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Abstract. For incremental iterative software development processes, automated testing is
necessary to enable evolution not only in terms of functionality, but in terms of software
quality as well. Automation requires models to provide the necessary information. Scenar-
ios and use cases do not only feed requirements engineering, they may also be the basis
for testing. They have to be enriched by detailed behavioral information in order to be
used for statistical test case generation. This paper introduces an approach for generating
system-level test cases based on use case models and refined by state diagrams. These
models are transformed into usage models to describe both system behavior and usage.
The method is intended for integration into an iterative software development process
model. The resulting test cases are suited to be carried out in conventional ways, i.e., ei-
ther manually or using test tools. The method is supported by an XML-based tool for
model transformation.

1 Introduction

Object-oriented modeling techniques using the UML play an important role in commercial
software development [18]. Comprehensive testing is considered an obvious prerequisite for
high software quality. The definition of test cases is a particularly demanding part of every
development process. Currently, there are no established methods for the systematic generation
of test cases based on UML models. Increasing the efficiency of obtaining test cases and cov-
erage achieved by test cases, will increase quality and productivity and reduce development
time as well as costs. Furthermore, the use of UML models for purposes of generation encour-
ages more extensive modeling. The information described in these models is of great use to
requirements specification as well. The result is a threefold benefit: generating test cases with
high efficiency and quality, more detailed information for requirements engineering, and —
motivated by the more intense exploitation of the models — an encouragement for developers
towards more in-depth modeling and precise maintenance of models.
There are different categories of tests:
¢ methods for black box and white box testing, depending on whether or not the software’s
internals are known and used as input for defining test cases,
¢ the distinction of unit, component, and system testing, specifying the level at which testing
occurs,
o tests classified by their aim, as distinguished by statistical, reliability-oriented testing vs.
testing aimed primarily at fault detection.
For a detailed discussion of testing techniques, see, e.g., [10] and [11].



In this paper, an approach aiming for automated generation of test cases based on UML
models is explained. It allows for the systematic transformation of a use case model of a soft-
ware system into a usage model [19]. The usage model serves as input for automated statistical
testing [16]. This way, the approach spans the chasm between requirements engineering and
reliability engineering as motivated by [15]. It is characterized by the following features:

o [t is usage-oriented and specification-based, thus performing black box testing.

o It is intended for system-level testing, since a given specification usually describes the sys-
tem’s overall functionality rather than that of units or components in isolation.

o [t aims at statistical (reliability) testing rather than fault detection.

The approach is based on three major concepts, namely, an iterative, UML-based software
process model, usage models, and statistical usage testing. A brief consideration of the basic
concepts is featured in Section 2. The method for generating test cases based on UML models
is described in Section 3. The approach focuses on state-based, interactive rather than data-
processing systems. The method is supported by the tool UsageTester [7] that exchanges model
data with other development tools via XML. Currently, the approach is being applied in an
industrial project within the insurance domain. During this work, the method is refined and,
possibly, extended in order to be applicable to large and complex systems. Remarks concerning
this and pointers to works dealing with possible extensions and alternative approaches are
provided in Section 4.

2 Fundamental Considerations

In this section, the three major concepts involved in the approach are described briefly. Each
concept corresponds to a specific modeling step, as shown in Fig. 1 (This diagram is an exten-
sion of the one shown in [16]).
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Fig 1. Modeling domains within a software design

The approach described in this document focuses on systematizing or even automating the
indicated steps in the process to the maximal extent feasible. (Fault detection is set in parenthe-
ses since statistical usage testing focuses on reliability measures and can identify errors only
coarsely.)



2.1 Iterative Software Development

During software development, not only the customer’s requirements change, but the run-time
environment, organizational environment, and legal regulations change, too. Moreover, re-
quirements are often incomplete or partially uncertain, or require elaboration during develop-
ment. Therefore, the development process needs to be iterative. Both the software architecture
and the source code have to be changed frequently to accommodate the changing requirements
and constraints.

