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Abstract

This paper presents behavior contracts as a new asser-
tion mechanism and a tool that uses such contracts to sup-
port the testing of Object-Oriented (OO) systems. A be-
havior contract models how the scenarios for performing a
designated task are expected to be implemented. Based on
this contract, our tool can automatically monitor the pro-
gram execution for checking important properties related
to these scenarios. This capability can help testers to de-
termine whether the scenarios have been implemented cor-
rectly. Our tool can also collect test coverage informa-
tion w.r.t. the scenarios modeled by a behavior contract.
Such information can be used to direct the testing efforts to-
wards the less-covered scenarios, and to determine whether
the implementation of these scenarios has been adequately
tested. Therefore, using this tool should improve both the
efficiency and effectiveness of testing OO systems.

1 Introduction

Software testing is about exercising the implementation
under test (IUT) appropriately in order to detect bugs in the
implementation. Ideally, the software developers should be
able to completely specify, with some sort of formal nota-
tions, the functionalities of the IUT. This formal specifica-
tion can then be used to check the output of each test run to
determine whether a test passes or fails. Unfortunately, for
a reasonably complex implementation, it is often impracti-
cal to come up with such a specification. To deal with this
situation in practice, software developers often rely on as-
sertions that are evaluated at various points of time during
execution for checking the correctness of the IUT [2]. A test
is considered passed if none of these assertions are violated.

Validating test runs with assertions is a sampling tech-
nique. The effectiveness of this technique depends on what
properties will be asserted and when the assertions will be
evaluated. Design-by-contract [11] is proposed as a system-
atic approach for identifying and placing assertions. This
approach encourages software developers to identify and

specify class contractsin the forms of method pre-/post-
conditions and class invariants that can be checked during
program execution. These assertions document the assump-
tions that the developers make at the boundaries of different
modules. Thus, they can be effective in detecting errors
caused by misunderstandings across module boundaries.

The class contracts used in Design-by-Contract have lim-
itations in supporting the testing of the implementation for
behavior scenarios. This kind of testing is typically required
at the subsystem and the application levels [2]. In a modern
OO software development methodology [6], the expected
functionalities of a system are often identified as scenarios;
and these scenarios will be implemented by a set of interact-
ing objects. To test the implementation for these scenarios,
it is important to track the progress of the object interac-
tions for each specific scenario and check that (a) the right
objects have been participating in the scenario, (b) the ac-
tions performed by these objects at various steps are in the
right order, and (c) these actions have the expected effect on
the program states under the context of this scenario. Be-
cause class contracts are specified within class contexts, it
would be difficult to use such contracts for specifying prop-
erties specific to individual scenarios; it would also be dif-
ficult to use such contracts for specifying properties related
to several steps of object interactions. Therefore, it may be
challenging to use class contracts for asserting how the sce-
narios are expected to progress.

In this paper, we propose a new form of contracts, the
software behavior contracts(or behavior contracts in short),
that facilitate the testing of scenario implementation in an
OO system. A behavior contract specifies how various sce-
narios are expected to progress for performing a particu-
lar task during the program execution. This contract spec-
ifies the milestones that mark the progress of these scenar-
ios and the expected sequencing order of these milestones.
The contract also specifies the objects that are expected to
participate in the scenarios. The contract further specifies
the important properties that must hold at these milestones.
With a tool that we develop, such a contract can be used to
compare with the actual behaviors observed at runtime for
detecting bugs in the implementation for these scenarios.
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With our tool, such a contract can also be used to determine
whether the important scenarios and properties have been
adequately exercised by a test suite.

In the rest of the paper, Section 2 discusses the behav-
ior contracts. Section 3 presents our notation for specifying
such contracts. Section 4 discusses a testing strategy with
behavior contracts, and section 5 presents a tool that sup-
ports this testing strategy. Section 6 discusses related work.
Section 7 concludes and discusses future work.

