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Abstract

Current distributed systems are usually composed of sev-
eral distributed components that communicate through spe-
cific ports. When testing these systems we separately ob-
serve sequences of inputs and outputs at each port rather
than a global sequence and potentially cannot reconstruct
the global sequence that occurred. In this paper we con-
centrate on the problem of formally testing systems with
distributed components that, in general, have independent
behaviors but that at certain points of time synchroniza-
tion can occur. These situations appear very often in large
real systems that regularly go through maintenance and/or
update operations. If we represent the specification of the
global system by using a state-based notation, we say that
a scenario is any sequence of events that happens between
two of these operations, we encode these special operations
by marking some of the states of the specification. In or-
der to assess the appropriateness of our new framework, we
show that it represents a conservative extension of previous
implementation relations defined in the context of the dis-
tributed test architecture: If we consider that all the states
are marked then we simply obtain ioco (the classical rela-
tion for single-port systems) while if no state is marked then
we obtain dioco (our previous relation for multi-port sys-
tems).
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1 Introduction

The complexity of current systems is increasing both in
terms of their size and of the capabilities that they incorpo-
rate. Therefore, software engineering techniques relying on
a formal foundation are necessary to assist in the produc-
tion of reliable software. A first step to ensure that we are
developing the correct system is to have a formal specifica-
tion of its behaviour. In order to make sure that this model
is sound, it is necessary to verify the specification with re-
spect to the requirements of the system. However, a correct
specification does not imply that we will obtain a correct
system.

Software testing [1,11] is the technique most widely used
to assess the correctness of software systems with respect
to formal specifications. Even though formal methods and
testing have been seen as rivals, so that there was very little
interaction between the two communities, these approaches
are now seen as complementary [3, 5]. The main advantage
of using a formal approach is that many testing processes
can be automated (see [17] for a discussion on the advan-
tages of formal testing and [4] for a survey on formal meth-
ods and testing).

An important class of systems is the one where the
system under test (SUT) has physically distributed inter-
faces/ports. If we apply testing techniques to these systems,
then it is normal to place a tester at each port. If we consider
a black-box framework, there is no global clock, and the
testers cannot directly communicate with each other then
we are testing in the distributed test architecture, which has
been standardised by the ISO [9]. It is already well known
that the use of the distributed test architecture reduces test
effectiveness (see, for example, [10, 12-14, 16]).

Most previous work on testing in the distributed test ar-
chitecture has considered Deterministic Finite State Ma-
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Figure 1. M, and M- are not related under ioco
but are related under dioco.

chines (DFSMs). However, the Input Output Transition
System (I0TS) formalism is more general: In a DFSM in-
put and output alternate and DFSMs have a finite state struc-
ture and are deterministic. The last restriction is particularly
problematic since distributed systems are often nondeter-
ministic. While the implementation relation ioco [15], that
is usually used in testing from an TOTS, has been adapted in
a number of ways and extended to cope with issues such as
time and probabilities, only recently has the problem of test-
ing from an IOTS in the distributed test architecture been
investigated [6,7]." This work introduced an implementa-
tion relation dioco with a very special feature: We compare
traces of the SUT and of the specification only if we reach
quiescent states, that is, states that are somehow stable be-
cause they cannot perform any output without receiving ad-
ditional input. Since it is usually assumed that quiescence
can be observed, the idea is that in quiescent states the lo-
cal testers can send the traces collected so far so that they
can be put together and checked against the specification (a
longer discussion about this issue can be found in [7]).

It is clear that the distinguishing power of our dioco re-
lation is smaller than the one corresponding to the classical
ioco relation. Let us consider Figure 1. Actions preceded
by ? are inputs while the ones preceded by ! are outputs.
For the sake of clarity, most examples given in this paper
consider a distributed architecture with two ports. How-
ever, the theoretical framework is presented for the general
case where there are n ports. In the examples, we will usu-
ally call the ports U and L, and subindexes will denote at
which port the action is performed. We have that M5 (right
hand side of Figure 1) is not a good implementation of M,
according to ioco because we can find sequences of actions
that can be performed by M5 that cannot be performed by
M; (left hand side of Figure 1). For example, 7y 7iz oy
is such a sequence. However, M5 is a good implementation

! An implementation relation mioco has been defined for testing from
an IOTS that has multiple ports. However, this implementation relation
assumes that there is a single tester that controls and observes the ports [2].
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Figure 2. M3 and M, are related under dioco
but are not related under sdioco.

for the distributed version of ioco because we do not sim-
ply compare traces, but compare them up to causality rela-
tions in the same port. For example, we consider that the
trace 7iy, Tiyloy of My is equivalent to the trace iy iz oy
of M (however, a trace such as 7iy!oy 74 would not be
equivalent to the previous ones because we are changing
the order in which certain actions are performed at port U).

