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Abstract. This paper presents a method for testing software collabora-
tive agents. The method is based on the stream X- machine model using
as basic processing relations sets of production rules and is built around
an existing stream X- machine testing strategy already. The paper inves-
tigates different variants of the ’design for test’ conditions required by
this strategy and their applicability to the case of collaborative agents.

1 Introduction

Although in philosophical literature the notion of an agent as a cognitive subject
has been around for a long time, in the last decade this area has also become a
major topic of research within artificial intelligence and computer science [1§].
As might be expected, within the latter areas, the concept of an agent gener-
ally has a more technical meaning, although there is no general consensus on
its definition. Software agents may be classified according to their mobility or
reaction to their environmental stimuli or the attributes they should exhibit. A
number of three primary attributes has been identified [22]: autonomy, learning
and cooperation. Collaborative agents emphasise autonomy - agents can oper-
ate on their own - and cooperation - agents have the ability to cooperate with
others. Both theoretical aspects pointing out the logic underpinning the collab-
orative agents as well as the practical issues showing how they are applied to
large-scale applications have been investigated [21]. In this context we outline
the importance of evaluating collaborative agent systems. The problems related
to the verification and validation of these systems to ensure they meet their
functional specifications are still outstanding. A specific model of multi agent
paradigm called cooperating distributed grammar systems, has been devised [§],
investigated and developed [20)]. In the context of formal software specification,
the X- machine model introduced by Eilenberg [9] has been reconsidered [12]
and proposed as a possible specification language for dynamic systems. Since
then a number of further investigations have demonstrated that this idea is of
great potential value for both fundamental and practical issues in software engi-
neering [I4]. An important aspect approached for stream X- machines, a variant
of the more general X- machine model, has been that of devising a test method
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that has been proved to find all faults of the implementation [15]. Cooperating
distributed grammar systems (CDGS) and stream X- machines (SXM) share
several common properties as pointed out in [8]:

— the information needed to solve a problem is partitioned into separate and
independent knowledge sources (the production rule sets of CDGS and the
processing relations/functions of SXM);

— the global database on which various knowledge sources may make changes
(the common sentential form of CDGS and the global memory of SXM);

— the control of the opportunistic responses of the knowledge sources to make
modifications in the global database (various derivation control strategies of
CDGS and the underlying automata of SXM).

It is worth noting that the first and last of these properties emphasise the au-
tonomous behaviour that is expected for the agents, the second issue stresses
the cooperation aspects requested for multi-agent systems. The similar proper-
ties of both models lead to the definition of the X- machine model with under-
lying distributed grammars (SXMDG) (], [10]). A further step towards testing
SXMDG has been made by investigating deterministic SXMDG for some spe-
cific derivation strategies and regular rules [B]. As testing is crucial for validating
an implementation against the specification, this paper will investigate further
the testing aspects of SXMDG in the context of building reliable collaborative
software agents. The SXMDG model benefits from both components involved
and exposes new characteristics of interest: a) the precision and simplicity of
the production rules and the derivation strategies of CDGS is used in defining
the processing relations of SXM; b) the well established computational power of
various CDGS can be transferred to SXMDG ([4], [10]); ¢) the already proven
power of the SXM model in testing the behaviour of an implementation against
its specification can be transferred and adapted, as we are going to show in this
paper, to SXMDG; d) the property of SXMDG models, inherited from SMSs,
of using basic relations/functions that process an input symbol in order to yield
a suitable output symbol makes the model suitable for modelling collaborative
agents as well as reactive agents [17]; e) various grammar types are used in
defining different natural activities that can lead to a promising way of organ-
ising system design in a formal manner in the context of SXMDG. The paper
presents a method of testing stream X- machines with underlying distributed
grammars by adapting the general theory of stream X- machine testing to the
characteristics of this new model. In particular, the paper defines a set of ’design
for test’ conditions which ensure that the behaviour of collaborative agents is
under control and observable at any moment. These conditions may sometimes
require that extra information is added to the system, but any testing method
that can find all faults will impose certain restrictions on the behaviour of the
system under testing [6]. The paper is structured as follows: section 2 introduces
the main concepts concerning cooperating distributed grammar systems, stream
X- machines and stream X- machines based on distributed grammars; section 3
introduces the concepts related to stream X- machine testing; the results that
refer to the application of the 'design for test’ conditions to stream X- machines
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based on distributed grammars are presented in section 4; conclusions are drawn
in the last section.

