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Abstract

Model-Based Testing (MBT) constitutes a number of technologies, methods, and approaches, with the aim
of improving the quality, efficiency, and effectiveness of test processes, tasks, and artifacts. This entry
examines the use of MBT to solve problems and answer challenges in the field of test automation, test
quality improvement, and test efficiency. It reviews the application of MBT in different domains and trends
and challenges for the further development of MBT approaches. Subsequently, tools supporting MBT
processes are presented and a discussion on the MBT return of investment is given.

MBT TRENDS AND CHALLENGES

Model-Based Testing (MBT) constitutes a number of tech-
nologies, methods, and approaches with the aim of improv-
ing the quality, efficiency, and effectiveness of test
processes, tasks, and artifacts. Started as a pure academic
field of application, it has gained significance for industrial
domains in recent years. Moreover, the ongoing adoption of
Model-Based Engineering (MBE) techniques by industrial-
grade software engineering companies provides a solid basis
to introduce and apply MBT approaches and will hopefully
lead to a quite larger acceptance of model-based techniques.

Selected Application Areas for MBT

In the following sections, we provide an overview of how
MBT is applied to different industrial domains. These
domains include

Automotive

Telecommunications

Automation

Production engineering

Enterprise Business Application (EBA)

For each of the domains we consider the state of the art and
describe major challenges that have to be typically
addressed to successfully implement MBT strategies in
the respective industrial domains.

MBT in the automotive domain

Software in the automotive domain is essentially devel-
oped to be deployed on embedded devices as Electronic

Encyclopedia of Software Engineering DOI: 10.1081/E-ESE-120046903
Copyright © 2011 by Taylor & Francis. All rights reserved.

Control Units (ECUs). Therefore, testing automotive soft-
ware requires a methodology that can match the high level
of requirements in that context. MBT is viewed as a poten-
tial approach for addressing that task. However, it is still
weakly applied for several reasons, including the level of
maturity of the tools provided in that domain, the resilience
of people to changes, and the challenging nature of the task
itself.

Nevertheless, MBT is used for functional and robust-
ness testing in the automotive domain and is continuously
gaining popularity. The tests aim at verifying functional
models, implementation models, software elements
(components, systems, modules), and finally integrated
ECUs, i.e., the combination of software and hardware
components.

Modeling for MBT in the automotive domain is gener-
ally based on the (E)FSM approach, implemented by tools
such as MATLAB/Simulink or through UML (Unified
Modeling Language) state charts. In some cases, other
tools are used for specific parts of the modeling process.
For example, the Classification Tree Method (CTM),
implemented in tools such as CTE XL, is used for model-
ing test data.

MBT in the telecommunications domain

The telecommunications domain is historically one of the
first industries in which MBT has been applied, mainly for
hardware testing. This leads to up to tenfold productivity
gains compared to a manual test production process.!)
On the software side, MBT usage has gained less popular-
ity in the telecommunication industry because of discoura-
ging results obtained in real-life case studies.”’ MBT is
mainly used in that context for automated generation of
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conformance and functional tests. Behavior is modeled
using (E)FSMs and Message Sequence Charts (MSC) or
equivalent approaches, whereas data is modeled as UML
equivalence partition classes. For conformance testing, the
TTCN-3 (Testing and Test Control Notation version 3B s
widely used. However, TTCN-3 is used in telecommunica-
tions via its core notation format, which is somewhat
different from what one might expect for a UML-like
model-based approach. Besides TTCN-3, the UML
Testing Profile (UTP) is gaining popularity in the telecom-
munications domain for MBT.

Most efforts of applying MBT in the telecommunica-
tions domain have focused on automated generation of test
cases from (annotated) models of the SUT (system under
test). Another interesting approach that is gaining popular-
ity consists of using MBT as a means for supporting man-
ual test development. This is viewed as a promising
alternative or complementary element to face issues inher-
ent to automated test case generation.

Academic usage. Several case studies describing the
application of MBT to the telecommunications domain
have been conducted in the academic context. Most of
those case studies feature small-size “toy” examples and
demonstrate the high potential of MBT in terms of produc-
tivity improvements. Belinfante et al."*! describe an exam-
ple case study featuring the T- or X-model-based test
generation tool. Numerous other such examples exist, but
listing them here would go beyond the scope of this entry.
A general impression emerging from academic publica-
tions on MBT in telecommunications is that their applica-
tion has been very successful and bears the potential for
considerable benefits to the whole software development
process.

Industrial usage. While MBT has been keenly adopted
by large numbers of academic experts on testing, it has not
reached the same level of popularity in the telecommuni-
cation industry yet. One of the difficulties faced by MBT in
telecommunications is the fact that the combination of
concurrent and distributed behavior along with a very
high level of configurability of the software systems
involved quickly leads to a state space explosion problem.
Strategies proposed for addressing that issue (e.g., abstrac-
tion and exclusion™) weaken what is supposed to be the
main argument for MBT, i.e., the ability to automatically
generate an optimal number of test cases by analyzing the
complete SUT model and not just a part or an abstract
representation thereof.

In spite of those challenges, the telecommunications
industry is working on new methods for applying MBT.
This is illustrated by projects such as the ITEA TT-Medal
project and the ITEA D-Mint project in which key players
from that domain are involved and combine their ideas
with test tool vendors and other testing experts to address
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those issues and make MBT a reality in the telecommuni-
cations industry.

MBT in the automation domain

In the traditional automation products domain, manufac-
turers are confronted with an increased customer demand
for new features like fieldbus connectivity that has driven
an increase in product complexity. New features should be
added in addition to old goals such as safety and reliability.
MBT is seen as a vital part of a process to develop high-
quality products with a short time to market. The intention
is to have full overnight testing of the complete system
functionality from the start of the implementation phase in
order to identify faults early in the implementation phase.

In the automation domain, MBT must also be able to
deal with non-object-oriented systems. Another issue is the
testing of variants. There are many variants of the automa-
tion products, e.g., with different consumer connections
and different running modes and boundary conditions.
The test models have to be enriched with additional infor-
mation to handle such variants.

Applied methods include model-based statistical testing
(MBST) and feature-oriented testing with MATLAB/
Simulink.

MBT in the product engineering domain

Currently, the product engineering domain is based on a
traditional Waterfall model of the software development
cycle. The original software development cycle was cus-
tomized to be able to create and coordinate the mechatronic
systems development. The basic phases of the software
development cycle were kept, and similar phases added
to manage the hardware development cycle. The result is a
development process that merged the hardware and soft-
ware development for its final testing and validation.
Nowadays, testing is carried out manually; human intuition
is usually used in the testing phase instead of a detailed
methodological process.

Often, UML models are used for documentation of
information only. Innovative companies started to com-
plete these UML models and derive test model in order to
create test cases systematically. Automatic execution of
tests is not required but an automated documentation is.