This paper extends the study of the distributed test ar-
chitecture by allowing additional opportunities to com-
bine local observations. Our previous work assumed that
the different components have completely independent be-
haviours. The only way to partially synchronise them was
by putting together the traces observed by local testers at
each port when reaching quiescent states. However, there
are frequent situations when we need that all the compo-
nents of the system have performed a certain set of tasks
before we let them proceed with further computations. For
example, this happens if we have a central database that has
to be regularly updated: We have to make sure that all the
distributed components accessing the database are not per-
forming queries while the update takes place. If we have a
state-based specification of the system we can mark some of
its states so that we force the (distributed) implementation
to perform any of the sequence of events, up to the causality
relation underlying dioco, that takes the specification from
its initial state to any of these marked states. For example,
let us consider Figure 2. The system M3 (left hand side of
the figure) has a marked state. Therefore, M, (right hand
side of the figure) is not a good implementation according
to the new relation because, for example, it cannot perform
the sequence 7iz!or. However, My conforms to M3 if we
consider dioco. An additional motivation for the use of sce-
narios is as follows. Let us suppose that agents A and B
interact with M at physically distributed ports. Under the
dioco framework all that A and B know is that the local
traces they observe are projections of the global trace that
occurred. Let us suppose, however, that A observes event a
on January 10th and B observes event b on February 5th of



the same year. If A and B later communicate then they can
deduce that a occurred before b even if they cannot recon-
struct the total global trace. Scenarios allow us to capture
the notion of a ‘complete use of a distributed system, the
idea being that different complete uses (traces) o and o can
occur sufficiently far apart in time for us to be able to know
that all the events in o occurred before all of the events in o
even if we cannot construct the global trace that occurred.

The implementation relation introduced in this paper is
called sdioco, standing for Scenarios-based dioco relation.
Intuitively, a scenario is any sequence of events that takes
the specification to one of its marked states. More pre-
cisely, scenarios are associated with sequences that bring
the specification from one marked state to another one with-
out traversing any marked states. Therefore, it would be
possible to alternatively define our new relation by associ-
ating a set of traces with a specification. However, since
a model defines a set of traces and a set of traces defines
a model, there is little difference in the expressiveness of
these two approaches and definitions are more compact
when marked states are used and so this is the approach
that we take in this paper.

In order to show that our new relation is a suitable exten-
sion of the previously mentioned implementation relations,
we will prove that if no state of the specification is marked
then sdioco and dioco coincide while if all the states are
marked then sdioco and ioco are equal.

The rest of the paper is structured as follows. In Sec-
tion 2 we introduce our formalism to define distributed sys-
tems and give our new implementation relation. In Sec-
tion 3 we show how test cases are applied to SUTs, study
the notion of controllability in the new framework, and give
a new implementation relation based on controllable test
cases, that is, tests cases where the order of application of
inputs at different ports is completely determined. Finally,
in Section 4 we present our conclusions and some lines for
future work.

2 Definition of systems and implementation
relations

This section defines Input Output Transition Systems
and associated notation, outlines the distributed test archi-
tecture, and introduces the new formalism to specify sys-
tems with scenarios in the distributed test architecture.

2.1 Input Output Transition Systems

We use Input Output Transition Systems to describe sys-
tems. These are labelled transition systems in which we
distinguish between inputs and outputs [15].

Definition 1 An Input Output Transition System (I0TS) is
definedby M = (Q,I,0,T, giy,) in which @ is a countable
set of states, ¢;,, € @ is the initial state, I is a countable set
of inputs, O is a countable set of outputs, and 7" C @Q x
(IUO) x Q is the transition relation. A transition (g, a, ¢’)
means that from state ¢ it is possible to move to state ¢’
with actiona € T U O. We let ZOT'S(I, O) denote the set
of TOTSs with input set I and output set O.

Any state ¢ € ) induces an IOTS derived from M by
setting the initial state to g, that is, abusing the notation we
consider g = (Q,1,0,T, q).

We say that state ¢ € @ is quiescent if from ¢ it is not
possible to produce output without first receiving input. We
can extend 7' to T by adding (g, d, ¢) for each quiescent
state ¢. We let Act = TUO U {d} denote the set of actions.
We say that M is input-enabled if forall ¢ € Q and 77 € I
there exists ¢’ € @ such that (q, 7i,¢") € T. We say that M
is output-divergent if it can reach a state in which there is
an infinite path that contains outputs only. a

Let us remark that processes and states are effectively the
same since we can identify a process with its initial state
and we can define a process corresponding to a state g of
M by making ¢ the initial state. Thus, in this paper we use
states and processes and their notation interchangeably. As
we said in the introduction of the paper, we use the nor-
mal notation in which we precede the name of an input by
? and the name of an output by !. We assume that all pro-
cesses are input-enabled and are not output-divergent. The
intuition behind the first restriction is that systems should be
able to respond to any signal received from the environment.
In fact, this restriction is usually imposed on implementa-
tions, while specifications are sometimes allowed to break
this restriction. However, if we assume that all processes are
input-enabled then some definitions are simplified, while
this restriction does not lead to a significant reduction in the
expressive power of specifications. Regarding the second
restriction, in the distributed testing architecture quiescent
states can be used to combine the traces observed at each
port and reach a verdict. If a process is output-divergent
then it can go through an infinite sequence of non-quiescent
states, so that local traces cannot be combined. In addition,
the presence of a state from which we can take an infinite
sequence of outputs is normally undesirable and is similar
to a livelock. Let us remark that formal testing approaches
based on ioco assume that quiescence can be observed just
as any regular output. This fact is better explained by using
timed extensions of ioco: If an output is not observed soon
then we can consider that we have reached a quiescent state.