2 Software Behavior Contracts

Design-by-contract [11] takes the metaphor of a contract
in our society and applies it in the software engineering
world. The contracts advocated by the Design-by-contract
typically involves a supplier (or server) and its clients. A
contract is typically written from a server’s perspective.The
contract includes pre-conditions that characterize the proper
state must be set up by a client before the client can in-
voke a method of a server. The contract also includes post-
conditions that specify the properties that must hold when
the method returns. The contract may further include class
invariants that specify properties that must be true within
the scope of the class. These contracts are often referred to
asclass contractsbecause they must be followed by all the
instances of a class.

Class contracts have limitations for asserting the proper-
ties about the expected behaviors that will be implemented
by a system. In modern software development methodolo-
gies (e.g., [6]), the expected software behaviors are typi-
cally identified and specified as scenarios at the require-
ments and design levels. Ascenariois identified as a se-
quence of interactions among the components of the sys-
tem for performing a particular task.1 Such a scenario is
typically implemented by a sequence of interactions among
various objects. To ensure the implementation is correct,
it is important to ensure that the interactions for this sce-
nario progress as intended. However, because the pre-/post-
conditions and class invariants are specified from a class
perspective, properties related to such a progression may be
difficult to express using these mechanisms.

We proposesoftware behavior contractsas a new ab-
straction for specifying properties specific to scenarios.In
our society, abehavior contractis often used to curb the
behavior problems of students in a school environment [8].
Such a contract often states how the students should behave
and interact with one another and the teachers in various sit-
uations in order to maintain a good learning environment.2

1In literature, a scenario sometimes is only used to refer to asequence
of interactions between a software system and its users identified during
requirements analysis. Our definition extends this notation to include the
object interactions identified during design.

2Similar contracts (e.g., code of conduct) are in place in many organi-

In analogy, asoftware behavior contractis used to deal with
the behavior problems of objects in a software system. It
specifies how objects should behave and interact with one
another under the contexts of individual scenarios in order
to correctly perform a designated task.

Any behavioral artifact (e.g., a UML sequence diagram)
generated during analysis and design phases can be viewed
as a form of behavior contract. These artifacts can guide
the programmers in implementing the objects in the sys-
tem. However, in their current forms, these artifacts in gen-
eral cannot be automatically checked at runtime to deter-
mine whether the contracts have been followed. First, the
notation for specifying these artifacts often does not havea
formal semantics. Second, these artifacts may not contain
enough information for mapping the elements in the model
to the runtime entities. Thus, they cannot be directly used
to compare with the actual behaviors observed at runtime.

We propose to extend existing behavior modeling nota-
tions for writingruntime-checkablebehavior contracts. We
have extended UML 2.0 sequence diagram notation for this
purpose. A sequence diagram is a graphical notation for
specifying the possible sequences of message exchanges
among a set of objects for achieving a certain goal. It
has been widely adopted in practice for modeling behavior
scenarios. We introduced a monitoring semantics for this
notation. We also extended this notation with constructs
that provide information for identifying the runtime objects
whose interactions are being modeled by a diagram. We
further extended this notation with constructs for specify-
ing important properties that must hold at various points of
time during the progress of the object interactions. We re-
fer to a diagram specified with the extended notation as a
behavior view diagram(BVD).

Given a BVD, an execution monitor can be created at
runtime to track the progress of the modeled scenarios. The
monitor can identify the runtime objects based on the in-
formation provided by the BVD, detect the occurrences of
the message exchanges specified in the BVD, check the
sequencing order among these occurrences, and check the
properties that are associated with these messages. There-
fore, it can detect bugs in the implementation of the mod-
eled interactions.

Example. Figure 1 shows a BVD that defines how the sce-
narios for a login task are expected to progress. The login
task is expected to start when methodlogin() is called on
any object of classA. During the invocation of this method,
getText() is expected to be called (directly or indirectly)
on the GUI text box objectsuBox andpBox, respectively,
to get the user id and the password. After that,verify()
is expected to be called (directly or indirectly) on the autho-
rizing object to see whether the input user id and password

zations for regulating the behaviors of its members.
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Figure 1. A behavior view diagram.

are valid. If they are invalid, then these steps can repeat up
to three times. Otherwise,login() terminates.