Integrating the changes without introducing errors is a strong challenge for software devel-
opers and project managers alike. Both of them have to ensure that every iteration of the de-
velopment process leads to progress in terms of functionality without loss in terms of software
quality. To control projects, models for software development processes have been introduced.
Waterfall-like models have proven inadequate in practice [9]. Therefore, iterative process
models, such as the spiral model, have been developed.

Below, a development process model is shown, which:
¢ has been adapted with respect to the characteristics of object-oriented design using the UML

and
o focuses on use cases models and architectural decisions.

The following important properties of software development processes (e.g. [9]) are taken
into consideration by this model:

e The processes are iterative and consist of increments or milestones (the progress of projects
has to be visible).
e They are evolutionary and should be event-oriented (reacting to new requirements).

An iterative model for software development processes (Fig. 2.) can be represented by a
kind of spiral staircase [22]. Each cycle corresponds to a single iteration. A step can be inter-
preted as an increment. The people involved in the project have different views on a software
project, depending on their specific role within the project. In this paper, view-related problems
(see [22]) are not discussed in more detail.

The first four steps are use-case-oriented while the last four are architecture-oriented. At
each step, a main activity has to be performed. The results of the activities can be described
almost completely by UML diagrams. The final targets of main activities are a detailed use
case specification and modelling and the definition and modelling of architectural aspects.

The steps belong to different processes (see Fig. 2). Individual activities of these processes
occur either in sequence or in parallel during the software development. During early itera-
tions, activities related to requirements and modelling dominate, whereas in late iterations,
activities concerning conversion and introduction are dominant. During all iterations, the mod-
elling process and its results are relevant for:

e comparing requirements with models and model reuse,
e integrating late requirements into models and generating model-based source code, and
o qualifying models during conversion and introduction.

All activities of the development process have to be accompanied by quality assurance ac-
tivities, such as inspections, reviews, and tests. To ensure the overall efficiency of the process,
these activities have to be both highly effective and of low effort.
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Fig 2. UML-based process model for software development

The UML offers a standardized set of diagrams which can also serve as a basis for system-
atic (and even partially automated) generation of test cases. This specifically refers to, e.g., use
case and state diagrams.

Use case diagrams describe the required functionality of a system in interaction with its en-
vironment (external actors) and define its border. A single such diagram comprises several to
many scenarios, i.e., possible sequences of interactions between the system and actors. Use
cases are often detailed beyond the (limited) scope of use case diagrams using proprietary
textual notations, to specify, e.g., exceptions to the “normal” behavior and specify the control
flow. Their relevance for testing can be considered as follows:

o Use case diagrams define the required functionality from an external point of view and thus
provide information relevant for black box testing.

e Each actor may form the basis for a different usage model and thus different testing criteria
(Section 2.2).

e Use case diagrams help determine the frequency of use of specific use cases, knowledge that
is required for statistical usage testing (Section 2.2.).

However, use case diagrams are but a rather simple means of formalization and limited re-
garding the level of detail expressed.

State diagrams are state charts in an adapted Harel notation [8] which describe the behavior
of a class or an object. In our approach, we decided to use state diagrams instead of activity
diagrams, even though the later are recommended by many UML-based process models for
specifying use cases for the following reasons:

o State diagrams comprise all possible scenarios for a given object and appear suitable for
direct transformation into a usage model (see Section 2.2). However, unless a single state
diagram is used to describe the behavior of an entire component/system, the scope of result-
ing usage models will be limited to the corresponding class and thus unit testing.

o Forming the basis for comprehensive code generation, state diagrams may be isomorphic to
the corresponding program code, facilitating the location of errors found during testing in
the dynamic model.



e Again in combination with code generation, state diagrams allow the animation of the state
transitions taken during the execution of an executable model and thus (interactive) white
box testing.

e As practiced by a number of available tools, state diagrams are the basis for automated
model checking (a type of constraint-based white box verification approach), provided that
appropriate constraints have been defined.