Traces are sequences of visible actions, possibly in-
cluding quiescence, and are often called suspension traces.
Since they are the only type of trace we consider, we call
them traces. The following is standard notation in the con-
text of ioco.
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Figure 3. The local and distributed test archi-
tectures.

Definition 2 Let M = (Q,1,0,T, g;,) be an IOTS.
1. If (q,a,q") € Ts, fora € Act, then we write ¢ — ¢'.

2. We write ¢ = ¢/ foro = aq ...am € Act® if there
exist qq, . - . , gm, With ¢ = go and ¢’ = ¢,,,, such that
forall 0 <1 < m we have that g; BRAEN Qit1-

g

3. We write M == if there exists ¢’ such that g;,, ==
¢’ and we say that o is a trace of M. We let Tr(M)
denote the set of traces of M.

Let ¢ € Q be a state and o € Act™ be a trace. We consider
1. gafter o = {¢’ € Q¢ == ¢'}
2. out(q) = {lo € OU {6}|q¢ =%}

3. Given a set ' C (), we consider that Q" after o =
Ugeqr q after o and out(Q') = Ugzeqrout(q).

O

In testing from a single-port TOTS it is usual to use the
ioco relation [15] to establish what a good implementation
is. Intuitively, an SUT correctly implements a specification
if it does not invent behaviours that are not allowed by the
specification.

Definition 3 Given M, M’ € ZOTS(I,0) we write
M’ ioco M if for every trace 0 € Tr(M) we have that
out(M’ after o) C out(M after o). O

2.2 Multi-port 10TSs with marked states

The two standard (ISO) test architectures are shown in
Figure 3. In the local test architecture a global tester inter-
acts with all of the ports of the SUT. In the distributed test
architecture there is a local tester at each port [9]. We use
the term mIOTS when there are multiple ports and we are
considering marked states to denote scenarios; when there
is only one port we use the term single-port TOTS.

Definition 4 We will denote by P the set of ports. A
marked TOTS (mIOTS) is a pair M,, = (M, Q), where
M =(Q,I1,0,T,qy)isan IOTS and Q C ( is the set of
marked states. We partition I into pair-wise disjoint sets I,,,
for all p € P, containing those inputs that can be received
at port p. Similarly, O is partitioned into pair-wise disjoint
sets Oy, for all p € P, containing those outputs that can be
produced at port p.

We let mZOTS(I,0O) denote the set of mIOTSs with
input set I and output set O. ad

Inputs and outputs will often be labelled in a manner that
makes their port clear. For example, iy is an input at U and
lor, is an output at L. In order to avoid unnecessary defini-
tions, we will use in the context of mIOTSs the concepts
introduced in Definitions 1 and 2 for TOTSs. For example,
if M, = (M, Q) then we will say that o is a trace of M,,
if o is a trace of M.

In order to keep compatibility with the ioco theory, we
consider that specifications and implementations are de-
fined by using the same formalism, that is, input-enabled,
non output-divergent nIOTSs. However, we will not use
the set of marked states associated with implementations
(equivalently, we can consider that it is empty). The idea
is that if the implementation is treated as a black-box, we
cannot know its current state. Therefore, we cannot know
whether that state belongs to the set of marked ones.

A global tester observes all the ports and so observes a
trace in Act™, called a global trace. However, we will usu-
ally have a set of local testers. Therefore, we will use those
local traces that can be obtained from a global trace. In the
following definition we also give an auxiliary function to
compute the inputs appearing in a sequence of actions and
introduce a relation ~ to relate traces.

Definition 5 Leto € Act” andp € P. We let 7, (o) denote
the projection of o onto p; this is called a local trace. The
function ,, can be defined by the following rules.

1. mp(e) = e
2. Ifz € (I, UO, U {6}) then m,(z0) = zmp(0).
3. Ifz € I,U Oy, for g # p, then 7y (20) = mp(0).

Let 0 € Act*. We let in(o) denote the sequence of
inputs appearing in o. The function in can be defined by
the following rules.

1. in(e) = e.
2. If z € I then in(zo) = zin(o).

