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Abstract

The complex interactions appearing in service-oriented
computing make coordination a key concern in service-
oriented systems. In this paper, we present a fault-based
method to generate test cases for component connectors
from specifications. For connectors, faults are caused by
possible errors during the development process, such as
wrongly used channels, missing or redundant subcircuits,
or circuits with wrongly constructed topology. We give test
cases and connectors a unifying formal semantics by us-
ing the notion of design, and generate test cases by solving
constraints obtained from the specification and faulty con-
nectors. A prototype symbolic test case generator serves to
demonstrate the automatizing of the approach.

1. Introduction

With the growth of interest in service oriented computing
(SOC) [15], a key aspect of aggregating business processes
and web services is the coordination among services. Ser-
vices are autonomous, platform-independent computational
entities that can be described, published, categorized, dis-
covered, and dynamically assembled for developing com-
plex and evolvable applications that may run on large-scale
distributed systems. Such systems, which typically are het-
erogeneous and geographically distributed, usually exploit
communication infrastructures whose topology frequently
varies and components can, at any moment, connect to or
detach from. Coordination and composition have a key role
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in systems based on the notion of service: Services can
be invoked by other services or simply interact with each
other in order to carry on a task. Compositional coordina-
tion models and languages provide a formalization of the
“glue code” that interconnects the constituent components
/ services and organizes the communication and coopera-
tion among them in a distributed environment. They sup-
port large-scale distributed applications by allowing con-
struction of complex component connectors out of simpler
ones. As an example, Reo [5, 7] offers a powerful glue lan-
guage for implementation of coordinating component con-
nectors based on a calculus of mobile channels.

The complexity and importance of coordination models
in service-oriented applications necessarily lead to a higher
relevance of testing issues for connectors during develop-
ment of systems. Testing is a widely used and accepted ap-
proach for validation and verification of software systems,
and can be regarded as the ultimate review of their specifi-
cations, designs and implementations. Testing is applied to
generate modes of behavior on the final product that show
whether it is conforming to its original requirement specifi-
cation, and to support the confidence in its safe and correct
operation. Appropriate testing should always aim to show
conformance or non-conformance of the final software sys-
tem with some requirements or specifications. Since the be-
havior of connectors generally describes the manifold in-
teractions among components / services rather than simple
input-output behavior, where different input and output ac-
tions can be synchronized, we can use not simply sequences
of input and output, but relations on different input / output
sequences as test cases for connectors.

In this paper, we discuss the problem on fault-based
test case generation for component connectors with Reo as
our target implementation language. Similar to the muta-
tion testing approach for programs in [3], the specification
and implementation of connectors are given by pairs of pre-
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and post-condition, and we adopt the design semantics for
Reo connectors as used in Unifying Theories of Program-
ming (UTP) [14]. Every connector can be modelled as a de-
sign, i.e., a pair of predicates P � Q where the assumption
P is what the designer can rely on when the communicat-
ing operation is initiated by inputs to the connectors, and the
commitment Q must be true for the outputs when the com-
municating operation terminates.

A

B

C

Figure 1. Example

Consider the example connector given in Figure 1. The
behavior of this connector can be seen as imposing an or-
der on the flow of data items written to A and B, through
C: The data items obtained by successive take operations
on C consist of the first data item written to A, followed by
the first data item written to B, followed by the second data
item written to A, followed by the second data item written
to B, and so on. This connector can be mutated introduc-
ing possible faults like changing the topology of the con-
nector, as shown in Figure 2. Such a faulty connector has
a different behavior as the one in Figure 1. In other words,
the sequence of values that appear throughC consist of zero
or more repetitions of the pairs of values written to B and
A, in a different order. The idea is to automatically gener-
ate a test case that has different input data sequences to A
and B, then it can detect such errors and exclude faulty im-
plementations.

A

B

C

Figure 2. A Faulty Implementation for the Al-
ternator Connector

The theoretical foundation of this work is based on the
first author’s earlier work [2, 3], in which it can be for-
mally proven that test cases will detect certain faults by us-
ing refinement calculus. This paper is the first time that the
mutation testing approach is extended to formal coordina-
tion language. Furthermore, we have a new model of Reo
circuits, given by using the notion of designs. Comparing
with the other semantic models of Reo, like constraint au-
tomata [7] or the coalgebraic model [6], in which the un-

derlying time streams are infinite and thus the finite behav-
ior (and connectors which exhibit finite behavior on any of
their ports) are excluded by the model, the timed data se-
quence in our model can be either finite or infinite, and thus
more expressive the the coalgebraic model. A prototype tool
for test case generation for connectors has been developed
by using the Maude language [1].