Summing up, the UML use case and state diagrams are of particular interest in the context
of this paper. Other UML diagrams for behavioral specification, such as sequence diagrams
and collaboration diagrams, focus on classes and objects, which is why they are incompatible
with system-level specification as applied by our approach.

On a side note: albeit rare, efforts have been made to conduct tests of OO-modeled software
based on information other than that that depictable by use case and state diagrams. Although
not in direct reference to UML, e.g., [5] describes an approach analyzing a software system’s
0O structure using relational database representations, determining state/transition classes,
constructing a data flow graph and applying data flow analysis techniques to that. The ap-
proach focuses on integration testing, too.

Use case diagrams will form the starting point of the proposed approach since that way the
advantage of concurrent software development and test planning provided by a usage model is
maintained (see Section 2.2).

We consider the tool-supported generation of test cases based on UML model information
as a promising approach. In iterative processes with frequently repeated testing activities set
apart by only minor changes, (semi-)automatic generation of test cases and (semi-)automatic
testing is of special value.

The activities of the approach described in this paper have been incorporated into the itera-
tive process, as shown in Section 3 (Fig 3).

2.2 Statistical Usage Testing and Usage Models

Statistical usage testing is a system-level technique for ascertaining that software products
meet a certain level of reliability ([16], [19]). These and other assessments allow for secondary
measures to be determined, such as software readiness and, eventually, a low-risk decision on
delivery of the software to the customer.

Statistical usage testing is based on the idea that different parts of a program don’t need to
be tested with the same thoroughness. There is the (in)famous 90-10 rule stating that typical
software spends 90% of the time executing 10% of the code. That means, different portions of
software are executed with a higher frequency than others. Statistical usage testing aims to
identify these portions and adjust test suites accordingly, subjecting more frequently executed
sections of code to more thorough testing.

Since the number of test cases a system can be subjected to is infinite, sampling techniques
are required to select an adequate set of test cases. A common sampling technique in the con-
text of statistical usage testing is usage analysis and modeling. Usage modeling defines usage
profiles as so-called usage models.

Commonly, only successful scenarios are subjected to statistical testing. However, even
negative test cases can be derived by scenarios describing the behavior with invalid input data.
These cases can be accommodated by usage modeling as well.



Usage Models: “A software ‘usage model’ characterizes operational use of a software sys-
tem. ‘Operational use’ is the intended use of the software in the intended environment, i.c., the
population from which a statistically correct sample of test cases will be drawn.” [19]. Usage
models use the so-called usage profiles to describe how a software system can be used by dif-
ferent users and how likely different uses in different ways. They are based on the functional
and usage specification for software. This information can be acquired even before the imple-
mentation has started. As a result, software development and usage modeling efforts become
independent, thus allowing for test planning to occur in parallel with or even prior to software
development, reducing overall development time and providing additional information for the
developer. Fig 6 shows an example.

Usage models resemble finite state machines with transitions weighted with probabilities.
The resulting model typically is a Markov chain (although other notations, such as graphs and
formal grammars, can be used alternatively) describing the state of usage rather than the state
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Fig 3. Activities of the proposed approach within the software development process

Markov chains have a unique start and a unique final state representing invocation and ter-
mination of the software. Intermediate states resemble usage states interconnected by transi-
tions (unidirectional arcs in a graphical representation). The Markov property requires inde-
pendence of the next state from all past states given the present state.

Once the structure of a usage model has been determined, probabilities are assigned to all
transitions, based on the expected usage of the software. The probabilities of all transitions
“leading away” from a state need to add up to 1.

Often there are several categories of users (in UML use case diagrams, these are depicted as
actors) a system may interact with, and even several sub-categories per individual type of user
identified by secondary criteria, such as experience. A single usage profile typically will not
suffice to account for the resulting differences. Instead, several distinct usage models will be
created.

A detailed, general methodology for defining usage models of software systems is described
in [19].