In addition to the sequence of message exchanges, the
BVD in Figure 1 also contains three monitoring variables,
ok, user, andpasswd. Variablesuser andpasswd get
their values at the returns of the calls togetText() on
the two text-boxes, respectively. These variables are used
to assert that the two parameters passed intoverify()
are indeed the user id and the password that the user had
put into the two text-boxes. Variableok gets it value at
the return of the call toverify(). This value is used to
assert that (a) the loop repeats only ifverify() returns
false, and (b) the returned value oflogin() must match
the value returned by the last call toverify().

Discussion. As shown in Figure 1, a behavior contract spec-
ifies properties with respect to the interaction of objects.
These properties closely reflect the designer’s expectations
of the implementation for a set of scenarios. These proper-
ties cannot be easily mapped to class contracts in the forms
of method pre-/post-conditions or class invariants. For ex-
ample, it is not straightforwards for writing class contracts
to check thatverify() is indeed invoked with the strings
input through the two text-boxes. Even if the mapping is
possible, the class contracts may look very different from
what the designers have in mind. Therefore, it may be dif-
ficult for the software designers to determine whether the
class contracts correctly specify the expected behaviors.

As mentioned in the introduction, validating test runs
with assertions is a sampling technique. Therefore, the be-
havior contracts alone may not be able to detect all faults.
Further investigation is needed to study how behavior con-
tracts can be used together with class contracts and other
forms of assertions to achieve a better result.

3 Behavior View Diagrams

The behavior view diagram (BVD) notation was first in-
troduced in our previous work [9] for assisting the debug-
ging of object-oriented programs. In this paper, we adopt
this notation for specifying behavior contracts. The BVD
notation extends UML 2.0 notation for sequence diagrams.
In a sequence diagram, an object is represented by alife-line
that is covered by a sequence of vertical thin boxes repre-
senting theexecution specificationsof method invocations.
Each execution specification is associated with a sequence
of message arrows that represent message exchanges among
objects. The current version of BVD specifies object inter-
actions that occur within a single thread. Therefore, a BVD
contains only object-creation, method call, and method re-
turn messages. We extend UML 2.0 with indirect messages
(e.g., the zigzagged arrows in Figure 1) so that the software
developers can avoid specifying uninteresting objects on the
call path between the sender and the receiver.

A message arrow in a sequence diagram is typically
marked with a label that describes the represented mes-
sages. We extend this notation to assert the expected values
for the parameters or the return value of a method call. For
example, label “verify(=user,=passwd)” in Figure
1 specifies that the values of the two parameters ofverify
are expected to equal to the values of the monitoring vari-
ablesuser andpassword, respectively. We also extend
the label with notations for extracting the values from the
parameters or the return value of a method call into monitor-
ing variables. For example, in Figure 1, label “?ok” spec-
ifies that the return value of the call toverify() should
be stored inok.

A BVD extends a sequence diagram with binding infor-
mation that specifies how the runtime object represented by
a life-line should be identified. In Figure 1, the objects rep-
resented by the three life-lines on the right are provided as
parameters (uBox, pBox, andauth) to the diagram. This
kind of binding is referred to as theparameter-basedbind-
ing. The object represented by the first life-line is discov-
ered as the receiver object oflogin(). This kind of bind-
ing is referred to as theinvocation-impliedbinding. There
are three other kinds of bindings. Aposition-basedbinding
is a special type of parameter-based binding. Acreation-
impliedbinding is derived from a creation message: the tar-
get life-line of this message is bound to the created object.
A value-basedbinding is specified explicitly as a dashed ar-
row from one life-line to the head of another life-line (see
Figure 2). This arrow is labelled with abinding expres-
sion whose value yields a reference to the object that will
be bound to the target life-line of the arrow. These binding
mechanisms provide powerful tools for identifying runtime
objects to be monitored.

