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Abstract. In the distributed test architecture, a system with multiple
ports is tested using a tester at each port/interface, these testers can-
not communicate with one another and there is no global clock. Recent
work has defined an implementation relation for testing against an input-
output transition system in the distributed test architecture. However,
this framework placed no restrictions on the test cases and, in particular,
allowed them to produce some kind of nondeterminism. In addition, it did
not consider the test generation problem. This paper explores the class
of controllable test cases for the distributed test architecture, defining a
new implementation relation and a test generation algorithm.

1 Introduction

If the system under test (SUT) has physically distributed interfaces/ports then it
is normal to place a tester at each port. If testing is black-box, 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 [1]. The use of the distributed test architecture reduces test effectiveness
(see, for example, [2–5]).

The area of testing against a state-based model has received much attention
[6–9]. The main advantage of using a formal approach is that many testing
processes can be automated (see [10] for a discussion on the advantages of formal
testing and [11] for a survey). However, most previous work on testing in the
distributed test architecture has considered deterministic finite state machine
(DFSM). The IOTS formalism is more general: in a DFSM input and output
alternate and DFSMs have a finite state structure and are deterministic. The
last restriction is particularly problematic since distributed systems are often
nondeterministic. While the implementation relation ioco [9], that is usually
used in testing from an IOTS, has been adapted in a number of ways (see, for
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example, [12–19]), only recently has the problem of testing from an IOTS in
the distributed test architecture been investigated [20].This work introduced an
implementation relation dioco but this assumes that any deterministic test case
can be applied including test cases that are not controllable. Controllable test
cases are such that there does not exist a situation where a local tester has
observed a trace after which either it should apply an input or wait for output,
depending on what has happened at the other port. The problem is that in such
situations local testers do not know when they have to apply their input.

This paper defines what it means for a test case to be controllable and shows
that we can decide in polynomial time whether a test case has this property. We
define a new implementation relation for controllable testing in the distributed
test architecture. Finally, we give an algorithm for generating these test cases.
This paper therefore extends the work of [20] by considering controllable testing.
In addition, it is the first paper to give a test generation algorithm for testing
against an IOTS in the distributed test architecture.

2 Preliminaries

This section defines input-output transition systems and associated notation and
outlines the distributed test architecture.

2.1 Input output transition systems

We use input-output transition systems to describe systems. These are labelled
transition systems in which we distinguish between inputs and outputs [9].

Definition 1. An input-output transition system s ( IOTS) is defined by (Q, I,
O, T, qin) in which Q is a countable set of states, qin ∈ Q is the initial state, I is
a countable set of inputs, O is a countable set of outputs, and T ⊆ Q× (I ∪O ∪
{τ})×Q, is the transition relation, where τ represents an internal (unobservable)
action. A transition (q, a, q′) means that from state q it is possible to move to
state q′ with action a ∈ I ∪O∪{τ}. We let IOTS(I, O) denote the set of IOTSs
with input set I and output set O.

State q ∈ Q is quiescent if from q it is not possible to produce output without
first receiving input. We can extend T to Tδ by adding (q, δ, q) for each quiescent
state q. We let Act = I ∪ O ∪ {δ} denote the set of observable actions and so
τ /∈ Act. Process s is input-enabled if for all q ∈ Q and ?i ∈ I there exists
q′ ∈ Q such that (q, ?i, q′) ∈ T . s is output-divergent if it can reach a state in
which there is an infinite path that contains outputs and internal actions only.

Given action a and process s, a.s denotes the process that performs a and
then becomes s. Given a countable set S of processes,

∑
S denotes the process

that can nondeterministically choose to be any one of the processes in S. We will
sometimes use the binary operator + to denote the election between processes.

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 q of s
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by making q the initial state. Thus, we use states and process and their notation
interchangeably.

We use the normal notation in which we precede the name of an input by ?
and the name of an output by !. We assume that all processes 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.
Regarding the second restriction, in the distributed testing architecture quies-
cent 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.

Traces are sequences of visible actions, possibly including 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 context of ioco.

Definition 2. Let s = (Q, I, O, T, qin) be an IOTS.

1. If (q, a, q′) ∈ Tδ, for a ∈ Act ∪ {τ}, then we write q a−−→ q′.

2. We write q
a

==⇒ q′, for a ∈ Act, if there exist q0, . . . , qm and k ≥ 0 such
that q = q0, q′ = qm, q0

τ−−→ q1, . . . , qk−1
τ−−→ qk, qk

a−−→ qk+1, qk+1
τ−−→

qk+2, . . . , qm−1
τ−−→ qm.