3. Ifz € OU {4} then in(zo) = in(o).



Given global traces o,0’ € Act® we write 0 ~ ¢’ if &
and ¢’ cannot be distinguished in the distributed test archi-
tecture. Formally, o ~ ¢’ if and only if for all p € P we
have 7, (0) = mp(d’). O

It is trivial to prove that ~ is an equivalence relation.
This relation will play a crucial role in defining imple-
mentation relations for the distributed architecture: We
should always compare traces up to the ~ relation. In-
tuitively, we have o ~ o’ if the order between actions
when we restrict to each of the ports is kept. For exam-
ple, 7iyloy?ip ~7iy?igloy while none of these traces is
equivalent to loy 7iyy 7ir,. Next we define the dioco imple-
mentation relation [7].

Definition 6 Let M3Pec, MSUT ¢ mZOTS(I,0). We
write MSUT dioco M3Pec if for every trace o such that
MSUT =% ¢ for some g that s in a quiescent state if there
is a trace o1 € Tr(M3P¢°) such that in(o1) ~ in(o) then

m
there exists a trace o/ € Tr(M3P°°) such that M5Pe¢ ==
and o’ ~ 0. O

Only traces reaching quiescent states are considered in
dioco since these allow us to put together the local traces
at a point where local testers know that the component that
they are testing is stable [7]. Let us remark that we have not
used marked states in the previous definition since this is a
feature relevant only for our new relation. Therefore, in the
context of dioco it is the same to consider an mIOTS or its
associated IOTS.

Given the fact that in this paper all processes are input-
enabled we can simplify the previous definition.

Proposition 1 Let M3re¢ M3UT ¢ mZOTS(I,0). We
have M3UT dioco M;Z”“ if and only if for every trace o
such that M) SUT —Zs ¢ for some quiescent state ¢, there

(7

exists a trace o’ such that M 5P == and o’ ~ 0. O

As we discussed in the introduction of the paper, the
dioco relation does not capture synchronisation points since
at such points we have to check that the traces that reach
marked states are implemented, up to the ~ relation. There-
fore, in this paper we introduce a new implementation rela-
tion among mIOTSs.

Definition 7 Let MPec, MSUT € mZOTS(I,0), where
M35ree = (M, Q). We write M3UT sdioco M3SPee if for
every trace o such that M3UT =% ¢ for some g that is in
a quiescent state, there exists a trace ¢’ = ay, .. ., a,, such

that the following two conditions hold:

7
o MSP¢ = and o’ ~ 0.

e There is a derivation MSrec 4 4 22

G Gme1 —% g, with q1,...,qn states of
MBPee, in which J = {j1,...,5-} € {1,...,m}
is the set of indexes such that ¢; € Q if and only
if j € Jand o,...,0,,, are the sequences such
&)

!’
o
o, and MSpec — 4, =

! /
that o' = o7 --- -

o ..
Qjs "+ qj, = G¢m- In addition, 0 = o1 ...0,41
for some sequences o1, ..., 0,41 such that forall 1 <
Jj < r+ 1 we have that o} ~ 0.

O

In the previous definition, if the initial state of the speci-
fication is marked we assume that an additional index jy is
added to J so that gj, corresponds to the first occurrence
of the 1n1t1a1 state, so that we have a derivation such as

Qjo :> q :> q2 - --. Let us remark that .J is a set of
indexes to label states of the derivation. Therefore, it may
happen that there exist several indexes corresponding to the
same state of the specification.

Intuitively, we have that M5Y7 is a good implementa-
tion of M5P¢¢ under the sdioco relation if in addition to not
inventing any behaviours (first condition, similar to dioco)
we have that marked states that can be traversed in the spec-
ification while performing the analysed trace are respected
in the implementation. In other words, the second condi-
tion ensures that all the subtraces that M5P*¢ performs to
complete the whole trace can also be performed, up to ~,
by MSUT | 1t is sufficient for this condition to hold for one
possible way in which M 3P¢¢ can perform the trace while,
due to possible nondeterminism, there may be several pos-
sible ways in which M>P¢¢ can perform the trace. Another
possibility would be to consider that the specifier has de-
fined a set of behaviours, that include markings, and wants
all of them to be implemented. In this case, the there ex-
ists path quantification should be replaced by a for all path
statement, and this would lead to another implementation
relation sdioco’.

The next result indicates that our new relation is an ap-
propriate extension of previous relations. Specifically, if we
consider that none of the states is marked we have dioco
while if all the states are marked then we have ioco. This
result represents a good sanity check to increase our confi-
dence on the suitability of sdioco as a good implementation
relation for distributed systems.

Proposition 2 Let M >Pec MSUT
where M5P¢¢ = (M, Q) and M =

€ mZIOTS(1,0),
(Q,I1,0,T,q). Then,

e If Q = @ then MSUT joco M3Pec if and only if
M3UT sdioco MSPee.
e If Q = () then M3YT dioco M5P¢ if and only if

SUT «di Spec
M2¥+ sdieco M Pee.
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Figure 4. Quiescence alone does not capture
marked states.

Proof: We start by assuming that @ = @ and prove that
MSUT joco MSPee if and only if MSUT sdioco MSPee.

First, we assume that M>U7 joco MSPe¢ and prove
that M5UT sdioco MSPec, but this follows immediately
by noting that since M3UT ioco MSPe¢ and M3Pe¢ and
M3UT are input enabled we trivially have that every trace
of MSUT is also a trace of MPee.