The remainder of this paper is organized as follows: Sec-
tion 2 contains a brief summary of Reo. We present the de-
sign semantics for Reo connectors in Section 3. In Section
4, we explain the relation between testing and the theory of
designs and present the algorithm that generates test cases
to find anticipated errors in connectors. The use of a proto-
type for a simple example is presented in Section 5. In Sec-
tion 6, we present related work and compare it with our ap-
proach. Finally, Section 7 concludes the paper.

2. Reo

Reo [5] is a channel-based exogenous coordina-
tion model wherein complex coordinators, called connec-
tors, are compositionally built out of simpler ones. Reo re-
lies on a very liberal and simple notion of channels and
can be used to model any kind of peer-to-peer commu-
nication. We summarize only the main concepts in Reo
here. The semantics of Reo connectors are given by re-
lations on input / output timed data sequences in Sec-
tion 3. Further details about Reo and its semantics can be
found in [5, 6, 7].

FIFO1 channel synchronous drainsynchronous channel

Figure 3. Some Basic Channels in Reo

Complex connectors in Reo are organized in a network
of primitive connectors, called channels, that serve to pro-
vide the protocol that controls and organizes the communi-
cation, synchronization and cooperation among the compo-
nents/services that they interconnect. Each channel has two
channel ends. There are two types of channel ends: source
and sink. A source channel end accepts data into its chan-
nel, and a sink channel end dispenses data out of its chan-
nel. It is possible for the ends of a channel to be both sinks
or both sources. Reo places no restriction on the behavior
of a channel and thus allows an open-ended set of differ-
ent channel types to be used simultaneously together. Each
channel end can be connected to at most one component in-
stance at any given time. Figure 3 shows the graphical rep-
resentation of some simple channel types that will be used
in this paper. More detailed discussion can be found in [5].

A complex connector has a graphical representation,
called Reo circuit or network. Reo circuits are constructed
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by composing simpler ones via the join and hiding oper-
ations. A node in a Reo circuit represents a set of chan-
nel ends. A node arises through the join operator and can
be categorized as a source, sink or mixed node, depending
on whether all channel ends that coincide on the node are
source ends, sink ends or a combination of both. The hid-
ing operation is used to hide the internal topology of a com-
ponent connector. The hidden (mixed) nodes can no longer
be accessed or observed from outside.

A component can write data items to a source node that
it is connected to. The write operation succeeds only if all
(source) channel ends coincident on the node accept the
data item, in which case the data item is transparently writ-
ten to every source end coincident on the node. A source
node, thus, acts as a replicator. A component can obtain
data items, by an input operation, from a sink node that it
is connected to. A take operation succeeds only if at least
one of the (sink) channel ends coincident on the node of-
fers a suitable data item; if more than one coincident chan-
nel end offers suitable data items, one is selected nonde-
terministically. A sink node, thus, acts as a nondeterminis-
tic merger. A mixed node nondeterministically selects and
takes a suitable data item offered by one of its coincident
sink channel ends and replicates it into all of its coincident
source channel ends. Note that a component cannot connect
to, take from, or write to mixed nodes. At most one compo-
nent can be connected to a (source or sink) node at a time.
The I/O operations are performed through interface nodes
of components which are called ports.

3. Connectors as Designs

For an arbitrary connector R, the relevant observations
come in pairs, with one observation on the source nodes of
R, and one observation on the sink nodes of R. For every
node N , the corresponding observation on N is given by a
timed data sequence, which is defined as follows:

Let D be an arbitrary set, the elements of which is
called data elements. The set DS of data sequences is de-
fined as DS = D∗, i.e., the set of all sequences α =
(α(0), α(1), α(2), · · · ) over D. Let R+ be the set of non-
negative real numbers, which can be used in the present con-
text to represent the time moments1. Let R

∗

+ be the set of
sequences a = (a(0), a(1), a(2), · · · ) over R+, and for all
a = (a(0), a(1), a(2), · · · ) and b = (b(0), b(1), b(2), · · · )