From a market point of view, it is expected that the
application of MBT methodologies to the production engi-
neering development process will bring improvements in
the following metrics:

e Improvement of the machine tool RAM (reliability,
availability, maintainability) parameters.

e Improvement in the definition of the
specifications.

e Reduction in the development cost and time. Since the
early stages of the development, with an initial model,

system
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the engineers will know if the modeled solution is
correct, and errors will not go ahead.

e Improvement of the test phase quality and reduction of
engineers’ dedication in the testing phase (test cases
will be systematically executed and documented).

MBT in the EBA domain

The EBA domain is characterized by a broad field of
application architectures that ranges from enterprise
resource planning (ERP) architectures or enterprise appli-
cation software (EAS) architectures, to large-scale
business-to-customer (B2C) and business-to-business
(B2B) application architectures. Its main ambition is to
support the business activities of big enterprises by
means of information technology. Thus, the explosive
emergence of Internet technologies have speeded up the
field of application, and extended the pure size and dis-
tribution of application to world-spanning infrastructures.
The development of EBA was mainly influenced by big
software development companies like IBM, Microsoft,
Oracle, and SAP, as well as by companies that provide
large business application infrastructures like Amazon,
Google, etc. The software application itself is typically
characterized by its modularity, distribution, heterogene-
ity, and a common service-based terminology. Thus, in the
1990s, efforts to standardize service interface descriptions,
modeling languages, and technologies had already started
and led to a large number of mature standards.!®~!

The development of enterprise applications imposes
some unique challenges to software testing due to the
heterogeneity, distribution, and complexity of EAS.

e Heterogeneity: EBA aims to provide an infrastructure
that crosses the borders of individual companies and
enables support for B2B and B2C relationships.
Despite the efforts that have recently been spent in
standardization and harmonization, interoperability
and standard conformance remain a major issue for
testing. Thus, MBT approaches especially have to
address conformance and interoperability tests.

e Different kind of user interfaces: EBA shows a differ-
ent kind of graphical user interfaces (GUIs) that—
respecting the growing proliferation of Web 2.0 tech-
nologies—take over important parts of the overall
behavior. GUIs are difficult to test in general and
with MBT in particular.

e No separate test environment: due to its pure size it is
nearly impossible to provide a separate test bed to test
EBA. Thus, testing has to be established and integrated
in the productive systems with all the compromises
concerning controllability and assessability of such
processes.

e Unobservable global states: the global state of a soft-
ware application is determined not only by its actual

local process step or the values of its variables at
runtime but also by the stored data that the system is
able to access. This data affects the state because
it might influence the next step of computation.
Moreover, the distribution of SOA components
leads to a decomposition of data and behavior.
Consequently, the global state of an SOA application
is hardly observable anymore. Thus, simple MBT
approaches that are based on transparent access to the
states of the SUT are not adequate.

e Dynamic system states: applications are highly com-
plex in functionality and data. Thus, the reproducibility
of tests is hard to achieve. It is practically impossible to
drive large-scale EBA systems back into a defined
initial state for testing. Even in a developing phase
the necessary efforts are too high. As each test run
changes the system state, a rerun of the same test case
will most likely find the system in a different condition
and thus a testing strategy for MBT has to address
dynamic state changes during test execution.

e Challenging test data provision: system state changes
heavily depend on input data (transactional data) and
system internal data (master data and state variables).
EBA test data have complex structure (containing doz-
ens of required fields) and originate from heteroge-
neous systems out of the control of the testers. Thus,
MBT approaches especially have to consider test data
provision and the proper handling of data, which are
not under the control of the test system.

Attempts to ease the identification and specification of
tests for EBA have been carried out by different research
projects (COTE,!"” AGEDIS,'"" and ModelPlex!'?) as
well as by industrial companies (SAP and T-Systems).!'¥!
A requirements catalog for information systems MBT that
can be used as a basis for improving methods as well as a
guide for the development of new methods and tools has
been presented in Ref. [14]. In Ref. [13], an approach based
on UML, U2TP, and TTCN-3 is introduced that helps
formalizing the test artifacts and thus supports offshoring
processes for test case specification and test execution. In
Ref. [15], challenges concerning the problems of providing
appropriate test data are listed and in Ref. [16] a model-
driven solution to address dynamic discovery and binding
for the integration of web services during testing is
proposed.

While UML is more dedicated to technical issues,
BPML and BPEL provide a more business-oriented per-
spective to EBA. State-of-the-art BPEL server provides the
capabilities to simulate the interactions between different
service providers and thus to test BPEL processes outside
the productive environment.

Commercial tools that are directly dedicated to support
MBT for EBA are rarely available. HP offers the so-called
BPT tool suite!' ! as an extension to the HP Quality Center
Tool Suite but it is not based on standardized notions.
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However, most of the attempts mentioned above are based
on well-known modeling paradigms like UML or
BPML,; thus, especially UML-based MBT approaches
like Smartesting Test Designer,[ls] Matelo,“gl and
QTronic®” are applicable to the EBA domain in principle.

MBT Trends

This section reviews developments in deploying or
improving MBT methods. The trends include approaches
to improve test processes and to improve test automation.

Test process improvement

Facing the increasingly complex difficulties regarding
software development, which require teams and clear
structures for work, in the past few years, several software
development process models have emerged. These process
models coordinate the activities and define the clear struc-
ture needed for modern software development. Besides
models like the “V-Modell XT,” the “rational unified
process,” or the “extreme programming,” there exists a
so-called “W-Model.”!®

This model integrates inter alia the phases of require-
ments analysis, design, and implementation with the
phases of test specification, execution, and evaluation.

MBT may be adopted using the principal ideas of this
process model. The difference with regular testing is that a
model of the system or of the test is used as a basis for
testing, which may be executable. These models may
already be created out of the requirements and can be
used as a basis for a later code generation.

Still, there exists only little experience in development
processes that integrate MBT."?!"*?! Designing such pro-
cesses implies certain difficulties:

e Whereas for conventional software development, sev-
eral standards exist, for MBT no such standards are
available that could be used as reference.

e A lack of specific experience on particular techniques,
their applicability, and constraints for MBT.

e The variations of the applications and, as a conse-
quence, possible variations of the processes are not
sufficiently understood.

e The impact of the variation of the enabling technology
on the tested product is not always known and this may
affect the underlying process.

Industrial experiences in introducing MBT approaches
have been reported in Ref. [23].

Requirements engineering and MBT. Demonstrating
test coverage of requirements is important for any black-
box-driven testing process. This requires a well-organized
testing process, as well as testable requirements.
Requirements are often reported as not suitable for testing,

Model-Based Testing: Trends

because they are, for instance, incomplete or too ambigu-
ous. Ref. [24] describes an approach where requirements
specified in the form of UML use cases are the basis for test
generation.