Now, let us assume that M3SUT sdioco M3Pe¢ and
that o is a trace of M>P* and so we have to prove
that out(M3UTafter o) C out(MSPcafter o). Let
us suppose that a € out(M3UTafter o) and so that

a, . .
MZUT == Since MSUT sdioco M7 we must have

’
ag
some o' ~ ca = ay,...,a, such that M5P¢¢ == In

addition, since all states of M;Zpec are marked, there ex-

’ ’
gq..-0,.

ist sequences o/, ..., o’ such that M5P¢¢ === and for

all 1 < j < r we have that a;- ~ aj. Therefore, for all
oa

1 < 5 < r we have 0’;— = a;. Thus, M;Zpec —— and so
a € out(MSPrecafter o) as required.

The second part, which is that if @ = () then
MSUT dioco MSPee if and only if M3UT sdioco MSPee,
follows from the definitions of dioco and sdioco. a

Intuitively, quiescent states are checked in the definition
of dioco since a quiescent state of the SUT has to be simu-
lated by a quiescent state of the specification; otherwise, the
SUT would be able to perform the § output action while the
specification could not. It may thus appear that if we only
mark quiescent states we simply obtain dioco but this is not
the case.

Example 1 Let us consider Figure 4: M3SUT is given in
its left hand side while MP¢¢ is given in its right hand
side. The marked states of MSPe° are its quiescent states.
We obviously have M>UTdioco MSPec. If we consider
the trace o =?iy%irloy of M3UT we have that this trace
corresponds, up to ~, only to the trace o/ =7i;%iyloy of

M5Pee, Since the state reached in MSPe¢ after performing
74y, 1s quiescent, and so could be marked, we have to de-
compose o in such a way that o1 ~7iy, oo ~7iyloy and
o = o103. Since this is not possible, we do not have that
M3YTsdioco M 5Pec, O

3 Definition and application of test cases:
Global vs. local

A test case is a process with a finite number of states that
interacts with the SUT and it usually corresponds to a test
objective: It may be intended to examine some part of the
behaviour of the SUT. When designing test cases it is thus
simpler to consider global test cases, that is, test cases that
can interact with all of the ports of the system. However,
in the distributed test architecture we do not have a global
tester that can apply a global test case: Instead we place
a local tester at each port. The local tester at port p only
observes the behaviour at p and can only send input to the
SUT at p. Therefore, a local test case is a collection of local
testers, one at each port. The idea is that we will have a
global test case that we will use to produce a local test case,
so that each of its components can be applied by a local
tester. Therefore, a global test case is an TOTS that has the
same input and output sets as its associated specification;
a local test case is a tuple containing a test case for each
of the available ports and has the inputs and outputs sets
corresponding to its port.

Definition 8 Let M,, € mZOTS(I,0) and P =
{1,...,n} be the set of ports.

A global test case t for M,, is a process from
ZOTS(I,0 U {6}). A local test case for M,, is a tuple
t; = (t1,...,t,) such that for all p € P we have that
tp, € ZOTS(I,,0, U {d}). Each of the components of
a local test case is called a local tester.

As usual, (global or local) test cases cannot block output
from the SUT: If the SUT produces an output then the test
case should be able to record this situation. Thus, for every
state g of a global test case ¢ (resp. local tester ¢,,) and output
lo € O U {6} (resp. output lo, € O,, U {0}) we have that

lo lop
q — (resp. ¢ —).

We denote by L the global test case that cannot send
input to the SUT and thus whose traces are all elements of
(OU{d})*. We let L, denote the corresponding local tester
for port p, whose set of traces is (O, U {0})*.

As usual, global test cases and local testers have a tree-
like structure, that is, the induced graph is acyclic except for
those loops created by occurrences of L and L. ad

The following function, an adaption of the one given
in [7], takes a global test case and returns local testers.
In this definition, for a set A we have that 24 denotes the



powerset of A. The approach used is similar to the stan-
dard method for constructing a deterministic finite automata
from a non-deterministic one.

Definition 9 Let P be a set of ports, ¢ = (Q,I,0 U
{6}, T, qin) be a global test case and p € P be a port. We
have that local,(t) denotes the local tester at p defined as
(2Q7 Ipv OP U {5}7 Tlv an)’ where

1. Qin :{q c Q‘ 3o € (TUOU{8})*. gin == q/\}.

(o) =€

2. Fora € I, U0, U{d}, (Q1,a,Q2) € T" if and only
if Q5 is the set of states g5 € (@) such that there exists
¢1 € Qrando € (JUOU{d})* such that my(o) = a
and q1 é qz.

O

The first rule says that the initial state of [ocal, (%) is the
set of states reachable from the initial state of ¢ without ob-
servations at p. The second rule says that if (); is a set of
states of local,(t) then action @ € I U O takes ()1 to the
set of states that are reachable from states of (), using se-
quences in which the only observation at p is the event a.

