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Abstract: The Unified Modeling Language (UML) is a standard nota-
tion that can be used to model object oriented software systems. With
the growing adoption of UML by the software development industry and
academia, researchers have begun to investigate how it can be used in the
testing phase of the software development process. Several approaches
to software testing have been proposed in which test requirements and
coverage criteria are derived from UML models. This report introduces
and analyses the various UML-based coverage criteria that exist in the
software testing literature.
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1 INTRODUCTION

Software testing is a vital part of the software development process. It can be
used for the purposes of quality assurance, reliability estimation and verifica-
tion and validation [20]. However, software testing is extremely costly and time
consuming. Studies indicate that more than 50% of the cost of software devel-
opment is devoted to testing [20]. Therefore, there is a need for effective testing
strategies.

There are numerous techniques for software testing in the literature [5, 24].
Due to the increased use of the object oriented (OO) paradigm, several new
testing strategies have been specifically proposed for OO software [6, 13]. Fur-
thermore, with the increasing use of the Unified Modeling Language (UML) to
model OO systems, researchers have begun investigating how the UML can be
used in the testing phase of the software development process. Consequently,
several UML-based approaches to software testing have been proposed [8, 21].
In these approaches, test requirements and coverage criteria are derived from
UML models.



In this report, a survey of the research on UML-based coverage criteria is
presented. To facilitate a comparison of the criteria an attempt is made to
outline a formal definition for each of the UML-based coverage criteria found in
the literature. It is important to ensure that the coverage criteria used during
testing are effective. The effectiveness of a coverage criterion is a measure of how
likely the criteria is to detect the prescence of a fault. Experimental evaluation
is necessary to determine the effectiveness of coverage criteria. In surveying the
UML-based criteria, the experimental studies investigating the effectiveness of
the criteria are reviewed. This report also attempts to examine the studies that
have been carried out to compare the various criteria in terms of the coverage
they provide.

The remainder of this report is organised as follows. Section 2 discusses
software testing and coverage criteria and their relationship with the UML. In
section 3, we present a survey of UML-based coverage criteria. Finally, section
4 summarises and concludes the report.

2 TESTING AND UML

In this section software testing and test coverage criteria are examined. Also,
the UML is discussed from a testing point of view.

2.1 Software Testing

Software testing is an important and integral part of the software development
process. It is used to reveal bugs in a system, to assure that the system complies
with its specification and to verify that the system behaves in the intended way.
Various definitions have been presented for software testing [5, 6]. For example,
Myers [24] defines it as:

“.. the process of executing a program [or system] with the intent of
finding errors.”

For our purposes, we will consider software testing as the process of deter-
mining if the observed behaviour of a system corresponds with the expected
behaviour of the system. This process involves executing the system on a set of
inputs and determining if the actual behaviour of the system corresponds to the
expected behaviour. These inputs to the system are known as test cases and a
collection of test cases is referred to as a test set or a test suite.

One important aspect of software testing is deciding when enough testing has
been done. How do you decide if a test set is adequate? This question was first
addressed by Goodenough and Gerhart [17] when they considered the idea of a
test adequacy criterion, that is, a criterion that defines what makes an adequate
test. A test adequacy criterion is a rule or a set of rules that impose requirements
on a test set. Adequacy criteria play an important role in the testing process.
They can be used as a stopping rule. Testing stops when enough test cases have
been produced to satisfy the criteria. They can also be used as a measurement
of test quality. A measure of adequacy is associated with a test set, therefore



different test sets can be compared in terms of their adequacy measurement.
Adequacy criteria also provide a basis for deciding what test cases to use during
testing, making it more likely that faults will be found in the system. Coverage
can be used to measure the extent to which an adequacy criterion is satisfied.
The percentage of requirements (as specified by the adequacy criterion) that
are satisfied by a test set can be used as an adequacy measurement. Therefore
coverage criteria are a type of adequacy criteria that specify the percentage of
requirements that must be covered.

