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Abstract. Finding and removing faults in the design phase can reduce
software development cost and time to market. Designs are typically eval-
uated using walkthroughs, inspections, and other forms of reviews that
lack the rigor of systematic testing techniques. This research proposes
a systematic approach to testing design models described by UML class
diagrams, sequence diagrams, and activity diagrams. An executable form
of a UML design model under test is exercised using generated input.
The expected behavior of a design under test is compared with the ac-
tual behavior that is observed during testing. Failures are reported if the
observed behavior differs from the expected behavior.
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1 Introduction

A number of studies show that the majority of software system faults occur in
the design phase [1]. Development time is wasted when faulty designs are im-
plemented. If a design fault is detected after the code has been written, both
the design and the code need to be changed. Furthermore, a small change in the
design sometimes leads to a significant change in the code. Hence, finding and re-
moving faults before designs are implemented helps reduce software development
cost and time to market.

The Unified Modeling Language (UML) [2] is an OMG standard language
for modeling object oriented systems. Software developers can use the UML to
describe designs at different levels of abstraction, from conceptual to detailed
design [3]. Because of the position of the UML as an industry standard, tackling
the problem of evaluating UML designs can lead to techniques that are widely
applicable. However, UML designs are typically evaluated using walkthroughs,
inspections, and other types of design review techniques that are largely man-
ual. These techniques are not effective when applied to complex UML designs.
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Reviewers need to manually track and relate a large number of concepts across
various diagrams, and the manual tasks can quickly become tedious and fault-
prone. Also, designs tend to change during the development process. Given that
complex UML designs are expressed using multiple views through multiple di-
agrams, such as class diagrams, interaction diagrams, statecharts and activity
diagrams, the effects of changes are sometimes difficult to assess during reviews.

We propose a dynamic testing approach in which executable forms of UML
design models consisting of class diagrams, interaction diagrams, and activity
diagrams are exercised with test inputs. The expected behavior of a design under
test is compared with the actual behavior that is observed during testing. Failures
are reported if the observed behavior differs from the expected behavior. The
proposed approach includes a set of design test adequacy criteria that are likely to
lead to test suites that have high fault detection rates. The approach also includes
a technique to systematically generate test suites satisfying these criteria. The
research questions we plan to investigate are:

1. What are design test adequacy criteria that are likely to lead to test suites
that have high fault detection rates?

2. How can test cases satisfying the criteria be systematically generated?

How can UML models be executed?

4. How can test executions and test results be observed? How can failures be
detected?

5. What types of faults can be detected by the approach?

@

2 Related Work

We first describe the current status of research on testing UML design models.
Then we present existing work on UML design execution. Finally, we summarize
UML-based test input generation approaches.

2.1 UML Design Testing Approaches

Andrews et al. [4] define two sets of UML design test adequacy criteria that
are based on coverage of elements in UML class diagrams and collaboration
diagrams. These criteria can be used to assess the adequacy of a test suite, and
also to guide the creation of new test inputs. Ghosh et al. [5] demonstrate in a
case study that test inputs tend to cover multiple coverage elements.

Pilskalns et al. [6] propose a graph-based approach to combine the infor-
mation from class diagrams and sequence diagrams. In this approach, each se-
quence diagram is transformed into an Object-Method Directed Acyclic Graph
(OMDAG). The OMDAG can be used to derive test execution paths and their
corresponding conditions, which are recorded in a table called the Object-Method
Execution Table (OMET).

Gogolla et al. [7] present a tool named USE to validate UML class diagrams
and OCL models using snapshots. A snapshot is an object diagram that rep-
resents system states at any time with objects, attribute values and links. Test



cases are used to demonstrate that snapshots can be constructed to obey con-
straints in the model. Invariants can be dynamically loaded and checked against
the snapshots. We will incorporate the USE tool to (1) check if the runtime state
of a system under test conforms to the specification, and (2) validate operation
pre- and post-conditions.

2.2 UML Design Execution Techniques

Executing UML designs with test inputs requires an operational semantics for
the UML. A number of techniques have been proposed to execute UML models.
Mellor and Balcer [8] use domain-specific model compilers to produce executable
UML models. Riehle et al. [9] propose a UML virtual machine that has the
UML as its instruction set and memory management facilities of an existing
Java Virtual Machine as the memory model. The advantage of using a virtual
machine is that UML models can be executed without being transformed into
another form. However, these approaches do not include test-specific details (e.g.,
test drivers and failure detectors).