3. We write q
ǫ

==⇒ q′ if there exist q1, . . . , qk, for k ≥ 1, such that q = q1,
q′ = qk, q1

τ−−→ q2, . . . , qk−1
τ−−→ qk.

4. We write q
σ

==⇒ q′ for σ = a1 . . . am ∈ Act∗ if there exist q0, . . . , qm, q = q0,

q′ = qm such that for all 0 ≤ i < m we have that qi

ai+1

===⇒ qi+1.

5. We write s
σ

==⇒ if there exists q′ such that qin
σ

==⇒ q′ and we say that σ is
a trace of s. We let T r(s) denote the set of traces of s.

Let q ∈ Q and σ ∈ Act∗ be a trace. We consider

1. q after σ = {q′ ∈ Q|q
σ

==⇒ q′}

2. out(q) = {!o ∈ O|q
!o

==⇒}
3. Given a set Q′ ⊆ Q, we consider that Q′ after σ = ∪q∈Q′ q after σ and

out(Q′) = ∪q∈Q′out(q).

Process s is deterministic if for all σ ∈ Act∗, |out(qin after σ)| ≤ 1.

In testing from a single-port IOTS it is usual to use ioco [9, 21].

Definition 3. Given s, i ∈ IOTS(I, O) we write i ioco s if for every trace σ ∈
T r(s) we have that out(i after σ) ⊆ out(s after σ).

2.2 Multi-port input-output transition systems

The two standard (ISO) test architectures are shown in Figure 1. In the local
test architecture a global tester interacts with all of the ports of the SUT. In
the distributed test architecture there is a local tester at each port [1]. For the
sake of simplicity, in this paper we will sometimes assume that there are only
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Fig. 1. The local and distributed test architectures.

two ports which we call U and L. However, all the results can be easily extended
to n > 2 ports. We use the term IOTS where there are multiple ports and when
there is only one port we use the term single-port IOTS.

For an IOTS (Q, I, O, T, qin) with port set P = {U, L} we partition I into
sets IU and IL of inputs that can be received at U and L respectively. Similarly,
O can be partitioned into sets OU and OL that can be produced at U and L
respectively3. Inputs and outputs will often be labelled in a manner that makes
their port clear. For example, ?iU is an input at U and !oL is an output at L. A
global tester observes both ports and so observes a trace in Act∗, called a global
trace. These traces can be transformed into two local traces.

Definition 4. Let σ ∈ Act∗ and p ∈ P. We let πp(σ) denote the projection
of σ onto p; this is called a local trace. The function πp can be defined by the
following rules.

1. πp(ǫ) = ǫ.

2. If z ∈ (Ip ∪ Op ∪ {δ}) then πp(zσ) = zπp(σ).

3. If z ∈ Iq ∪ Oq, for q 6= p, then πp(zσ) = πp(σ).

Given global traces σ, σ′ ∈ Act∗ we write σ ∼ σ′ if σ and σ′ cannot be
distinguished in the distributed test architecture. Thus, σ ∼ σ′ if and only if
πU (σ) = πU (σ′) and πL(σ) = πL(σ′).

The dioco implementation relation has been devised for testing in the dis-
tributed test architecture using a function in that returns the input potion of a
trace [20].

Definition 5. Let s, i ∈ IOTS(I, O). We write i dioco s if for every trace σ

such that i
σ

==⇒ i′ for some i′ that is in a quiescent state, if there is a trace
σ1 ∈ T r(s) such that in(σ1) ∼ in(σ) then there exists a trace σ′ ∈ T r(s) such

that s
σ′

==⇒ and σ′ ∼ σ.

3 An alternative, used in [20], is to allow outputs to be tuples of values but the formal-
ism used in this paper has the advantage of simplifying the notation and analysis.
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Only traces reaching quiescent states are considered in dioco since these
allow us to put together the local traces; a non-quiescent state can receive ad-
ditional output at a port and this situation is uncontrollable [20]. Since in this
paper all processes are input-enabled we can simplify the previous definition.

Proposition 1. Given s, i ∈ IOTS(I, O), if s and i are input-enabled then we

have that i dioco s if and only if for every trace σ such that i
σ

==⇒ i′ for some i′

that is in a quiescent state, there exists a trace σ′ such that s
σ′

==⇒ and σ′ ∼ σ.

3 Test cases for the distributed test architecture

A test case is a process with a finite number of states that interacts with the
SUT. A test case may correspond 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.