2.2 UML as a Test Model

In OO software the complexity of the software is now not only associated with
the functions and procedures but also with how the procedures and classes are
connected and how they communicate. Many traditional testing techniques
exist for procedural software. Clearly not all these techniques are applicable or
effective for testing OO software. Thus, work has been carried out to develop
new techniques for OO software. Furthermore, research has been conducted
to develop testing techniques that are based on pre-code artifacts such as the
UML.

The UML is a language for specifying, visualising, constructing and docu-
menting the artifacts of software systems. It is the result of the integration of
the concepts of Booch, Jacobson et al., and Rumbaugh et al. In 1997, the UML
was adopted by the Object Management Group (OMG) as a standard for mod-
elling OO systems. The UML provides a variety of diagrams that can be used
to present different views of an OO system at different stages of the develop-
ment life cycle [19]. Testing techniques that are based on the UML involve the
derivation of test requirements and coverage criteria from these UML diagrams.
A detailed account of these techniques with emphasis on the coverage criteria
is presented in the following section.

3 UML-BASED COVERAGE CRITERIA

This section introduces and analyses various coverage criteria based on UML
diagrams. It consists of several subsections, each one is devoted to each of the
different UML diagrams.

3.1 Class Diagram Criteria

A class diagram shows the static structure of a system. It identifies all the
entities, along with their attributes, in the system and specifies the relationships
between the entities [7]. These relationships or associations are represented by
links among the entities. Multiplicity specifies the range of values for how many
entities at one end of an association can be associated with a single entity at
the other end. Andrews et al. propose the association-end multiplicity (AEM)
criterion which requires that for each association in the class diagram a set of
representative multiplicity pairs are created. The set of multiplicity pairs that



are to be covered are derived from the class diagram using a modified form
of category-partition testing [26]. This involves the partitioning of the value
domain of the multiplicity into equivalence classes and the selection of a single
value from each class [3]. For each end of the association a set of possible
multiplicity values are selected in this way. Each value from the first set is
combined with each of the values from the second set, thus producing a set of
multiplicity pairs. The association-end multiplicity criterion can be defined as
follows:

Definition (Association-End Multiplicity (AEM) Criterion). A test
set T satisfies the association-end multiplicity criterion if and only
if for each representative multiplicity-pair p in a system model there
exists ¢t in T such that ¢ causes p to be created.

Table 1: Coverage Criteria based on Class Diagrams
Author Criterion

Andrews et al. | Association-End Multiplicity (AEM)
Andrews et al. | Generalisation (GN)

Andrews et al. | Class Attribute (CA)

One other coverage criteria proposed by Andrews et al. [3] is the generali-
sation (GN) criterion. Generalisation is typically implemented as inheritance.
A generalisation/specialisation relationship is one in which objects of the spe-
cialised element (child) are substitutable for objects of the generalised element
(parent) [7]. The generalisation criterion requires that testing cause each gen-
eralisation/specialisation relationship (or specialisation element) to be created
at least once.

Definition (Generalisation (GN) Criterion). A test set T satisfies
the generalisation criterion if and only if for every specialisation s
defined in a generalisation relationship in a system model there exists
t in T such that ¢ causes s to be created.

The final coverage criterion based on class diagrams defined in [3] is the class
attribute (CA) criterion. This criterion requires coverage of a set of attribute
value combinations for each class in the class diagram. The category partition
method is used to produce a set of possible values for each attribute in a class.
Elements from each of these sets are combined to create a set of attribute values
for each class.

Definition (Class Attribute (CA) Criterion). A test set T satisfies
the class attribute criterion if and only if for each attribute value
combination a, for each class ¢ in a system model there exists ¢ in
T such that ¢ causes an instance of ¢ to be created with the values
in a.