Requirements traceability is another active area of
research in software engineering. Tracking requirements
throughout the software artifacts and development pro-
cesses ensures that requirements can be respected during
development. Ref. [25] describes an approach for the auto-
mated production of a traceability matrix. This approach
has the following advantages for the software testing
process:

e [t gives to the generated test cases a clear functional
coverage metrics from the viewpoint of the
requirements.

e Knowing which requirements are not covered via the
MBT process allows one to complete the test suite with
some manually designed test cases or to improve the
model or test generation strategies in order to fulfill the
test objectives.

e [t gives valuable feedback on the requirements: some
test cases may not be linked with any requirements,
possibly showing the lack of expressed requirements.

e Automatically generating the traceability matrix from
requirements to test cases implies managing the links
between the requirements specification, the model, and
the test cases.

Integration of testing into the system development cycle:
MDA-++. A first step toward a better integration of test
development into the system development process has been
taken in Ref. [26]. The idea of MDA (model-driven archi-
tecture) is that platform-independent models (PIMs) can be
automatically transformed into platform-specific models
(PSMs), and programming language code can be generated
from PSMs. The test software can be modeled and devel-
oped in exactly the same way as the functional system soft-
ware. Abstract testing artifacts are derived and modeled
from the existing information in PIMs. These platform-
independent test models (PITs) can be transformed to
platform-specific test models (PSTs), potentially taking
additional information from PSMs. Then, the programming
language test code, i.e., the code of the test components of
the test system, can be generated from the PSTs.

This approach is depicted in Fig. 1. According to this
approach, test components are developed in parallel with
the system components as soon as the interfaces and the
overall architecture of the system to be developed are
defined. However, since the developers still use another
language for system modeling than for test models, there is
still a gap between the system and test development.
Further investigations have thus been done to improve
the integration of the test and system development by
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Independent
System
Models

Platform
Independent
Test

Mode

2

Fig.1 Combining system development and system test accord-
ing to MDA.

UTPTPTP | TTCN-3/TPTP |

adopting the same specification language for system and
test modeling.

Test evolution in relation to system (model)
evolution. Testing should be primarily based on require-
ments and specifications and not on implementations as
testing should always be aimed at demonstrating confor-
mance of a product to some predefined specification docu-
ments or models. Tools such as Telelogic’s DOORS™"! or
TNI’s Reqtify'*®! have become well established for record-
ing and managing requirements. However, these tools do
not support semantic relationships between requirements,
specifications, design models, and their respective tests.
An important question that has yet to be answered is how
traceability that is enriched with semantics can be realized
between each individual requirement and its respective test
artifacts.

Variant and configuration management add another
dimension to the requirements management and traceabil-
ity issues. Variant and configuration management are con-
cerned with product line engineering, which is basically an
approach for planning and developing several similar sys-
tems concurrently in order to systematically exploit their
commonalities. Product line engineering can be subdivided
into commonality analysis, which results in a set of com-
mon features and system functionality that essentially
define the product line, and variability analysis, which
defines how each individual product differs from the com-
mon core and any of the other products in the same product
line. Some of the stated requirements will be attributable to
one product, and some other requirements will be attribu-
ted to some other product, whereas a number of require-
ments can be attributed to all products at the same time.
Methods that support product line engineering have been

subjected to investigation.”””! Product line engineering is
always based on a decision model that relates variable
options in the requirements with concrete system features
of a final product. A decision comprises a domain-specific
question that represents the decision to be made, the set of
possible answers to the question representing the feasible
variants, references to all assets and artifacts including
variation points within the product line that are affected
by the decision, and a description of the effects on those
assets for each possible answer. The decision model is a
specification model in the same sense as any other func-
tional or behavioral model. So, requirements management
and tracing must be ensured across this dimension as well,
and that includes mappings within and across different
models and notations along the same lines as is the case
for any other “normal” requirement, including testing.

The third dimension comes in the form of system ver-
sioning, thus relating specific requirements or specification
artifacts to specific versions of one system, or one version
of a specific product of a product line. The same require-
ments and consistency tracing problems are also apparent
in that dimension.

A new approach is needed where requirements and test
models are semantically related based on a decision model
reflecting the product variants, configurations, and ver-
sions. So far, research work on product line testing has
been done mainly focusing on approaches where tests are
being constructed from complete system models resulting
after resolving all variation points of a product line. In
contrast to that, research should aim at a compositional
approach where fixed and variable constraints of a product
line are reflected in fixed and variable parts of the tests—
the resolution of tests is based on constraint composition
techniques—rather than on model composition that
encompasses the scalability problem for real systems.
This principal idea is depicted in Fig. 2.

Requirements models such as classification trees, use
case scenarios, structured text, as well as structural or high-
level behavioral models guide the elicitation and capturing
of product variants. Every fixed and variable part is asso-
ciated with a set of system constraints, which are induced
for the resulting product once a certain variable part is
being selected—constraints for fixed parts are always
induced. These constraints can be of local or global nature
and are required to hold always (i.e., the constraints are
invariants), occasionally (under certain conditions), and
temporarily (induced by events in the system).
Furthermore, constraints can be defined for various aspects
such as structural aspects (interfaces, components, etc.),
functional aspects (scenarios, interactions, etc.), timing
aspects (responsiveness, continuity, etc.), and alike.
Every single constraint is associated with test snippets
(being rudimentary test data and/or test behavior) or with
complete test cases. Once the set of fixed and variable
constraints has been identified, the corresponding set of
tests is being identified and composed into complete and
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| Requirements Model I

Product Line

Architecture
fix ;-m I
=]

variable —
-

Test Model I

| Decision Model |

Semantic Tracing between Requirements, Variants
and Tests

Test Composition for Local and Global Constraints
of Fixed and Variable Parts

Prioritization and Selection of Tests according to
Variant (Sets)

Fig.2 Three-dimensional model of changing requirements through requirements evolution, product line engineering, and versioning.

meaningful test suites. Hence, in contrast to other
approaches, one should not construct the resulting overall
system model for a product variant, but uses rather a
constraint-driven composition and construction of the
tests. Such test-first-driven development approach is suc-
cessfully used for code development (test first paradigm or
extreme programming) and should also be successful for
product lines.

Test automation improvements

For years, experts have been convinced that test design is
the central element to successful and meaningful software
testing. In the meantime, however, it has become apparent
that testing requires all the typical elements of software
engineering: tests are software-based systems themselves
and need to be engineered, designed, verified, validated,
and executed like any other software-based system.
Specialities of test systems involve the ability to control,
stimulate, observe, and evaluate the SUT. Although stan-
dard development and programming techniques are mostly
applicable, specific solutions for test automation

respecting their peculiarities, to make testing more effec-
tive and efficient, seem reasonable. In the following sec-
tions, we review various elements of trends in improving
the automation of MBT methods.

Using model transformation techniques. Model trans-
formation provides a key technology to bridge the semantic
gap between models. They are used to translate model parts
of one model view into another model view on one abstrac-
tion level, of one abstraction level into model parts on
another abstraction level, or of one modeling technique
into another one.