1 Here we use the continuous time model since it is expressive and
closer to the nature of time in the real world for connectors. For exam-
ple, for a FIFO1 channel, if we have a sequence of two inputs, the time
moment for the output should be between the two inputs. If we use a
discrete time model like N, and have the first input at time point 1, then
the second input can only happen at a time point greater than 2, i.e., at
least 3. But in general, this is not explicit for the input providers.

in R
∗

+, if |a| = |b|, then

a < b iff ∀0 ≤ n ≤ |a|, a(n) < b(n)

a ≤ b iff ∀0 ≤ n ≤ |a|, a(n) ≤ b(n)

where |a| returns the length of sequence a.
The set TS of time sequences is defined by

TS = {a ∈ R
∗

+ | ∀0 ≤ n < |a|.a(n) < a(n + 1)}

Thus any time sequence a ∈ TS consists of increasing time
moments a(0) < a(1) < a(2) < · · · .

The set TDS of timed data sequences is defined by
TDS ⊆ DS × TS that contains pairs 〈α, a〉 consisting
of a data sequence α and a time sequence a with |α| = |a|.
Similar as the discussion in [6], timed data sequences can
be alternatively and equivalently defined as (a subset of)
(D × R+)∗ because of the existence of isomorphism

〈α, a〉 
→ (〈α(0), a(0)〉, 〈α(1), a(1)〉, 〈α(2), a(2)〉, · · · )

For connectors, once a data is written or taken at some node,
there is a time moment that the operation happens, which is
modelled by one element in the timed data sequence for that
node, i.e., a pair of data element and time moment.

In our semantic model, the observational semantics for
a Reo connector will be described by a design, i.e., a rela-
tion expressed as P � Q, where P is the predicate specify-
ing the relationship among the timed data sequences on the
input ends of the connector, and Q is the predicate specify-
ing the condition that should be satisfied by the timed data
sequences on the output ends of the connector. Note that a
design P � Q has the following meaning:

P � Q =df (ok ∧ P ⇒ ok′ ∧ Q)

where ok and ok′ are two variables being used to analyze
explicitly the phenomena of communication initialization
and termination. The variable ok stands for a successful ini-
tialization and the start of a communication. When ok is
false, the communication has not started, so no observa-
tion can be made. The variable ok′ denotes the observation
that the communication has terminated. The communica-
tion is divergent when ok′ is false. To specify input and out-
put explicitly, for a connector R, we use inR and outR for
the lists of timed data sequences on the input ends and out-
put ends of R respectively and do not use primed variables.
So the alphabet is different with that for design, as in [14].
Furthermore, healthiness conditions, which embody aspects
about the model being studied, are taken as true here.

Since we are considering test case generation, all of
which should be finite sequences, all timed data sequences
in the following are finite. However, the semantic definition
can be generalized to infinite sequences, which are timed
data streams as proposed in [6]. We use D for a predicate
of well-defined timed data sequence types. In other words,
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we define the behavior only for valid sequences expressed
via a predicate D. Then every connector R can be repre-
sented as the following design,

R(in : inR; out : outR)

P (inR) � Q(inR, outR)

where P (inR) is the precondition that should be satisfied
by inputs inR on the source nodes of R, and Q(inR, outR)
is the postcondition that should be satisfied by outputs outR
on the sink nodes of R.

Here are some simple examples:

• Synchronous channel −−−→:

Sync(in : (〈α, a〉); out : (〈β, b〉))

D〈α, a〉 � D〈β, b〉 ∧ β = α ∧ b = a

The synchronous channel just transfers the data with-
out delay in time. So it behaves just as the identity
function. The pair of I/O operations on its two ends
can succeed only simultaneously, and the input is not
taken until the output can be delivered, which is cap-
tured by the variable ok.

• FIFO1 channel −��→:

FIFO1(in : (〈α, a〉); out : (〈β, b〉))

D〈α, a〉 � D〈β, b〉 ∧ β = α ∧ a < b∧

(tail(bR))R < tail(a)

where for a sequence a = (a(0), a(1), · · · , a(n)),
aR = (a(n), · · · , a(1), a(0)) returns the reverse of a,
and tail(a) = (a(1), · · · , a(n)). For simplicity of no-
tations, we use a′ to denote tail(a) in the rest of this
paper. For a FIFO1 channel, when the buffer is not
filled, the input is accepted without immediately out-
putting it. The accepted data item is kept in the in-
ternal FIFO buffer of the channel. The next input can
only happen after an output occurs. Note that here we
use (tail(bR))R < tail(a) to represent the relationship
between the time moments for outputs and the corre-
sponding next inputs. This notation can be simplified
to b < tail(a) when we consider infinite sequences of
inputs and outputs.