A global test case is an IOTS that has the same input and output sets as
the specification process s. A local test case is a tuple containing a test case for
each of the available ports and has the input and outputs sets corresponding
to its port. If s ∈ IOTS(I, O) then every global test case for s is a process
from IOTS(I, O ∪ {δ}). In our setting, with two ports, a local test case for s
is a pair (tU , tL) such that tp ∈ IOTS(Ip, Op ∪ {δ}) (p ∈ {U, L}). Test cases,
either global or local, synchronize on values with either specifications or SUTs
and do not contain internal actions. 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 t′ of a test case t

and output !o ∈ O we have that t′ !o−−→ . ⊥ is the global test case that cannot
send input to the SUT and thus whose traces are all elements of (O ∪{δ})∗. We
let ⊥p denote the corresponding local tester for port p, whose set of traces is
(Op ∪ {δ})∗.

Definition 6. Let s ∈ IOTS(I, O) be an IOTS with port set P = {U, L}. A
local test case is a tuple (tU , tL) of local testers in which for all p ∈ P we have

that tp is a test case in IOTS(Ip, Op ∪ {δ}). In addition, if tp
σ

==⇒ t′p for some

σ then t′p
!op

==⇒ for all !op ∈ Op ∪ {δ}.

The following function, defined in [20], takes a global test case and returns
local testers.

Definition 7. Given global test case t and port p, localp(t) denotes the local
tester at p defined by the following rules.

1. If t is the null process ⊥ then localp(t) is ⊥p.
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2. If a ∈ Ip ∪ Op ∪ {δ} then localp(a.t) = a.localp(t).
3. If a ∈ Iq ∪ Oq, q 6= p, then localp(a.t) = localp(t).
4. localp(t1 + · · · + tk) = localp(t1) + · · · + localp(tk).

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

Definition 8. Let s ∈ IOTS(I, O), t be a global test case for s and t′ = (tU , tL)
be a local test case for s. We introduce the following notation.

1. s||t denotes the application of t to s. The system s||t belongs to IOTS(I, O)
and is formed by s and t synchronizing on all visible actions. Internal actions
can be autonomously performed by s.

2. s||t′ denotes the application of t′ to s, often represented by s||tU ||tL. s||t′

belongs to IOTS(I, O) and it is formed from s and t′ by s and tU synchro-
nizing on actions in IU ∪ OU and by s and tL synchronizing on actions in
IL∪OL. s, tU , and tL synchronize on δ. Internal actions can be autonomously
performed by s.

3. Since s||t and s||t′ are systems, the notation introduced in Definition 2 can
be applied to them.

4. We let T r(s, t) (resp. T r(s, t′)) denote the set of traces that can result from
s||t (resp. s||t′) and their prefixes.

The following notation is used in order to reason about the application of
test cases to systems.

Definition 9. Let s, i ∈ IOTS(I, O) and t be a test case.

1. A trace σ is a test run for i with t if i||t
σδ

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

2. Implementation i passes test run σ with t for s if there exists σ′ ∈ T r(s)
such that σ′ ∼ σ. Otherwise i fails σ with t for s.

3. Implementation i passes test case t for s if i passes every possible test run
of i with t for s and otherwise i fails t.

A local test case t is said to be deterministic for a specification s if the
interaction between s and t cannot reach a situation in which both local testers
are capable of sending input [20] since in such a situation, the order in which
these inputs are received by the SUT cannot be known.

Definition 10. Let s ∈ IOTS(I, O). We say that the local test case (tU , tL)
is deterministic for s if there do not exist traces σ1 and σ2, with σ2 ∼ σ1, and

a1, a2 ∈ I, with a1 6= a2, such that s||tU ||tL
σ1a1

===⇒ and s||tU ||tL
σ2a2

===⇒ .

The local testers being deterministic does not guarantee that the local test
case is deterministic. For example, deterministic local testers tU and tL could
both start by sending input to the SUT.
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Now let us consider a specification s such that T r(s) is the set of prefixes
of ?iU !oL!oU?iL plus the traces obtained by completing this to make it input-
enabled. We could have a local test case (tU , tL) in which tU sends ?iU and
expects to observe !oU and tL sends ?iL after observing !oL. Then (tU , tL) is
deterministic for s but tL does not know when to send ?iL 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,
which adapts a definition from [22] for nondeterministic finite state machines, is
a necessary and sufficient condition under which we avoid this form of nonde-
terminism.