Inherited from the UML 2.0 notation, our notation for
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BVD allows sequences of messages to be grouped into
interaction fragments that enable modular specification of
complex object interactions. Each interaction fragment is
contained in a rectangle frame with a descriptor at the top-
left corner. The area within the rectangle frame may be di-
vided into swimming lanes (calledoperands). An operand
defines a scope for local life-lines and localmonitoringvari-
ables (e.g.user andpasswd in Figure 1).

A stand-alone interaction fragment defines a BVD. A
BVD may be called by another BVD through aninteraction
useconstruct (a rectangle tagged withref) that contains the
name and a list of actual parameters for the called BVD. An
interaction use construct is a placeholder for the message
sequences defined by the called BVD. The construct may
cover one or more life-lines of the containing BVD. The
bindings of the covered life-lines will be passed as implicit
parameters to the called BVD. These implicit parameters
will be bound to the life-lines in the called BVD based on
their relative positions (position-basedbindings).

An interaction fragment may be nested within another
fragment to define message sequences that can be composed
into the nesting fragment.3 The composition is controlled
by the descriptor of the fragment. In a BVD, the descriptor
is limited toloop, opt, or alt. An operand in a nested
fragment can be associated with aguard condition(speci-
fied as a predicate enclosed within a pair of brackets). Such
a condition controls whether the sequence of messages de-
fined by the operand is expected to occur.

A BVD also extends a sequence diagram withmoni-
toring blocksfor specifying more sophisticated assertions.
A monitoring-block is a special UML comment construct
associated with a message. This block contains a block
of Java statements that can access monitoring variables,
and may access program states through a reflection mech-
anism. These statements can perform computation neces-
sary for checking complex properties. When a BVD is used
for monitoring the object interactions during execution, the
statements in a monitoring block will be executed when an
occurrence of the associated message is detected.

Figure 2 shows a BVD for a more sophisticated behavior:
the insertion to a B-tree. To perform the insertion, method
BNode.insert()will be called on the nodes of a B-tree
to find an appropriate leaf for inserting the key. The BVD
specifies that, whenBNode.insert() encounters a leaf
node,insertKey() is expected to be invoked to insert
the key to this node. However, whenBNode.insert()
encounters a non-leaf node,findNode() is expected to
be invoked to find the index of the child where the key
should be inserted. In this case, if the size (the number of
children) of the identified child equals to the maximum al-
lowed number, then this child is expected to be split into
two nodes. This splitting is described in another behavior

3UML 2.0 refers to nested fragments as combined fragments.

Figure 2. BVD for the insertion to a B-tree.

view diagram,SplitChild, which is not described here
due to space limitation. After that,BNode.insert() is
expected to be invoked on the identified child. This behav-
ior is specified by a recursive reference use. In this example,
the value-based binding enables us to identify runtime ob-
jects that must be discovered as the scenario progresses. A
recursive reference use to the BVD itself enables us to spec-
ify properties over the interactions among a varied set of
objects. These capabilities are important for practical use.

4 Testing with Behavior Contracts

This section discusses a methodology for using behavior
contracts in testing Object-Oriented systems.

4.1 Result-Oriented Testing Strategy

“Effective testing must show that the component parts
of the implementation under test (IUT) are sufficiently
operable and must exercise the observable behavior of
IUT.” [2]. Based on this perspective, Binder (Chapter
nine in [2]) proposed a result-oriented strategy for test-
ing object-oriented software. This testing strategy orches-
trates responsibility-based testing, integration testing, and
implementation-based testing techniques for effectiveness.
The testing activities will be organized based on the method,
class, cluster, subsystem, and application system scopes.
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The result-oriented testing strategy requires testing to
be performed incrementally from the lower-level scopes to
higher-level scopes. To perform testing at a certain scope,
the parts of this scope must have been adequately tested at
a previous step. Therefore, testing at the current scope can
focus on the responsibilities of the IUT as a whole, not on
its parts. Before applying any responsibility-based testing
technique on the IUT, integration testing techniques must be
applied on the parts to demonstrate a minimal interoperabil-
ity among these parts. After sufficient responsibility-based
testing has been applied to the IUT, implementation-based
testing technique will be used to evaluate the coverage of
the part interfaces and to enhance the existing test cases for
better coverage.

