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ABSTRACT

From early day’s on modeling played a vital role in the software development process, especially 

for a detailed understanding of the system that is being developed. Due to importance and 

usefulness of modeling, Model Driven Development (MDD) approach is widely growing in 

recent times. Seizing the benefits of model driven approach in design and implementation phases 

of software development life cycle, it is being extended to other phases of software development

as well. In testing as well, which is an important phase of development, for delivering quality 

software to the customers, this concept of models and modeling techniques are being enforced. 

Use of modeling techniques in software testing has made testing more effective. Model Based 

Testing (MBT) is a black-box testing approach where test cases are automatically generated from 

a behavioral model of the System Under Test (SUT). In order to know relevance of these auto 

generated test cases on SUT, traceability of these test cases to the requirements is an important

factor. Maintaining traceability with test cases would ease software engineering activities like

performing impact analysis, measuring the test coverage, and knowing the criticality of the 

requirement and thereby performing requirements validation. In this thesis, different traceability 

techniques and approaches from the perspective of model driven engineering have been analyzed. 

The results of the research presented in this thesis are aimed at supporting requirements 

traceability in model based testing tool by taking into account factors like providing a good 

impact analysis, finding the criticality of requirements, tracking test coverage of each 

requirement.



    

                               

SAMMANFATTNING

Från början dags för modellering spelat en avgörande roll inom mjukvaruutveckling, i synnerhet 

för att i detalj förstå det system som håller på att utvecklas. På grund av vikten och nyttan av 

modellering, Model Driven Development är kraftigt växande i den senaste tiden. Utnyttja 

fördelarna med modellen tillvägagångssätt i utformning och genomförande faser av 

mjukvaruutveckling livscykel är det att utvidgas till andra faser av mjukvaruutveckling också. I 

test så väl, vilket är en viktig fas i utvecklingen, för att leverera kvalitet mjukvara till kunder, 

detta koncept av modeller och modellering tekniker håller på att verkställas. Användning av 

moduleringstekniker i mjukvara testning har gjort tester effektivare. Modell baserad Testing  är 

en black-box testning strategi där testfall genereras automatiskt från beteendevetenskaplig modell 

av systemet underenheten. För att känna till betydelsen av dessa automatiskt genererade testfall 

på systemet underenheten, spårbarhet av dessa testfall till krav är viktig faktor. Underhålla 

spårbarhet med testfall skulle underlätta mjukvaruteknik verksamheter som utför 

konsekvensanalys, mätning testbunt täckning och veta kriticitetssäkerhetsindex av kravet och 

därmed utför krav validering. I denna avhandling har olika spårbarhet tekniker och metoder 

utifrån modellen drivs engineering har analyserats. Forskningsresultaten presenteras i denna 

avhandling syftar till att stödja krav på spårbarhet i modell baserad Testverktyget med hänsyn till 

faktorer som ger en bra konsekvensanalys hitta kriticitetssäkerhetsindex krav, spårning test 

täckning varje krav.
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1 Introduction

Model Driven Development is a new emerging software development approach, where system is 

developed from the model. A model is a pictorial representation of the application system, which 

is presented at higher level of abstraction so that developers understand the system easily. Due to 

increasing use of MDD in current scenario, importance for models and modeling is also 

increasing. This chapter describes the importance of models and concepts related to MDD and 

research work carried out in this area. 

1.1 Importance of Models and Modeling 

Increased complexity of products, shorter development cycles, and increasing expectations on 

quality of the product are the major challenges in the software development. It is further 

challenging to make sure that all these challenges are addressed successfully by single approach 

rather than addressing them individually. There has been research carried on in order to bring 

more disciplined engineering methodology for software development in achieving these 

challenges. In this scenario, program and project managers, systems and software engineers who 

are developing complex software systems are all searching for ways to increase productivity, 

improve quality and reduce maintenance costs, for faster delivery of innovative and competitive 

products to the market. They are finding it increasingly difficult to cope with the complexity of 

today’s technology. From the earliest days of writing programs, the quality and efficiency of the 

programming task was closely interrelated to the ability to develop models of the problem domain 

and to refine them into a solution appropriate to the target environment. Model-Driven 

Development (MDD) provides the edge they need to meet these goals from the highest levels of 

systems engineering to the final stages of software product deployment. MDD is a software-

engineering approach consisting of the application of models and model technologies to raise the 

level of abstraction at which developers create and evolve software. The goal of MDD is to both 

simplify and formalize various activities and tasks that comprise the software life cycle [1]. MDD

proposes the use of models at different levels of abstraction and performs transformations 

between them in order to derive a concrete application implementation. Its defining characteristic 

is that software development’s primary focus and products are models rather than computer 

programs. A Model is used to understand complex real-world systems and view the potential 

solution through abstraction. It helps to view the physical system a head of implementation. A 



Master Thesis                                      

Beaulah Vineela P                                    Page 2                                                       2009 

good model predicts the behavioural qualities of the system. Also, whenever there is a change in 

requirement or specification that can be viewed and understood easily by the model. By having a 

look at the model different stakeholders of the project – developer, designer, customer and tester 

comes to know the key characteristics of the system. 

1.2 Background

Model driven development offers the potential for automatic transformation of high level abstract 

application models into running systems. A model expressed in a modelling language will ignore 

the realization of associations, leaving those decisions to a model compiler or human designer.  