Pilkalns et al. [27] propose a systematic technique for testing and exercising
UML design models. The approach uses information from both class diagrams
and sequence diagrams to derive and execute test cases. The coverage criteria
defined by Andrews et al. in [3] are used to evaluate these test cases. They
demonstrate how the approach may be used with a simple example but present
no results on how effective the approach is for finding faults.

3.2 Sequence Diagram Criteria

A sequence diagram is an interaction diagram that depicts the exchange of
messages between a set of objects. In a sequence diagram the emphasis is on
the time ordering of the messages [7].

Table 2: Coverage Criteria based on Sequence Diagrams

Author Criterion

Basanieri and Bertolino | All-Paths-Coverage

Binder Condition/Iteration Coverage
Briand and Labiche All-Paths-Coverage

Fraikin and Leonhardt | All-Paths-Coverage

Rountev et al. All-TRCFG-Paths

Rountev et al. All-RCFG-Paths

Rountev et al. All-RCFG-Branches

Rountev et al. All-Unique-Branches

A start-end message path in a sequence diagram is a sequence of messages
that begins with an externally generated event and ends with the production of
a response that satisfies this event. A requirement of adequate testing based on
sequence diagrams is that all the start-end message paths in the diagram are
covered by test executions. This can be referred to as the all-paths coverage
criterion and can be defined as follows:

Definition (All-Paths Coverage Criterion). A set of message paths
P satisfies the all-paths coverage criterion if and only if P contains
all start-to-end message paths in a sequence diagram.

Several authors propose the use of the all-paths coverage criterion in their
approaches to testing. Basanieri and Bertolino [4] present an approach to in-
tegration testing that uses the category partition method [26] and sequence
diagrams to generate test cases. Their approach requires coverage of all mes-
sage paths in the sequence diagrams. Briand and Labiche [8] also make use
of the all-paths coverage criterion in their approach to system testing. They
describe the TOTEM methodology that uses use cases, their corresponding se-
quence and collaboration diagrams, class diagrams and the Object Constraint
Language (OCL) used within these diagrams to produce test cases. Each use
case consists of one or more scenarios; each scenario corresponds to a start-
to-end message path in the corresponding sequence diagram. The test cases



produced are required to cover all such message paths (scenarios). Another ap-
proach to testing based on sequence diagrams is described in [14] by Fraikin and
Leonhardt. This approach requires coverage of all possible start-to-end message
paths in a set of related sequence diagrams. They describe a tool SeDiTeC that
implements this testing approach.

Rountev et al. [29] define the interprocedural restricted control-flow graph
(IRCFG) which depicts the set of message sequences in a sequence diagram.
An IRCFG consists of a set of nodes and edges that connect these nodes. Each
node contains a restricted control flow graph (RCFG) which corresponds to a
particular method call in the sequence diagram; the RCFG shows the sequence
of messages that are invoked in response to the method call. This IRCFG is
used to define a set of coverage criteria for sequence diagrams. They define
their version of the all-paths criterion and refer to it as the all-IRCFG-paths
criterion. An TRCFG path is a complete start to end traversal of the IRCFG
and corresponds to a complete start-to-end message path in a sequence diagram.
The all IRCFG-paths criterion requires coverage of all such paths.

In practice, full all-paths coverage cannot always be achieved because of
the possibility of an infinite number of start-to-end message paths. In all of
the above approaches Rountev et al. [29] are the only authors to consider
this problem. Their criteria assume that no cycles exist in the IRCFG thus
preventing this possibility. However, it is possible for the number of start-to-
end message paths to be finite and very large, making it still infeasible to achieve
this criterion.

Binder [6] presents a testing technique that considers a subset of all start-to-
end message paths in a sequence diagram. The technique involves converting the
sequence diagram to a control flow graph (CFG) and deriving test cases from
this graph. The coverage criteria he uses provides branch/iteration coverage
and is an extension of the traditional branch coverage criterion which can be
defined as follows:

Definition (Branch Coverage Criterion). A set of paths P satisfies
the branch coverage criterion if and only if for all edges e in the
control flow graph, there is at least one path p in P such that p
contains the edge e.