3 Derivation of Usage and Test Models Based on UML Diagrams

In this section, step-by-step instructions are given describing a possible approach, which sys-
tematically leads from given use case diagrams to a basis for automatic generation of test
cases. The activity diagram (Fig. 3) shows the sequence of activities in the context of the soft-
ware development process. For illustration purposes, a simple example taken from a library
project is used. A more detailed example discussed in [6].

3.1 Refining Use Cases

Starting out with the definition of use cases, a simplified overall view of the system’s required
functionality is constructed. Due to expressional limitations, use case diagrams are by them-
selves of little use — unless the individual use cases are refined in a commonly textual fashion.

The goal of systematically deriving usage models for a software systems requires that dy-
namic aspects are modeled from a usage-oriented point of view, in particular the system’s
interaction with the environment, i.e., its response to stimuli; internal reactions are relevant
only as long as they yield outbound results.

A well-suited tabular template for textually refining use cases was first published in [2] and
has been adopted in, e.g., [3]. The idea behind this textual notation is to obtain a single, com-
plete description of a use case by specifying and mutually relating all of the scenarios it in-
cludes. Furthermore, pre- and post-conditions define the usage state before and after, respec-
tively, the execution of the “procedure” the use case resembles. The inclusion of sub-use-cases
within a use case allows hierarchical relations among use cases. A version of the use case tem-
plate (Table 3.1.) extended by actors and invariants is shown in Fig 4; a more illustrative ex-
ample of a filled-in use case template is given in Fig 5.

The template as introduced in the previously mentioned works needs to be extended for
multiple conditions:

e Multiple pre-conditions: pre-conditions define the context, i.e., usage state, in which a use
case may be executed; this extension allows for multiple contexts.

e Multiple post-conditions: a single use case can lead to several possible post-states (via varia-
tions and/or extensions); the post-conditions may differ depending on which scenario ap-
plies. For later use, multiple post-conditions should be numbered, and the scenarios’ defini-
tions should make clear to which post-condition they point to.



Table 3.1. Template for refining use cases

Name identifying the use case.

Goal describing the overall purpose of the use case

Actors involved in the use case.

Pre- needed to be matched in order for the use case to be “executed.”
conditions

Post- describing the usage state after the “execution” of the use case.
conditions

Invariants | Conditions or state attributes that hold both when the use case starts and
throughout its course.

Main Describes how the use case’s goal can be achieved as an enumeration of
Success alternating stimuli and responses of the system, starting with the stimulus
scenario triggering the use case.

Variations | An alternate course of action which, unlike what is named “extensions” below,
is still within what resembles normal parameters for the use case. Variations
are specified by referring to the respective step’s number in the enumeration of
the main success scenario and refining the step with one or more alternative
steps.

Unless explicitly stated otherwise, the variation replaces the step in question,
and the scenario continues with the following step in the main success scenario.
Nested variations can be specified by further sub-references.

Extensions | A scenario in response to exceptional circumstances (e.g., invalid input data).
Its specification adheres to the same formalism as that of variations described
above.

Included | A list of other use cases used by this one (usually those referred to via

use cases | <<includes>> arcs in use case diagrams).

One such use case template has to be filled in for each of the use cases. The granularity of
the scenario specifications defines the granularity of the tests the approach eventually leads to,
i.e., a scenario step resembling a stimulus will be turned into an atomic test input and a sce-
nario step describing a response will become an atomic observable response.

3.2 From Use Cases to State Diagrams

During the next step the use case templates are transformed into state diagrams.

The goal of deriving test cases based on usage models requires a more graph-like represen-
tation of the usage-oriented view. State diagrams form a suitable intermediate step for two
reasons:

o their view is state-oriented and thus suitable to represent different states of usage,
o the prototype of state transitions is a trigger, that is, a stimulus causing the modeled system
to change its state.

The introduced use case template has been enhanced to support the systematic derivation of
a state-diagram-based usage specification. Detailing the use case is to be done by hand, but the
following transformation can be automated by this approach.