2 Basic Definitions

Only the basic definitions and notations will be provided in this section. For
further details concerning CDGS and SXM the reader may refer to [§] and [14],
respectively.

Definition 1. A CDGS is a system I' = (N, A, S, Py, ... P,) where N is the set
of nonterminal symbols, A is the set of terminal symbols, S is the start symbol,
and P;, 1 <1i < n are the sets of production rules.

Note 1. Let us denote by DM the set of all the derivation modes, i.e.
DM ={t}u{<r,=r,>r|r>1}

Definition 2. A SXM is a system X = (X, A,Q, M, D, F,qy, T, mg) where X
and A are finite sets called the input set and output set respectively; @ is the
finite set of states, M 1is, the possibly infinite, set of memory symbols; T' C @,
is the set of final states and qo € @Q is the initial state; mg € M is the initial
memory value; F' is a partial function called the transition function defined as
F:Qx®— 29 and ® is the finite set of processing relations; each processing
relation is defined as ¢ : M x X — 24"xXM

Definition 3. A SXMDG is, for each d € DM, a system
Xd = (EvAaNaQ7M7P7@daF7QOaTamO)

where X, A, Q, M, F,qo,T,mq are as in Definition [d and N is a finite set called
the set of nonterminal symbols such that ¥ C NUA; M = (NUA)*, P is a
set of n sets of production rules defined over NUA, P={Py,...P,} and ®4 is
defined as being Pq = {¢1,...pn} with each ; associated to P; € P as follows

(z,m') € i(m, o) if and only if mo = am/

ceX,xe A*,m,m' € M and m’' does not begin with a symbol from A. As only
nonempty output strings will be expected from each p;, in what follows the set
A* will be replaced by AT = A* — {\}.

An SXMDG acts as a translator which processes the input strings and works
out sequences of symbols according to the rules belonging to the sets P;.

Note 2. For a language L C X*, and an SXMDG X, we denote by f4(L) the
language computed by X4 when L is the input set. For any string « € f4(L) there
exist: an input string oy...0, € L where 0; € X for all 1 < ¢ < p; p output
strings x1,...2p, x; € AT for all 1 < ¢ < p and * = z1...2,; p processing
relations ¢j, , ...y ,; p states q1,...qp with g, € T'; p memory values my,...my,
with m, = A; such that ¢; € F(gi—1,¢;,) and (z;,m;) € @j,(m;_1,0;) for all
1<t <p.
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Example 1. Let us consider the following SXMDG
X=2 = (27A7N7Q7M7Pa®d7F7QOaT7m0)

where X = {C,D,c}, A = {a,b,c}, N = {B,C,B',C'",D}, P = {P, P, P3},
with Py = {B — aB’,C = bC'}, P, = {B’ — aB,B’ — a,C" = bC,C" — b},
P;={D — aD,D — a}; = {¢1, p2, 3}, with

©01(B,C) = (a, B'bC"), ¢1(Bb"Cc?,c) = (a, B'b" T C'c*t1), r, s > 1,
©a(B'b"C'c* L ¢) = {(a, Bb"T1Cc®), (ab™ e, \)}, 15 > 1, o3()\, D) = (a2, \);
Q = {1,2,3}, F(L,¢1) = 2, F(2,¢2) = 1, F(l,p3) = 3, T = {3}, @0 = 1,
mo = B. For the input set L = {Cc®"~'D | n > 1} the language computed by
X_ois foo = {a®b™c* 162 | n > 1}.

Indeed, for getting a?"b?"c?>"1a? we use the input string Cc?"~1' D, the pro-
cessing relations (p1p2)"¢s and the states gar—1 = 2, 1 < k < n; qa = 1,
0 <k < n; gant+1 = 3; such that for the input strings o1 = C;0; = ¢, 2 <17 < 2n;
Oont1 = D; the following output symbols z; = a, 1 < i < 2n — 1; 29, =
ab®c® 1 29,11 = a?; and memory values mg = B; mop_1 = B'b?*1C'¢?F 2,
1 <k <nymgp = Bb¥?*Cc?*~1 1<k <n—1; mg, = ma,p1 = A, are obtained.
As it may be seen the SXMDG is powerful enough as it translates a regular
language into a non-context-free language by using regular rules.