A transformation defines a set of rules used to modify a
source model to a target model (Fig. 3). A minor transfor-
mation step is a refinement if it describes the relationship
between models of the same abstraction level.
Transformations can also be used to specify the relations
and invariants between the models, which are the base to
check the consistency between models and to validate
models against each other.

Generally, model transformation can be in three styles:

e Source-driven transformation, where the transforma-
tion rule is a simple pattern. The matched elements
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are transformed to a set of target elements. This style is
often used in high-level to low-level transformations
(e.g., compilation).

e Target-driven transformation, in which a transforma-
tion rule is a complex pattern of source elements. The
matched elements are transformed to a simple target
pattern. This style is often used for reverse engineering
or for performing optimizations.

e Aspect-driven transformation describes the relationship
of the semantic concepts, e.g., transforming all imperial
measurements to one metric measurement, or replacing
one naming system with another naming system.

A tester may develop a test model manually. However, a
more ambitious effort than the manual test modeling is to
generate the test model automatically. The basic idea of
deriving test models from system models is to reuse the
information about the system to be developed also for
developing the test model as the counterpart to the
system."**! For model-based test generation, source-driven
or aspect-driven transformations are used.

The starting point of a test model transformation is an
existing system model. However, test-specific requirements
directing the test model specification, such as the choice of
SUT component, configuration of the test system, selection
of test scenarios, specification of timers, invocation of
default behavior, setting of test verdicts, definition of time
zones, coordination of test components, etc. cannot be
derived from the system model. They must be defined
explicitly and included in the transformation process."*"!

Test coverage and test selection strategies. In practice,
the huge amount of produced test cases in contrast to the
limited resources for test execution is a problem that is not
new but still requires innovative methods and algorithms to
improve test efficiency.

M Ddei//'

Fig. 3 Test directives for test generation
using model transformations.

There already exist different approaches on different
abstraction levels addressing this topic. Traditionally, test
coverage of system requirements is used as a measurement
criterion. But it is even not enough to know that a number
of tests covered the system model or a list of requirements.
The coverage potential of a single test case and the pre-
ferred order of test execution during test campaign are
needed to optimize the test process and use of resources.

In the context of UML model validation, there exist prac-
tical approaches using requirement tracing with tags in the test
model.””! As such models are derived from requirements, it is
important to track how different requirements are reflected in
the models, on different perspectives, and on different
abstraction levels. It is also important to propagate require-
ments through the test generation and execution processes,
such that one can verify what parts of the models and conse-
quently which requirements have been tested and validated.

The requirements can be propagated onto different parts
of models to point out a relationship between requirements
and model elements. For instance, communication require-
ments are traced to data models, architectural requirements
to architecture models, whereas functional requirements
are initially traced to use case models and then to state
models.

The approach traces requirements from test cases to
models with the use of a Python script, that is, the use of
information about the failed requirements obtained from the
testing log of Qtronic to trace failed tests back to UML
models via requirements. This method shows which require-
ments failed during testing and to what model elements they
are linked. It also enables one to identify which parts of the
system model have been covered by a given test set.

Prioritization techniques. System requirements may be
changed along system development due to reduction,
extensions, adaptations, or other modifications. Hence, it
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is important to identify those test cases in the test base that
are affected by these changes imposing a redefinition of the
corresponding test models. A new algorithm has been
proposed in Ref. [32] that supports test case priorities
based on weights and (feature) potentials (e.g., occurrence,
risk, and severity indicators). This enables an overall
reduction in the magnitude of testing efforts, while mini-
mizing resources needed for test execution.

The algorithm for the calculation of test case priorities is
based on the sum of weight and potential values that have
been assigned to the conditions and events in a model that
represents the set of test cases in a test campaign. Within
the first step all weight values of all possible tests (condi-
tions) have to be calculated by multiplying all single
weight values that belong to a single test in the model. In
a second step of the algorithm, a factor “F” will be calcu-
lated for each test that intends to reflect the relevance of a
test case in addition to its test case weight. This factor “F”
identifies the portion of condition of a test case together
with a consideration of the potential values assigned to test
in comparison to the total sum of uncovered conditions and
test potentials. The next step is the multiplication of con-
dition weight values and the factor “F” of each test case.
The priorities of the test cases are according to the resulting
calculated values: the test case with the highest value has
the highest priority and so on.

The approach is applicable on models like, e.g., classi-
fication trees or system architecture and allows finding an
order for test case execution and first results using an
extended implementation of, e.g., the classification tree
editor CTE XL have shown that most important test cases
lead to an early discovering of faults in the main modules.

Test patterns. Patterns are a method for reusing software
methods and artifacts at the design, modeling, and imple-
mentation level that have been successfully applied in

Model-Based Testing: Trends

various contexts. Patterns are used to capture experiences,
expertise, and facts to improve system quality and shorten
the development cycle of software systems. Recent works
have proposed a similar approach for the design and imple-
mentation of tests systems.>™ The approach aims at
exploiting knowledge gathered on test development and
to combine it with modeling techniques to generate new
test solutions. This is particularly interesting with the
growing popularity of MBT, which raises the level of
abstraction for test design to a degree that it allows reuse
of concepts for new solutions.

One application of test patterns on MBT can occur on
model-driven manual design of test cases through so-called
wizards that can be used to generate elements of test
architecture, test data, and test behavior elements based
on selected corresponding pattern.

Furthermore, test patterns can be used to guide the test
generation process of model-based automated test genera-
tion tool by ensuring that the algorithm for traversing the
SUT model takes recognized test patterns into account,
e.g., for dismissing paths that are known to be inappropri-
ate for certain types of testing.

Statistical testing. MBST is a black-box testing techni-
que that enables the generation of representative tests from
the tester’s or user’s perspective.”>** MBST has been
extended for risk-based testing!*>>%! and applied to safety-
critical embedded systems."*’**! MBST has been used to
construct the generic test models and to automatically
generate test cases from the concrete test models.

Fig. 4 shows the steps of the MBST approach. In the
first stage, a test model is built from the requirements that
represent relevant system inputs and usages and the
expected system responses. The test automation stage
deals with the automated generation, execution, and eva-
luation of test.