Definition 11. A (local or global) test case t is controllable for IOTS s if there
does not exist port p ∈ P, σ1, σ2 ∈ T r(s, t) and ?ip ∈ Ip with σ1?ip ∈ T r(s, t),
σ2?ip 6∈ T r(s, t) and πp(σ1) = πp(σ2).

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.

Proposition 2. Let us suppose that we are testing i ∈ IOTS(I, O) with a test
case t that is controllable for specification s ∈ IOTS(I, O). If an input ?i is
supplied after σ ∈ T r(s, t) then σ?i ∈ T r(t).

Proof. Proof by contradiction: assume that ?i is supplied after the trace σ ∈
T r(s, t), where σ?i 6∈ T r(t). Since ?i is supplied after σ at a port p ∈ P there
exists a trace σ′?i ∈ T r(s, t) such that πp(σ) = πp(σ

′). Thus, there exists σ, σ′ ∈
T r(s, t), port p ∈ P and input ?i ∈ Ip that should be sent after σ′ but not after
σ and πp(σ) = πp(σ

′). This contradicts t being controllable for s as required. ⊓⊔

If a test case t is controllable for s and a global trace σ ∈ T r(s, t) has
been produced then each local tester knows what to do next (apply an input or
wait for output). It is natural to now ask whether we can always implement a
controllable global test cases using a controllable local test case.

Proposition 3. If t is a global test case for s ∈ IOTS(I, O) and tp = localp(t)
for p ∈ {U, L} then:

1. T r(s, t) ⊆ T r(s, (tU , tL))
2. T r(s, (tU , tL)) ⊆ T r(s, t) if and only if t is controllable.

Proof. It is straightforward to prove that for all σ ∈ T r(t) and p ∈ P there exists
σp ∈ T r(localp(t)) such that σp = πp(σ). The first part of the result follows from
the fact that T r(s, t) = T r(s)∩T r(t) and T r(s, (tU , tL)) = T r(s)∩T r((tU , tL)),
where T r((tU , tL)) is the set of traces formed from interleavings of traces in
T r(tU ) and T r(tL) and so T r(t) ⊆ T r((tU , tL)).

Now assume that t is controllable and we prove that for all σ ∈ T r(s, (tU , tL))
we have that σ ∈ T r(s, t), using proof by induction on the length of σ. Clearly
the result holds for the base case σ = ǫ. Thus, let us assume that the result holds
for all traces of length less than k > 0 and σ has length k. Thus, σ = aσ′ for
some a ∈ Act.
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If a = δ then tU
a−−→ t′U , tL

a−−→ t′L, and t a−−→ t′ for some t′U , t′L, t′ and
the result follows by observing that t′U = localU (t′), t′L = localL(t′), and t′ is

controllable for the process s′ such that s
a

==⇒ s′ and thus by applying the
inductive hypothesis to σ′.

Let us assume that a ∈ I ∪ O. Without loss of generality, a occurs at U and
so a ∈ IU ∪OU . Thus, there exists t′U such that tU

a−−→ t′U . Since tU = localU(t)
it must be possible to have event a at U in t before any other event at U and
so there must exist some minimal σL ∈ (IL ∪ OL)∗ such that σLa ∈ T r(t). But
πU (σL) = πU (ǫ) and so, since t is controllable for s, by the minimality of σL we
must have that σL = ǫ. Thus, there exists t′ such that t a−−→ t′. The result now
follows observing that t′U = localU(t′), tL = localL(t′), t′ is controllable for the

process s′ such that s
a

==⇒ s′ and by applying the inductive hypothesis to σ′.
Next we prove the left to right implication: We assume that T r(s, (tU , tL)) ⊆

T r(s, t) and will prove that t is controllable for s. The proof is by contradiction.
We assume that t is not controllable for s and so there exist σ1, σ2 ∈ T r(s, t)
and port p ∈ P such that πp(σ1) = πp(σ2) and there exists ?ip ∈ Ip such
that σ1?ip ∈ T r(s, t) and σ2?ip 6∈ T r(s, t). But clearly, since σ1?ip ∈ T r(s, t),
we have that πp(σ1)?ip ∈ T r(tp) and so, since πp(σ1) = πp(σ2) we have that
πp(σ2)?ip ∈ T r(tp). Further, for q ∈ P , q 6= p, we have that πq(σ2) ∈ T r(tq)
and so σ2?ip ∈ T r((tU , tL)). Finally, since σ2 ∈ T r(s, t) and s is input enabled
we have that σ2?ip ∈ T r(s). Thus, we conclude that σ2?ip ∈ T r(s, (tU , tL)) as
required. ⊓⊔

The controllability of a test case t for s is defined in terms of the traces that
can be produced by t||s. Thus, if two test cases define the same sets of traces
when applied to s then either both are controllable or neither is controllable.
The proof of the following is immediate from Proposition 3 and Definition 11.