• Synchronous drain →−−←:

SyncDrain(in : (〈α, a〉, 〈β, b〉); out : ( ))

D〈α, a〉 ∧ D〈β, b〉 ∧ a = b � true

This channel has two input ends. The pair of input op-
erations on its two ends can succeed only simultane-
ously. All data items written to this channel are lost.
the predicate true in Q means the communication ter-
minates.

B
C

B

C

A CR1 R2
B

A
R1

R2

A

(2)(1) (3)

R1

R2

Figure 4. Connector composition

Different connectors can be composed. Since connectors
can be modelled by designs, their composition can be nat-
urally modelled by design composition. According to the
node types in Reo, we have three types of composition,
which can be captured by the three configurations as shown
in Figure 4. Note that these composition operations can be
easily generalized to the case for merging multiple nodes,
and merging different nodes of the same connector. Due to
the length limitation, here we use a simple example to show
our approach for composition of connectors, instead of giv-
ing the formal definition and explanations for all the opera-
tions. More details can be found in [17].

Example 3.1 Figure 1 shows a Reo circuit consist-
ing of three channels AB, AC and BC which are of types
SyncDrain, FIFO1 and Sync, respectively. By compos-
ing the channels, we can get the connector as

Order(in : (〈α, a〉, 〈β, b〉); out : 〈γ, c〉)

P � Q

where P = D〈α, a〉 ∧ D〈β, b〉 ∧ a = b, and

Q =D〈γ, c〉 ∧ ∃〈γ1, c1〉, 〈γ2, c2〉.

D〈γ1, c1〉 ∧ D〈γ2, c2〉∧

γ1 = α ∧ a < c1 ∧ ((cR
1 )′)R < a′ ∧ γ2 = β ∧ c2 = b∧

M(〈γ1, c1〉, 〈γ2, c2〉, 〈γ, c〉)

In this design, a ternary relation M on timed data se-
quences is used to represent the merging the sink nodes of
two channels (AC and BC in this example), which is for-
mally defined as

M(〈γ1, c1〉, 〈γ2, c2〉, 〈γ, c〉)

=

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

〈γ, c〉 = 〈γ1, c1〉 if |〈γ2, c2〉| = 0

〈γ, c〉 = 〈γ2, c2〉 if |〈γ1, c1〉| = 0

c1(0) �= c2(0)∧⎧⎪⎪⎪⎨
⎪⎪⎪⎩

γ(0) = γ1(0) ∧ c(0) = c1(0)∧

M(〈γ′

1, c
′

1〉, 〈γ2, c2〉, 〈γ
′, c′〉) if c1(0) < c2(0)

γ(0) = γ2(0) ∧ c(0) = c2(0)∧

M(〈γ1, c1〉, 〈γ
′

2, c
′

2〉, 〈γ
′, c′〉) if c2(0) < c1(0)

otherwise

Implication of predicates establishes a refinement order
over connectors. Thus, more concrete implementations im-
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ply more abstract specifications. For two connectors

Ri(in : inRi
; out : outRi

)

Pi(inRi
) � Qi(inRi

, outRi
)

where i = 1, 2, if inR1
= inR2

and outR1
= outR2

, then

R1 � R2 =df (P1 ⇒ P2) ∧ (P1 ∧ Q2 ⇒ Q1) (1)

In other words, preconditions on inputs of connectors are
weakened under refinement, and postconditions on outputs
of connectors are strengthened.

4. Fault-based Test Case Generation

4.1. Test Cases for Connectors

In this paper, we aim to generate test cases on the basis of
possible errors during the design of connectors. Examples
of such errors might be a wrongly used channel, a missing
subcircuit, or a circuit with wrongly constructed topology,
etc. Both specifications and implementations of connectors
are represented by using designs. As recommended in [2, 4],
refinement is the central notion to discuss the roles and con-
sequences of certain faults and design predicates that are
most suitable for representing faults.

Definition 4.1 (faulty connector) Given an intended con-
nector specification

R(in : inR; out : outR)

P (inR) � Q(inR, outR)

and a connector implementation

R′(in : inR; out : outR)

P ′(inR) � Q′(inR, outR)

with the same input and output nodes as in R, which may
contain an error.R′ is called a faulty connector if and only
ifR �/ R′.