Test Model Construction

Test Model ‘
Analysis

2]
LUsage Modeling
S*Saqtaenc&bagasgis probabilties, risk. Automated Automated Automated
pecification (SB3) criticaiity, cost Test Generation | | Test Execution | | Test Evaluation
Requirements ' Black Box | | : ! Reliability+
Documents | System - ! TestCases | TestResults | Risk Coverage
E Specification i Test Modell ! ' ' Estimation
: : : : Y >V
—_— 1 -
- — 3. gtepd 3. failled
. L| 4 steps 4 ok
T - 1
Textual, o Interfaces : .
System+Domain System usages ﬂ‘:ggﬁgg'e? Executable test Fassed /failed TSS:'?:"PE'”Q
ected responsas SCn| on [arge Sheps
Knowledge Exp p s on target test st ¥
[ I platform /

- Changing 7
= = =| TestModel f= = = = =

Automated Testing /

Fig. 4 Steps of model-based statistical testing.
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In the test modeling stage, the original system require-
ments are systematically inspected by the sequence-based
specification method to determine the system boundary
and the stimuli and responses of the test object. The next
step is the sequence enumeration that aims at systemati-
cally writing down each possible stimulus sequence, start-
ing with sequences of length one. A sequence of stimuli
represents one history of the usage of the SUT.
Additionally, every sequence is compared to previously
analyzed sequences with regard to equivalence. Two
sequences are equivalent if their responses to future stimuli
are identical. Illegal and equivalent sequences are not
extended in the ongoing sequence enumeration. The enu-
meration stops if all sequences are illegal or reduced to
equivalent sequences.

Certain inconsistencies, missing specifications, unclear
requirements, and vague formulations can be found in the
requirements document during sequence enumeration. All
construction decisions for equivalence, system responses,
and requirements coverage are traceable to requirements
by following requirements traces attached to the
enumerations.

The list of input—output sequences will be mapped to a
Mealy machine. The Mealy machine represents the struc-
ture of the usage model and describes all possible usages
identified from the system requirements. By adding prob-
abilities to the model transitions, the state machine
becomes a discrete-time Markov chain (DTMC). The prob-
abilities reflect the expected usage or criticality of system
inputs.

Test models have particular states for the initialization
(START) and finalization (EXIT) of test cases. A test case
is an arbitrary path through the model from START to
EXIT. The state START describes the system state at the
beginning of a test case. The state EXIT marks the end of a
test case and can be reached from all the states where a test
case can end.

In the test automation stage, test cases are generated as
paths through the test model from the START to the EXIT
state. Different strategies for automated test case genera-
tion exist:

e Model coverage tests make sure that the whole model
is covered by test cases. This means that each transition
and each state of the test model is tested.

o Random tests are randomly generated paths through
the test model based on a usage profile, e.g., frequency
or criticality.

The transitions of the test model are annotated with scripts
for the test runner. Thus, during the generation of a specific
test case, the scripts of the transitions lying on the path will
be aggregated one after another to build a concrete test case
that is executable in the selected test environment.

During test execution, the number of executions with
and without failure is counted for each transition. Based on

the usage profile and the failure statistics, the reliability of
the test object is estimated after each test run. Reliability in
MBST is the probability of a no-failure operation.**! In the
case of a criticality profile, safety compliance is estimated
instead of reliability.

Evolutionary testing. Evolutionary testing (ET) is a test-
ing method that is used to automatically generate test data
by use of evolutionary algorithms. An evolutionary algo-
rithm (EA) is an optimization procedure that has the bio-
logical evolution as a model. Individuals are described by
their characteristics (i.e., by numerical values that quantify
a characteristic). These characteristics are used to measure
the suitability of the individuals for a given task. The
individuals with the best characteristics are kept for the
next iteration; the ones with a bad performance are
skipped. Moreover, a set of replacement individuals is
generated by slightly modifying the individuals with a
good performance. In the course of several runs “the popu-
lation develops” more and more toward an optimum.

ET uses EAs to generate and optimize test data. The
optimization process starts in most cases with randomly
generated test data. A fitness function is used to assess the
quality of the test data during each optimization step.
According to the idea of EA, a set of adequate test data is
kept for the next optimization iteration and a set of newly
generated test data is introduced. The introduced test data
are derived by slightly modifying the fittest results of the
previous iteration. Challenges for ET are the specification
of useful and operationalizable fitness criteria as well as
the definition of appropriate ending conditions for the
search.

ET has shown its applicability to many forms of testing,
namely, specification testing,'ml structural testing,”” and
execution time testing.!*?!

Architecture-driven testing. Architecture-driven testing
is a test derivation method that starts from a system model
that contains model information on different abstraction
levels, the so-called architecture viewpoints.

Looking at the system from different points of view is a
way to deal with complexity. Fig. 5 illustrates the view-
point levels. The top level contains the functional require-
ments. The logical level shows the system in the form of
functional blocks to realize the required functionality with-
out taking into account any technical aspects of their reali-
zation, e.g., whether they will be realized in software or
hardware, the hardware they are to be running on as single
blocks or in combination with others, and the technical
resources being available and used in competition with
other blocks. Those technical aspects will be taken into
account under another viewpoint—technical view. Here,
we exactly look at them and assign the functional blocks
from the logical view to a realization in or on specific
hardware. Another view, the topological view, may pay
respect to the aspects where those hardware blocks are
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Fig. 5 Function-oriented architecture in
the automotive industry.

located in the system, the wire harnesses, and other aspects
concerned with the “topology” of the system. Other views
may be used and applied as well to get a less complex view
on the system by concentrating on a specific aspect of it.

The test generation algorithm starts with the functionality
that is given by the functional requirements in a simple form
of preconditions, events, and reactions (PER). PERs state-
ments contain references to names of blocks or ports where
certain signals are produced or observed. All functional
blocks participating in the realization of a specific functional
requirement have to be considered. Very important in this
approach is also to keep track of relations between elements
used within the different views. Within the system design as
well as testing phase, it is of relevance to know which
requirement is realized by which component under which
viewpoint. Within our example of PREEvision we could
have links that specify

e which functional requirement is realized by the com-
bined action of which blocks in the logical architectural
view,

e which blocks from the logical view are realized or
executed on which technical blocks in the technical
view, and

e which technical blocks are located where and where
does the communication go through.

In order to derive tests, the information about the logical
and technical architecture is combined with the informa-
tion contained in the functional requirements (in form
of PERs). The test derivation strategy is based on two
steps: 1) decide which functional block (or blocks) should
be tested by inspecting the possibility to interfere with
other blocks or the possibility to overload and 2) establish
which PERSs can be applied to the selected functional block
in order to validate the functional block in relation with
those PERs.
Examples of related functional tests are

1. Validation of PERs when additional ports are stimu-
lated with valid/invalid values. A functional block is
tested against a PER while its additional ports (not
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regarded by the PER) are simulated too. It is assumed
that the functional block should satisfy the functional
requirement regardless of what happens with the
additional ports.

2. Validation of additional assumed observations.
These tests make additional assumptions (while test-
ing a PER) that need to be observed also as reactions.
The additional observations are generated based on
patterns. For example, the functional blocks with
names that are in antithesis (right, left) cannot react
at the same time (e.g., if the control of the mirror is set
on left then no reaction should be observed on the
right side).

3. Monitoring of function blocks that should not have
activity when their neighbors are active. These tests
simply listen to additional blocks connected to blocks
realizing a PER. The additional blocks are not
involved in the realization of the PER; therefore, it
is assumed that they should not produce any reaction.