Proposition 4. Let t be a global test case for s ∈ IOTS(I, O) and t′ = (localU (t),
localL(t)). Then t′ is controllable for s if and only if t is controllable for s.

Proposition 5. Let t be a global test case and tp = localp(t), p ∈ P. If t is
controllable for s then (tU , tL) is deterministic for s. However, it is possible for
t to be deterministic for s but for t not to be controllable for s.

Proof. We have seen that a test case can be deterministic for s and not con-
trollable for s. We therefore assume that t is controllable for s and use proof by
contradiction and so assume that (tU , tL) is not deterministic for s. By Propo-
sition 3, T r(s, t) = T r(s, (tU , tL)). Since (tU , tL) is not deterministic for s there
exist σ1, σ2 ∈ T r(s, t) with σ1 ∼ σ2 and inputs ?iU ∈ IU and ?iL ∈ IL such
that σ1?iU , σ2?iL ∈ T r(s, t). Since global test cases are deterministic, in t it is
possible to input ?iU after σ1 but not after σ2, both of these are in T r(s, t) and
πU (σ1) = πU (σ2). Thus, t is not controllable as required. ⊓⊔

4 Deciding whether a test case is controllable

It is clear that it is desirable to apply controllable test cases since this allows
each local tester to know when to apply an input. In this section we show that
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it is possible to determine whether a local test case is controllable in low or-
der polynomial time. This result will be used in Section 5 in a test generation
algorithm that returns controllable test cases.

The work reported in [23, 24] investigated Message Sequence Charts (MSCs)
and whether a set of MSCs implies other MSCs4. This is achieved by considering
the language defined by a set of MSCs. A trace can be seen as an MSC and in
this section we use a definition and a complexity result from [23].

Let us consider an MSC with message alphabet Σ. If message a ∈ Σ is
sent from process p to process q then the sending of a is represented by event
send(p, q, a) and the receiving of a is represented by event receive(p, q, a). Σ̂
denotes the set of send and receive events, Σ̂S denotes the set of send events
and Σ̂R denotes the set of receive events. An MSC with processes P1, . . . , Pk

and alphabet Σ can be defined by the following:

1. A set E of events, partitioned into a set S of send events and a set R of
receive events.

2. A mapping occ such that each event in E is mapped to the process on which
it occurs.

3. A bijective function f between send and receive events.
4. A mapping label from events to elements of Σ̂. Naturally, for e ∈ E we must

have that label(e) ∈ Σ̂S if and only if e ∈ S.
5. For each process Pi a total ordering ≤i on the events that occur at Pi such

that the transitive closure of the relation
⋃

i

≤i ∪ {(s, r)|s ∈ S, r ∈ R, r = f(s)}

is a partial order on E. We include {(s, r)|s ∈ S, r ∈ R, r = f(s)} since a
message cannot be received before it is sent.

An MSC defines a partial order on E and a language with alphabet Σ̂ that
preserves this partial order: The set of words that are linearizations of the MSC.
A word is well-formed if for every receive event there is a corresponding earlier
send event. [23] looks at projections of words onto the processes of an MSC.
In our case, each local tester is a process and the SUT is also a process. Given
word w and process p, w|p is the sequence of events in w at p. We will use the
following closure condition [23].

Definition 12. A language L over Σ̂ satisfies closure condition CC3 if and only
if for every well-formed word w we have that if for each process p there is a word
vp ∈ pre(L) such that w|p = vp|p, then w is in pre(L).

A (global or local) test case defines a set of traces and each trace defines
an MSC. Results in [23] concern asynchronous communications but they apply
when communications and synchronous [24] by restricting the language defined
by a set of MSCs to only include words that are consistent with synchronous

4 They restrict attention to basic MSCs, which we call MSCs.
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communications. Given a (global or local) test case t and specification s, L(s, t)
will denote the language of words that are defined by the MSCs corresponding
to traces in T r(s, t) where communications are synchronous and so every send is
immediately followed by the corresponding receive. We now prove that test case
t is controllable for s if and only if the corresponding language satisfies CC3.

Proposition 6. Given s ∈ IOTS(I, O), test case t is controllable for s if and
only if the language L = L(s, t) satisfies closure condition CC3.