The previous definition is useful from the theoretical
point of view since it provides an easy way to construct lo-
cal test cases from global test cases. However, it produces
local testers with huge amounts of states. Therefore, if we
need to actually construct local test cases we use an adap-
tion of the algorithm given in [8], a revised and extended
version of [6, 7], to construct local test cases from control-
lable global test cases that works in low polynomial time.
We omit this algorithm due to space limitations.

Next we introduce a notion of parallel composition be-
tween a system and a (global or local) test case.

Definition 10 Let P = {1,...,n} be a set of ports, M,, €
mZOTS(I,0), t be a global test case for M, and t; =
(t1,...,t,) be a local test case for M,,. We introduce the
following notation.

1. M,,||t denotes the application of ¢ to M,,. The sys-
tem M,,||t belongs to mZOT S(I,0 U {d}) and is
formed by M,,, and ¢ synchronising on all actions (in-
cluding quiescence). Marked states of the composition
are given by the reached marked states of the system
My,.

2. M,,||t; denotes the application of ¢; to M,,. The sys-
tem M,,||t; belongs to mZOT S(I,0 U {6}) and it is
formed from M, and t; by M, and ¢,, synchronising
on actions in I, U Oy, for all p € P. In addition, M,,,
t1,...t, synchronise on d. Again, marked states of the
composition are given by the reached marked states of
the system M,,.

3. Since M, ||t and M,,||t; are mIOTSs, the notation al-
ready introduced can be applied to them. In particular,
we let Tr(M,,,t) (resp. Tr(M,,,t;)) denote the set
of traces that can result from M., ||t (resp. M,,||t:)
and their prefixes.

O

The following notation is used in order to reason about
the application of test cases to systems. Let us remark that
we have two notions of passing a test: Taking into account
marked states or not.

Definition 11 Let MSPe¢, MSUT € mZOTS(I,0) and t

m m
be a global test case for M Pec.

1. A trace o is a fest run for M3UT with ¢ if

MSUT||t == (and so at the end of this test run the
SUT is quiescent).

2. Implementation M5UT passes test run o with ¢ for
MZpee if there exists o/ € Tr(MaPe°) such that

m

o' ~ o. Otherwise M3UT fails o with ¢ for M 3Pec.

3. Implementation M>U7 passes test run o with ¢ for the
scenarios given by M P if there exists a quiescent
trace o’ = ay, ..., a, such that the following hold:

o_/

(a) M3Pe¢ == and o’ ~ 0.

m

(b) There is a derivation M3Srec 4 ¢ 2
G2 1 —2 G, with 1, . . ., g states of
M,,, in which J = {j1,...,5-} € {1,...,m}
is the set of indexes such that ¢; € Q if and only
if j € J. Letoy,...,0,,, be sequences such

0'1 0'2
that o’ = o} -+ 0l and MJPe = q;, =—>
Ort1

Qjs ---qj, == qm. Then, there exist se-
quences 01, ...,0.41 such that forall1 < j <r
we have that o, ~ 0 and 0 = o7 - - - 0;..
Otherwise M5V fails o with ¢ for the scenarios given
by MSree,

4. Tmplementation M>UT passes test case ¢ for M 3P if
MSUT passes every possible test run of M5U7 with ¢
for M 3Pe¢ and otherwise M U7 fails ¢ for M 3P,

5. Implementation MU passes test case ¢ for the sce-
narios given by M3Pe¢ if MSUT passes every possi-
ble test run of MU with ¢ for the scenarios given by
M5Pe¢ and otherwise M5UT fails ¢ for the scenarios
given by M 3ree,



Let us remark that our way of defining how to pass test
cases is not standard since our test cases are not equipped
with pass/fail states. Therefore, we need the specification
to decide whether a test run is expected by the specification.
Let us note that we are just using the specification as an ora-
cle in a similar way to what is usually done in model-based
testing where pass/fail states are assigned to test cases de-
pending on whether the sequence of actions reaching those
states is expected or not.

When applying test cases to SUTSs, it is important to re-
strict ourselves to deterministic test cases. A local test case ¢
is said to be deterministic for a specification s if the interac-
tion between s and ¢ cannot reach a situation in which more
than one input can be sent [7]. In particular, there cannot be
situations in which more than one local tester is capable of
sending input since, in such a situation, the order in which
these inputs are received by the SUT is unknown.

Definition 12 Let M5P°¢ € mZOTS(I, O) be a specifica-
tion. We say that the local test case ¢; is deterministic for
Mﬁ;pec if there do not exist traces o1 and o9, with o9 ~ o071,

-

and ?iy, %y € I, with %3y #%iy, such that s||t; ———=
o270

and s||t; =——=. O

It is easy to show that the local testers being deterministic
does not guarantee that the corresponding local test case is
deterministic. For example, two or more deterministic local
testers could start by sending input to the SUT.