3 Testing SXM

This section introduces concepts related to the testing method based on SXMs.
The idea behind this method is to compare the SXM model of the implementa-
tion with the SXM specification of the same system ([15], [14]) and to generate a
test set whose successful application will establish that these two machines have
identical behaviour. For a SXM X = (X, A,Q, M, ®, F, qo, T, mo), the finite state
machine associated (FSM) with X is defined as A(X) = ($,Q, F, qo). Note that
the set @ in the definition of A(X) contains in fact labels associated with the par-
tial relations belonging to @. For simplicity no distinction is made between the
actual relations and the associated labels. The idea of the SXM testing method
is to prove that the two stream X- machines (one representing the specification
and the other the implementation) have identical input- output behaviour by
showing that their associated automata are equivalent. Thus, the generation of
the test set used to prove the equivalence of the two X- machines involves two
steps: a) the generation of a set of sequences of basic processing relations that
tests the equivalence of the two associated automata; b) the translation of the
basic processing relations into sequences of inputs. The generation of the set
of processing relations (denoted by Z) is based on Chow’s W- method [7] that
constructs a test set from a FSM specification. In the case of the SXM model,
this is the FSM associated with the specification. The generation of Z consists
mainly of the generation of two sets. The first set C' € @*, called a state cover
of A(X), has the property that for any state g € @ there is p € C such that p
is a path in A(X) from the initial state gg to g. The next set W € &*, called a
characterisation set of A(X), has the property that if ¢ and ¢’ are two arbitrary
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distinct states then there is a p € W such that p distinguishes between ¢ and
q'. The string p is said to distinguish between ¢ and ¢’ if p is a path in A(X)
that starts in ¢ and p is not a path that starts in ¢’ or vice- versa. A FSM with
these properties is called minimal. This property does not restrict the generality
of our discussion since for any automaton there is a minimal FSM equivalent to
t [1]. If the difference between the number of states of the implementation and
the number of states of the specification can be estimated and is denoted by k
then the set Z we are looking for is: Z = C(®**1 U P* ... & U {\})W. Once the
set Z has been set up it will be translated into a set of sequences of inputs that
can be applied to the two machines. This is the second step of our construction
and a test function is defined for this purpose. The scope of a test function is
to test whether a certain path exists or not in the machines using appropriate
input symbols. A test function test : &* — X* is constructed as follows:

— test(A\) = A

— for any ps = ¢1...p5s € P*,s > 1, if ps_1 = p1...¢ps_1 is a path of A(X)
that starts in go then test(ps) is a sequence of inputs that exercise p, from
the initial memory mg; otherwise test(ps) = test(ps—1)-

In other words, for any sequence of basic processing relations p, test(p) exercises
the longest prefix of p that is also a path of the machine state plus the function
that follows after this prefix, if any. Note that a test function is not uniquely
determined, a stream X- machine may have many test functions. Once the set
Z and the function test have been determined the test set is Y = test(Z).
In order to compute the test function the SXM should be deterministic and
satisfy some properties called ’design for test’ conditions. A deterministic SXM
is one in which for any ¢,¢’ € @ and ¢ € Q if F(q,¢) # 0 and F(q,¢’) #
0 then dom ¢ Ndom ¢’ = 0, where dom ¢ denotes the domain of ¢. The
design for test conditions ensure that the behaviour of the machines will have
to be detectable under all conditions. These are output distinguishability and
memory completeness [14] or weak output distinguishability and strong memory
completeness [2]. A SXM is output-distinguishable if for any memory value m,
input symbol o and any two processing relations ¢, ¢’ € @ if there exist an
output string z € AT and memory values m1,ms € M with (z,m;) € ¢(m, o)
and (z,ms) € ¢’'(m, o) then ¢ = ¢’ and my; = my. A SXM is memory-complete
if for any basic processing relation ¢ and any memory value m there exists an
input o such that (m,o) € dom p. A SXM is weak output-distinguishable if
for all ¢ € @ there exists an input symbol o, € X such that for all ¢’ € &
it results ¢ = ¢’ and my; = m] if there exist m € M and x € AT such that
(x,m1) € p(m,o,), (x,m]) € ¢'(m,0,). A SXM is strong memory-complete if
it is weak output-distinguishable and if for any ¢ € ¢, m € M it follows that
(m,0,) is in the domain of . Furthermore, the (weak) output distinguishability
and (strong) memory completeness properties can be relaxed without affecting
the validity of the testing method [I6].