Proof. First, assume that t is not controllable for s and we will prove that L does
not satisfy CC3. Since t is not controllable for s there exist a port p ∈ P , traces
σ1, σ2 ∈ T r(s, t), and input ?ip at p such that πp(σ1) = πp(σ2), σ1?ip ∈ T r(t)
but σ2?ip 6∈ T r(t).

Let us consider w ∈ Σ̂ that corresponds to σ2 followed by send(p, SUT, ?ip).
For every q ∈ P ∪{SUT } such that q 6= p we have that w|q is a projection of the
string from pre(L) corresponding to σ2 and so there is some vq ∈ pre(L) such
that w|q = vq|q. Since πp(σ1) = πp(σ2) we know that there is some vp ∈ pre(L)
such that w|p = vp|p. Thus, since w /∈ L, L does not satisfy CC3 as required.

Now assume that L does not satisfy CC3 and we will prove that t is not
controllable for s. Since L does not satisfy CC3 there is a well-formed word
w 6∈ pre(L) such that for all p ∈ P ∪ {SUT } there is some vp ∈ pre(L) such
that w|p = vp|p. Let w be a shortest such word and w = w′e for some event e.
Clearly w′ is well-formed and for all p ∈ P ∪ {SUT } there is some vp ∈ pre(L)
such that w′|p = vp|p. By the minimality of w, w′ ∈ pre(L).

If e is a receive event then there is a corresponding send event e′ that is an
event for some process in w. Thus, since w′ ∈ pre(L) and communications are
synchronous we must have that w′e ∈ pre(L), providing a contradiction, and so
e must be a send event. Now let us suppose that e is the sending of a message
from process SUT . Then since w′e|SUT = vSUT |SUT for some vSUT ∈ pre(L),
after w′|SUT the SUT must be able to send e and so w = w′e ∈ pre(L), providing
a contradiction. Thus e is the sending of an input ?ip from the local tester at
some port p to the SUT.

Let σ2 denote the sequence from T r(s, t) that corresponds to w′: There must
be some such word since w′ is well-formed and can be followed by a send event
and communications are synchronous. There is a shortest vp ∈ pre(L) such that
w′e|p = vp|p. Let vp

1 ∈ pre(L) be equal to the sequence vp with the event e
removed. Let σ1 denote the sequence from T r(s, t) that corresponds to vp

1 . It is
possible to follow σ1 by the sending of ?ip in T r(s, t) but it is not possible to
follow σ2 by the sending of ?ip in T r(s, t) and πp(σ1) = πp(σ2). Thus, t is not
controllable for s as required. ⊓⊔

Given k MSCs with n processes, if r is the total number of events in the MSCs
then it is possible to decide whether the language defined by the MSCs satisfies
CC3 in time of O(k2n + rn) [23]. Thus, this result holds if T r(s, t) contains k
traces and in our case n = 3. In addition, if l is an upper bound on the lengths
of traces in T r(s, t) then there are at most r = 2lk events. Thus, the worst time
complexity is of O(k2 + lk).
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Fig. 2. Processes s1 and i1.

5 An implementation relation for controllable testing

We obtain a new implementation relation if we restrict testing to the use of
controllable test cases.

Definition 13. Given s, i ∈ IOTS(I, O) we write i c-dioco s if for every con-
trollable local test case (tU , tL) we have that i passes (tU , tL) for s.

We now investigate how c-dioco relates to dioco and ioco; dioco is strictly
weaker than ioco if all processes are input enabled [20].

Proposition 7. If i dioco s then i c-dioco s. Further, there exists processes
i1 and s1 such that i1 c-dioco s1 but we do not have that i1 dioco s1.

Proof. The first part follows from c-dioco restricting consideration to control-
lable local test cases. Consider the processes s1 and i1 shown in Figure 2, which
are incomparable under dioco. The only controllable local test cases involve
input at no more than one port and for each such test case neither process can
produce output. We therefore have that i1 c-dioco s1 as required. ⊓⊔

We now define an algorithm that returns a complete test suite. We talk of
completeness in the limit, requiring that for all non-conforming SUT the algo-
rithm will eventually produce a controllable local test case that will be failed
by the SUT. Completeness is usually split into two results. A test suite is sound
if conforming implementations pass all the tests in the suite. It is exhaustive
if non-conforming implementations fail some of the tests. Our algorithm, given
in Figure 3, is an adaption of an algorithm to derive test cases from timed
FSMs [19]. This algorithm is non-deterministic since in each recursive step it
can proceed in different ways. Each election generates a different controllable
local test case. By applying the algorithm in all the possible ways we generate a
test suite from a specification s that we call tests(s).