But even restricting to deterministic test cases is not
enough in the distributed test architecture to have a con-
trollable testing framework. Let us consider a specification
M 5Pe¢ such that Tr(M3Pe¢) is given by the set of prefixes
of 7iglorloy i, plus the traces obtained by completing this
to make it input-enabled. We could have a local test case
(tu,tr) in which ¢ sends 7iy; and expects to observe log
and ¢y, sends 7y, after observing loy,. Then (¢y, ) is de-
terministic for M P°¢ but 1, does not know when to send
747, and this is a form of nondeterminism. We obtain the
same problem with the corresponding global test case if we
wish to apply it in the distributed test architecture.

The following is based on the definition of a test case be-
ing controllable, which is taken from [6], and is a necessary
and sufficient condition under which we avoid this form of
nondeterminism. This essentially corresponds to the testers
not taking the opportunity to synchronise in marked states
and so we use the term strongly controllable.

Definition 13 A (local or global) test case ¢ is strongly con-
trollable for M,, € mZOTS(I,0) if there do not exist
portp € P, 01,09 € Tr(s,t)and ?i, € I, with 017, €
Tr(Mp,t), 027, & Tr(Mp,t) and my(o1) = mp(02).

O

If there are marked states then the local testers can syn-
chronise in these states and in effect this adds additional
observational power that can be used to make test cases
controllable. Thus a test case ¢ is weakly controllable for
M, if when a global trace ¢ € Tr(M,,,t) has been pro-
duced, when synchronising in marked states, then at each
point every local tester always knows what to do next (ap-
ply an input or wait for output).

Definition 14 A (local or global) test case ¢ is weakly con-
trollable for M,, € mZOTS(I,0) if there do not exist
port p € P and 7i, € I, such that there is a derivation

o1 o2 or Or+1 . .
MmHt = q1 _ ... —> qr E— qr+1 1n Wthh
q1, - - -, q- are the only traversed marked states and a deriva-

. oy, o o, T ;. .
tion M,,|[t = ¢} = ... == ¢, == q¢,.,; inwhich
q1, - - - » g, are the only marked states such that o; ~ o”; for

’
all 1 < j < 7, mp(0ps1) = p(0rs1), o1 —= and

2%, N
there is no ¢’ such that q;. , —r, ¢’. In such a situation
we will usually say that we are synchronising in marked
states. O

The main difference between weak and strong control-
lability is that we can compare the global traces between
marked states using ~ and so, in effect, the local tester at p
can be aware of the global traces that occurred between the
marked states (up to ~). After the last marked state ¢,., the
tester at p can only observe the projection at p of the global
trace that occurred after g,..

It has been shown that without scenarios, if a test case
is controllable then, as long as no failures occur in testing,
each input is supplied by a local tester at the point specified
in the test case [6]. A similar result holds in the current
framework, but with the advantage that scenarios reduce the
set of traces that can occur.

Proposition 3 Let MS5UT MSree ¢ mZOTS(I,0) and
t be a weakly controllable local test case for specification
M5Pee 5o that synchronising in marked states occurs when
applying ¢. If an input ?i is sent after o € Tr(MS>Pec, t)
then 0?i € Tr(t).

Proof: We prove the result by contradiction: We assume
that 77 is sent after ¢ € Tr(MSPe t) but o?i & Tr(t).
Further, let us suppose that 7 is supplied at port p and so
there exists a trace o/ ?i € Tr(MSPe°, t) such that o and o
are indistinguishable to the tester at p even when synchro-
nising at marked states. We therefore must have that the
following hold:

1. 0 =01...0.41, Where o7 .. .0, are the prefixes of o

that reach marked states in M57¢¢, and

2.0’ =01...0.,,Where 0’ ~ 0j,for1 < j <r,and

7717(07/»+1) = mp(Trs1).



But, since ¢ is weakly controllable, if 7i can be sent after
o’ then we must have that 77 can be sent after o, providing
a contradiction as required. a

This result proves that using weakly controllable test
cases and synchronising in marked states is sufficient to
ensure that inputs are sent at the expected/specified time.
Thus, we know that we do not require a test case to be
strongly controllable: It is sufficient for it to be weakly con-
trollable. The next result answers the question of whether
we can always implement a controllable global test case us-
ing a weakly controllable local test case.

Proposition4 Let P = {1,...,n} be the set of ports and
M, € mZOTS(1,0). If t is a global test case for M,,
and ¢; = (localy (t), ... ,local,(t)) then:

L. Tr(Mpy,t) CTr(Ma,,t).

2. Tr(My,,t;)) € Tr(M,,,t) if and only if ¢ is weakly
controllable.

Proof Let 7Tr(t;) denote the set of traces
formed  from interleavings of  traces  from
Tr(localy(t)), ..., Tr(local,(t)). It is straightfor-
ward to prove that for all 0 € Tr(t) and p € P there exists
op € Tr(localy(t)) such that o, = m,(c). In addition,
we also have that Tr(M,,,t) = Tr(M,) N Tr(t) and
Tr(Mp,t;) =Tr(Mpy)NTr(t),and so Tr(t) C Tr(t).
This completes the proof of the first part of the result.