Another technique for executing UML designs is to execute code that is gen-
erated from the model. Assuming that the code and model both contain the same
information, executing the code is the same as executing the model. Harel and
Gery [10] describe code generation from UML models consisting of class diagrams
and statecharts. Engels et al. [11] present a set of rules to generate code from class
diagrams and collaboration diagrams. Industrial tools such as Together [12] can
generate code skeletons from both class diagrams and collaboration diagrams.
The FUJABA tool [13] represents designs using class diagrams and a notation
called Story Diagram which combines statecharts and collaboration diagrams.
FUJABA translates story diagrams to skeletal Java code. Dinh-Trong [14] pro-
pose an extensive set of rules to generate skeletal code from models consisting of
class diagrams, collaboration diagrams and activity diagrams. None of the above
approaches generate test infrastructure code that supports systematic testing of
models.

2.3 UML-based Test Input Generation Techniques

Offutt and Abdurazik [15] define four levels of test coverage for UML state-
charts: transition coverage, full predicate coverage, transition-pair coverage and
complete sequence. The approach supports only simple states, enable transitions
and change events. Briand et al. [16] enhance the above approach to support call
and signal events, as well as five types of actions: call, send, assignment, create,
and destroy.

Abdurazik and Offutt [17] describe a set of test requirements based on col-
laboration diagrams for both static and dynamic evaluations.The authors define
a test criterion which requires that all messages in collaboration diagrams must
be sent at least one.

Scheetz et al. [18] develop an approach to generate system test inputs from
UML Class Diagrams. They first identify test objectives for class diagrams. An



AT planner is used to convert the test objectives into test input sets, which are
described as a sequence of system events.

Briand and Labiche [19] propose the TOTEM (Testing Object-Oriented Sys-
tems) system test methodology. Test requirements are derived from UML anal-
ysis artifacts such as use cases, their corresponding sequence and collaboration
diagrams, class diagrams and OCL expressions across these artifacts. The tech-
nique to derive test inputs from the requirements are left for future work.

Though the above approaches are described to generate inputs to test code,
we will adapt them to test design models. Most of the techniques, except [15]
and [18], only provide test requirements without describing how to derive test
inputs from the requirements. This problem will be addressed in our approach.

3 Overall Approach
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Fig. 1. Overview of the approach

The testing approach is applicable to models that consist of class, sequence
and activity diagrams. A class diagram characterizes a set of valid object configu-
rations. We require that operation pre- and post-conditions be represented using
OCL. An interaction diagram characterizes an interaction that takes place be-
tween objects. Activity diagrams define system behaviors that occur inside each
object (e.g., changes in attribute values). Such behavioral information cannot be
captured in sequence diagrams.

The activity diagram in Fig. 1 summarizes the overall testing process. Testing
begins when a tester selects a set of test adequacy criteria and provides the
UML design model under test (DUT) to the testing system. The testing system
generates a set of test cases for the DUT that satisfies the criteria. A test case is
a tuple consisting of two components: a sequence of system event S, and a prefix
P. Before a test is performed, the system under test is in an initial configuration
C containing a set of objects that can create any valid configuration of the DUT.



The prefix, P, is a sequence of system events, which is applied to the system in
the initial configuration to move it to the desired configuration in which testing
can be started. The actual testing is done by applying the sequence of events,
S, to the system under test.

The executable form of the design utilizes information in structural (class
diagram) and dynamic (interaction diagrams and activity diagrams) aspects of
design to carry out system operations defined in the design. The testing system
also adds test scaffolding to the executable form to automate test execution as
well as runtime failure detection. We call the combination of the executable form
of the design and the test scaffolding the testable form T"DUT'.

Testing is performed by executing TDUT with the generated test cases.
During the test execution, the effects of system behaviors modeled by interaction
and activity diagrams are observed in terms of changes in the configurations.
The configuration of the DUT is updated continuously during the test. If a
configuration produced during the test violates any constraint described by the
class diagrams, a failure is detected.

3.1 Generating Executable UML Design (EDUT)

Executing UML designs requires an operational semantics for the UML. In our
approach we use Java, a formal, executable language, to formally define the
execution semantics of the UML. We transform UML design models (DUT)
into executable Java programs (EDUT) that simulate the model. UML classes,
attributes, and operations are transformed into Java classes, state variables and
method declarations. UML association ends are also transformed into Java state
variables.

Sequence diagrams are transformed into partial method bodies. Messages
with call actions are transformed into Java method invocations. Messages with
create actions are transformed into Java object creation statements. Java con-
dition and loop structures are derived from message condition and iteration
notations, respectively.