The most recent innovations in the field of MDD have focused on notations and tools that allow 

developers to model system at higher abstraction level and later which can be transformed into 

the programming language code that can be compiled for a particular operating system platform. 

In 2002, Object Management Group (OMG) introduced Model Driven Architecture (MDA) to 

organize and manage enterprise architecture for specification of models and their transformation 

into complete systems[2]. This implies models are given as input to the code generation engines 

and an executable code is produced from these engines.  MDA is one of the approaches in the 

field of MDD. It is the most known realization of model driven software development approach 

and basic idea of the MDA is to separate business functions from its technological 

implementations, enabling code generation and reuse of components. The overall objective is to 

improve the interoperability and reduce overall cost and time in software development.

Looking forward, it was observed that the focus of model-driven techniques needs to expand to 

address other aspects of software development such as integration, maintenance, testing etc.  

Among all the phases of software development, testing is the most crucial aspect. Testing is often 

a manual and laborious process without effective automation. Testing needs to be performed 

starting from early phase of software development. But almost everywhere the testing activities 

are done in the most critical phase of software development that is at the end of the project just 

before software delivery. [31] Robert V Binder describes the need of doing a systematic, focused 

and automated testing in improving the quality of the software. The benefits of having such a 

testing approach is that - systematic testing ensures that all the possible combinations are tested. 

Focused testing will result in identifying the area where bugs are likely to be found. And finally 

automation helps in generating a number of consistent and repeatable tests. One idea to achieve 
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all these properties in testing is by using the models defined in software construction to drive the 

testing process, in particular to automatically generate the test cases[3]. 

1.3 Scope and Objectives

The scope of this thesis report is limited to Model based testing, survey containing Model- based 

testing tools and requirements traceability in Model based testing. There are many tools available 

in industry for MBT, but due to time constraint and this thesis being an academic one, only two

open source that are used in the survey. In addition, there are many traceability approaches to 

track requirements. Only those approaches, which are relevant to model based testing process, are 

considered in this report. 

1.4 Document Overview

Later sections of this document are structured as follows. Chapter 2 presents the state of art in 

MBT and pros and cons of the MBT process. Chapter 3 gives a detail view of the survey 

conducted on the MBT tools. Chapter 4 gives idea about traceability in model driven 

development context and later extents to find the importance of traceability in the context of 

model based testing. Analyzing different traceability approaches, a new traceability methodology

is proposed. Chapter 5 describes about possible results of proposed traceability approach.  

Finally, Chapter 6 ends with conclusion and future work. 
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2 Literature Review

Considering rapid market changes that occur day by day, it has become mandatory that those 

changes will be implemented in your application as early as possible for the success and to with 

stand in the competition. Modeling is one technique that helps in adopting the changes as fast as 

possible. As the name infers Model based testing is about how testing is done using system

models. 

2.1 Test Automation using Models 

Testing is a vital part of the software development lifecycle and is necessary to ensure software 

correctness, completeness, and quality. Current industry challenge is to improve productivity and 

reduce the cost of testing. Different phases of testing include understanding the system under test 

(SUT), creating a test plan, test cases or test scripts generation, test case execution and test report 

analysis. Initially testers performed manual testing. Then realizing the power of test automation, 

static test automation was performed. Test automation is necessary to make testing effective and 

efficient. However, this static automation has not given effective results.  This process mainly 

failed whenever there is major change in the requirements of the SUT[4].  Test automation should 

include generating test cases, running the generated test cases, capturing relevant results, 

comparing test results with expected results and finally analyzing the results. The prerequisite for 

this kind of test automation process is to specify the required behavior of the system in some 

computer-usable form (“a model”). After analyzing the application behavior of the system, the 

same is described to the test generator in the form of a model. Modeling the large complex system 

into a simple model ld be an ideal approach for testers to understand the system[32]. Features of 

such behavioral model should be simpler than the SUT, easy to modify and maintain. Such a 

model is important in test automation because it provides categories to identify the inputs and 

results. A test generator creates the tests and runs those test cases. Even for a simple test where

some input is fed to the SUT, the automated test should compare the result of the expected state 

upon executing that test on SUT and the post condition program state. This is to make sure the 

SUT did the right thing and ended in the correct program state[5]. In addition, whenever there is a 

requirement change, test cases can be updated by simply updating the model. This is less cost 

effective compared to update the entire test automation process as in the case of static testing.
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2.2 Model Based Testing (MBT)   

Model-Based Testing is a black box testing methodology where test cases are generated 

automatically using models created from system requirements. Model based testing relies on the 

execution traces of behavior models. The behavioral model is build from the requirements and 

specifications of the system. Thus, the generated model represents the behavior of the system 

under test for the given conditions/specifications. A behavior model is an abstraction of the actual 

system. The level of abstraction is raised so that the SUT is viewed in simple terms by developers 

or testers. Typically, the behavior model interprets test cases in a model based testing. Each input 

to the model and the expected output constitute a test case. The outputs of the implementation 

code having same inputs fed to the model are captured as well. These expected outputs from the 

model and actual outputs of the implementation code are compared.  If the expected and actual 

output matches then, the test is passed, or else the test has failed. When there is a failure, the 

developer can go to that part of the code where the actual output is deviated from the expected 

behavior of the system and make necessary corrections in the code. 