The algorithm keeps track of states of the local testers by storing tuples
(Q′, sU , sL) that indicate that the specification could be in any of the states in
Q′. We construct test cases by iteratively applying one of six possibilities. The
first two return a minimal local tester and are the base cases. The third and
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fourth consider the possibility of adding an input. First, it is necessary to check
that the addition of this input will produce a controllable local tester. If this is
the case, we add a transition labelled by this input to the corresponding local
tester, updating the set of auxiliary tuples and considering all possible outputs
at the corresponding port. If the output is expected by the specification then
we can continue testing after receiving the output; otherwise, we should reach
a state where we do not provide further input. The fifth and sixth consider the
case where a local tester patiently waits to receive an output; we also have to
consider the possibility of receiving no output represented by δ.

Now we show the completeness of tests(s). First, using Definition 13, it is
obvious that i c-dioco s implies that for every local test case t ∈ tests(s) we
have i passes t for s. The other implication is shown in the following result.

Proposition 8. Let s, i ∈ IOTS(I, O). If for every local test case t ∈ tests(s)
we have i passes t for s then we also have i c-dioco s.

Proof. We use proof by contradiction: Assume that i c-dioco s does not hold
and we have to prove that i fails a controllable test case belonging to tests(s).

Since i c-dioco s does not hold, there exists a controllable test case t1
such that i fails t1 for s. If t1 belongs to tests(s) then we conclude the proof.
Otherwise, i must fail a test run with t1. Consider a minimal length sequence
σ = a1a2 . . . an ∈ Act∗ such that i fails σ for t1. Due to the minimality of σ,
for every proper prefix σ1 of σ such that i can be quiescent after σ1, there exists
σ′

1 ∈ T r(s) such that σ′

1 ∼ σ1. The following algorithm defines a controllable
local test case (tU , tL), tp = (Qp, Ip, Op, Tp, q

p
in) for p ∈ {U, L}, that belongs to

tests(s) and is failed by i.

Saux := {(qin after ǫ, qU
in, qL

in)}; QU := {qU
in}; QL := {qL

in}; TU , TL := ∅;
aux := (qin after ǫ, qU

in, qL
in); {We have aux := (Qaux, sU

aux, sL
aux)}

for j := 1 to n do
Consider aux {aux belongs to Saux};
if aj ∈ IU then Apply case 3 of Algorithm; aux := (Qaux after aj , q

′, sL
aux);

if aj ∈ IL then Apply case 4 of Algorithm; aux := (Qaux after aj, s
U
aux, q′);

if aj ∈ OU then Apply case 5 of Algorithm; aux := (Qaux after aj, q
′, sL

aux);
if aj ∈ OL then Apply case 6 of Algorithm; aux := (Qaux after aj, s

U
aux, q′);

{Now we apply the base cases}
for all non-initialized sU such that ∃Q′, sL : (Q′, sU , sL) ∈ Saux do sU := ⊥U ;
for all non-initialized sL such that ∃Q′, sU : (Q′, sU , sL) ∈ Saux do sL := ⊥L

It is clear that this local test case belongs to tests(s), the last two steps

corresponding to the application of the base cases. Moreover, i||tU ||tL
σ

==⇒ since,
by construction, σ is a trace of (tU , tL). Thus, since there does not exist σ′ ∈
T r(s) such that σ′ ∼ σ, we obtain i fails (tU , tL), concluding i passes (tU , tL)
for s does not hold. ⊓⊔

From Proposition 8 we immediately obtain the desired result.
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Corollary 1. Let s, i ∈ IOTS(I, O). We have i c-dioco s if and only if for
every local test case (tU , tL) ∈ tests(s) we have that i passes (tU , tL) for s.

6 Conclusions

If we are testing a state based system with physically distributed interfaces/ports
then we place a tester at each port. If these testers cannot communicate with
one another and there is no global clock then we are testing in the distributed
test architecture. While testing in the distributed test architecture has received
much attention, most previous work considered the problem of testing against a
deterministic finite state machine. Only recently has the problem of testing from
an input-output transition system (IOTS) been investigated.

This paper considered what it means for a test case to be controllable in the
distributed test architecture, showing that it is not sufficient for a test case to be
deterministic. A new implementation relation, c-dioco, was defined: This corre-
sponds to controllable testing from an IOTS in the distributed test architecture.