Table 3.2. An example of a filled-in use case template

Name Lend a book

Goal Lend a book of this library to a user of this library for a limited time.

Actors Librarian

Pre- The library system is running. The user is a valid user of the library.

conditions

Post- The book has been lent to the user. A due date for its return has been

conditions | defined.

Invariants | None.

Main 1) The librarian opens the user selection dialog, the selected user is shown.

Success 2) The librarian opens the lending dialog for selecting a book, the return

scenario date is shown. 3) He confirms the operation. 4) The system marks the
book as lent and adds it to the lent-book-list of the user.

Variations | None.

Extensions | 2a) The user has to pay a fee or a fine. 2al) The system displays a message
that no new lending procedures are allowed before all due payments have
been fulfilled, and switches to the cashing dialog. 2a2) After successful
payment, the system returns to the book lending dialog. 2a3) If not
successful, the system displays the user selection dialog.
2b) The book of interest is already lent or is for reference only. 2b1) The
system displays a message and returns to the book selection dialog.
3a) The librarian cancels the operation. 3al) The system returns to the
book selection dialog.

Included Display books lent by a user;

use cases Collect payment from a user.

The idea (which bears some resemblance to the approach discussed in [3]) is to model each
use case in a separate state diagram and anchor those diagrams in a top-level diagram. This
top-level diagram resembles a framework in which use cases can be “executed” depending on
their pre-conditions, and in which additional global usage states, extrapolated from all of the
use cases’ pre-conditions, can be switched among, again by means of use cases. A top-level
state diagram (or a hierarchy of such, for more complicated systems) is constructed by adher-

ing to the following guidelines:

o From all pre- and post-conditions of all use cases, global states of usage are extrapolated. In
this context, “states of usage” refers to the user-system relation. For example, in an interac-

tive GUI-based application, such states might represent different menus.

e Use cases’ state diagrams appear as placeholders, meaning that only their state border and
name are included, referencing the actual state diagram. Inside these, diagram connectors
corresponding to the post-conditions are drawn. A diagram connector is a symbolic refer-
ence to another occurrence of the same symbol in another diagram, allowing for connections
among separate diagrams. This mechanism is an extension of UML state diagrams. Connec-
tors allow separate state diagrams per use case rather than one complex diagram and benefit
modularization/reuse (improving readability and avoiding mistakes). Variations and exten-
sions of use cases leading to additional post-conditions in refined state diagrams frequently

supply additional diagram connectors.




e Each of the use cases’ place-holding states receives inbound transitions from all of the
global states representing pre-conditions of the use case in question. The trigger of each
transition is the main success scenario’s first step (i.e., the stimulus triggering the use case’s
“execution”). If there are multiple triggering stimuli, a separate transition needs to be in-
serted for each of the stimuli.

e The diagram connectors within the use cases’ place-holding states are to be connected to the
global system states corresponding to the post-condition resembled by the diagram connec-
tor in question. These transitions are automatic transitions (and will be subject to further
transformation later on).

o Initial and terminating transitions are added, representing the software’s activation and ter-
mination respectively.

Select User Screen
Book selection
@—{ /Entry: the user is Q
subscribed to the @ 2
library

. /

e
Updated status and lists

@6 Confirm
the book is added to the lending ...
users’s lent-book-list

termination

Fig 4. Top-level state diagram for the use case example of Table 3.2. The diagram connector with number
2b has been used to represent the extension 2b

To account for different actors and thus different usage profiles, it is recommended to create

a separate top-level diagram for each actor. This way, the independent usage profiles that are

represented by the separate top-level state diagrams can be refined independently, retaining and

building upon the common specification derived during the previous steps (see Section 3.4).

Fig 4 shows a possible top-level diagram for an incomplete pseudo-application the sample use

case in table 3.2 might belong to.