MBT Challenges

The status and advances in MBT are not easy to character-
ize without recognizing the advances in other fields of
software engineering and test engineering, for example,
improvements in MBE, test automation, and formal test
specification. Thus, MBT has a long history and is strongly
connected to research activities in the field of protocol
testing for telecommunication systems.'**! This directly
relates to the application of formal description techniques
(FDTs) like Z, SDL,****! and MSCs!*®! for the specifica-
tion of protocols in the early 1990s. FDTs have led to a
noticeable paradigm shift in the field of protocol engineer-
ing and protocol testing. Research activities focused
mainly on test generation methods on the basis of formal
models (mostly from Mealy machine models). Currently,
relevant algorithms have been developed (the
T-Method,"*”! the U-Method,*®! the D-Method,"**! the
W-Method,[sm and several methods based on UIOs
(Unique Inputs/Outputs)).">' 33! However, protocol testing
is not subjected to comprehensive research anymore. A
good summary of the state of the art of protocol testing is
given in Refs. [54, 55].

Deployment challenges

Companies like Motorola started with the application of
MBT activities to industrial processes on the basis of the
FDT mentioned above. At that time MBE was quite a new
idea. Thus, mature tools with standardized interfaces did
not exist for MBE as well as for MBT. To be able to start
with MBT approaches, the companies had to define their
own tool environment, introduce new processes for MBE
and MBT, and provide a proper integration with their
existing development processes—an almost impossible
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task. During this time, companies that started with the
application of MBT approaches to industrial-grade testing
processes reported the following main issues:

The overall lack of rigorous models for test generation.
Poor correctness and maturity of the available models.
Ambiguities of the MBT method: test generation ver-
sus test specification.

e Missing mature tools and specification environments.

At the same time, the automotive industry, especially in
Germany, developed a slightly different understanding of
MBT. Due to the availability of executable software mod-
els on the basis of MATLAB/Simulink, the functional
properties of embedded systems software could be tested
by means of simulation runs. Thus, functional require-
ments and properties could be tested in the early stages of
the development process. To support the testing activities,
testing tools”"®*! have been developed that were tailored
especially to the needs of the automotive industry.
Meanwhile, a couple of tools are commercially avail-
able.[7%-00] However, similar to the telecommunication
industry, the automotive industry used MBT approaches
only in a few projects. The reasons have been similar to the
ones mentioned above:

The overall lack of rigorous models for test generation.
The lack of mature tools and a long-term commercial
support for the tools (some of the tests in the automo-
tive industry must be archived for more than 20 years).

e Missing integration (i.e., missing traceability) between
the artifacts from different stages of development
(requirements engineering, modeling and implementa-
tion, testing).

e Missing modularity of models to provide flexible adap-
tion to product lines and software versions.

e Mature test generation algorithms to provide meaning-
ful tests for complex systems.

In recent years, the development and continuing evolution
of formal and semiformal description technologies and
their standardization have led to a situation where major
problems could be solved. Especially the languages and
concepts defined by the OMG (Object Management
Group) to support their MDE approach!®'! have had visible
impact on the maturity of modeling tools and the respective
infrastructure. Especially the Eclipse project?! and related
technology provider [e.g., for the EMF (Eclipse Modeling
Framework) and UML2 Framework] have shown that the
OMG concepts can be integrated in a generic tooling plat-
form that is mature enough to yield as a common basis for
commercial as well as for academic modeling tools, MBT
tools and their related infrastructures (e.g., model
repositories).
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e Actually there exist a large number of commercial and
open source modeling tools that are based on the OMG
standards.

e The UML integrates semiformal description technolo-
gies to a standardized, self-contained but yet flexible
extendable bundle of languages.

e UML artifacts are interchangeable between different
tools and tool infrastructures.

Moreover, key technologies for the specification and
implementation of tests are formalized, standardized, and
provided by commercial tool manufacturers.

e The Test Specification Language TTCN-3 provides a
standardized solution for specifying executable tests on
different level of abstractions.

e The availability of the UML2 testing profile allows
integrating test modeling directly with the UML.

Thus, companies like Motorola switched to yet modern
technologies like TTCN-3 and UML 2.x and successfully
implemented MBT approaches as part of their MDE
approach. For example, the Integrated Dispatch Enhanced
Network (iDEN) infrastructure division of Motorola has
expanded its MDE usage to 9 out of 12 major network
elements such that the use of scenario-based test generation
tools yielded an approximately 33% reduction in the effort
required to develop test cases. ®*!

The market of MDT tools is actually dominated by
small-size companies that provide solutions for special
fields of application. Even though the maturity of tools
has significantly increased and, due to the existence of
standardized interfaces, the option to integrate the tools
in existing tool environments (e.g., test execution environ-
ments and test management environments) are much better
than some years ago, MBT is actually not a standard
application in industrial-grade processes. We can quote
the following reasons that are largely responsible for that:

e The rollout of an MBT approach has serious precondi-
tions: mature processes, approved MBE procedures,
skilled test engineers and software developers, etc.

e Today’s industrial software development processes
feature problems, which in most of the cases are not
directly addressed and not solvable by MBT
approaches. These include traceability between devel-
opment artifacts, versioning of development artifacts,
and managing supplier chains in system development.

However, IBM, one of the key players for integrated soft-
ware development solutions, provides MBT solutions!®¥
that are seamlessly integrated in UML-based development
processes. Thus, we can hope for a broader application in
the coming years.

Model-Based Testing: Trends
Tool challenges

This section reviews challenges for MBT tools that are
subsequently grouped into general challenges and specific
challenges for test model editors and for test generators.

Tools for MBT can be categorized into two major cate-
gories: model-based test case editors and model-based test
case generators. Sometimes a third category is mentioned
in this context, namely, model-based test data generators.
Since MBT and in particular the execution of test cases,
created or generated within a model-based approach, has to
care for concrete value for the stimuli and expected return
values, each major applicable tool integrates a sufficient
test data generator to fulfill its purpose, so that data gen-
erators are not considered separately.

Model-based test case editors support the manual mod-
eling of abstract or concrete test cases by interpreting a
system’s specification. Therefore, editors often provide a
specific notation, which eases a tester to model the test
case. These test cases can be refined automatically, so that
they can be executed against the SUT. Editors often pro-
vide interfaces or import/export capabilities to other test-
or development-specific tools for test management or
requirements engineering in order to correlate separately
defined information with the test model and test cases. One
of the significant disadvantages of model-based editors is
that they are not intended to derive test case out of a
system’s model directly; thus, the identification of test
cases is up to a tester’s genius or experience. Model-
based test case editors focus in particular on the “Test
Model Only Approach” and “Independent System and
Test Model Approach.”

Model-based test case generators are tools that are cap-
able of deriving test cases, test models, or even entire test
suites from a system’s behavioral model. A key point of
these kinds of generators is that the test cases are identified,
respectively generated automatically by use of a traversal
algorithm, based on configurable coverage criteria like
state or requirements coverage. Once the test cases are
derived automatically, the generators are similar to the
editors. Model-based test case generators focus primarily
on the “System Model Only Approach” and “System and
Test Model Combined Approach.”