Note that not all errors during the design of connec-
tors lead to faulty connectors. To contain a fault, a possi-
ble external observation of the fault must exist. For exam-
ple, adding by mistake redundant synchronous channels to
some input/output nodes does not result in a faulty connec-
tor since refinement holds (in fact, this results in a bisimi-
lar connector, which is a stronger relation than refinement).
However, swapping the nodes leads to a faulty connector.
For example, if we swap A and B in Figure 1, the result-
ing connector Order′ is a faulty connector with respect to
the specification Order.

For connectors, we consider test cases as specifications
that define the expected list of timed data sequences on the
output nodes for a given list of timed data sequences on the
input nodes.

Definition 4.2 (deterministic test case) For a connec-
tor R(in : inR; out : outR), let i be the input vec-
tor and o be the output vector, both lists of timed data
sequences with the same lengths as inR and outR re-
spectively. A deterministic test case for R is defined
as

td(inR, outR) = inR = i � outR = o

Sometimes the behavior of a connector can be non-
deterministic. In this case, we can generalize the notion of
test case as follows:

Definition 4.3 (test case) For a connector R(in :
inR; out : outR), let i be the input vector and O be a pos-
sibly infinite set containing the expected output vec-
tor(s). Both i and any o ∈ O are lists of timed data
sequences with the same lengths as inR and outR respec-
tively. A test case forR is defined as

t(inR, outR) = inR = i � outR ∈ O

From the previous discussion, we know that test cases, as
well as connector specifications and implementations, can
be specified by designs. It is obvious that an implementa-
tion that is correct with respect to its specification should
refine its test cases. Therefore, test cases are abstractions of
an implementation if and only if the implementation passes
the test cases. Taking specifications into consideration, test
cases should also be abstractions of a specification if they
are properly derived from the specification.

Definition 4.4 For a connector specification S, its imple-
mentationR and a test case t, which satisfy

t � S � R

• t is called a correct test case with respect to S.

• R passes the test case t and conforms to the specifica-
tion S.

Finding a test case t that detects a given fault is the cen-
tral strategy in fault-based testing. For connectors, a fault-
based test case is defined as follows:

Definition 4.5 (fault-adequate test case) Let
t(inR, outR) be a test case (which can be either de-
terministic or non-deterministic), R an expected con-
nector, and R′ its faulty implementation. Then t is a
fault-adequate test case if and only if

t � R ∧ t �/ R′

A fault-adequate test case detects a fault in R′. Alterna-
tively we can say that the test case distinguishes R and
R′. All test cases that detect a certain fault form a fault-
adequate equivalence class.
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4.2. Test Case Generation

A strategy for generating test cases is always based on a
hypothesis about faults. Definition 4.5 shows that a test case
for finding errors in a faulty connector has to, first, be a cor-
rect test case of the intended connector; second, it must not
be an abstraction of the faulty connector. For a given in-
tended connector R and its faulty implementation R′, the
following algorithm generates a test case.

Algorithm 4.1 Consider an intended connector
R(in : inR; out : outR)

P (inR) � Q(inR, outR)

and its faulty implementation

R′(in : inR; out : outR)

P ′(inR) � Q′(inR, outR)

as inputs. A test case t is generated by the following steps:

1. A test case t is searched by
1. find a pair 〈̂i, ô〉 as a solution of

P (̂i) ∧ Q′(̂i, ô) ∧ ¬Q(̂i, ô)

2. if it exists, then the test case t(i, O) is generated
by finding the maximal set O of output vectors,
such that for all o ∈ O, i = î ∧ P (i) ∧ Q(i, o) is
satisfied.

2. If the previous step does not succeed, then look for a
test case t(i, O) with O the maximal set of output vec-
tors, such that for all o ∈ O, ¬P ′(i) ∧ P (i) ∧ Q(i, o)
is satisfied.

Theorem 4.1 (Correctness) Given an intended connector
R(in : inR; out : outR)

P (inR) � Q(inR, outR)

its faulty implementation

R′(in : inR; out : outR)

P ′(inR) � Q′(inR, outR)

and a test case t(i, O) generated by Algorithm 4.1,

t(i, O) � R

Proof: The proof is divided into two cases, corresponding
to steps 1 and 2 of the algorithm, respectively.