The result-oriented testing strategy claims at least the
following practical benefits. First, the three different kinds
of testing techniques have been assigned clear roles to bet-
ter leverage the relative strength of the different techniques
for effective testing. Second, focusing on the responsibil-
ities of the IUT during testing makes it easier for deriving
test inputs and for interpreting the execution results of the
test run. Third, incrementally applying testing to the scopes
brings management advantages. In this case, testing of a
code module (e.g., a method, a class) can be started once
the implementation of this module is completed; and bugs
that are specific to a particular scope may be caught during
the testing at this scope. Therefore, bugs can be detected
and fixed as early as possible.

4.2 Behavior Contracts as Responsibility
Specifications

Responsibility-based testing is the major focus of the
result-oriented testing strategy. To perform responsibility-
based testing, the testers must first identify the responsibil-
ities implemented by the IUT. The testers must then derive
and run test cases for exercising these responsibilities. The
testers also must determine whether the test runs are suc-
cessful. The testers must finally determine whether the IUT
has been adequately tested.

Both class contracts and behavior contracts can be
viewed as responsibility specifications. These contracts can
be used to guide the testers for deriving responsibility-based
test cases. Because these contracts are runtime-checkable,
they can be used to determine whether the test runs are
successful. Pre-/post-conditions and class invariants spec-
ify the responsibilities of the methods in a class. There-
fore, they are useful for testing at the method scope and
at the class scope. Behavior contracts, in contrast, specify
the responsibilities in terms of object interactions. There-
fore, they may be more suitable for testing at the subsystem
scope and the application scope.

A behavior contract often models more than one sce-

nario. In this case, the testers may require these scenarios
to be exercised appropriately by the test cases. Therefore,
a behavior contract can be used as a coverage model for
measuring the adequacy of a test suite. For example, based
on the behavior contract specified in Figure 2, we may re-
quire the system to be tested such that 0, 1, or 2 nodes
have been split in individual test runs. A contract-based
coverage criterion ensures that the important responsibil-
ities of the IUT have been adequately demonstrated dur-
ing testing. Such an assurance cannot be obtained by test
suites that satisfy only implementation-based coverage cri-
teria. Therefore, contract-based coverage criteria comple-
ment implementation-based coverage criteria for determin-
ing the adequacy of test suites.

5 Tool Support for Using Behavior Contracts

This section briefly introduces a tool that we develop to
support the use of behavior contracts for validating test runs
and for measuring test coverage for Java programs.

5.1 Deploying Behavior Contracts

The behavior contract specified by a BVD should be de-
ployed under the contexts in which the scenarios that it
models are expected. Our tool supports two approaches
for specifying the deployment of a behavior contract: an
embedded approach and an Aspect-Oriented approach. In
the embedded approach, the deployment is specified by a
launch blockplaced in the source code as special comments.
These special comments will be translated by our tool into
Java code that will be inserted into the program to sup-
port testing. The following shows a launch block that de-
ploys the BVD in Figure 2 for monitoring each invocation
of BTreeContainer.insertKey().

class BTreeContainer {
... //other fields and methods
final int MAXSIZE = 100;
private BNode root;
/*@launch {{
* deploy Insert(MAXSIZE,root);
* }} */

public BNode insertKey(int key) {
...

}
} // end of BTreeContainer

In the example, the launch block is defined as a spe-
cial comment “@launch{{ ... }}”. The block contains
a deployment statement (starting with keyworddeploy)
that extracts value from fieldMAXSIZE for the formal pa-
rameter of BVDInsert, and extracts value from field
root to provide the position-based binding for life-line
currentRoot in BVD Insert. Note that, in general,
a launch block can also contain regular Java statements for
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defining more sophisticated deployment strategy. The state-
ments in a launch block can access program variables visi-
ble at the location where the launch block is placed. These
statements can also access object methods and object fields.
Therefore, these statements can examine the current pro-
gram state to determine whether a particular behavior con-
tract should be deployed.