Definition 4. Let Xy C X be a subset of the input alphabet of a given SXM
X. We define by V(mo, X1) = {mo} U{m | Jo1...0k € X7 ,3p1... 01 € &
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and (x,m) € (¢1...98)(01...08,mg) for some x € AT}. Then we define
(weak) output distinguishability and (strong) memory completeness with respect
to V(mo, 21)

It is easy to see that a SXM that is (weak) output distinguishable and (strong)
memory complete is also (weak) output distinguishable and (strong) memory
complete with respect to any V(mg, Y1) C M. However, the SXM testing
method still remains valid if the usual conditions are replaced by similar
conditions with respect to V(mg, X1), where X¥; = X in the case of memory-
completeness and output-distinguishability and X = ¥g = {0, | ¢ € #} in the
case of strong memory-completeness and weak output-distinguishability [16].
That is, the sufficient conditions in which the testing method is valid are either
memory-completeness and ouput-distinguishability with respect to V(mg, X)
or strong memory-completeness and weak ouput-distinguishability with respect
to V(mo, Xg). For the example presented the sets C, W are C' = {\, ¢1, 3},
W = {2, p3}. For k =0, it follows Z = C(® U {A})W, and thus

Z ={X 1, 031N, o1, 02, 032, 3} =

{02, 102, 0202, P3P2, P1L1P2, P1P202, P1P3P2, P3P1P2, P3P2P2, P3P3P2,

3, 0193, P23, P3¥3, P1L1P3, L1293, P1P3P3, P3L1P3, P3P2P3, P3P3P3}
Please note that X_, is deterministic and (weak) output distinguishable but is

not (strong) memory-complete. There is a further problem that appears when
the application of the test set is evaluated. For any sequence o ..., in the
test set, we have to establish that the outputs produced for any of the inputs
01,...,0, to the implementation coincide to those in the specification. This
is achieved if either the outputs produced by all prefixes o1...0;, 1 < i < n,
are recorded or the machine meets an additional property, output-delimited
property, that allows all these intermediary outputs to be deduced from those
produced by the overall sequence o1...0,. A SXM is output delimited if
for any two strings of relations ¢1...¢; and ¢ ... gpg- € &*, any two output
strings @1 ...2; and yp...y; with each z;,y; € AT, from 21...2; = y1...y;,
(x1,m1) € w1(mo,04,), (y1,m)) € ¢i(mo,0,), (Ti,mi,) € wi(mi-1,04,),
(yi,mis) € ¢ (mi_q,04) for all 2 <4 <,j it follows that x; = y;, for all
1<i<iy.

Thus, for an output delimited type an arbitrary path produces the same
output as ¢i...¢; on the same input sequence oy, ...0,, only if it produces
the same output as ; at each stage i,1 <i < j. Any type @ ={¢p : M x X +—
A x M} containing only relations producing single symbols is output delimited.

4 Testing SXMDG

(Weak) output distinguishability and (strong) memory completeness as well
as their more relaxed counterparts are addressed in this section. Output-
distinguishability will take place for SXMDG having a LL(1) like property [IJ.
For a string z, firsti(z) denotes the set {a | a € A,3r > 1,2 =" ay}, r € DM.
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Lemma 1. Any SXMDG Xy, d € DM’ with the property that for any two rules
S — a1 € P, S — xy€ Py, i # jit follows firsty(x1) N firsty(z2) = 0, then
X is output-distinguishable.

Proof. If two distinct relations ¢; and ¢, ¢ # j, are defined for the same memory
value and the same input then distinct output values will be generated.

According to lemma [l the SXMDG X_, defined in example 1 is output-
distinguishable. For a given derivation mode d € DM, for each set of productions
P; we denote by T = {B | B € N and if B =%, a then o € AT} the set of
all nonterminals producing only terminal strings when the derivation mode d is
applied. For a nonterminal B € N and a set of production rules P; we denote
by LYB,P;) ={z |z € At,B :>§l)i x} the language generated by B applying
production rules from P; and using only once the derivation mode d.

Lemma 2. Let X4 be an SXMDG and consider Xy = T¢ U ... T If mg € X,
then V(mg, X1) = {mo, A}

Proof. Direct, from the definition [4

Lemma 3. Let us consider an SXMDG X4 having n sets of production rules
Py, ... P, and terminal initial memory value (mg € A*). If there exist n non-
terminals By € T{,... B, € T¢ such that LY(B, P;) N LY B, P;) = 0 for i # j,
then:

1. the associated type g = {p1,...pn} is weak output distinguishable with
respect to the memory {mg, A}

2. if all P; contains only regular rules and the derivation mode d is = r then
the type @ is output delimited.