2.3 Different phases in MBT   

Model-based testing processes contains a series of five phases which includes (a) creating a test 

model, (b) automatically generating test cases and selecting the test cases, (c) translating selected 

abstract test scripts to executable test scripts, (d) executing the test scripts and finally (e) 

comparing results with those of expected results from the model. All these different phases 

together form the MBT process. Below is the brief description of each of these phases.    

2.3.1 Creation of the model 

“The basic idea of testing is to compare an abstract specification to a concrete 

implementation[37] ”. In the MBT process we represent the abstract specification in the form of a 

model. This reduces the ambiguity of textual errors. The model that is represented must be 

detailed enough to reflect all the customer requirements. The model is built from the requirements 

and specification documents and it represents the intended behaviour of the system. Building a 

model with the right level of abstraction is the key for the success of the MBT process. Finding 

adequate abstractions that reflect crucial parts of the SUT’s model that, in turn, serves as 

reference for verifying the SUT’s behavior, is a challenging task for model builders. Utmost care 
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must be taken for building the right model. On the other hand, modeling can begin early in the 

development cycle. This may lead to discovering inconsistencies in the specification, thus leading 

to correct code from the very beginning[15]. A model of the system under test is build using 

modeling languages. There are many modelling languages which support the creation of models. 

A model based testing tool consists of a model editor which supports creation of the model by 

using some modeling languages. When a particular input is given to the SUT what are possible 

states that system can exhibit is represented in the model. This model can be yet times consider as 

a state machine diagram where different states of the system upon giving an input is specified.   

2.3.2 Generation of the automatic test cases and test selection 

A model based test generator is an automated process which accepts a formal model of the 

software under test, and a set of test generation directives which guide the test generator in 

generating test cases. In this phase, test cases are generated automatically from the behavioral 

model, which is given as input to the test generators. Before the application system is delivered to 

the customer, it is important to see that all the expected functionalities of the system are working 

correctly. There may be ‘n’ number of users using application system. Each of these ‘n’ users can 

give a unique input while using the application system. It is necessary to see that the system 

behaves in the same way for all different inputs under given conditions. Creating the abstract test 

suite is an automatable process which is done simply traversing through the states and transitions 

in the model, until the required model coverage is met. Each path or transition of the model can 

be interpreted as one unique test case. There will be an infinite number of states that can be 

explored from the model. As a result test suite generated will contain many test cases. Such a test 

suite can never be executed. For example, consider an application, which accepts ‘name’ of the 

user. Therefore, if there are ‘n’ users, application should accept ‘n’ names on the condition that 

the user enters only characters in the filed ‘name’. It is not important that the tester should carry 

out ‘n’ different names. What is important is to check if the system is showing the right behavior 

under the given conditions. Therefore, test cases designed by the tester should be evaluating the 

behavior of the system rather than quantity of test cases. For most software, there will be an 

infinite number of tests to be performed. However, during the testing phase only a finite number 

of tests can be executed. Therefore a finite selection from the infinite exhaustive test suite is 

necessary. It is important to select those sample test cases from infinite set. This selection of test 

cases from the large pool of available options is done by applying different algorithms; in model 

based testing methodology. In order to make the test generation process simple, a set of 

algorithms are specified to the test generator for generating a limited number of test cases. Test 
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selection is a difficult task. A simple solution is to make a random selection. By making such a 

selection exhaustiveness is lost, but soundness is preserved. A selection strategy should aim at 

detecting as many erroneous implementations as possible within a restricted period and it should 

maximize the chance of detecting an error while minimizing the cost of executing the test suite. 

2.3.3 Translation of abstract test suites 

Test cases generated in the previous phase are abstract test cases as the model which is given as 

input to test generation process is the abstract representation of the SUT. To perform testing, 

these test cases need to be converted into executable test scripts. In this phase of MBT abstract 

tests are translated to executable test scripts. For this conversion, an adapter is used that bridges 

the gap between the abstract test cases and the SUT.  An adapter coverts abstract specific names 

from the model to the concrete names that are understood by the implementation system. 

2.3.4 Test scripts execution   

Generated test scripts are executed on the SUT and results are used for evaluating whether the test 

is a pass or fail.  

2.3.5 Validation of results 

An important phase of MBT is to validate the results which are generated by executing the test 

cases of the model that is created. This process is called conformance testing. By comparing 

actual output of the SUT with the expected output from the behavioral model, it can be decided if 

the test is passed or failed. Conformance testing is a unique feature of MBT, which makes the 

MBT process more efficient and effective. 

2.4 Advantages of Model Based Testing

Model based testing has many advantages. Some are listed below.   

2.4.1 Improve product quality: 

Quality of the product is an essential attribute of the software. Research in the software life cycle 

field always strives to improve the quality of the product. Systematic testing of the software plays 

a crucial role in improving quality [12]. MBT is a testing methodology where a systematic testing 

is performed by understanding the behavior of the application system. Moreover, in MBT test 

cases are generated automatically. This feature of MBT results in less error prone activities, 

which may be the result of manual testing.  
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2.4.2 Test case management in case of requirements change: 

Test case management becomes easy by using MBT. In traditional testing techniques, whenever 

there is a change in requirement there are changed test plans, test designs and test cases. MBT 

allows tests to be linked directly to requirements through a model[13]. Therefore, it is sufficient 

that only one model is updated as per the new requirements. Then new set of test cases are

automatically generated from the updated model.   