We have shown that it is possible to decide in low order polynomial time
whether a test case is controllable. This allowed us to define a test generation
algorithm. The algorithm is guaranteed to return controllable test cases and, in
addition, any controllable test case can be returned by the algorithm. Thus, in
the limit the test generation algorithm is complete.

There are several possible areas of future work. The test generation algorithm
does not aim to return test cases that, for example, achieve a given test objective.
It would therefore be interesting to combine this with approaches that direct
test generation. It would also be interesting to investigate formalisms in which
a transition can be triggered by the SUT receiving input at several ports [25].
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Input: Specification s = (Q, I, O, T, qin).
Output: Controllable local test case (tU , tL); tp = (Qp, Ip, Op, Tp, qp

in) for p ∈ {U, L}.

{Initialization}
Saux := {(qin after ǫ, qU

in, qL
in)}; QU := {qU

in}; QL := {qL
in}; TU , TL := ∅;

while Saux 6= ∅ do

– Choose (Q′, sU , sL) ∈ Saux;
– Choose one of the following six possibilities:

1. {sU will be ⊥U if it has not been defined yet}

(a) if sU 6= ⊥U then sU := ⊥U ;
(b) If sL = ⊥L then Saux := Saux − {(Q′, sU , sL)};

{Remove the tuple if both local testers are ⊥}

2. {sL will be ⊥L if it has not been defined yet}
{Similar to the previous case, substituting U by L}

3. {Add an input at port U if the result is controllable}
(a) Let ?iU ∈ IU be such that (t̂U , tL) is controllable for s, where t̂U is formed

from tU after making the following changes:
i. t̂U := (Q̂U , IU , OU , T̂U , q̂U

in), where Q̂U := QU ; T̂U := TU ;
ii. ŝU and q̂U

in are the copies of sU and qU
in in Q̂U ;

iii. Consider a fresh state q̂′ /∈ Q̂U ; Q̂U := Q̂U ∪ {q̂′}; q̂′ := ⊥U ;
iv. For all a ∈ OU ∪ {δ} ∪ {?iU} do T̂U := T̂U ∪ {(ŝU , a, q̂′)};
v. For all ŝ ∈ Q̂U \{ŝU} such that ∃Q′′, ŝ′ : (Q′′, ŝ, ŝ′) ∈ Saux do ŝ := ⊥U ;
vi. For all ŝ such that ∃Q′′, ŝ′ : (Q′′, ŝ′, ŝ) ∈ Saux do ŝ := ⊥L

(b) Saux := Saux − {(Q′, sU , sL)};
(c) Consider a fresh state q′ /∈ QU ; QU := QU ∪ {q′};
(d) TU := TU ∪ {(sU , ?iU , q′)}; Saux := Saux ∪ {(Q′ after ?iU , q′, sL)};
(e) For all !oU ∈ OU such that !oU /∈ out(Q′) do

{These are unexpected outputs: Construct ⊥U after them}
i. Consider a fresh state q′ /∈ QU ; QU := QU ∪ {q′}; q′ := ⊥U ;
ii. TU := TU ∪ {(sU , !oU , q′)}

(f) For all !oU ∈ OU such that !oU ∈ out(Q′) do
{These are expected outputs: Testing can continue after them}

i. Consider a fresh state q′ /∈ QU ; QU := QU ∪ {q′};
ii. TU := TU ∪ {(sU , !oU , q′)}; Saux := Saux ∪ {(Q′ after !oU , q′, sL)}

4. {Add an input at port L if the result is controllable}
{Similar to the previous case, substituting U by L}

5. {Wait for an output at port U}
(a) Saux := Saux − {(Q′, sU , sL)};
(b) For all o ∈ OU ∪ {δ} such that o /∈ out(Q′) do

{These are unexpected outputs: Construct ⊥U after them}
i. Consider a fresh state q′ /∈ QU ; QU := QU ∪ {q′}; q′ := ⊥U ;
ii. TU := TU ∪ {(sU , o, q′)};

(c) For all o ∈ OU ∪ {δ} such that o ∈ out(Q′) do
{These are expected outputs: Testing can continue after them}

i. Consider a fresh state q′ /∈ QU and let QU := QU ∪ {q′};
ii. TU := TU ∪ {(sU , o, q′)}; Saux := Saux ∪ {(Q′ after o, q′, sL)}

6. {Wait for an output at port L}
{Similar to the previous case, substituting U by L}

Fig. 3. Controllable test cases generation algorithm.
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