The test cases produced by the technique must satisfy the above criterion
and must provide the following iteration coverage:

Definition (Iteration Coverage Criterion). Given a test set T and
Sequence Diagram SD, for each loop L in SD, T must cause the loop
to be either bypassed or taken for the minimum number of iterations,
to be taken at least once and to be taken for the maximum number
of iterations.

Other coverage criteria based on the IRCFG are presented by Rountev et al.
[29]. Recall, an IRCFG consists of a set of RCFGs and a set of edges connecting
the RCFGs. An RCFG corresponds to a particular method call in the sequence



diagram and shows the sequence of messages that are invoked in response to
the method call. Rountev et al. [29] defines the all-RCFG-paths criterion that
considers all RCFG paths in an IRCFG. An RCFG path is a sequence of RCFG
nodes within some RCFG R, beginning at the start node of R and finishing at
the end node of R.

Definition (All-RCFG-Paths Criterion). A set of IRCFG paths P
satisfies the all-RCFG-paths coverage criterion if and only if P con-
tains all RCFG paths.

The following criteria is also proposed and requires coverage of all RCFG
edges rather than all RCFG paths.

Definition (All-RCFG-Branches Criterion). A set of IRCFG paths
P satisfies the all-RCFG-branches coverage criterion if and only if
for all edges e in each RCFG, there is at least one path p in P such
that p contains the edge e.

According to Rountev et al. [29] this criterion is equivalent to the one
proposed by Binder [6]. Finally, a weaker version of this criterion called the all-
unique-branches criterion is proposed. Since the same RCFG may appear more
than once in the IRCFG, each RCFG edge can appear more than once in the
IRCFG. These repeated RCFG edges are considered equivalent. The all-unique-
branches criterion requires that only one of these equivalent edges be covered
by an IRCFG path, regardless of how many times it appears in the IRCFG.

Definition (All-Unique-Branches Criterion). A set of IRCFG paths
P satisfies the all-unique-branches coverage criterion if and only if
for each edges u (up to equivalence) there is at least one path p in
P such that p contains the edge u.

With the exception of Rountev et al. [29], the authors do not provide formal
definitions for the above criteria. Instead, the coverage is specified as a more
general testing requirement.

A search of the literature revealed no empirical evidence demonstrating the
fault revealing capabilities of the criteria described above. The SeDiTeC tool
has been used in two industry projects [14]. But there have been no reports on
the outcome of the tool in these projects.

Rountev et al. [29] compare the proposed criteria according to testing effort.
The testing effort is measured by the minimum number of test cases needed
to satisfy each criterion. They discover that in order to satisfy the all-paths
coverage criterion, a large amount of test cases are required. This means that it
is infeasible to achieve such coverage. It is also found that the remaining criteria
require less test cases and thus less testing effort.

No studies could be found about how these sequence diagram criteria com-
pare with other UML-based coverage criteria.



3.3 Communication Diagram Criteria

A communication diagram was formerly called a collaboration diagram in UML
1.x [18]. There have been no criteria defined explicitly for communication di-
agrams but several exist for collaboration diagrams. Like a sequence diagram,
a collaboration diagram is an interaction diagram that illustrates the exchange
of messages between a set of objects. However, in a collaboration diagram the
emphasis is on the structural organisation of the objects that participate in an
interaction [7].