We consider the following to be the top challenges for
MBT tools:

e Tools (general): seamless integration into software
development and maintenance processes

o Editors: user-friendly test model editing, management,
and documentation

e Generators: user-controllable scalable test generation

General tool challenges. MBT tools are highly specia-
lized on particular tasks but there are a couple of general
challenges that are common. Since the introduction of
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MBT usually means to use new utilities or even new IDEs
(integrated development environments), it is important to
minimize the efforts from the first use, i.e., license costs
should be low as well as the efforts to learn and benefit
from features. On the other hand, professional support and
maintenance is required to guarantee stability for the qual-
ity assurances for a longer time in future. For the introduc-
tion of the MBT tools it is an advantage if test designers
already have experiences with related modeling tools or the
target tool platform.

Current MBT tools can be associated with one corre-
sponding modeling language. The language should be
appropriate for MBT to be accepted by customers. In this
context it is of advantage if the presentation format/syntax
has been standardized or at least a standardized terminol-
ogy and interfaces (application programming interface
(API)/GUI) are applied. If the modeling notation has multi-
ple presentation formats (e.g., graphical/textual), switch-
ing between them helps to allow giving emphasis to
selected aspects and/or different purposes. The tool should
support the latest version of the modeling language and be
flexible in case of syntax updates or extensions (e.g.,
import of external-type systems). Domain orientation by
allowing, e.g., different profiles would be an advantage
too. In case of a universal modeling language there could
be a need to specify and check the application of specifica-
tion guidelines that should be introduced for readability
and easier maintenance of existing models.

Test design and development address multiple aspects
like configuration, behavior, and data. Due to the different
application domains some MBT tools have been specia-
lized only on single problems, e.g., test data partitioning
and/or value combinations. Switching between tools that
could not exchange model information implies costly man-
ual steps and should be avoided. Thus, it is a challenge for
the preferred tool to address all required aspects that arise
from different testing types (conformance, interoperabil-
ity, performance, regression, etc.) and test levels (unit,
integration, system, acceptance tests).

Since test development is only one phase in the testing
process, MBT tools that primarily address test development
should also be connected to the tools concerning other tasks
to allow most possible process automation from requirement
engineering and management to test execution. Traceability
between requirements, system/test models, test definitions,
and test observations/verdicts have to be considered to sup-
port result analysis and corrections.

For economical reasons customers are looking for
means to optimize the test selection and/or ordering.
MBT tools should address quantification of test quality
using prioritization and/or coverage metrics with respect
to requirements. It should be possible, e.g., to avoid or
indicate unnecessary redundancy or to apply standardized
complexity metrics formula. Finally, it is a challenge for a
good MBT tool to generate adequate documentation from
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the test definition, e.g., for presentation, administration/
configuration, and ministration.

Test model editor-specific challenges. Test model edi-
tors provide means to model test data, test behavior, as well
as individual test cases and complete test suites. In contrast
to classic test scripting approaches they aim for a higher
degree of abstraction, especially for that kind of develop-
ment artifacts that are directly modified by the test engi-
neer. Thus, besides the already-mentioned general
challenges like integratability, adequateness for the pre-
ferred testing levels, support for standardized modeling
languages, and maturity, test model editors shall provide
user-friendly test model editing, management, and docu-
mentation capabilities. This covers support for modeling
languages that are directly dedicated to testing, support of
different abstraction levels for specification, user-
definable test priorities (e.g., risks, probabilities, severity),
and simple test management capabilities to order, select,
and reuse test specifications.

With the UTP and the TTCN-3 there are dedicated
modeling and specification languages for testing, which
provide—besides general computational concepts—dedi-
cated test concepts like pattern and templates to express
flexible data assessments, timers to specify the temporal
upper bound of a test case run, and verdict-assigning state-
ments. Moreover, these languages are standardized, self-
documenting to a certain degree, and—in the case of the
UTP—integrate seamlessly with existing modeling lan-
guages like the UML.

Beside the language-related features, test model editors
like the TTworkbench as well as other TTCN-3 tools
provide flexible adaption strategies to hide the technical
details, which are not relevant for the desired level of
abstraction.

To ease test execution, the assessment of test cases, and
the identification and removal of errors inside the test
specification, a strong relationship between the test speci-
fication and test execution environment is eligible. This
comprises traceability between test results, test specifica-
tion, and test documentation as well as proper preparation
and user-friendly representation of the test results. On this
note, the graphical logging, which is provided by the
TTworkbench, is a good example. It reuses concepts and
graphical representations that are quite similar to the ones
that are used for test specification and is thus self-
documenting and easy to understand by the test engineer.

Last but not least, the technical relationship between test
model editor and a dedicated test execution environment
should not be tight or too strong. The test code generators
that are used to obtain test scripts for specific test platforms
should be configurable and flexible enough to support dif-
ferent test platforms and test execution languages.

Test generator-specific challenges. Test case generators
are tools that are capable of deriving test cases, test models,
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or even entire test suites from a system’s behavioral model.
Hence, the key challenge for test generators is that the test
generation can be controlled by the tool user by choosing
appropriate test generation strategies, by parameterizing
the test generation mechanisms, and by combining them
so that test cases appropriate to the test plan and test
objective can be derived. This includes support for a partial
generation of the test model only in order to allow a
focused test model generation. It may also include the
support for test model optimization strategies by use of,
e.g., heuristics to optimize the costs of the required tests
resulting from the test model.

Another major challenge is the efficiency and scalabil-
ity of test generation to cope with system models of indus-
trial size. As test cases basically represent possible or
forbidden paths of the system, they are tightly linked to
the system state space. Hence, test generation has to cope
with the state space explosion problem that can, e.g., be
addressed by compositional approaches for test generation,
parallelized approaches for test generation, or on-the-fly
test generation. These methods have to be applied in order
to have performance test generation processes—the test
generation time is in particular important for iterative
development and test processes where tests have to be
generated often.

In addition to these two key challenges and in addition
to the general tool challenges given in the “General tool
challenges” section, test generator tool should be able to
derive test cases from a variety of system model notations
and techniques. This challenge results from the fact that
various system modeling techniques and dialects are in
use. A test generator tool enforcing only selected system
model techniques, even if they follow a modeling standard
(e.g., certain kinds of UML diagrams only), will be of
limited applicability. This challenge also implies that it is
typically not enough to generate a test model from a sin-
gular, homogeneous system model, but rather to generate a
test model from an integrated set of system models (e.g., in
UML, from a combination of class models and state
machines).

The quantification of the generated test model is another
challenge for test case generator tools. The tools have to be
in the position to provide coverage and quality metrics for
the generated test model as these indicate the quality of the
testing that will be applied to the SUT. Coverage has to be
related to the test goals used in the definition of the test
generation strategies, to the system model from which the
test model is derived, and may also be related to the system
requirements or the system code (the latter requires trace-
ability including code development or code generation).