2.4.3 Effective test coverage: 

Testing a software product should assure that all the functionalities that are mentioned in the 

specification document are achieved. The goal of the tester is to develop test scripts that have full 

coverage of all specifications. Constructing the model based on specification documents ensure 

that all the functionalities of the system are covered. Automatically generated test scripts from 

such a model provide the full functional coverage[14]. 

2.5 Disadvantages of MBT           

The major disadvantage of MBT is due to the complexity of the models. As the complexity of the 

application system increases, the number of states in the model increases. Difficulty arises when 

exploring different states of such a large model. Moreover, maintenance of the model with a large 

number of states is one more drawback. In order to overcome these drawbacks a model is 

represented at a higher level of abstraction. Then by increasing the level of abstraction, there is a 

threat of missing some important functionalities of system. Adequate skills are required for 

constructing an effective model of the application system.  
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3 MBT Tools

A MBT approach may automate the phases described in the previous section by algorithms or 

guidelines. But it requires a tool to make the execution of these phases feasible. It is important to 

observe what phases of MBT process a tool can support.

3.1 Tool Survey 

A survey is conducted on some of the available open source MBT tools. The survey includes 

gaining brief knowledge about the functionality of the tool, what phases of MBT the tool supports 

and the possibility to interchange the models between different tools. Based on the experience 

gained working with the tools, traceability in model based testing is analysed. With an emerging 

technology, there came up many tools that support a model based testing. But, by analyzing based 

on certain crucial factors two model based tools are picked for carrying the study further. These 

crucial factors include – if the tool is an open source tool or not, and weather all phases that an

MBT tool support matches the actual MBT process or not. Analysis on these factors shortened the 

list of MBT tools available in the market and resulted in the selection of two MBT tools. This 

section describes in detail these two model based testing tools SPEC EXPLORER and MODEL J 

UNIT, which are an open source MBT tools. 

3.1.1 SPEC EXPLORER

Spec Explorer is a non-commercial tool for model based testing developed at Microsoft Research.

Main functionality of this tool is to provide an integrated tool environment to develop, explore 

and validate models, to generate tests from models, and to execute tests against the SUT and to 

validate test results. A behaviour model of the system is expressed in a machine executable form. 

For this a model program is written based on the requirements and specifications of the system. A 

model is not implementation code but is encoded at an abstract level. Its purpose is to capture the 

states of the system that affect the observable behavior of the system. A model program is written 

in the language Spec#, which is an extension of C# [6]. 
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Figure 1 Spec Explorer Functionalities [6]

From the model program, a state machine diagram is generated. By exploring all the states of a 

state machine, the test cases are generated. There are options available to choose different model

explorations. Generated test cases are executed against the SUT. This tool provides the 

conformance testing, in which expected results from the model and actual results from the SUT

are compared and an automatic verdict if the test case is passed or failed is given. Spec Explorer 

provides the option to export states-transitions of the state machine and generated test suites into 

XML file. 

3.1.2 ModelJUnit

ModelJUnit [7] is a Java library that extends JUnit to support model-based testing. ModelJUnit is 

an open source tool. In this tool, the Finite State Machine (FSM) or Extended FSM (EFSM) 

models are written in Java. From these FSM models, test cases are generated.  It has three test 

generation algorithms. They are Random walk, Greedy walk and Look ahead walk. The generated 

test cases measure various model coverage metrics.

An FSM Model class is written in Java. Modlejunit.jar and junit.jar needs to be included in the 

class path.  Test cases are generated when this main method is executed in the class model. 

Generated test cases can be saved and used for later execution, which is called offline testing. To 

do online testing, the test generation code is usually written within the TestXYZ () methods of

JUnit test classes, so that each time JUnit test suite is executed, it will generate a suite of tests 

from the FSM model. In addition, the @Action... methods in the model class will include code to 

call the methods of the SUT, check their return value, and check the status of the SUT. In this 
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way, every time JUnit tests are executed, the model is used to generate a sequence 

of @Action... calls and test the SUT. 

3.2 Comparison and analysis of the tools 

Based on the usage of MBT tools, comparison tables are made of these tools. Table 1 specifies 

the general properties of the MBT tools like which modeling language is used, if the tool supports 

all the phases of MBT etc.  

Table 1: General properties of MBT tools 

Tool 

Name

Type Modeling 

Language

Usability Automatic 

generation of 

test cases

Export models 

to other 

formats

Model 

Simulation

Platform

Spec 

Explorer 

Research SPEC # 

and ASML 

Yes Yes Can export to 

XML file 

No Windows

Model 

Junit

Academic Java No Yes Can export to 

XML file 

No Windows 

At the same time the quality aspects of these tools are also compared. The quality criteria for 

testing tools under the ISO/IEC 9126 standard are taken into consideration and a comparison of 

these tools is performed based on these quality attributes [16]. A comparison of tools based on 

quality attributes is listed in Table 2 
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Table 2 : Quality attributes of MBT tools

Tool 

Name

Functionality Reliability Usability Efficiency Maintainability Portability Licensing 

and 

pricing

Spec 

Explorer 

Interoperability :

Databases parts of 

states, transitions 

and test suites can 

be exported to an 

XML file but not 

the State machine 

diagram as whole. 

So interoperability 

is not achieved in 

this tool  

Fault 

Tolerance: 

Tool does not 

support this.  