1. Since O is the maximal set such that for all o ∈ O,
P (i) ∧ Q(i, o) is satisfied, we have

t(i, O) � R

≡{(1) and Definition 4.3}

(inR = i ⇒ P (inR))∧

(Q(inR, outR) ∧ inR = i ⇒ outR ∈ O)

≡{O is the maximal set such that P (i) ∧ Q(i, o)

is satisfied for all o ∈ O}

true ∧ true

≡true

2. Since O is the maximal set of output vectors o each of
which satisfies ¬P ′(i)∧P (i)∧Q(i, o), it follows that
P (i) ∧ Q(i, o) is also satisfied for all o ∈ O and O is
still maximal. By the same style of reasoning as in the
first case, we can derive that

t(i, O) � R ≡ true

Theorem 4.2 (Fault coverage) Given an intended connec-
tor

R(in : inR; out : outR)

P (inR) � Q(inR, outR)

its faulty implementation

R′(in : inR; out : outR)

P ′(inR) � Q′(inR, outR)

and a test case t(i, O) generated by Algorithm 4.1,

t(i, O) �/ R′

Proof: This proof is also divided into the two cases of the
algorithm.

1. When O is the maximal set such that for all o ∈ O, i =
î∧P (i)∧Q(i, o) is satisfied. The test case is generated
only if there exists (̂i, ô), such that P (̂i) ∧ Q′(̂i, ô) ∧

¬Q(̂i, ô) is satisfied. Thus we have i = î, ô /∈ O and

t(i, O) �/ R′

≡{(1) and Definition 4.3}

¬(inR = i ⇒ P ′(inR))∨

¬(inR = i ∧ Q′(inR, outR) ⇒ outR ∈ O)

≡(inR = i ∧ ¬P ′(inR))∨

∃inR, outR.(inR = i ∧ Q′(inR, outR) ∧ outR /∈ O)

≡{let inR = î, outR = ô}

(inR = i ∧ ¬P ′(inR)) ∨ true

≡true

2. If O is the maximal set of output vectors o each of
which satisfies ¬P ′(i) ∧ P (i) ∧ Q(i, o), then

t(i, O) �/ R′

≡{(1) and Definition 4.3}

¬(inR = i ⇒ P ′(inR))∨

¬(inR = i ∧ Q′(inR, outR) ⇒ outR ∈ O)

≡∃inR.(inR = i ∧ ¬P ′(inR))∨

¬(inR = i ∧ Q′(inR, outR) ⇒ outR ∈ O)

≡{let inR = i}

true ∨ ¬(inR = i ∧ Q′(inR, outR) ⇒ outR ∈ O)

≡true
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5. Example

We have developed a prototype tool for testing Reo con-
nectors in Maude [1]. Maude is a high-performance reflec-
tive language and system supporting equational and rewrit-
ing logic specification and programming. One of the main
advantages of Maude is that it provides a single framework
in which the use of a wide range of formal methods is facili-
tated. For example, the language has been shown to be suit-
able both as a logical and as a semantic framework [8, 16].
This makes it easy to: (1) specify basic connectors equa-
tionally, (2) encode their composition by means of rewrite
rules and (3) find test cases by rewriting constraints.

The source code of the tool is available at http://
homepages.cwi.nl/˜astefano/testing-reo/.
In the current version, it is possible to specify and com-
pose connectors as it is described in Section 3. Further-
more, since we have also prototyped Algorithm 4.1, one
can experiment with searching test cases for faulty con-
nectors. We provide as a default illustration the Maude
implementation for the following scenario. We take the al-
ternator connector in Example 3.1 to represent the in-
tended connector specification. We recall that this con-
nector can have faulty implementations where the topol-
ogy of the channels is changed, or miss or wrongly use
some channels. The faulty implementation that we con-
sider is the one shown in Figure 2. As one might ex-
pect, running the search procedure for generating test
cases for the faulty connector with respect to the cor-
rect one, we obtain, given as symbolic input a pair of
one element timed data sequences (〈α, a〉, 〈β, b〉), the re-
sult that the pair is a valid test case whenever the constraint
α �= β is satisfied. We note that lists of one element rep-
resent minimal test cases. Any pair of arbitrary length lists
is, in fact, a test case, under the condition that they dif-
fer by at least one element.