Table 3: Coverage Criteria based on Communication Diagrams

Author Criterion

Abdurazik and Offutt | Message Sequence Path Coverage

Andrews et al. Condition Coverage (Cond)

Andrews et al. Full Predicate Coverage (FP)

Andrews et al. Each Message on Link (EML)

Andrews et al. All Message Paths (AMP)

Andrews et al. Collection Coverage (Coll)

Wu et al. All Transitions Coverage

Wu et al. All Message Sequence Paths Coverage

Wu et al. All Content-Dependence Relationships Coverage

Various coverage criteria based on collaboration diagrams have been pro-
posed. One such criterion is the all message sequence paths criterion and re-
quires all message sequence paths in a collaboration diagram to be covered by
test executions. It is not always feasible to achieve full all message sequence
paths coverage as a collaboration diagram may contain an infinite or very large
number of message sequence paths. This criterion can be defined as follows:

Definition (All Message Sequence Paths Criterion). A test set T
satisfies the all message sequence paths criterion if and only if for
each message sequence path p in a collaboration diagram there exists
t in T such that ¢ causes p to be executed.

Wu et al. [31] present a set of criteria that can be used for integration testing
of component-based software. They propose two types of relationships that can
exist in a component-based system and describe ways in which to derive these
relationships from interaction diagrams and statechart diagrams. Omne such
relationship is the content-dependence relationship and an explanation of this
relationship can be found in [31]. They define the all message sequence paths
criterion along with the all transitions and all content dependence relationship
coverage criteria.

Definition (All Transitions Coverage Criterion). A test set T sat-
isfies the all transitions coverage criterion if and only if for each
transition ¢r in a collaboration diagram there exists ¢ in T such
that ¢ tests tr.



Definition (All Content Dependence Relationships Coverage Crite-
rion). A test set T satisfies the all content dependence relationships
coverage criterion if and only if for each content dependence rela-
tionship r derived from a collaboration diagram there exists ¢ in T
such that ¢ tests r.

Abdurazik and Offutt [1] propose a criterion which requires that for each col-
laboration diagram in a specification there is at least one test case that causes the
message sequence path of the collaboration diagram to be executed in the imple-
mentation. The authors state that this criterion is defined under the assumption
that there is one collaboration diagram per operation and the implementation
of an operation conforms to the collaboration. It is possible for a collaboration
diagram to contain more than one message sequence path. This possibility is
not considered by the authors. Their criterion is defined under the assumption
that each collaboration diagram contains only one message sequence path and
this assumption is not explicitly stated.

The second set of criteria defined by Andrews et al. [3] are those that
relate to collaboration diagrams. They define the condition coverage (Cond)
criterion. In a collaboration diagram it is possible to specify that messages may
only be executed under certain circumstances. This is achieved by associating a
condition with the message. The condition coverage criterion requires that each
condition in the collaboration diagram evaluate to both TRUE and FALSE.
Therefore there must exist a test case that causes the condition to evaluate to
TRUE and one to cause it to evaluate to FALSE.

Definition (Condition Coverage (Cond) Criterion). A test set T sat-
isfies the condition coverage criterion if and only if for each condition
¢ in a collaboration diagram there exists ¢1 in T such that t1 causes
¢ to evaluate to TRUE and there exists t2 in T such that t2 causes
¢ to evaluate to FALSE.

It is possible for a condition to be made up of more than one clause. These
clauses are combined using Boolean operators. The full predicate coverage (FP)
criterion requires that for each condition in the collaboration diagram, each
clause must evaluate to TRUE and to FALSE while all other clauses in the
condition take on values such that the condition and the clause being tested
evaluate to the same result.

Definition (Full Predicate Coverage (FP) Criterion). A test set T
satisfies the full predicate coverage criterion if and only if for each
clause c¢ in each condition in a collaboration diagram there exists ¢1
in T such that ¢ causes c to evaluate to TRUE and there exists ¢2 in
T such that t2 causes c to evaluate to FALSE while all other clauses
in the condition have values such that the value of the condition will
always be the same as the clause under test.

Another criteria defined in [3] is the each message on link criterion which
requires that for each link connecting objects in a collaboration diagram that
each message on that link will occur at least once.