Drawing on its filled-in use case template, each of the use cases is transformed into an indi-
vidual state diagram by following the guidelines below:

e Modeling the main success scenario as state diagram: System responses are turned into (flat)
states, stimuli become triggered transitions. States and transitions are named and labeled in a
fashion that helps correlate them with the corresponding entries in the respective use case’s
template,

e Variations and extensions are incorporated by adding more states and transitions, possibly in
subordinate state diagrams.

o Each of the different post-conditions becomes a diagram connector with which only inbound
transitions are allowed to be connected. Note that it is legal to have multiple transitions con-
nect to the same diagram connector since these markers will at a later stage be replaced by
higher-level states.

e Pre-conditions are not modeled inside the respective use case’s state diagram, and neither
are stimuli that are main scenarios’ first steps (unless there are variations and/or exceptions



of the first step in the main success scenario, in which case the diagram’s initial transition

may be split using a conditional fork).

e Observable system actions are modeled as (entry) actions in the corresponding states.

Fig 5 shows the refined state diagram for the library example. The diagram connectors refer
to the diagram of Fig 4 and to the extensions in Table 3.2.

The result of this step is a hierarchy of state diagrams and a higher degree of formalization.
The use cases are now tied together via a top-level state diagram. Another advantage of using
state diagrams as an intermediate step consists in that, if desired and feasible, given the struc-
ture of the system, separate usage models could be created per state diagram, allowing for
application of the approach at a component rather than the system level.

reference only

Book selection
No lending ...

Collect
payment ...

SUCCESS

Fig 5. Refined state diagram for the use case example of Table 3.2

3.3 From State Diagrams to Usage Graphs

In this step, top-level state diagrams are transformed into usage graphs. A usage graph has a
single starting and a single final state. Further states represent usage states. Transitions between
states are labeled with the user action causing the transition to be taken or, as an extension of
the general concept, €. Epsilon transitions are transitions taken automatically, introduced to
allow transitions between usage states without external stimulus (for a more detailed discus-
sion, see [6]). The necessity of their introduction will become apparent below.

Top-level state diagrams can be transformed into usage graphs adhering to the following
guidelines:

e Flattening of state diagrams is done by recursively including subordinate state diagrams
which have so far been substituted by placeholders. The diagram connectors introduced as
placeholders for higher-level states corresponding to a certain post-condition are replaced by
the higher-level states they symbolize. Subordinate states’ initial transitions are replaced by
the arc(s) leading to the respective state in the higher-level diagram. State labels should be
iteratively prefixed with the state diagram’s name (as determined from the corresponding
use case) to avoid name clashes. The result will be a state diagram without hierarchical
states and diagram connectors.



e Stimuli are unified, i.e., all occurrences of the same stimulus are replaced by a symbol
uniquely representing that stimulus. This leads to a more readable graph.

e Automatic (i.e., unconditional) transitions are replaced by transitions with ¢ as trigger. The
alternative would be to remove those states from which automatic transitions extend and as-
sign their inbound transitions their state actions as transitional actions. The epsilon approach
enhances readability and correlation of the usage graph with the state diagrams it was based
on. Besides, it avoids merging the modules represented by state diagrams and thus blurring
their borders.

o The initial transition of the top-level diagram is replaced by a state named Software Not
Invoked, resembling the as yet uninvoked (part of the) application, and a transition leading
from there to the target of the original initial transition. The new initial transition is assigned
a dedicated symbol representing activation of the (part of the) software.

e The terminal state is replaced by a state named Software Terminated in a way equivalent to
that specified for the initial transition. Likewise, a symbol resembling termination of the
software is assigned to the respective new transitions.

e There must be no dead-end (i.e., states without any outgoing transitions) or unreachable
states. If any are found, iterative revisions will be required.

e State actions are kept in place. Since the labeling of usage graphs’ states is arbitrary, they
may be considered a part of a name or comment and in any case allow for later identification
of the expected system output when a certain usage state is reached.

An illustration of how a usage graph of the example used above might look like is given (as

a completed usage model derived without further modifications from the usage graph) in the

following Section.