A launch block defineslaunchersthat manage the de-
ployed BVDs. The life-time of a launcher depends on where
the defining launch block is placed. A launch block can be
placed within a method body. In this case, a launcher will
be created when the control-flow reaches the beginning of
this launch block. The created launcher is like a local vari-
able: it will be destroyed when the control-flow reaches the
end of the Java block that immediately contains the launch
block. A launch block can also be placed immediately be-
fore a method head. This is equivalent to placing the block
at the beginning of the body of the method. In the rest of
the paper, we will not distinguish these two cases.

The statements in the launch block will be executed
when a launcher is being instantiated. When a deployment
statement is encountered, a monitor will be created and the
created monitor will be able to track the progress of object
interactions based on the deployed BVD. This monitor can
be destroyed when the method invocation represented by
the root execution specification of the deployed BVD termi-
nates. The monitor can also be destroyed when the launcher
is destroyed unless the monitor is created by aglobal de-
ployment statement that starts with keyword::deploy.
When a monitor is destroyed by a launcher, if the monitor
is still pending on some execution event, then the scenar-
ios under monitoring have not reached an expected end. An
error will be reported in this case.

In the Aspect-Oriented approach, the deployment scripts
are written as aspects in an Aspect-Oriented Programming
(AOP) language. The following example shows an aspect
for deploying the BVD in Figure 2.

aspect LaunchBVDInsert {
private Deployer deployer;
pointcut insertPC(BTreeContainer bt) : this(bt) &&

(execution(public * BTreeContainer.insertKey(..));
before(BTreeContainer bt): insertPC(bt) {

Object[] arguments = new Object[2];
arguments[0] = new Integer(bt.getMaxSize());
arguments[1] = bt.getRootNode();
deployer = new Deployer("Insert",arguments);

}
after(BTreeContainer bt): insertPC(bt) {

deployer.destroy();
deployer=null;

}
}

The aspect is written in AspectJ, an AOP extension to
Java. It defines apointcutinsertPC() that identifies
the invocation ofBTreeContainer.insertKey(). It
contains abefore advicethat will be invoked before the
body of insertKey() is executed. The before advice

extracts values from the fields of the receiver object of this
invocation and creates aDeployer object that contains an
execution monitor for BVDInsert. The aspect also con-
tains anafter advicethat will be invoked after the body of
insertKey() terminates. The after advice destroys the
monitor created for the BVD. This aspect achieves the same
effect as the launch block inserted beforeinsertKey()
in the previous example, under the assumption that this
method cannot lead to a recursive call to itself.

The two deployment approaches provide different trade-
offs. The embedded approach allows the deployment to be
inserted at almost any location in the method body; it also
allows the use of the block structures in the method body for
controlling the life-time of the monitors. However, this ap-
proach is intrusive; it requires that the source code is avail-
able at least for the classes where the deployment will be
placed. In contrast, the AOP approach is not intrusive; it
does not require the source code to be available. However,
it can only deploy the behavior contracts at the well-defined
places like method entry or method exit. Thus, it is less
flexible than the embedded approach.

5.2 Monitoring with Behavior Contracts

After a BVD is deployed, an execution monitor must be
created by our tool for monitoring the interactions of ob-
jects according to the BVD. Based on the BVD, the monitor
automatically identifies and detects relevant events during
the program execution, performs appropriate monitoring ac-
tions at the designated points of time, and properly main-
tains the data environment required for identifying events
and for executing the monitoring actions. We have devel-
oped an algorithm for performing these tasks [15].