Definition (Each Message on Link (EML) Criterion). A test set T
satisfies the each message on link criterion if and only if for each
message m on each link in a collaboration diagram there exists ¢ in
T such that ¢ causes m to be executed.

They also define the all message sequence path criterion and refer to it as the
all message paths (AMP) criterion. Lastly, they define the collection coverage
(Coll) criterion. The description of this criterion in [3] is very unclear and
difficult to interpret. Therefore, the following explanation and definition of the
the collection criterion is taken from [3].

Collaboration diagrams may specify communications with collections of ob-
jects. The collections can be partitioned into different domains, similar to the
partitioning of multiplicities of objects and relations in class diagrams. The
collection coverage (Coll) criterion requires that a collection in each domain be
instantiated at least once.

Definition (Collection Coverage (Coll) Criterion). A test set T sat-
isfies the collection coverage criterion if and only if T tests each
interaction with collection objects of various representative sizes at
least once.

Andrews et al. do not present an empirical evaluation of their proposed cri-
teria in [3]. But some evaluations of the criteria have been performed elsewhere.
Ghosh et al. [16] describe an approach to design testing that incorporates the
criteria defined by Andrews et al. [3]. They perform a single case study to illus-
trate the use of the criteria and compare the number of test cases required to
satisfy each of the criteria. They find that test cases have the ability to satisfy
more than one criteria. They do not provide empirical evidence of the effective-
ness of their approach. Using a case study, Kawane [22] perform an evaluation
of the fault detection effectiveness of the criteria proposed by Andrews et al..
Two models are used in the case study. The first model is made up of eight
use cases and their corresponding collaboration diagrams, and a class diagram
containing eight classes. The second model is made up of of nine use cases and
their corresponding collaboration diagrams, and a class diagram containing six
classes. These models are seeded with faults and test cases are generated to
satisfy the criteria. These test cases succeed in finding 8 out of 10 faults in the
first model and 9 out of 12 faults in the second model. These results cannot be
generalised as the two models used in the study are smaller and less complex
than typical real world models.

3.4 State Machine Diagram Criteria

Statechart diagrams are now called state machine diagrams in UML 2.0 [18].
They are based on finite state machines and model the life-cycle of an object;
they specify the states an object can go through during its lifetime along with
the transitions between the states [7].

One requirement of adequate testing based on statechart diagrams is that
all transitions in the diagram are covered by test executions. This is called the
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Table 4: Coverage Criteria based on State Machine Diagrams

Author Criterion

Chevally and Thevenod-Fosse | All Transitions Coverage

Kim et al. Control and Data Flow Coverage

Offutt and Abdurazik All Transitions Coverage

Offutt and Abdurazik Full Predicate Coverage

Offutt and Abdurazik Transition-Pair Coverage

Offutt and Abdurazik Complete Sequence Coverage

Wu et al. All Transitions Coverage

Wu et al. All Context-Dependence Relationship Coverage

all-transitions coverage criterion and is different to the all-transitions criterion
defined for collaboration diagrams in section 3.3. It can be defined as follows:

Definition(All-Transitions Coverage Criterion). A test set T satis-
fies the all-transitions criterion if and only if for each transition ¢r in
a statechart there exists ¢ in 7' such that ¢ causes ¢r to be traversed.

The all-transitions coverage criterion is proposed by several authors. Chevally
and Thevenod-Fosse [10] propose a testing technique for the generation of test
cases from statechart diagrams. The technique uses an adapted form of statis-
tical functional testing and the all-transitions coverage criterion as the testing
criterion. Wu et al. [31] make use of the criterion in their approach to integra-
tion testing of component-based software.

Offutt and Abdurazik [25] describe a technique for system testing and de-
fine several statechart based coverage criteria. They define the all-transitions
coverage criterion along with the full predicate coverage criterion, the transition
pair coverage criterion and the complete sequence criterion. Their criteria are
defined for change event enabled transitions. A transition between two states
in a statechart diagram may be annotated with a predicate (condition). This
specifies that movement from one transition to the other can only occur if the
predicate is true. The full predicate coverage criterion requires that each clause
in each predicate on each transition be tested independently.