3.4 From Usage Graphs to Usage Models

To obtain usage models the probability distribution of the expected use of the software with
respect to the usage profile represented by the usage graph must be determined. There is no
general systematic approach for deriving that. It needs to be determined in conscious evalua-
tion of the modeled usage graph, the given specification, discussion with the customer, etc.

The probability of some outbound transition of a usage state may be found to vary depend-
ing on previous uses of the system. Since this is in violation of a usage model’s Markov prop-
erty, the state in question and all dependent states need to be replicated and connected so that
historic dependencies are resolved and, eventually, all of the usage graph’s states’ invocation
probabilities depend only on the neighboring preceding state. Additionally, different sub-
categories of users represented by a single actor may need to be distinguished by criteria such
as experience.

This would make it recommendable to fork off separate usage models at this point, each re-
fined and weighted according to the probability distribution most appropriate for the user pro-
file in question. For guidelines concerning the commonly iterative cycle of assigning transition
probabilities, see [19]. An approach for systematically determining transitions probabilities
using objective functions derived from structural and usage constraints is introduced in [20].
As a basic means of verification, the sum of all transitions originating from one state must be
equal to 1. The (outbound) transition of the state Sofiware Not Invoked is taken with probabil-
ity 1, and so are epsilon transitions. Each state must have a next state (the next state of Soft-
ware Terminated implicitly is Software Not Invoked).
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Fig 6. Possible usage model for the library example of Table 3.2. The usage model has been derived
without modifications from a usage graph created in adherence to the guidelines given in section 3.3., 3.4

3.5 From Usage Models to Test Cases

Based on a usage model, it is possible
e to produce data that can be used throughout the project’s life cycle [21] for test planning and
e to derive statistically valid samples of test cases.

Usage models are predestined for random testing. The basic prerequisite for random testing
and initial test suite is the minimal arc coverage suite (see [14]): a sequence of transitions trav-
ersing the model in as small as possible a number of steps, a sequence which can be deter-
mined automatically. During the determination of the sequence as well as during the generation
of random walks later on, epsilon ( € ) transitions can be silently ignored (i.e., left out from the
resulting sequence of stimuli) since they are taken automatically by the software, and their
coverage is ensured by covering all other arcs (since all states are reachable (ensured in turn by
assigning only probabilities greater than zero)).

For instance, a minimal arc coverage suite for the example used in this chapter (Fig 6) is

S UROK NA OK P /PM U P PM C U /P OK achieved by a single run of the ap-
plication.

After the minimal arc coverage suite has been passed, random test cases are generated. Each
test case is a random traversion of the usage model with the choice of which exit transition is
taken at any given state determined by the probabilities attached to the states’ arcs. A random
test case for the example might, e.g., be resembled by the sequence S U P /PM U P PM
OK.

During the execution of test cases, the correctness of the behavior of the software in re-
sponse to events in the sequence is recorded as either “pass” or “failure,” in the later case also
recording the test case number and transition that led to the failure. Depending on the severity
of failure, it can be treated as a “stop” or “continue” failure, causing the test case to be either



stopped or continued, respectively. Failure data and usage model analyses can be used in con-
junction to produce metrics for test sufficiency and product quality [21].

Two basic measures for test sufficiency are resembled by state and arc coverage. Both cov-
erage criteria are determined by the probability distribution in the model. Additionally, a de-
terminant can be computed reflecting the similarity between expected and tested use [22]. It is
up to the test engineer to decide what threshold value it needs to have reached before testing is
considered sufficient.

Other measures obtainable from test results concern product quality, expressed as, e.g., the
Mean Time Between Failures (MTBF).

