic functions &' = &, U ¥ are implemented and the cor-
rectness of these implementations is ensured. As discussed in [16] and [18],
this can be done with a separate testing process. The stream X-machine test-
ing method can be applied to test the basic processing functions if they are
expressible as the computations of other, simpler X-machines. Alternatively,
other testing approaches (e.g. the category-partition method or a variant
[25]) can be used if these are functions that carry out simple tasks on data
structures.

e The next step is implementing the auxiliary machines using the correct im-
plementation of the basic functions in ¥ — we will call these machine imple-
mentations.

e Finally, the implementation of the entire system is constructed using the
correct implementations of the processing functions in ®, and the machine
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implementations. Thus, the system implementation can be modelled as a
stream X-machine P; with type ' = ®, U W so that the associated autom-
aton of P, (i.e A}) will be made of finite automata (i.e. A5(6), 0 € Q,) over
the alphabet W that communicate between them through elements of ®, as
follows:

- givend € Q», all the states of A’,(9) will behave identically on any tran-
sition labelled by an element of @, — this is because the states of A’ ()
correspond to the internal control states of the machine implementation
and cannot be viewed by the overall system implementation.

— given 6 € (), there are no arcs labelled by elements of ®, that en-
ter any state of A’ (@) other than the initial state & — this is because 6
corresponds to the entry point of the machine implementation.

Thus, there exists a stream X-machine P, with the same type ® as P; such
that P, € R(P,).

The final question that needs to be addressed is concerned with the prac-
ticality of the method, that is how complex is the test generation algorithm?
Obviously, the complexity of the algorithm will depend on the complexity of
the basic functions in ¢ and W. Using the results in [16], if the complexity of
each ¢ € ® is at most C; and the complexity of each ¥ € W is at most C;, then
the complexity of the algorithm that generates the test set will be proportional
to

(of -p-k-rk-n—i-Cz-rk-n-p/-maxqu](r’kf/fH-n;Z-(Z-ni]—l—k;)),

where p = card(X), r = card(®), p' = card(Z') — p,r’ = card(¥). As
defined earlier, n = card(Q;), v = card(Q>), n’q = card(E;) forg € Qy,
vy = card(Eg) for0 € 0y, v = maxpep,vy, k =v —n and k; =V — n; for
q € Q1.

The complexity of the algorithm depends critically on ¥ and r’ K +1 In prac-
tice k is usually low (it is reasonable to assume that the estimated cardinality of
Q5 is very close to the cardinality of Q; unless there is a considerable degree
of misunderstanding from the part of the developer). On the other hand, if k;
is to be reasonably low, then the number of states of the auxiliary machines
used in the construction of the refinement has to be small. In order to achieve
this, a sequence of incremental refinements can be used instead of one single,
more complex, process. For critical applications one can make very pessimistic
assumptions about k£ and k; at the expense of a large set. In any case, the com-
plexity is lower than that of the algorithm that constructs test sets of P| and P,
using only the stream X-machine testing method.

9 Conclusions

The simple covering provides a simple way of developing stream X-machine
specifications in an intuitive manner. It has been tried on several case stud-
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ies based on real systems and appears to fit in very well with the designers’
approach of building the system specification gradually, by expanding its in-
put-output behaviour. However, the approach is in general best suited for the
construction of small or medium size software products whose correctness is
essential. Furthermore, the functionality of the systems modelled using this ap-
proach is limited by the architecture of the refined system. Different types of
refinement are obviously needed in order to model a more complex function-
ality.

One of the strengths of this type of refinement is its associated testing meth-
od, that allows test sets to be constructed in parallel with the specification, thus
allowing testing to be distributed into smaller chunks, with major cost and time
savings. Similar to the stream X-machine testing method, the test set generated
is guaranteed to determine the correctness of the implementation under test if
certain well defined requirements are met. Basically, these requirements fall
into two categories: “design for test” conditions, that can be enforced on the
specification at the design stage, and the correctness of the basic components of
the system, that can be ensured through a gradual implementation and testing
process. This gradual construction of the implementation fits in well with the
modular approach used in software development.

Other types of stream X-machine refinement and their associated testing
methods are currently investigated.
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