Definition (Full Predicate Coverage). A test set T satisfies the full
predicate coverage criterion if and only if for each clause ¢ in each
predicate in a statechart diagram there exists ¢ in T such that t1
causes ¢ to evaluate to TRUE and there exists ¢2 in T such that t2
causes ¢ to evaluate to FALSE while all other clauses in the condition
have values such that the value of the condition will always be the
same as the clause under test.

The transition pair coverage criterion requires pairs of (adjacent) transitions
to be traversed.

11



Definition (Transition Pair Coverage). A test set T satisfies the
transition pair coverage criterion if and only if for each pair of adja-
cent transitions S;:S; and S;:Sy in a statechart, there exists ¢ in T
such that t causes the pair of transitions to be traversed in sequence.

A complete sequence is a sequence of state transitions that form a complete
practical use of the system [25]. It is not feasible to cause every complete
sequence to be taken as the number of complete sequences is usually very large
and in some cases it is possible to have an infinite number of complete sequences.
Therefore, the complete sequence criterion requires the expertise of the test
engineer to choose a subset of all the possible complete sequences. It is defined
as follows:

Definition (Complete Sequence). A test set T satisfies the complete
sequence criterion if and only if for each complete sequence s defined
by the test engineer there exists ¢ in T such that ¢ causes s to be
taken.

Offutt and Abdurazik [25] describe a tool that has been developed to gen-
erate test cases to satisfy the criteria and carry out an empirical investigation
of the criteria on a moderate system. The system is seeded with 25 faults and
test cases are generated using the developed tool to satisfy the transition and
full predicate criteria. Other test cases are generated by hand to satisfy the
statement coverage criterion. They find that the test cases satisfying the full
predicate criterion reveal all the seeded faults. They discover that the test cases
satisfying the transition coverage criterion perform marginally better than those
satisfying the statement coverage criterion.

Binder proposes several testing strategies that make use of the Flattened
Regular Expression (FREE) state model. The strategies involve applying con-
ventional state based testing criteria such as those found in [11] to the expanded
diagram.

Kim et al. propose a method for transforming state diagrams into a represen-
tation to which conventional control and data flow criteria can be applied. The
state diagram is first transformed to an extended finite state machine (EFSM).
An EFSM is a tuple that consists of a set of global states, an initial global
state and a set of global transitions. Test cases are generated using the follow-
ing proposed criteria: (a) path coverage, which requires all paths through the
EFSM to be covered (b) state coverage, which requires all states in the EFSM
to be covered and (c) transition coverage, which requires all transitions in the
EFSM to be covered. The extended finite state machine is then transformed
into a flow graph. Test cases are generated by applying data flow criteria such
as those found in [15] to the flow graph.

Wu et al. [31] propose the all context-dependence relationships coverage
criterion. It requires coverage of all the context dependent relationships de-
rived from a statechart diagram. For the explanation of a context dependent
relationship the reader is referred to [31].
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Definition(All Context Dependence Relationships Coverage Crite-
rion). A test set ¢ satisfies the all context dependence relationships
criterion if and only if for each context dependence relationship r
derived from a statechart diagram, there exists ¢ in T such that ¢
tests 7.

Abdurazik et al. [2] carry out a single experiment to compare the fault re-
vealing capabilities of test sets that satisfy sequence diagram criteria with test
sets that satisfy statechart diagram criteria. The all message paths criterion
[1] for sequence diagrams and the full predicate criterion [25] for statechart di-
agrams are the criteria used in this experiment. They find that the sequence
diagram test sets are better at revealing integration level faults than the stat-
echart test sets, and that the statechart test sets are better at revealing unit
level faults than the sequence diagram test sets. They also find that more test
cases are required to satisfy the statechart criterion than are required for the
sequence diagram criterion.