4 Related Works

While incompatible with this approach and outside the scope of this document, a number of

works dealing with the generation of test cases based on UML state diagrams have been pub-

lished and shall briefly be described and referenced below. Note that none of these works use

state diagrams to derive usage models, but rather all of them focus on obtaining test cases di-

rectly from state diagrams.

e [15] motivates the combination of scenario-based requirements engineering with verifica-
tion and validation. It discusses benefits and strategies. Our approach adheres to the recom-
mended transformation strategy.

o [3] inspired this work by employing use case templates as described before to refine use
cases and transforming these into state diagrams. The further procedure, however, involves
formulating and solving a STRIPS [4] planning problem based on the state diagrams.

e The approach described in [10] flattens and transforms state diagrams into extended finite
state machines (EFSMs) and in turn transforms those into flow graphs to which conven-
tional data flow analysis techniques can be applied.

e [1] describes an approach transforming state diagrams into transition tables, enumerating
transition predicates, and deducing test cases satisfying various coverage levels.

An alternative usage-centered approach to testing without reference to UML notations is in-
troduced in [14]. It starts out with given textual requirements for a software system, derives
canonical sequences of stimuli, and constructs a usage model from those.

5 Conclusions

The described procedure resembles a baseline approach to the goal of automated generation of
test cases based on UML models. By combining scenario-based requirement descriptions with
system behavior descriptions for test case generation, the approach offers three major benefits.
Firstly, it increases the efficiency with which test cases are generated. Based on this fact, it
supports iterative development processes by reducing testing efforts. Secondly, it presents a
way of refining use case diagrams using state diagrams and usage information thus, supporting
requirements engineering. Thirdly, it encourages developers to develop more detailed models
by offering (potential) tool support in both modeling and model-based generation.



An additional benefit of applying the approach aside from obtaining test cases systemati-
cally, is its rather formal and (in the authors’ opinion) easily comprehensible documentation of
the software’s usage and interactive behavior. This fact can be considered a slight reduction of
the overhead testing imposes on the software design process. Furthermore, the resulting re-
finement shall be the first step of defining a fine-grained model of system behavior, leading to
a methodology of model-based software construction as an aim of newer works.

Even though the approach described is UML-based primarily in its evaluation of use case
diagrams, it uses state diagrams as a UML notation to facilitate the creation of usage models.
The usage-oriented nature of usage models and statistical usage testing, limits the extent to
which information relevant to testing can be derived from state diagrams created during the
actual development process of the software. In the authors’ opinion, it is still justified to con-
sider the approach UML-based since use case diagrams and refinement of use cases obviously
are integral aspects of a UML-based development process.

The approach described in this paper is implemented in the tool UsageTester [7] to provide
a proof of concept and to support the method’s application. As a result of current industrial
projects, further refinements will certainly be necessary. In the following, some potential issues
are listed:

e Transforming refined use cases into state diagrams and extrapolating a global framework of
additional states resembling user-system configurations should work well for single-
threaded applications. However, dealing with concurrencies will complicate the process and
require refinement and, possibly, extensions of the procedure.

e The Markov property of usage models requires that the next state in a sequence of interac-
tions depend only on the present state. This means that different software states for the same
usage state must not cause the next usage state to be different. If such dependencies exist in
a software subjected to usage modeling as described in the approach, the internal state and
its consequences need to be propagated to the usage view of the system, i.e., considered
from the process of refining use cases onward. How such dependencies can be detected and
appropriately incorporated will require further analysis and refinement of the described ap-
proach.

e The procedures for extrapolating additional usage states to add to top-level state diagrams
and separating initial and final steps in a scenario (as detailed using the use case template)
from pre- and post-conditions, respectively, need to be refined and formalized. Although the
approach is not completely automatable, it should at least be automatable in part. Obviously,
the generation of random test cases can easily be automated. Furthermore, the transforma-
tional steps leading from state diagrams to usage graphs and the replication of sub-graphs of
a usage model in order to eliminate run-time history dependencies should be possible to be
aided by software. The details of how these automations might be implemented will require
further analysis.

e Flattening state diagrams leads to complex structures. For cases exceeding current limits,
methods for hierarchically structuring usage profiles have to be developed.
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