Recoverabili

ty: If the 

application 

crashes, it can 

be recovered 

as data is 

stored locally

Has a good 

GUI, which 

makes 

application 

to be 

operated 

easily. 

However,

application 

does not 

support 

lower 

versions 

Microsoft 

word 2007

An 

efficient 

MBT tool 

supporting 

all phases  

of MBT–

modeling 

to result 

comparison  

The application 

behavior can be 

analyzed easily

using this tool 

  

Installability: 

Simple and 

easy to inst-all 

instructions are 

provided

Open 

Source 

Model J There is a Recoverabili Has a GUI as Supports Results are Installability: Open 
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Unit provision for user 

to add his new test 

generation 

algorithms   

ty: If the 

application 

crashes, it can 

be recovered,

as data is 

stored locally

well and 

provides 

options to 

select 

features 

related to test  

coverage 

all phases 

of MBT 

analyzed and 

displayed in a 

graph format  

Easy source
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4 Traceability Approaches and Prototype 

This chapter describes the requirements traceability in detail in relation with Model driven 

development and Model based testing. Based on analysis of various techniques and approaches a 

prototype for traceability in model based testing is described in last section of this chapter. 

4.1 Requirements Traceability

The Institute of Electrical and Electronics Engineers (IEEE) Standard Glossary of Software 

Engineering Terminology defines traceability as “the degree to which a relationship can be 

established between two or more products of the development process, especially products having 

a predecessor-successor or master-subordinate relationship to one another” [11]. The Capability 

Maturity Model Integration (CMMI) Model requires the use of requirements traceability for 

CMMI Maturity Level 2 and has adopted the IEEE definition for traceability as the degree to 

which a relationship can be established between two or more work products of the development 

process. Traceability means tracking relationship from initial requirements gathering phase to the 

final software product. Traceability as well means tracking relationship from final product to 

requirements. The first definition of traceability is called forward traceability while the later one 

is backward traceability. Tracking the requirements in forward as well as backward direction is 

called bi-directional traceability [17]. Traceability would provide details about different software 

artefacts like requirements, design, code and test cases and how these artefacts are associated with 

each other. Various traceability techniques (forward as well as backward traceability) enable to 

identify the need to update an artefact when a change is introduced [33]. (The change may be 

during the development process or even in later stages during software maintenance phase).  

Traceability further assures developers that correct directions are followed in the product 

evolution. Tracking to requirements from the product ensures that requirements have been kept 

through out product evolution. Which implies no functionality of the developed product is out of 

scope of the specifications. In the rest of this report terms ‘traceability’ and ‘requirement 

traceability’ are used inter–changeably. 

The major challenge for performing traceability of software artefacts is the cost involved. The 

cost of maintaining traceability information is high because of following reasons: 

 Changes are done frequently to various software artefacts including requirements, design 

and code. 
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 Software artefacts are handled by different people at different locations due to the 

distributed development environment. Having a centralised traceability mechanism 

among different artefacts and among different groups requires more resources and 

involves more cost.

 Availability of tools with correct semantic support for traceability is low. If traceability is 

mandatory in any project, some additional traceability measures related to semantics need

to be manually taken by project team to make the tool compatible with project needs. 

The major benefit of traceability is to improve the quality of the software. When a comparison of 

cost involved in maintaining traceability and the benefits of the traceability is done, immediate or 

visual benefits of traceability are less [18]. Due to which traceability is not given much 

importance. But because of the emphasis on software quality in the recent years, traceability has 

gained significant importance in software development.   

4.2 Traceability in Model Driven Development 

Initially traceability relationships are manually maintained. Some of the techniques that are used 

for maintaining traceability relationships include a traceability matrix using cross referencing 

[19], graph based approaches [21] and formal methods [22]. Later semi-automated traceability 

approaches like hyperlinks that are manually added are used [20]. Realising the power of 

automation techniques like deep traceability and surface traceability which derive traceability 

information automatically are developed [23]. In most of these traceability techniques ability to 

link the artefacts is mentioned. But for the traceability to be effective and qualitative (so that 

customer could be easily track the requirements from the given artefacts) it is important to have 

correct semantics between these links. 

With the increased use of the MDD approach in the software development cycle, there is a need 

to maintain traceability among different artefacts that are evolved in MDD. The main idea in 

MDD is to represent the system in a simple and abstract way. But as the development process 

proceeds further, these abstract models are converted into concrete models. Initially application 

system being developed is modelled as a Platform Independent Model (PIM). Later in a series of 

actions it is transformed to a Platform Specific Model (PSM). So this involves a slow 

transformation from one model to other model. This process of transforming from one model to 

another within the same system is called model transformation. Later from a PSM, code is 

generated. In a development cycle in which models are central part there are two levels of 
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transformation. One is model to model transformation and the other is model to text 

transformation. 

4.2.1 Model to Model Transformation 

MDD recognizes the need of many different intermediate models to represent a system. Source 

models are built at much higher level of abstraction for the developer to easily understand the 

system. But to generate code, it is necessary that these abstract models are converted to concrete 

models with target language. Abstract models are transformed into more specific ones while

preserving the behaviour of the specified software system. When models are represented in the 

source platform initially it gives the scope to transform this model to a target platform as required 

by different customers. This further assists in standardizing source model platforms. Initially 

these model transformations are done manually. But with recent development in model driven 

engineering concepts, transformation engines are used to transform from one model to another. In 

a model to model transformation trace information needs to be kept up-to-date whenever models 

change. 