A study is conducted by Briand et al. [9] to compare the cost effectiveness
and fault detection effectiveness of various statechart based testing techniques.
The transition tree (T'T) criterion proposed by Binder [6] and the all transitions
(AT), the all transitions pairs (ATP), and the full predicate (FP) criteria pro-
posed by Offutt [25] are used in this study. The results of the study demonstrate
that when the AT criterion is used alone it does not provide an adequate level
of fault detection. It appears that the ATP criterion is very successful at de-
tecting nearly all the faults introduced but the drawback of using this criterion
is that it comes at a large increase in cost. It is found that the TT criterion is
not always cost effective; the FP is more expensive than the ATP but is just as
effective at revealing faults. Here, Briand et al. present a systematic procedure
for comparing these criteria, thus making it possible for similar studies to be
replicated in the future.

3.5 ACTIVITY DIAGRAM CRITERIA

Essentially, an activity diagram is a flow chart that shows the activities that
take place among objects. In an activity diagram the emphasis is on the flow
of control from activity to activity. Activity diagrams are special cases of state-
chart diagrams [7]. Therefore, criteria proposed for statechart diagrams can be
applied to activity diagrams.

Dinh-Trong [12] consider coverage criteria for activity diagrams. These cri-
teria are presented as a general discussion and not explicitly defined. They
suggest the all edge criterion which requires every activity edge of an activity
diagram to be covered during testing. These criteria have been adapted from
existing statechart diagram criteria.

Linzhang et al. [23] propose a gray-box coverage criterion based on activity
diagrams. They define a basic path as a complete path through an activity
diagram where each loop is executed either zero or one times. The set of all
basic paths is the set of basic paths that cover all action states and transitions.
They define the all basic paths coverage criterion.
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Definition (All Basic Paths Coverage Criterion). Let BP be the
basic path set of an activity diagram, a test set T satisfies the all
basic paths coverage criterion if and only if for each p in BP there
exists ¢ in T such that ¢ causes p to be traversed.

3.6 USE CASE DIAGRAM CRITERIA

Use case diagrams are used to visualise the behaviour of a system. They con-
sist of a set of use cases and actors and their relationships [7]. It is noted in
[28] that Winter [30] has proposed several coverage criteria based on use case
diagrams which are adaptations of the Myers’ criteria [24]. These are use case
step coverage, use case branch coverage, use case scenario coverage, use case
boundary body coverage, and use case path coverage. These are not discussed
further here as no other information could be found detailing these criteria.

Table 5: Coverage Criteria based on Use Case Diagrams
Author | Criterion
Winter | Use Case Step Coverage
Winter | Use Case Branch Coverage
Winter | Use Case Scenario Coverage
Winter | Use Case Boundary Body Coverage
Winter | Use Case Path Coverage

3.7 OTHER UML DIAGRAMS

There have been no criteria defined in the literature for the UML deployment
and component diagrams. Several new diagrams have been introduced in UML
2.0. These are the composite structure diagram, the interaction overview dia-
gram and the timing diagram. At present no criteria exist for these diagrams.

4 SUMMARY AND CONCLUSION

Recently, research has been carried out to investigate how UML can be used in
the testing phase of the software development process. As a result, a number of
UML-based coverage criteria have been proposed in the literature. These crite-
ria are based on coverage of elements of UML diagrams. In this report, these
UML-based criteria are surveyed. For each of the criteria a formal definition is
presented which is necessary to facilitate a comparison of the criteria. The re-
search on the comparison and evaluation of these criteria is also reviewed. It has
been found that relatively little work has focussed on empirically investigating
how effective the criteria are at detecting faults. Furthermore, no research has
been carried out to show how the various criteria relate to each other in terms
of the coverage they provide. Therefore, it is believed that these are important
topics for future investigation.
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