Also, the quality of the test model has to be analyzable
by the tool user. The test case generator should offer means
to analyze the correctness of the test model (e.g., by simu-
lation against the system model), to check for redundancies
in the test model (e.g., by detecting duplications or clones),
to identify omissions (e.g., by applying coverage analysis

Model-Based Testing: Trends

methods), to check for the compliance to test model guide-
lines (e.g., by supporting a customizable set of test model-
ing guidelines), and to check for the complexity of the test
model (e.g., by providing test model-related metrics and
their evaluation).

Furthermore, the generated test model needs to be mod-
ifiable and extendable by the user. As often not all test
aspects can be derived from the system model; certain ele-
ments of the test model need to be adapted. This includes the
requirement that respective changes in the test model are
kept whenever the test model will be regenerated.

Test case generators are often combined with test script
generators to support the automated test execution.
Therefore, they also face the challenges given for test
editors that relate to test script generation and test script
execution. Test case generators should likewise be able to
generate test scripts in the required technology such as
TTCN-3, C/C++, Java, Tcl, Python, etc. While any con-
crete usage of a test case generator will often use a specific
test script technique, different test script techniques are
however typically used by the installed test infrastructure
for various software systems, product lines, or test kinds.

Further challenges for the generated test scripts relate to
their readability, documentation, and traceability (i.e., to
the system model and, if possible, to the original system
requirements). At the end, the generated test scripts are
executed by the testers on the SUT. The test results and
traces of the test scripts have to be understood and analyzed
to provide appropriate assessments of the SUT including
bug reports where needed.

SUMMARY AND OUTLOOK

MBT constitutes a number of technologies, procedures,
and approaches with the aim of improving the quality and
effectiveness of test specification and test execution.
Started as a pure academic field of application, it has
gained significance for industrial domains in recent years.
With the, even if slow, adoption of MBE techniques for
industrial software engineering processes, the basis to
apply MBT approaches is nowadays much better than a
few years ago. The availability of yet mature tools has
additionally led to a higher interest on MBT as well.

However, against the background of its application to
industrial software development and quality assurance pro-
cesses, MBT has to prove its potential as a rationalization
technology. Thus, the user needs the evidence that—at the
latest for a longer term—the investment in MBT returns
valuable results.

Consideration of Return on Investment

Concerning the actual return on investment, it is difficult
to get concrete numbers, since these are confidential
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information of the corresponding companies. However, the
return on investment has to consider the following factors.

Costs

e MBT tool costs: the costs of acquiring new tools and
frameworks in order to implement the MBT
approaches in a broader way (even if the existing
tools are still used).

e MDE tool costs: the implementation of MBT is
strongly coupled with the implementation of MDE
processes. Thus, to fully exploit the advantages of
MBT, an MDE infrastructure (tools, methodology) is
needed.

e Adaption costs to the company’s tool and process
infrastructure: the MBT methodology and tool plat-
form need to be fine-tuned with respect to the com-
pany’s development processes, best practices, and
domain requirements. Moreover, a fine-tuning for par-
ticular projects or at least project categories is
necessary.

e Qualification costs: the implementation, maintenance,
and integration of MBT procedures require as much
higher level of expertise as ordinary test activities. The
costs for qualification and training as well as for new
experts have to be considered.

e Roll-out costs when changing existing methods, proce-
dures, and best practices.

Gains

o Efficient yet faster procedures to get the test cases for a

system under development.

Better maintenance of test cases.

Better documentation of the test cases through the use
of models (increased transparency).

e Flexible adaption of test cases to new development
statuses through the use of automation techniques dur-
ing test specification (test generation).

e Early discovery of specification errors by means of
testing executable software models (simulation
models).

e Improvements of the test quality through model-based
quality analysis.

Both the quality and quantity of the costs and gains listed
above depend on the individual requirements that are
defined by the company or the company’s application
domain. For example, the availability of executable models
in the automotive industry is much higher than in any other
domain. Thus, the application of MBT approaches that aim
for testing software models in simulation is much more
valuable for the automotive domain. On the other hand, the
telecommunication industry gains more from the OMG
standards and thus, the integration of MBT approaches on
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the basis of standardized technology (the UTP, TTCN-3,
etc.) is much easier than in the automotive, medical, or
aerospace domain.

Recommendations

MBT is not a self-contained approach. The successful
application of MBT is highly dependent on the proper
adaption to the existing development infrastructures and
processes at the company. One of the great dangers and
possible reason for disappointment is too high expectations
on the potential of MBT. Often, costs that are connected to
the roll out of MBT approaches are underestimated.
Especially the requirements regarding the needed infra-
structure and the necessary qualification of the personnel
are often misclassified.

Studies on the application of MBE/MBT approaches
recommend that a roll out of an MBE and/or MBT
approach should be introduced by several small pilot pro-
jects. These pilot projects usually cover a very small field
of expertise in the beginning and aim for simple, realistic,
but well-attestable goals (e.g., increased transparency,
more efficient (faster) test specification procedures, and
better maintenance of test cases). Such a pilot project
should be proposed, prepared, executed, and assessed by
MBT experts as well as by domain experts to provide the
necessary adaption to the company and domain-specific
requirements. Pilot project with low-hanging fruit hope-
fully provides enough motivation to escalate MBT strate-
gies to other projects as well as provides a suitable
technological basis for such an escalation.

Experiences with the MBE/MBT technologies have
shown that MBT/MBE technologies are actually no
commercial-of-the-shelf solution. To successfully imple-
ment such technologies they have to be tailored to fit to
the company’s infrastructure. The tailoring includes adap-
tion to existing tool environment (test management tools,
test execution environments, modeling tools, data reposi-
tories, etc.) and integration with best practices and existing
processes. Efforts and costs of these kinds of integration
processes are hard to estimate. Thus, a successfully executed
pilot project can help generate valuable results to better
estimate such requirements with respect to their necessity,
their technical realizability, and the expected costs.

ABBREVIATIONS
ASM Annotated SUT Model
ATS Abstract Test Suite
DTM Dedicated Test Model
EMF Eclipse Modeling Framework
ETS Executable Test Suite
ETSI European Telecommunication Standards
Institute
GUI Graphical User Interface
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IDE Integrated Development Environment
IDL Interface Definition Language
IUT Implementation Under Test

MDA Model Driven Architecture

MM Meta-Model

MOF Meta Object Facility

OCL Object Constraint Language
OMG Object Management Group

PIM Platform-Independent Model

PIT Platform-Independent Test Model
PSM Platform-Specific Model

PST Platform-Specific Test Model
SUT System Under Test

TTCN-3 Testing and Test Control Notation
UML Unified Modeling Language

XMI XML Metadata Interchange
XML Extensible Markup Language
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