4.2.2 Model to Text Transformation 

A model to text transformation includes the ability of the transformation engine to produce output 

in a file format, which contains source code, deployment specifications, reports and documents  

from the model, ability to interact with system libraries and ability to support parameterized 

transformation (where parameters are provided during transformation) [24]. From the details 

provided in concrete model, source code artifacts are generated. This generated source code is a 

text-based artifact. Any changes made in models needs to be effectively reflected in the text files 

that are generated. To check if changes done in model are effectively implemented in code it is 

necessary to maintain traceability links between models and text artifacts. 

4.2.3 Importance of Traceability in Model Transformations – A case study 

In both model to model and model to text transformations traceability is a crucial aspect, as these 

traceability links maintain relationships between software artefacts which are at different levels of 

abstraction. In order to get better effects of the applied transformations on models, semantically 

correct traceability links between one model and other model or between model and other artefact 

of the developing system is necessary. By having correct traceability relations syntactic 

correctness between different artefacts can be verified. All transformation activities are automated 

by specifying transformation rules. Creating relationships between source and target artefacts are 
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lead by these sets of transformation rules [25]. These relationships carry the indented behaviour 

of the application system through out the transformation process.  

Case Study 

Importance of traceability is explained in detail by the following case study. Consider developing 

a system called Microwave Oven. Microwave Oven is a system which performs normal 

microwave oven operations.  All the elements involved in developing this system are built under 

a package diagram. At an abstract system level a package diagram is used to represent the system. 

Each element in the package is further represented in a class diagram. One of the requirements of 

user of the Microwave Oven is to successfully ‘open’ it. So in this example we consider how this 

requirement is traced among different model diagrams that are used to represent the Microwave 

system.

                             

Figure 2 Domain Package Diagram of Microwave oven system 

Domain package diagrams provide support for effective partitioning and system scale –up. These 

packages contain unique elements to build the microwave oven application. Each of these 

package elements are represented by a class diagram. In this example different packages of the 

system include Datatype, Function, Microwave Subsystem, External entities and Test Subsystem. 

For the case of easing, traceability between Datatype, Function and Microwave subsystem are 

considered in this example. Datatype package describes all the data types used for this microwave 
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system. This Datatype package may include built-in data types, user-defined data types and 

enumerations. 

Each Microwave subsystem is represented as a static class diagram and it includes associations of 

different objects in that class diagram. The class diagram represents a set of objects and each 

object has the properties such as attributes, operations, associations and current state of the object. 

In this example, the class diagram has six objects.  Each individual object has a ‘unique_id’. This 

‘unique_id’ is a built-in data type taken from Datatype package. 

Figure 3 Class Diagram of Microwave Oven system 

Function package contains all the operations a microwave oven can perform. For example,

consider a function ‘open (oven)’. This operation takes the parameter oven. This function is 

transformed to ‘Door’ object in class diagram. Objects ‘Door’ and ‘Oven’ traced with each other 

by the association ‘R4’ and by ‘DoorID’. This transformation of operation from one model to 
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another is guided by set of transformation rules. Traceability from the package diagram to the 

class diagram is achieved by parameters passed to the function and by the association relationship 

that exists between two objects which are included as part of the transformation rules. Therefore, 

transformation rules play an important role in achieving traceability between artifacts. Each class 

in the Class model is further transformed into a State Machine diagram where the behavior of 

each class is represented. By using parameters and associations, traceability is maintained 

between these transformations.   

4.4 Requirements Traceability in MBT 

Traceability between different software artifacts in development life cycle includes having 

traceability links between the test cases and requirements as well. Taking into consideration the 

importance and role of traceability in Model Driven Development, it is extended to model based 

testing as well.  This section describes the importance the traceability from the perspective of 

model based testing. 

Traceability of requirements would enable 

 To Perform Impact analysis: executing a test case on an updated code may some times 

result in a failed test case due to code changes.  Such a test failure leads to perform a 

proper ‘impact analysis’

 To identify the criticality of the requirement: criticality of a requirement in the 

application system can be known whenever there is test failure 

 To analyze the functionality of test case:  by tracking requirement from test case, actual 

functionality of the test case can be obtained 

 To enhance project management:  project management is effectively done by tracking 

test coverage of each requirement 

 To improve the test coverage and quality:  traceability would help in viewing untested 

requirements.  This would help in having full test coverage and thereby increase the 

quality of the application system 

One way of achieving requirements traceability, in MBT process is by maintaining traceability 

relationships between models and auto-generated test cases. As described earlier in section 2.2 

models are build based on the requirements specifications of the system in model based testing. 



Master Thesis                                      

Beaulah Vineela P                                    Page 20                                                      2009 

We consider a model-based testing approach, where Unified Modelling Language (UML) models 

are used represent the behavior of the system under test. These models are created based upon 

system requirements. Various UML diagrams, which represent SUT behavior includes, use case 

diagrams, class diagrams, activity diagrams, sequence diagrams, and state chart diagrams. The 

customer gives the specification of the system in textual format. Use cases represent the textual 

requirements effectively in a model format. Each textual use case acts as a high-level informal 

test objective. By using a template structure, textual requirements are transformed into a use case 

diagram. These use-case needs to be transformed into sequence diagrams, describing behavior of 

the system. These sequence diagrams represent an abstract test case. From sequence diagrams,

state chart diagrams are built. States and transitions of State chart diagrams exhibit the dynamic 

behavior of the system under test [35].  A most common model that is given as input to MBT 

tools for test case generation is state chart diagrams. Therefore, from textual requirements to 

generation of state chart diagrams there is a series of model-to-model transformations takes place. 