Proof. 1. It is sufficient to consider o,, = B; and to apply Lemma[2
2. If d is = r then all the output strings have the length k. Such types are
output delimited [2].

Ezample 2. Let us consider

P, ={S—aSS—aA,A—bB,B — c},

P,={S —¢S,S = ¢cB,B—bA,A— a,A— bB,B — c}. For the derivation
mode = 2 we have: 172 = {A},T52 = {A, B}. We can choose B; = A, By = B.
If mo = a then according to Lemma [2 we have V(a, {A, B}) = {a, A}. The type
@ = {1, 2} is also output delimited, as stated by Lemma Bl

The memory completeness restriction imposes important hard conditions for the
processing relations of SXMDG.

Lemma 4. If X4, d € DM’ is a (strong) memory-complete SXMDG then for
any P, e P, Be N

— there exists a terminal derivation B =% x, v € (AUN)*
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— there exist 0 € X and a derivation Bo =%, x, x € (AUN)*, d € DM —{t}

Proof. According to (strong) memory-completeness restriction any memory
value m and an input o should have a derivation in any of P; components
starting from mo. In particular m may be any nonterminal. In the case d = ¢
each nonterminal should have a terminal derivation and when d # t the string
mo should start a d derivation in P;.

Note 3. The processing relation ¢, defined by the SXMDG X_, presented in
example 1, for any input ¢ and memory H € N H # B and H # C does not have
(m, o) in its domain. This result shows that the solution of extending the defi-
nition of the processing relations by considering new input symbols is no longer
valid in this case [14]. Fortunately, as we have shown in the previous section, a
weaker condition is sufficient. This refers only to those memory values that may
be computed starting from the initial value mq (lemma[3). Furthermore, we will
use the variant of design for test conditions that suit best our example, these are
strong memory-completeness and weak output distinguishability with respect to
some V' (mg, X1).

Note 4. These design for test conditions can be met as follows: a) add to the
production rule sets a number of extra rules so that the conditions of lemma Bl
are satisfied (NB: this may change the resulting language); in the case of example
1 considered the rules B’ — a € P;, B — a € P, are added; consequently the
inputs associated with the processing relations will be the next nonterminals:
oo, = B, 04, = B, 0,, = D; b) consider (for testing purposes) mo = A and
V(A A{B, B’,D}) = {\}; then it is easy to see that the SXMDG is strong memor-
complete and weak output-distinguishable with respect to V(\,{B, B’, D}).

With these observations in place an algorithm for testing SXMDG in the case
=r, r > 1, may be described as follows:

— compute the set Z according to Chow’s method as stated in the previous
section;

— check whether the conditions described in lemma Blare fulfilled by the current
SXMDG, X_,; if these conditions are not satisfied then add the necessary
rules according to note M}

— compute the input test set test(Z).

The set test(Z) = {test(y.) | z € Z}, where for z = ¢©1...¢0n, Yo = 1. .. ¢k,
where k = n if z is a path of the SXM and k = m + 1, otherwise, where m is
such that ¢1 ..., is the longest prefix of z that is also a path of the SXM.
Then test(y.) = 0y, ... 04,
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5 Conclusions

In this paper we present a method for testing collaborative software agents mod-
elled by SXMDG systems. The method is a variant of the method originally de-
veloped for SXM models. A number of alternative design for test conditions have
been considered. The paper shows that the ”traditional” design for testing con-
ditions (memory-completeness and output-distinguishability) are not applicable
to SXMDS models and that the "usual” recommendation of extending the defi-
nition of the processing relations so as to accept new input values is not suitable
to this case. On the other hand, the paper considers slightly different design for
test conditions (strong memory-completeness and weak output-distinguishability
with respect to V(mg, X)) that can be easily imposed on a SXMDS. These con-
ditions seem to be coherent with the behaviour of collaborative agents as their
status must be observable and controllable at some discrete moments, defined
by the states of the machine. Some problems remain to be further investigated.
On the theoretical side, the computational power of the SXMDG having pro-
duction rules with the property stated in lemma B need to be established. From
a practical point of view it will be necessary to apply the method developed in
this paper to some complex collaborative agent systems in order to prove its
usefulness and suitability. A number of approaches dealing with agent models
([13], [I7]) outline the parallel behaviour of the agents have been based around
communicating stream X- machine concepts [3]. We think that some of the mod-
els used in biology or bio-informatics and dealing with communities of agents
may be better approached by integrating a membrane like computation [19] with
X- machine systems. Some work is in progress and will be reported in a further

paper.
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