The example, although trivial, demonstrates the possibil-
ity to automate the connector testing approach. Both behav-
ior and data are crucial for successful test case generation.
However, in most cases, connectors interact with an envi-
ronment, which stimulates the execution of I/O operations
on the ports of the connectors, where the data values be-
ing written/taken come from large or even infinite domains.
Considering such data values at test generation stage may
lead to non-terminate generation process or produce many
unnecessary test cases. Therefore, we abstract away from
concrete data values and concentrate on symbolic test case
generation, and reintroduce data for test execution later.

6. Related Work

Test case generation from specifications has been devel-
oped as a prominent technique in testing of software sys-
tems. There is a large body of literature and several tools

for generation of test cases from model-based specifications
[10, 9]. In typical approaches, the selection of test cases uses
partition analysis and Disjunctive Normal Form, and fol-
lows some particular coverage criterion, such as coverage of
control states, edges, or an explicitly given set of test pur-
poses [11, 22]. When the specification has data variables,
constraint solving techniques can be used to find input val-
ues that drive the execution in a desired direction [18].

The problem of deriving tests from state-based models
that distinguish between input and output actions has been
widely investigated [10, 21]. According to the basic as-
sumptions about the relationships between inputs and out-
puts being addressed, most of the approaches are based on
input/output Finite State Machine (FSM) model, which are
generally generated from formal specifications. However,
this approach is not appropriate for generating test cases for
connectors, since the FSM approach assumes that a pair of
input and output constitutes an atomic action of a system,
in other words, that the system cannot accept the next in-
put before producing the output in reaction to the previous
input. In Reo, such assumptions do not hold.

Fault-based testing was born in practice when testers
started to assess the adequacy of their test cases by first in-
jecting faults into their implementations, and then by ob-
serving if the test cases could detect these faults. This tech-
nique of mutating the source code became well-known as
mutation testing and goes back to the late 1970s [12]. Since
then it has found many applications and has become the ma-
jor assessment technique in empirical studies on new test
case selection techniques [25]. Recently, the first author has
developed a general theory of fault-based testing, in partic-
ular mutation testing, by using Refinement Calculus [2] and
Unifying Theories of Programming [3], which leads to the
theoretical foundation of the work presented in this paper.

The relation between testing and refinement is not com-
pletely new. Hennessy and de Nicola [19] developed a test-
ing theory that defines the equivalence and refinement of
non-deterministic processes based on a notion of testing.
Similarly, the failure-divergence refinement of CSP [13] is
inspired by testing, since it is defined via the possible ob-
servations of a tester. Later, these theories led to the work
on conformance testing based on labelled transition systems
[23, 24] and test driver implementation [20]. However, these
theories do not focus on the use of abstraction (the reverse
of refinement) in order to select a subset of test cases. Fur-
thermore, the existing testing theories focus on verification.
This restricts their use either to the study of semantic is-
sues (e.g., the observable equivalence of processes [19]), or
to the testing of very abstract (finite) models for which ex-
haustive testing is feasible (like in protocol testing [24]).

A UTP semantics of data-flow model has been inves-
tigated in [14]. However, in data-flow model, only asyn-
chronous communication is allowed and the channels can
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buffer an arbitrary number of messages, which form a spe-
cial kind of channel in Reo, i.e., the unbound FIFO chan-
nel. In other words, Reo is more expressive than data-flow
model since Reo has more channel types and provides arbi-
trary combinations of synchrony and asynchrony, loose cou-
pling, distribution and mobility, exogenous coordination by
third parties and dynamic reconfigurability, and even allows
an open set of user-defined channel types.

7. Conclusion

In this paper we define a semantic model of Reo con-
nectors, and present a fault-based testing approach for test
case generation from connector specifications. The idea is to
model faults on the same level as the specification of con-
nectors by using the notion of design. The timed data se-
quences being used in the semantic model make it possi-
ble to specify both finite and infinite behavior of connec-
tors, and thus more expressive than previous semantic mod-
els using constraint automata or coalgebra. We generate test
cases that can discover the faults in connectors. The algo-
rithm for finding test cases is based on a general theory of
refinement for pre- and post-condition specifications, and
has been instantiated in a prototype tool for test case gener-
ation developed in Maude.

In future work we will investigate more complex case
studies to gain more experience with the testing approach.
We are also interested in generation of actual test cases, i.e.,
testing data selection based on constraint solving and its in-
tegration into the generated symbolic test cases. In addition,
we are also planning to investigate specification-based test-
ing of black-box connectors, where the specifications are
given by either state machine models like constraint au-
tomata, or scenarios like UML sequence diagrams.
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