Traceability in model-to-model transformation can be maintained using internal links between the 

models and guided by transformation rules. Later from a state chart diagram, which is an input to 

a MBT tool, test scripts would be generated. A test generation tool generates numerous test cases. 

However, it is quite important that each of these generated test cases is linked to a requirement.

4.5 Different Traceability techniques 

Traceability is one of the emerging trends in the software engineering research. An effective 

traceability technique should address questions related to the semantics of the traceability links, 

visualization of the traceability links, interoperable approaches for traceability and traceability 

between artifacts and processes. Listed below are some well known traceability techniques, which

are implemented in various tools.  
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Table 3: Traceability techniques 

Name of the 

Traceability 

Technique

Process Advantages Disadvantages

Requirements 

Engineering 

Through  

Hypertext 

(RTHE) 

This method is based on ‘hypertext’ 

technology. Traceability is achieved by 

maintaining hypertext links between

different software artifacts involved in 

the project [26]. 

1. Bi directional links results in 

an all around traceability both 

forward and backward. 

2. Too is not only for managing

existing requirements but also for

creating new requirements [27].

This technique is 

implemented manually,

which in turn requires 

additional resources for 

maintaining traceability. 

Information 

Retrieval (IR) 

Traceability links are created on the 

basis of the similarity between text 

present in different software artifacts.  

Due to the incremental 

traceability between different 

artifacts using IR techniques, 

quality of the artifacts is also 

improved [28]. 

Is suitable for those projects 

in which documents are 

important artifacts   and not 

suitable for agile 

development work  

Annotations with 

Identifier tags 

Annotations are comments, notes, 

explanations, or other external remarks 

that are specified in an artifact.  During 

modeling phase, models are annotated 

with requirement identifier tags, which 

are read out automatically by modeling 

tool [29]

Though it is effective 

traceability, technique

annotations are added 

manually. 

T-Vec Tabular 

Model 

This is derived from Software Cost 

Reduction (SCR) where requirements 

are specified in a table format.  

Predefined modeling structures in table 

format are present where requirements 

are specified. The requirements 

identifier (ID) in table is used for 

traceability of requirements.  

This method facilitates in writing 

and understanding the functions 

and aids in detecting the 

specification errors.  

Need to be integrated with 

an external requirement 

management (RM) tool.  

Currently supports only 

DOORS and T-Vec test 

vector generation RM tools. 
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An annotation with identifier tags is the most common traceability techniques used in many of the 

traceability tools. For example, the LRDA tool suite uses this approach for attaining the 

traceability. T-Vec Tabular Model (TTM) is one component of RAVE, which is a requirement-

based automated testing method. TTM approach needs to be integrated with an external RM tool 

such as DOOR’s for tracing the requirements. 

4.6 Prototype 

‘Change’ is common and frequently used term during software development and maintenance 

phases. This change may be in requirements, design or in code. Entire software development and 

maintenance phases should be flexible enough to adapt these changes. Traceability helps 

developers understand relations between artifacts such as requirements, design and code. 

Whenever there is a change in a software artifact, this traceability would enable in analyzing 

impact of that change on other artifacts[36]. As specified earlier ‘impact analysis’ is one of the 

important reasons for maintaining traceability. Tracing techniques should enable the developer or 

tester in achieving a proper impact analysis. For example, if there are any design changes made 

towards the final stages of the software development, an efficient traceability technique should 

enable to track the effect of this design change in both directions. That is to the requirements as 

well as to the code and functionality of the application. Traceability is one way through which 

change in different software artifacts are managed. This section describes the proposed method

that could be used to track the requirements in a model based testing scenario.  

After executing a test case on the SUT, if there had been any failure in test case then the tester 

would be analyzing the reasons for failure.  Having a correct traceability would enable narrowing 

down the analysis process. Initially, the tester may check if the test failure is due to change in the 

behavior of application system. One reason for change in behavior of the application system is 

due to the change in requirements. In this thesis, the main idea of maintaining the traceability is 

to achieve the correct impact analysis. By following any of the above traceability approaches, it is 

quite easy to maintain traceability from requirements to test cases generated from the MBT 

process. However, it is important that traceability is achieved in the backward direction as well.  

That is, traceability from test cases to requirements. A general approach to attain traceability from 

test cases to requirements is by maintaining the annotations of the requirement identifier. In [34]

author describes the manual traceability techniques in a model based testing tool. 
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In [31], a requirement meta-model is proposed which is based on UML. This includes a class 

diagram that represents the abstract view of the SUT. Similarly, for addressing the traceability of 

the requirements, we propose a technique of modeling requirements.  In our approach, we have 

modeled the requirements in a semi formal class diagram. This requirements model includes the 

two basic stake elements. One is a class element named requirements containing requirements 

represented as identifiers. The second-class element includes a group of classes, which are the 

main actors of the application system. These classes contain all functions an application system 

performs and these functions are represented as operations of a class diagram. 