The execution monitors created from BVDs are sup-
ported by an event-subscription subsystem. The event-
subscription system takes event descriptions from the ex-
ecution monitors, detects the occurrences of events that
match these descriptions, intercepts the program execution,
and transfers the control to the appropriate execution mon-
itors. Our previous work [9] used the Java Platform De-
bugging Architecture (JPDA)4 for implementing the event-
subscription system to support the use of BVDs for interac-
tive debugging. For testing, this approach of implementa-
tion may introduce too much overhead. To reduce such an
overhead, our testing tool chooses to use aspects in AspectJ
for detecting execution events. The same approach has been
used in other projects for similar purposes (e.g., [13]).

5.3 Recording Contract-Based Coverage

Our tool allows the recording of coverage information
so that a coverage tool can perform a post-mortem analysis

4See http://java.sun.com/products/jpda/.
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to measure the adequacy of a test suite. Our tool currently
supports two different categories of coverage: the structural
coverage and the user-defined coverage. The tool supports
two basic types of structural coverage:k-message string
coverage and the fragment coverage. In thek-message
string coverage, when an event that matches a message
arrow is detected, this message arrow and the lastk − 1

matched message arrows will be recorded. In the fragment
coverage, the tool will record the operands of the fragments
that have been used during monitoring. Note that, in our
internal representation of a BVD, an opt fragment or a loop
fragment is extended with an empty operand to represent
the skipping of the sequence defined by the opt fragment or
loop body [15]. Therefore, the fragment coverage is analog
to the branch coverage in source code. More sophisticated
structural coverage will be considered in the future.

A user-defined coverage is computed by statements spec-
ified in monitoring blocks. For example, by introducing
additional parameters into the BVD in Figure 2, the users
may introduce monitoring statements in the BVD to record
the number of times the node splitting occurs when insert-
ing a key to the B-tree. This kind of coverage can measure
the thoroughness of a test suite from the semantics perspec-
tive. Therefore, it complements the structural coverage ap-
proach.

A BVD may be deployed at different locations in the pro-
gram. A BVD may also be called by other BVDs through
reference uses. Therefore, it is important to distinguish the
coverage information recorded for a BVD under different
contexts. To support this strategy, our tool allows specific
context information to be defined at a deployment-site or a
reference use construct. Such context information can be
used to annotate the coverage information recorded for the
deployed/called BVD under this specific context. We refer
to such context information as theinheritedcontext for the
BVD. The default context information for a deployment-site
is the unique ID of this site. The default context informa-
tion for a reference use construct is the unique ID for this
construct plus the inherited context for the containing BVD
of this construct. These default values can be overridden by
explicitly specifying the context information at the deploy-
ment site or at the reference use construct.

Coverage policies can be defined for a deployment-site,
for a reference use construct, or for an operand of an inter-
action fragment. A policy will only take effect during the
period of time when the associated entity is being used for
execution monitoring. A coverage policy states the kind of
coverage that will be recorded. The coverage policy also
states whether the recorded coverage information should be
annotated with the inherited context of the BVD. When the
coverage policy is defined for an operand of an interaction
fragment, the policy can be given a name. For a structural
coverage policy, this name can be used within the scope for

enabling and disabling the recording of the coverage infor-
mation. For a user-defined coverage policy, this name can
be used for outputting the user-defined coverage informa-
tion. These capabilities provide flexible ways for recording
the coverage information.

6 The Related Work

Testing cannot be fully automated without anoraclethat
automatically checks whether a test run passes or fails. As-
sertions have been used as a practical tool for detecting soft-
ware faults (e.g., [12]). They have also been used in practice
as an oracle for testing a software component [2, 14]. Tra-
ditional assertions are specified as boolean expressions. Re-
cent works (e.g., [5, 7, 13]) allow temporal logic to be used
in writing assertions. Temporal logic assertions can specify
properties related to particular paths through the component
under test (CUT). Theoretically, they may be used for spec-
ifying behavior contracts. However, unlike the BVD nota-
tion, a temporal logic formula does not directly match to the
typical ways in which the scenarios are described. It should
be possible to support some limited forms of temporal logic
in BVD for improving its expressiveness.