Concerning the second part of the result, we begin with
the right to left implication. Let us assume that ¢ is weakly
controllable. We will prove that for all ¢ € Tr(M,,, )
we have that o € Tr(M,,,t). We will prove the result by
induction on the length of o. Clearly the result holds for the
base case 0 = €. Thus, let us assume that the result holds
for all traces of length less than &£ > 0 and o has length
k. Thus, o = ac’ for some a € Act. We distinguish two
cases:

l. a = 0. Thent, -2 t, forallp € P and ¢ s,
t;, = local,(t'), and t" is weakly controllable for the

process M/ such that M, =2 M . The result thus
follows from the inductive hypothesis.

2. a € I, U O, for port p. In this case there exists
t;, such that t, — t. Since t, = localy(t), it
must be possible to have a at p in ¢t before any other
event at p and before any marked states. Let o, be the
shortest sequence in ((I \ I,) U (O \ O,))* such that
opa € Tr(t) and no path of M, with label o, con-
tains marked states. But m,(0,) = m,(€) and neither
contains marked states and so, since ¢ is weakly con-
trollable for M,,,, we have that 0, = €. Thus, there ex-
ists ¢’ such that t —* ¢'. In addition, /, = local,(t'),

ty = local, (t') forp’ € P\{p}, and ¢’ is weakly con-
trollable for the process M/, such that M,, == M/ .
The result thus follows from the inductive hypothesis.

In order to prove the left to right implication, we assume
that Tr(M,,,t;)) C Tr(Mp,t) and will prove that ¢ is
weakly controllable for M,,. We use proof by contradic-
tion, assuming that ¢ is not weakly controllable for M 5Pe
and so there exist 0,0’ € Tr(M,,,t) and port p € P such
that the following hold:

1. 0 =01...0.41, Where o7 .. .o, are the prefixes of o
that reach marked states in M,,,,

2. U’:J'l...ajnﬂ,whereag» ~gj,forl < j <rand

7710(07/"+1) = mp(0r11), and

3. there exists 74, € I, such that 0?9, € Tr(M,,,t) and
o'y & Tr(Mpm,t).

We therefore have that the tester at p cannot distinguish
between oy . ..o, and o] . .. o). and also then between 0,11
and o, (since my(0r41) = mp(0,.41)). Thus, the local
tester ¢, must be able to have 7, (0, )74, after o} ... 0.

Further, for ¢ € P \ {p}, we have that m,(c’) =
mq(0) € Tr(ty) and so 0’74, € Tr(t;). Finally, since
o' € Tr(Mp,t) and M, is input enabled we have that
o', € Tr(Mpy,t), providing a contradiction as required.

O

Once we have studied the main properties of controllable
test cases, we can define new implementation relations if we
restrict testing to the use of controllable test cases.
Definition 15 Let M5UT M3rec € TOTS(I,0). We
write MUT e-dioco MSPee if for every strongly control-
lable local test case #; we have that MSUT passes t;
for MPec. We write MU T e-sdioco M5P¢¢ if for every
weakly controllable local test case ¢; we have that M5U7

passes t; for the scenarios given by MSPec, a

In [6] we showed that M35YTdioco MSP¢ implies

MSUT e-dioco MSPec, while the reverse implication does
not hold in general. We have a similar result for our new

implementation relations (the proof is also similar).

Proposition 5 Let M3UT MSree ¢ TOTS(I,0). We
have MU Tsdioco M7 implies MU T c-sdioco MPee.
Further, there exists processes M,, and M/ such that
M c-sdioco M, but we do not have that M, sdioco M,,.

O

4 Conclusions

This paper represents a continuation of our previous
work on formal testing of systems with distributed ports.



We have introduced a new formalism that allows us to spec-
ify situations where all the components of a distributed sys-
tem wait for a certain operation to happen or where even
though a total global trace cannot be constructed it can be
inferred that a certain action took place before another one.
This intuition has been reflected in a new implementation
relation that represents a suitable extension of previously
established relations. Since we are mainly interested in for-
mal testing frameworks, we have defined what it means for
a system under test to pass a test case under the new condi-
tions. We have studied the special case of controllable test
cases and analyzed how the new conditions affect the notion
of controllability.

There are several possible areas of future work. First,
we have to provide an algorithm to decide whether a test
case is controllable. We plan to adapt the algorithm pre-
sented in [6], working in low order polynomial time, to the
new framework. Second, we have to define a test derivation
algorithm so that we only apply those test cases that are
somehow related to the corresponding specification. We
will take as initial step the one given in [8] in the context
of dioco and c-dioco. Finally, we would like to take into
account some variants that were sketched in this paper but
not fully exploited. We would like to study the effect of
using a for all approach in the definition of our new imple-
mentation relation. In addition, an interesting alternative to
marking states in the specification is to mark states in lo-
cal testers extracted from the specification and forget the
marked states of the specification.
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