Test cases in the MBT process constitute a pair of input and output behavior of a model [30]. In a 

state chart diagram, dynamic behavior of the system is represented. When a state chart diagram is 

given as input to the MBT tool, each path in a state chart is considered as a test case. Initially the 

application system would be in a particular state and we suppose it to be the initial state of the 

system. When an input is fed to the system, a transition is made to a state, which would be an 

output state.  This input, output combination form a unique test case. Input given to the 

application system would be represented as a function or method in the state chart diagram.

Output state represents the expected behavior of the application system.  The traceability issue 

could be addressed by maintaining a relationship between the state chart diagram and the 

requirement model. The relationship between the state chart and requirement model would enable 

in tracking the requirement identifier. Some times a change in code or requirements or design 

would result in a change in the behavior of the application system. This changed behavior would 

be different from the actual or expected behavior of the system that is modeled in a state chart 

diagram. When a test case that is generated from a state chart diagram is executed on such an 

updated code of the SUT it would result in failure. In case of a test-failure being reported, the 

tester can track the actual expected behavior of the system. The function or input method, which 

is provided to the state chart diagram due to which test case is failed, could be tracked. Based on 

relation between state chart and requirement model, and the corresponding requirement identifier 

that is responsible for this test case failure could be obtained.        

The above-mentioned traceability approach is explained by considering a simple chat system. 

Consider a chat system with two clients. Requirements of the client using the chat system would 

be to successfully send a message and receive a message. Requirements model of a chat system 

seen in figure 5. 
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Figure 4 Requirements model 

The initial system would be in an ideal state. Once an action is performed, a transition takes place

to another state. To make it simple , state chart diagram with only one state Message send state is 

considered. Figure 6 shows the state chart diagram of the chat system. 

                                                

Figure 5: State-chart diagram for chat system 
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This state chart diagram can be extended for different clients and different states. By maintaining 

relationships between the requirements model and state chart diagram, the requirements identifier 

link (‘ID1’ in this case) is passed to the test case generation process. The operations represented 

in the requirements models –‘c1.Sending Msg()’ is tagged with the corresponding requirement 

identifier. This is implemented by internal traceability links in the model. Input in the form of a 

function ‘Sending Msg()’ is given to the initial state. Then the system moves to a state –

‘Message sent’. A test case for a chat system constitutes of 

Input state: Initial Sate; Input action:  Sending Msg; Output State: Message sent.

Once a concrete test case is generated, it is executed on the SUT and now the system under test is 

expected to display a message or notify the user that the message has been successfully sent. 

Which implies System is under message send state. If the system does not come to the message 

send state, it implies that the test case is a failure. With the ‘requirement identifier (ID1)’, link in 

the requirement model the test case can be tracked to requirement.   
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5 Results

This chapter describes the results of the proposed approach and advantages of this approach over 

other traceability techniques. This approach is mainly to simplify the traceability process in 

context of model based testing. Having transparent tracking techniques would ease the 

maintainability of the software. Having requirements represented in a model as identifiers would 

make the tracking process transparent. In general for attaining traceability, the model based 

testing tools is integrated with a third party requirements management tool. For integrating the 

MBT tool and requirement management (RM) tool, an additional application program interface 

(API) or a connector that is suitable for both tool environments needs to be developed. This 

would result in additional work.  Figure 6 depicts how the MBT tool and the RM tool needs to be 

connected. 

                       

Figure 6 Integration between the RM tool and the MBT tool 

Due to the above reasons and the cost involved, customers who use the MBT tool may not prefer 

to maintain traceability.  The above-mentioned approach would enable customers to maintain the 

traceability within the Model based testing tool and avoid using such third party tools. Using the 

benefits of model transformation techniques, maintaining traceability links between different 

models will be an easy approach rather than to have traceability between the model and an 

external tool. Such an internal requirement model would provide a standard format to exchange 

traceability information between the generated test cases and requirements. 
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6 Conclusions and Future Work

6.1 Conclusions

This report describes a traceability method, which could be used within the MBT tool. The 

method specifically focuses on design issues, addressing traceability of requirements in an

automated test generation process. A major aim of the research was to analyze various 

traceability approaches and techniques, and to find the most suitable approach for Model based 

testing environment. The strength of this approach is that traceability is attained within the MBT 

tool. Thereby the need for an external requirements management tool to maintain the traceability

is eliminated. A major challenge during implementation would be representing requirements in a 

requirement model. In a practical scenario, managing hundreds of requirements in a model 

diagram would be a difficult task.  Since the major focus of model based testing is to test 

behavior of the SUT, the requirement model may be constrained to representing only functional 

requirements.     

6.2 Future Work

Clearly, as identified earlier within the thesis, designing an MBT tool with advanced traceability 

options within the tool is a major challenge. Tool developers should take advantage of various 

traceability approaches and vast research in this area and implement these approaches internally 

in the tool. This traceability approach has to be tailored to the tool’s working environment as per 

the need. For example, in Spec Explorer there is no representation of a class diagram.  Finding 

effective ways of new requirement model (which is a class diagram) representation would be a 

challenge in Spec Explorer. Maybe some other MBT tool already has a class diagram 

representation but needs to have traceability links that are to be maintained between the 

requirement model and the state chart diagram. A primary analysis of the MBT tool and its 

working environment would enhance the process of implementing the requirement traceability 

model within the model based testing tool. 
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