Live sequence charts (LSCs), an extended form of mes-
sage sequence chart, can be executed by a play engine for
simulating the behaviors of a reactive system [4]. This
notation can also specify the message exchanges that can
be observed during the execution of a system. Therefore,
presumably, one should be able to use LSCs for specify-
ing behavior contracts and use the play-engine for checking
these contracts. However, there is a paradigm difference be-
tween LSCs and BVDs. LSCs follow a rule-based compo-
sition paradigm: different LSCs are specified as relatively
independent rules, and are implicitly composed together by
event production/consumption. In contrast, BVDs follow
a call-based composition paradigm: they are composed ex-
plicitly through reference uses. This paradigm allows a hier-
archical way for specifying complex scenarios. In addition,
because testing manually-constructed OO programs is not
the design goal of the play engine, it does not provide the
same level of support for this task as our testing tool (e.g.,
the value-based binding, monitoring blocks, the flexible de-
ployment).

Given an executable model for the functionalities of a
CUT, test cases may be automatically derived from this
model; the model can be run in parallel with the CUT for
checking the results of the test cases (e.g., [1, 3]). It is
foreseeable that this testing strategy would be applicableon
models written in any form of executable UML (e.g., [10]).
However, an executable model typically requires executable
definitions for the actions of the individual objects, whichin
turn may require the introduction of many design details. In
contrast, a BVD is not an executable model for the CUT.
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Instead, it focuses on specifying runtime-checkable proper-
ties for a set of scenarios; it relies on the CUT for defin-
ing how the actions will be performed. Thus, using BVDs
may involve less specifying effort than using the executable
models.

Voas and Kassab [14] argue that assertions should be
placed where they are more desperately needed. A BVD de-
fines scenario-specific contexts for placing assertions about
the progress of the scenarios. Such assertions are essential
for detecting bugs in the implementation of these scenarios.
These assertions may be difficult to specify at code level.

7 Conclusions

This paper introduces the behavior contract as a new con-
cept that supports the testing of object-oriented software. A
software behavior contract is a metaphor borrowed from its
counterpart in our society. It characterizes the proper in-
teractions among objects for implementing the scenarios of
performing a certain task. Specified with our behavior view
diagram (BVD) notation, a behavior contract can be auto-
matically checked by our testing tool during program execu-
tion to validate test runs. A BVD can also be enhanced with
instructions for our testing tool to record contract-based
coverage information. Such coverage information provides
new ways for evaluating the adequacy of a test suite.

A majorbenefit of using behavior contractsis that it pro-
vides a practical approach for the software developers to
better use their high-level knowledge of a system in testing.
In many application domains, the expected functionalities
of the system are often identified as scenarios, and specified
informally and partially as use cases or user’s stories [6].
These specifications are digested and refined by the soft-
ware developers and turned into knowledge about objects
and object interactions that can guide the implementation
of the system. In testing, it is important to see whether the
system behaves as expected according to such knowledge.
Behavior contracts provide a runtime-checkable description
of the object interactions. Using behavior contracts and our
testing tool enables software developers to use their high-
level knowledge obtained during analysis and design to de-
tect bugs during testing.

A major benefit of using our BVD notationfor writing
behavior contracts is that it enables the reuse of design arti-
facts for testing. Sequence diagrams specified during design
can be turned into BVDs by enhancing them with monitor-
ing specific information. In fact, using the extensions that
we propose, it may be possible to produce, during design,
“monitor-able” sequence diagrams that can directly be used
for testing. This reuse not only improves the efficiency of
testing, but also adds incentives for a software team to pro-
duce and maintain the design artifacts.

Currently, we have built a prototype monitoring com-

ponent that can automatically monitor the program execu-
tion based on our behavior contracts. We are still build-
ing the compiler for translating the launch blocks into Java
statements, and the runtime support for extracting contract-
based coverage information. Once the implementation for
these components is completed, we will perform case stud-
ies to evaluate the usefulness and the usability of our tool.
We will also continue developing more powerful notations
for specifying behavior contracts.
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