We describe actions in activity diagrams using a Java-like action language.
This language has the semantics as described in the UML specification [20],
and has a subset of Java as its syntactical representation. Code generated from
activity diagrams is combined with code generated from sequence diagrams to
form complete Java method bodies.

3.2 Generating Testable UML Design (TDUT)

As mentioned above, test scaffolding is added to the EDUT to create the TDUT.
Test scaffolding includes test drivers and code to detect failures. Test drivers
consist of Java code to (1) create the initial configurations, (2) apply test inputs
to the system, and (3) execute tests. Code to detect failures checks the following;:

1. Are the variables in conditions (such as transition guards in activity diagrams
or message conditions in sequence diagrams) initialized?



. Are the parameters passed in method calls initialized?

. Does the target object of a message exists?

. Are the pre-conditions true before method execution?

. Are the post-conditions true after method execution?

. Is the configuration produced by the execution of an operation in the set
characterized by a class diagram?

O O W N

If any of the above check fails, a failure is reported. Our approach systemat-
ically adds code to the EDUT to perform the first three checks. The last three
checks are performed by delegating them to the USE tool [7].

3.3 Executing the test and detecting failures

The test execution is performed by applying test inputs to the generated program
(TDUT). The testing system maintains the runtime configuration. When testing
begins, the initial configuration is created. As the prefix and the sequence of
events are applied, the current configuration is updated. For examples, objects
and links are created or destroyed, and values of object attributes are modified.

During execution, the USE tool maintains its own representation of the object
configuration. When testing starts, the testing system signals USE to create its
representation of the initial configuration. Whenever the configuration changes,
USE is informed about the modification, so that both USE and the testing system
always maintain the same configuration. The testing system provides the USE
tool with the pre- and post-conditions specified in the OCL. The testing system
requests the USE tool to validate the pre-condition and post-condition of every
operation before and after its execution respectively. Also, after the execution of
any system event from the set S or P, the testing system signals USE to check
the object configuration against the class diagram constraints.

3.4 Generating Test Inputs

Our approach includes the a set of criteria to measure the thoroughness of test-
ing, as well as a technique to generate test input sets that satisfy the criteria. We
will use Andrews et al.’s [4] criteria for class diagrams and sequence diagrams
based testing. Given that both statecharts and activity diagrams are expressed
as flow graphs, we will also adapt existing statecharts based test requirements
([15] and [16]) to define test adequacy criteria based on activity diagrams. For
instance, transition coverage level in state-chart testing [15] suggests that we can
define an all-edge coverage criterion for activity diagrams, which requires every
activity edge to be exercised during testing.

We will generate test input from class diagrams using Scheetz et al.’s ap-
proach [18]. We will also adapt the OMDAG/OMET approach [6] to identify
execution paths on activity diagrams and sequence diagrams, as well as their
corresponding conditions as guidelines to generate test input. A technique to
derive test inputs from these guidelines will also be developed.



4 Initial Results and Reseach Plan

To date we have developed an algorithm to execute and observe UML design
testing. We have validated the fault detection ability of the algorithm using two
case studies. The algorithm was executed by hand. The case studies used two
models developed by students. The first model had 8 use cases, their correspond-
ing interaction diagrams, and a class diagram with 6 classes. The second model
had 9 use cases, their corresponding interaction diagrams, and a class diagram
with 8 classes. We seeded faults into these models. Using our algorithm we were
able to detect 8 out of 10 faults in the first model, and 5 out of 9 in the second.

We have built a tool that can read UML models in XMI format and produce
Java programs (EDUT) that simulate the models. We are in the process of
developing a tool that can transform the EDUT into a TDUT that incorporates
the USE tool. We will use this tool to find the fault types that can be detected
by our approach.

Our next task is to define test adequacy criteria based on activity diagrams
and develop a technique to generate design test inputs. We will also conduct
experiments to validate the effectiveness of our approach in detecting design
faults.

5 Conclusions

We will deliver a dynamic approach to design testing. The methods and tools
produced by our research could have a large impact on how UML designs are
validated. We expect that our testing approach will help reduce the software
development cost and time to market. Developers using our technique will detect
more faults in less time than traditional review techniques. The approach will
enable testing for consistency across multiple design views; this is especially
important when views evolve during the course of software development. Our
technique for test input generation from design artifacts may also be used as the
basis for generating inputs for testing implementations.

Our research will deliver a set of formal UML execution semantics described
in Java, which can be used to build tools to animate the behavior specified in
UML models. Such tools can help students learn concepts in modeling and use
of the UML by enabling them to visualize model behavior.
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